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Abstract. We develop a method of coherent phase microscopy �CPM�
for direct visualization of nonfixed, nonstained mammalian cells �both
cultured cells and freshly isolated tumor biopsies� followed by
computer-assisted data analysis. The major purpose of CPM is to
evaluate the refractive properties of optically dense intracellular struc-
tures such as the nucleus and the nucleoli. In particular, we focus on
quantitative real-time analysis of the nucleolar dynamics using phase
thickness as an equivalent of optical path difference for optically non-
homogenous biological objects. Pharmacological inhibition of gene
transcription leads to a dramatic decrease of the phase thickness of
the nucleoli within the initial minutes of cell exposure. Furthermore,
the acute depletion of intracellular ATP pool, depolymerization of mi-
crotubules and inhibition of DNA replication resulted in a rapid de-
crease of the nucleolar phase thickness. These optical effects were
paralleled by segregation of nucleolar components as documented by
electron microscopy. Thus, CPM detects early changes of nucleolar
dynamics, in particular, the nucleolar segregation as part of general
cellular response to cytotoxic stress, regardless of whether the nucleo-
lus is or is not the primary target of the toxin. CPM is applicable for
monitoring and quantitative analysis of the “nucleolar stress” in living
mammalian cells. © 2008 Society of Photo-Optical Instrumentation Engineers.
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Introduction

he interference-based approaches for noninvasive, quantita-
ive analysis of living organisms are aimed at investigating a
undamental link between the refractive properties of biologi-
al objects and metabolic processes.1–10 The major parameter
easured in these methods, i.e., optical path difference �OPD�

r path length, has been attributed to distinct morphophysi-
logical states in a variety of objects.1,6,8–12 Methods of reg-
stering OPD are critical for high spatial and temporal reso-
ution. The multistep method and its modifications5,7,13 are
ased on registration of interference patterns obtained using
equential measurements with fixed values of the reference
ave phase, followed by calculation of local values of the
bject’s phase. However, the distribution of intensity in inter-
erence patterns is limited by diffraction on aperture, thereby
esolution in these images may be insufficient.7,13 Another
rawback might be the noise due to uncontrollable changes of
PD. Active stabilization significantly decreased noise and

nabled achievement5 of a prolonged stability of OPD. Use of
ommon-path interferometry made OPD more stable, which,
ogether with Fourier and Hilbert phase microscopy, enabled

ddress all correspondence to: Vladimir P. Tychinsky, Moscow Institute of Ra-
ioengineering, Electronics and Automation, 78 Vernadsky Avenue, Moscow
19454, Russia. Tel: 495 434-6792; Fax: 495 434-8665; E-mail:
tych@yandex.ru
ournal of Biomedical Optics 064032-
registering fast fluctuations of erythrocyte plasma
membrane.4,6 Hilbert phase microscopy with common path
interferometry demonstrated an enhanced precision of mea-
surements, a low sensitivity to vibrations, and a millisecond
range of temporal resolution.2

Refractive properties and geometrical thickness may vary
across the object, thereby differentially influencing1–10 on
OPD. To decouple their contributions, the measurements in
two immersion media with distinct refractive indices have
been proposed.1 Lue et al. facilitated the decoupling proce-
dure and improved its accuracy by measuring refractive prop-
erties of cells placed into microchannels.3 This technique en-
abled the determination of the geometrical thickness of
erythrocytes, and the evaluation of cellular changes during
hemolysis.6 The values of axial thickness and refractive index
in the phase images of neurons and HeLa cells were
obtained.1,5 Still, these approaches include laborious manipu-
lations that might alter cell viability and refractive properties.

