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Abstract

Visualization of functional properties of individual cells and intracellular organelles still remains an experimental challenge in cell

biology. The coherent phase microscopy (CPM) provides a convenient and non-invasive tool for imaging cells and intracellular organelles. In

this work, we report results of statistical analysis of CPM images of cyanobacterial cells (Synechocystis sp. PCC 6803) and spores (Bacillus

licheniformis). It has been shown that CPM images of cyanobacterial cells and spores are sensitive to variations of their metabolic states. We

found a correlation between one of optical parameters of the CPM image (Fphase thicknesses_ Dh) and cell energization. It was demonstrated

that the phase thickness Dh decreased after cell treatment with the uncoupler CCCP or inhibitors of electron transport (KCN or DCMU).

Statistical analysis of distributions of parameter Dh and cell diameter d demonstrated that a decrease in the phase thickness Dh could not be

attributed entirely to a decrease in geometrical sizes of cells. This finding demonstrates that the CPM technique may be a convenient tool for

fast and non-invasive diagnosis of metabolic states of individual cells and intracellular organelles.

D 2005 Elsevier B.V. All rights reserved.
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1. Introduction

New microscopes and image-processing software allow

precise quantitative analysis of cells and intracellular

structures [1–5]. Confocal [6] and fluorescence [7] micro-

scopes are usually used for monitoring biological processes

in live specimens. Fluorescence dyes [8,9] and green

fluorescent proteins (GFP) [10–12] are often served as

molecular probes for measuring the local physical–chemical

characteristics (e.g., membrane potential [13,14] or intra-

cellular pH [15,16]) in different domains of the living cell.

However, the non-invasive monitoring of metabolic states in
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individual cells or energy transducing organelles (mitochon-

dria and chloroplasts) still remains an experimental chal-

lenge. There are several indications [17–20] that coherent

phase microscopy (CPM) provides one of the most sensitive

methods for the non-invasive diagnosis of metabolic states

in mitochondria [18,19] and chloroplasts [20]. A CPM

image of a specimen represents a 3D plot of the optical path

difference (or ‘‘phase thickness’’) measured in the direction

of a laser beam (Z-axis). Any thin transparent microobject

may be regarded as a structured optically inhomogeneous

medium, which results in deformation of the laser beam

wavefront in the image plane (x,y). The CPM method

allows the visualization of an object as a 3D plot of the

optical path difference. The optical path difference h(x,y) in

a certain point (x,y) is proportional to the difference between

the Z-projections of averaged refractive indices of an object,

n(x,y,z), and that of an immersion solution no (no;1.33)

onto the direction of a laser beam. Spatial and temporal
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resolutions of the objects provided by coherent phase

microscope are about 100 nm and 1 ms, respectively [17].

Advanced modification of the CPM technique, dynamic

phase microscopy, allows spatial and temporal resolution to

be improved by measuring the frequency spectrum and

other parameters of Dh fluctuations, which reflect dynamic

properties of an object [20].

Here, we first report results of statistical analysis of CPM

images of individual cells of the cyanobacterium Synecho-

cystis sp. PCC 6803 and spores of Bacillus licheniformis.

We found that the phase thickness of CPM images

correlated with cell energization. This phenomenon allows

identifying metabolic states of single cells by the CPM

method.
2. Materials and methods

2.1. Optical measurements

CPM images of individual cells were obtained with a

coherent phase microscope ‘‘Airyscan’’ [17], which is the

modified Linnik-type microinterferometer with a He–Ne

laser (k =633 nm) as a light source. Fig. 1 shows the layout

of a coherent phase microscope ‘‘Airyscan’’ used in our

work. A sample (a drop of cell suspension) was placed onto

the quevette (a polished silicon plate with a cover glass

fixed by 20 Am over the substrate). Measurements of the

phase thicknesses Dh(x,y) in different points (x,y) of a

sample were performed by means of linear periodic

modulation of the reference wave phase with a mirror

attached to a piezoelectric actuator. Spatial and temporal

resolutions were 100 nm and 1 ms, respectively. An LI-620

coordinate-sensitive photodetector (dissector image tube,

‘‘Electron’’ Inc.) and an electronic unit were used for

recording the interference signal and its analog-to-digital

conversion to the phase thickness value. The field of view of

the lens (Olimpus 50*/0.75) was 20�20 Am. All measure-
Fig. 1. Schematic view of the apparatus for cell imaging. Layout of the

coherent phase microscope (CPM).
ments were performed at 20 -C. Duration of a sample

exposure to laser light was usually about 1–2 min.