We characterized the OPD measured by the coherent phase
microscopy �CPM� of transparent biological objects, as phase
thickness.8–12 This parameter, detectable by the compensation
method, enabled us to describe “optical portraits” of nonfixed,
nonstained chloroplasts and spores with high sensitivity and
spatial and temporal resolutions.10–12 In this study we investi-
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ate the applicability of CPM for real-time analysis of meta-
olic changes in high eukaryotes. Nucleoli, the sites of ribo-
omal biogenesis, are exceptionally sensitive dynamic
tructures that rapidly respond to a variety of environmental
timuli. The term nucleolar stress encompasses a plethora of
tructural and functional changes in stimulated cells.14,15 Al-
hough modern fluorescent-microscopy-based techniques and
lectron microscopy provide valuable information about the
raffic of individual nucleolar proteins in stressed cells,16,17

ingle-cell analysis of nucleolar dynamics in real time re-
uires high spatial and temporal resolution combined with
ittle or no invasiveness into the object. We demonstrate here
hat CPM can be used for rapid quantitative evaluation of
ucleolar stress induced by pharmacological inhibitors of vital
ellular processes.

Materials and Methods
uman HCT116 colon carcinoma cells �American Type Cul-

ure Collection� were propagated in Dulbecco’s modified Ea-
le’s medium supplemented with 5% fetal calf serum �Hy-
lone�, 2 mM L-glutamine, 100 U /ml penicillin, and
00 �g /ml streptomycin at 37°C, 5% CO2. Cells were
lated on glass coverslips to reach �50% confluence by the
ay of the experiment. Actinomycin D �act D�, rotenone in
ombination with SF6847, oligomycin, aphidicolin, or vinc-
istine were added to the cells followed by CPM. In prelimi-
ary experiments, we determined the concentrations of each
gent and the time of cell exposure sufficient to block tran-
cription, deplete the intracellular ATP pool, depolymerize the
icrotubule network, or inhibit DNA replication,

espectively.18–21 The conditions of cell exposure are pre-
ented in Sec. 3 and figure legends. After the completion of
xposure the specimens �30 to 100 randomly selected cells
er each coverslip� were immediately examined using our
riginal “Airyscan” microscope. For transmission electron
icroscopy, cells were plated and treated with drugs as al-

eady described, then washed once with saline, fixed in 2.5%
lutaraldehyde in 0.1 M phosphate buffer, pH 7.3, and stained
ith 1% OsO4. After dehydratation, the samples were embed-
ed in Epon-812. Ultrathin sections were contrasted with lead
alts. Electron microscopy was performed with JEM-1200
X-11 device �Japan�. All reagents were purchased from
igma-Aldrich unless specified otherwise.

The optical scheme of the Airyscan microscope is shown
n Fig. 1�a�. The microscope is a modification of a Linnik
nterferometer with a He-Ne laser ��=633 nm� as a source of
oherent light. The microscope is equipped with the dissector
mage tube �Electron, Russia� to register the interference sig-
al, and an electronic unit for computer-assisted cell
maging.8 The samples were placed into a cell count chamber
xed on the microscope table. The Olympus lens 20� �nu-
erical aperture �NA=0.4�� with a 24-�m view field was

sed. Measurements of OPD were performed sequentially at
ach point of the image. To register the interference signal and
o convert it into local phase values, a linear periodic modu-
ation of the reference wave phase was performed. The sam-
ling frequency and the image input rate were determined by
he modulation frequency of 1 kHz �or 1 ms /pixel�. The
oise-limited sensitivity was 0.5 nm. Normally the sensitivity
f OPD measurements was 2 to 3 nm. The enhanced sensitiv-
ournal of Biomedical Optics 064032-
ity to translational shifts was registered on the steep slopes of
the phase height profiles,8 thereby facilitating investigation of
intracellular processes. The least measured amplitudes
��0.1 nm� of translational oscillations were simulated with
piezo actuator.