2.2. Cyanobacteria

Wild-type cells of Synechocystis sp. PCC 6803 were

grown in BG-11 medium as described earlier [21]. Cells

from liquid cultures in the late exponential phase of grows

were harvested by centrifugation and washed once with 50

mM HEPES–NaOH buffer, pH 7.5. Cells were stored at

room temperature (20–22 -C) at a chlorophyll concen-

tration of 1 mg/ml. To inhibit electron transport in

cyanobacteria, cells were suspended in solutions containing

either 100 AM 3-(3,4-dichlorophenyl)-1,1-dimethylurea

(DCMU, an inhibitor of photosystem II), or 8 mM KCN

(an inhibitor of heme-containing proteins). Carbonylcya-

nide m-chlorophenylhydrazone (CCCP, 160 AM) was used

as a protonophore uncoupler dissipating the transmembrane

proton gradient.

2.3. Spores

Spores Bacillus licheniformis [22] were suspended in

distilled water and then placed onto the microscope quevette

for CPM measurements. Inactivated spores were obtained

by heat treatment of spores for 30 min at 120 -C.
3. Results and discussion

3.1. Cyanobacteria Synechocystis sp. PCC 6803

3.1.1. Visualization of single cells by CPM method

Fig. 2 shows a typical pattern of the cross-section of the

CPM image of a single cyanobacterial cell (Synechocystis

sp. PCC 6803). Parameters d and Dh were determined as the

half-width and the height of the phase thickness profile h(x)

corresponding to the cross-section of a CPM image through

the cell center along the line y=const. The most informative

parameters of an object revealed by the CPM method are the

phase thickness Dh and cross-section dimension d (Fig. 2).

Fig. 3a compares typical patterns of CPM images (topo-

grams) of two cyanobacterial cells; one from suspension of

normal (control) cells and another one from suspension of

cells treated with an inhibitor, KCN. In the plane (x,y), the

CPM images of these cells are close to a circle (Fig. 3b, c).

It is noteworthing that control sample is characterized by

higher phase thickness Dh than KCN-treated cell (Fig. 3a).

This indicates that optical parameter Dh can be sensitive to

the functional state of cyanobacterial cell. A phase thickness

Dh(x,y) in a point (x,y) depends on the product of the local

refractive index of the object, Dn(x,y), and its geometrical

size in Z-direction (along laser beam) [17]. However,

statistical analysis of distributions of optical parameters

Dh and d demonstrate (Figs. 4 and 5) that a decrease in the

phase thickness Dh caused by cell treatment with inhibitors



Fig. 2. A cross-section of the CPM image of a single cyanobacterial cell

(Synechocystis sp. PCC 6803). Parameters d and Dh were determined as the

half-width and the height of the phase thickness profile h(x) corresponding

to the cross-section of a CPM image through the cell center along the line

y =const.

Fig. 4. Experimental results showing the lack of correlation between optical

parameters Dh and d characterizing 3D CPM images of cyanobacteria

Synechocystis sp. PCC 6803. Plots Dh versus d for populations of control

cells (a, N =115), CCCP-treated cells (b, N =51), KCN-treated cells (c,

N =52) and DCMU-treated cells (d, N =56).
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cannot be attributed entirely to a decrease in geometrical

sizes of cells.

3.1.2. Statistical analysis of optical parameters d and Dh
Optical parameters d and Dh characterizing the topogram

of a single cell are scattered within a population of cells.

Fig. 4 compares the plots of parameter Dh versus a cell

diameter d for populations of control cyanobacterial cells

(Fig. 4a) and cells treated either with the uncoupler CCCP

(Fig. 4b) or inhibitors of electron transport, KCN (Fig. 4c)

or DCMU (Fig. 4d). We found that statistically significant

correlation between parameters Dh and d was observed

neither in control (Fig. 4a) nor in inhibitor-treated cells (Fig.