The software package provided repeatable measurements
of OPD profiles recorded as coordinate-time matrices �track
charts8� along an arbitrarily assigned scan-line, and cell dy-
namics was presented as spatial-temporal portraits. The soft-
ware package enabled us to obtain topohistograms and
pseudo-3-D images of whole cells and their parts, and to map
phase fluctuations.8 In this study, we extended our software
package by introducing topohistograms that depict the func-
tion N �h�, where N is the number of pixels in the topogram

Fig. 1 Physical principle of CPM: �a� optical scheme of the Airyscan
microscope, �b� pseudo-3-D phase image of the HCT116 cell, and �c�
physical model of the cell in liquid medium. The refractive indices of
the cytoplasm nC,, the nucleus nN, and the nucleolus nn are volume
averaged �n�x ,y ,z��. The cross sizes �dC ,dN ,dn� of the respective
structures are assumed equal to the geometric thicknesses
�HC ,HN ,Hn�. �d� 2-D phase image �topogram� of the same cell with
the nucleoli n �arrows� and the section �dotted line�; N is the nucleus;
and �e� phase height profile h�x� along the section of the image.
Shown are the areas that correspond to the nucleus N and the nucleo-
lus n; dN and dn are the diameters of the nucleus and the nucleolus, h0
is the maximal nuclear phase height, and h0.5 is the nucleolar semi-
height; and �f� topohistogram showing the dependence of the number
of pixels N�h� on the phase thickness h on the topogram h�x ,y�. The
maxima of phase height distribution for the topogram in �d� corre-
spond to the characteristic values �hC and �hN that are the phase
thicknesses of the cytoplasm and the nucleus, respectively; �hNS is the
interval of variations of the phase thickness due to nonhomogeneity of
the nucleoplasm in the vicinity of the nucleolus; �hn is the phase
thickness of the nucleoli.
i i
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�x ,y� in the interval of phase height values from hi to hi
�h. Thus, the positions of characteristic points in the topo-
istograms, such as the maximums, minimums, and squares
f individual parts of the topohistograms, can be a quantita-
ive representation of morphological and physiological
hanges in biological objects.

Results and Discussion
he basic principle of CPM is the measurement of local phase
eight h�x ,y� that is linked to refractive indices of the object
�x ,y ,z� and extracellular medium n0 by the formula:

h�x,y� =� �n�x,y,z� − n0�dz . �1�

The optically nonhomogenous cell can be represented as a
ulticomponent structure with different refractive properties.

n a pseudo-3-D phase image of the object �Fig. 1�b�� the
reas with larger OPDs �see Figs. 1�c� and 1�e�� correspond to
ptically more dense organelles �namely, the nucleoli�. Figure
�c� shows a model of a cell in liquid medium; the refractive
ndices of the cytoplasm nC, the nucleus nN, and the nucleolus

n are volume averaged �n�x ,y ,z��. Individual cells were vi-
ualized in the optical channel of the microscope, then the
opograms of their 2-D phase images �Fig. 1�d�� and phase
hickness profiles �sections on 2-D phase images� �Fig. 1�e��
ere registered and analyzed. The major dimensions of the
ucleus and the nucleolus are shown in the phase thickness
rofile h�x� �Fig. 1�e��. Keeping in mind that Fig. 1�c� depicts
simplified model, we determined the characteristic param-

ters from the profiles of the phase thickness h�x� �Fig. 1�e��
long the lines of image section ��Fig. 1�d�, dotted line��. Here
hN and �hn are the phase thicknesses of the nucleus and the
ucleolus, respectively, and dN and dn are the cross sizes of
he respective organelle. According to Eq. �1�, the phase
hickness of the nuclei and the nucleoli is proportional to their
xial physical thickness:

�hN = HN��n�x,y,z�N� − nc� = HN�nN,

�hn = Hn��n�x,y,z�n� − nN� = Hn�nn,

here �nN and �nn are regarded as relative refractivities of
he nucleus and the nucleolus, respectively, and HN and Hn
re their physical thicknesses.