4b–d). One can see, however, that the treatments of

cyanobacterial cells with CCCP, KCN or DCMU, which
Fig. 3. Experimental results showing the influence of KCN (8 mM) on a

CPM image on cyanobacterium. (a) Typical patterns of 3D CPM images of

control and KCN-treated cells. (b, c) 2D CPM images of control (b) and

KCN-treated (c) cells.
suppressed metabolic activity of cyanobacteria, caused a

decrease in the phase thickness Dh. This result demonstrates

that a decrease in the phase thickness Dh, induced by

inhibition of electron transport processes (additions of KCN

or DCMU) or de-energization of cells by CCCP cannot be

accounted for by mere decrease in cell size.

Fig. 5a compares histograms of cell distributions over

diameter d, P(d), in populations of control cyanobacteria

and cells treated with protonophore inhibitor CCCP or

inhibitors of electron transport (KCN or DCMU). Control

cells are characterized by slightly broader profile P(d)

than inhibited cells. In the meantime, average diameters

<d> in control and inhibitor-treated cells were virtually

the same, <d>�1.8–1.9 Am, which is close to typical

size of cyanobacterium Synechocystis sp. PCC 6803 [23].

This is not the case, however, if we consider the

distributions of cells over the phase thickness Dh,

P(Dh) (Fig. 5b). In population of control cells, the

profile P(Dh) is much more broader than in inhibited

cells. Contrary to uncoupler- or inhibitor-treated cells,
Fig. 5. Histograms demonstrating cell distribution over diameter d (a),

phase thickness Dh (b), and dimensionless parameter Dn =Dh/d (c,

averaged refractive index) for populations of control cells (N =115) and

cells treated with CCCP (N =51), KCN (N =52) or DCMU (N =56), as

indicated.



Fig. 6. Experimental results showing the dependence of a CPM image on

the functional state of spores of Bacillus licheniformis. (a) 3D images of

control and inactivated spores. Control (dormant) spores were suspended in

distilled water and then viewed microscopically for measurements.

Inactivated samples were prepared by heating spores for 20 min at 115

-C. (b) Plots Dh versus d for populations of control spores (solid circles,

N =41) and inactivated spores (open circles, N =35). (c– f) Histograms

demonstrating spores distribution over diameter d (c, d) and phase thickness

Dh (e, f) for populations of control (c, e) and inactivated (d, f) spores.

V.P. Tychinsky et al. / Biochimica et Biophysica Acta 1708 (2005) 362–366 365
control cyanobacteria reveal the co-existence of subpopu-

lations with relatively low (Dh�40–80 nm) and rela-

tively high (Dh�80–140 nm) phase thickness. These

subpopulations could be attributed to cells with different

metabolic activities. Actually, the additions of CCCP,

KCN or DCMU, which suppress bioenergetic processes

in cyanobacteria, caused an essential narrowing of the

profile P(Dh). The treatment of cyanobacteria with

CCCP, KCN or DCMU shifted the distribution P(Dh)

toward lower values of Dh. In the presence of uncoupler

CCCP, which dissipated the transmembrane proton

gradient [24], the distribution P(Dh) had one extreme at

Dh�55–60 nm. For cells treated with KCN, which

inhibits electron transfer at different sites of the respira-

tory and photosynthetic electron transport chains [24,25],

we observed one extreme at Dh�55 nm. In the presence

of DCMU (an inhibitor of photosynthetic electron trans-

port [25]), the distribution P(Dh) also had one peak at

Dh�45 nm. Thus, when bioenergetic processes in

cyanobacteria were suppressed, either due to dissipation

of the proton gradient or inhibition of electron transport,

we did not observe subpopulations with a high phase

thickness (Dh�80–140 nm) that were present in control

cyanobacteria.

Another evidence for a correlation between cell meta-

bolic activity and Dh value came from our experiments on

prolonged exposure of cells to measuring laser beam.

Usually, to obtain CPM image, each cell was illuminated

for less than 1–2 min. However, with extension of cell

exposure to light (up to 20 min), we observed a certain

decrease in the number of cells with high values of

parameter Dh (data not shown). This result can be explained

by photoinhibition of photosynthetic apparatus of cyano-

bacteria [26]. Note that histograms P(Dh) for CCCP- or

KCN-treated cyanobacteria were virtually independent of

cell exposure to light (data not shown). Summing up results

of experiments outlined above, we conclude that optical

parameter Dh of a topogram can be considered as a measure

of metabolic activity in single cyanobacterial cells.

As we noted above, a phase thickness Dh(x,y) depends

on the product of the local refractive index of the object,

Dn(x,y), and its geometrical size in Z-direction [17].

Comparison of histograms P(Dh) and P(d) (Fig. 5)

demonstrate that a rather broader profile P(Dh) in a

population of control cells cannot be attributed entirely to

significant variations of geometrical sizes in control cells.

Actually, cell treatment either with an uncoupler CCCP or

with inhibitors (KCN or DCMU) did not influence an

average diameter of cells (<d>�1.8–1.9 Am) (Fig. 5a). In

the meantime, the profile P(Dh) narrowed substantially with

inhibition of cell metabolic activity (Fig. 5b). Fig. 5c shows

histograms P(Dn) plotted for normalized phase thickness

Dn =Dh/d. Parameter Dn may be regarded as a difference

(Dn =<n>�no) of the refractive indices of an object and

that of an immersion solution no [17]. If we assume that the

cell size along Z-axis is proportional to the cell diameter d,
then Dn should be determined mainly by refractive index

rather than by geometrical height of a sample. For intact

cells, the profile of P(Dn) (Fig. 5c) was broader than in

populations of inhibitor-treated cells. This observation

means that the population of control cells included a

subpopulation with relatively high values Dn (Dn�0.05)

that was not observed in inhibitor-treated cells. Thus, we

can conclude that both optical parameters, Dh and Dn, can

serve as a measure of cell metabolic activity.

3.2. Spores Bacillus licheniformis

We also came to the conclusion that optical parameters

Dh and Dn reflect metabolic activity comparing CPM

images (Fig. 6a) and distributions of parameters d and Dh in

control (dormant) and inactivated (thermally-treated) pop-

ulations of spores Bacillus licheniformis (Fig. 6b). Profiles

of histograms P(d) are certainly different (Fig. 6c, d),

however, the mean values of diameter d for both groups,

control and inactivated, are close (<d>�1 Am). In the

meantime, the control group of spores is characterized by

much higher phase thickness (Fig. 6e, <Dh>�80 nm) than

inactivated spores (Fig. 6f, <Dh>�25 nm).

The effect described above, i.e., a decrease in the phase

height Dh and averaged refractive index Dn caused by

suppression of a cell metabolic activity, is likely to be a

rather general phenomenon. Dependence of Dh on energ-
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ization of coupling membrane has been demonstrated for

isolated energy transducing organelles, mitochondria

[18,19] and chloroplasts [20]. There may be different

reasons for variability of Dh; for instance, phase thickness

could be sensitive to structural changes in biomembranes or

to spectral changes in intracellular pigments caused by shifts

in the redox status of electron carriers. Results of our

experiments with cyanobacteria indicate, however, that a

decrease in Dh could not be attributed entirely to spectral

shifts. Actually, uncouplers and inhibitors of electron

transport should cause opposite effects on the redox state

of electron carriers in cyanobacteria [21], whereas we

observed that addition of an uncoupler CCCP and inhibitors

(KCN or DCMU) caused similar effect on Dh value (Fig. 4).

A correlation between the phase thickness Dh and metabolic

states of isolated mitochondria was interpreted in terms of

the membrane electro-optical effect [17–19], that is, a

dependence of the membrane refractive index on the

transmembrane difference in electric potentials. Inhibition

of mitochondrial respiratory chain by rotenone caused a

decrease in the <Dn> value from 0.05–0.07 to 0.025.

Taking together, our results demonstrate that CPM images

of single cells and intracellular organelles are sensitive to

variations of their metabolic states. Metabolically active

specimens are characterized by higher phase thicknesses Dh

than de-energized (or ‘‘dead’’) ones.
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