The preceding equations reflect only the fact that a cell is
n optically nonhomogenous object. Although reliable meth-
ds of measuring refractivity of cellular compartments remain
o be developed, we attempted to quantitatively assess the
uclear and nucleolar refractivities using approximation mod-
ls. Figure 1�b� shows that the nucleolar shape was close to
pherical �Hn	dn�. Such an approximation is incorrect when
he organelle’s shape is elliptic. In this case, we considered
he ratio of the axes of the ellipsoid and uncertainty of its
rientation to the optical axis. For instance, if axial thickness
aries within HN	�0.5 to 2�dN in the nuclear phase profile
�Fig. 1�e��� this results in uncertainty of refractivity within
n =0.005 to 0.02 and the nuclear refractive index within
N

ournal of Biomedical Optics 064032-
nN	1.335 to 1.35. These considerations were employed for
estimation of refractivity in cells exposed to act D �see later in
the paper�.

To obtain statistically reliable optical parameters of subcel-
lular structures, we used topohistograms �Fig. 1�f�� that illus-
trate a distribution of the phase thicknesses across the cell.
The maxima in the histograms corresponded to the areas in
the topogram with close values of the phase thickness, e.g.,
plain apexes of the nuclear and nucleolar profiles. These areas
are the parts of the image with close values of refractive in-
dices and, therefore, with greater statistical impact. Figure
1�f� shows how the phase thicknesses of the cytoplasm �hC,
the nucleus �hN, the nucleoli �hn, and the nuclear nonhomo-
geneities �hNS were determined. The following parameters
were used to analyze the images: the phase height profile
h�x�, its maximal value �h �phase thickness�, and the hori-
zontal size �or diameter� d of the structural element. In the
phase image of the cell ��Fig. 1�d��, the optically dense
nucleus and the nucleoli were identified by local increases of
the phase thicknesses �hN and �hn. The contrast of the
nucleolus is due to the excess of nucleolar refractive index
�n=�nn−�nN	�hn /dn. Therefore, a higher phase thickness
of the nucleolus �hn compared to that of the nucleus �Figs.
1�d� and 1�e�� is explained by higher refractive index of the
nucleolus.

To analyze nucleolar dynamics by CPM, we exposed
mammalian cells to pharmacological agents known to inhibit
major cellular functions. In untreated �control� HCT116 cells
the nucleolus was visualized as the optically dense zone ��Fig.
2�a�� that became flattened and less dense after the addition of
the transcriptional inhibitor act D ��Fig. 2�b��. The nucleolar
phase thickness �hn decreased gradually, reaching its lowest
value after 30 to 40 min with the drug and then remained low
for at least 60 min. Statistically accurate values of �hn and
�hN were determined by characteristic points at the phase
height topohistograms. The topohistograms in Figs. 2�c� and
2�d� �drawn for phase images in Figs. 2�a� and 2�b�� demon-
strated the changes in distribution of the phase heights within
the nucleus �hN and the nucleolus �hn. The statistically mini-
mal phase thickness of the nucleus corresponded to �hN
=155 nm ��Fig. 2�c��. The maximum at h0=205 nm was at-
tributed to the maximal value of the nuclear phase thickness
�see Figs. 1�e�, 2�e�, and 2�f��. The values above this maxi-
mum were interpreted as the phase thickness of the nucleolus
�hn=84 nm. The nucleolar phase thickness �hn in act
D–treated cells decreased markedly ��hn=22 nm� �compare
Figs. 2�c� and 2�d��. These data indicate that act D decreased
the nucleolar phase thickness �hn approximately threefold.
Furthermore, a decreased phase thickness of the nucleoli was
observed in other human carcinoma �HeLa and MCF-7� or
murine fibroblast �NIH 3T3� cell lines exposed to act D. This
optical effect was also detectable in tumor specimens isolated
from patients’ biopsies �not shown�. These results indicate
that the decreased phase thickness of the nucleoli is a hall-
mark of transcriptional blockade in various mammalian cell
types. The optical characteristics of the nucleoli changed dur-
ing the initial minutes of cell exposure to act D. To character-
ize these changes we used the isolines at the level of the phase
semithickness h0.5 of the nucleolus �see Figs. 2�e� and 2�f��.
The nucleolar phase thickness was determined as the excess
November/December 2008 � Vol. 13�6�3
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bove the main maximum h0 in the histograms of the nuclear
hase thickness �Figs. 1�e�, 2�c�, and 2�d��. In the majority of
ntreated cells, the shape of the nucleoli was close to elliptic
Fig. 3�a��. The minimal diameter at the nucleolar semiheight
as 	1.6 �m, whereas the maximal diameter was 	2.4 �m.
he initial phase thickness values were �hn=80 to 100 nm,
nd the nucleolar shape changed slowly �within several min-
tes�. The amplitude of these slow changes was �20 nm.
ccording to these results, the nucleolar refractivity �calcu-

ated with the approximations already discussed� of untreated
ells was relatively high: �n	0.04 to 0.06. In act D–treated
ells the shape of the nucleoli changed rapidly. By 6 min with
he drug, the nucleolar shape switched from elliptic to spheri-
al and again to elliptic, and the diameter varied within
.0 to 5.5 �m. The phase thickness was �hn=50 nm �Fig.
�b��. During next 6 min, the nucleolar diameter became
maller �from 5 to 2 �m�, while the spherical shape remained
nchanged. The phase thickness �h was approximately

ig. 2 CPM-based single-cell analysis: �a�, �c�, and �e�, untreated
CT116 cell; �b�, �d�, and �f�, the same cell treated with 0.1 �M act D

or 30 min. �a� and �b� are phase images of the nucleolus and an
djacent region. Due to higher optical density, the nucleolus is detect-
ble over the background of the nucleus. �c� and �d� are the values of
hase thicknesses of the nucleoli �hn and the nuclei �hN determined
rom characteristic points in the histograms of phase thicknesses for
he entire area of the phase image in �a� and �b�. The differences
etween h0 and �hN were interpreted as �hNS. �e� and �f� are 2-D
hase images �corresponding to �a� and �b�� before and after the ad-
ition of act D. The outer contours connect the levels of the phase
eight h0 and reflect the minute nonhomogeneities of the nucleo-
lasm around the nucleolus. The inner contours connect the levels of

he phase height at the nucleolar semiheight h0.5, reflecting the geo-
etric projection of the nucleolus on the image plane. In act D treated

ells the decreased nucleolar phase thickness was associated with an
ncrease of the area of the nucleolus within the line h0.5 �f�.
n

ournal of Biomedical Optics 064032-
60 nm �Fig. 3�c��, which could be associated with a decreased
refractivity �n	0.01 to 0.015. By 18 min, we registered two
elliptic components with equal phase thickness ��hn
=24 nm�. Each component was 1.5 to 2 �m in diameter
��Fig. 3�d��. By 31 min with the drug, the components of the
nucleolar phase image became even more contrasted, and the
nucleolus acquired the shape of the ring, with the phase thick-
ness �hn=52 nm �Fig. 3�e��. During another 6 min, the phase
thickness decreased, the ring-shaped image disappeared, and
the phase thickness reduced to 20 nm �Fig. 3�f��. By 37 min,
the nucleolus was visualized as two near-oval components. By
this time, the nucleolus was undetectable over the nuclear
background. These data indicate that distribution of optically
dense and sparse zones was uneven. Thus, the response of the
nucleoli to the transcriptional inhibitor was more complex
than a uniform drop of the phase thickness. The nucleoli not
merely became less dense; rather, the phase thickness was
relocalized across the nucleolus. Nevertheless, the major trend
of the effect of act D was the decreased nucleolar phase thick-
ness.

Next, we determined which changes of nucleolar ultra-
structure underlie the optical parameters detectable by CPM.
In untreated HCT116 cells, the shape of the nucleoli was el-
liptic. The homogenous, low-electron-density material �fibril-
lar centers� was surrounded by electron dense zones �dense
fibrillar component�. The granular component was detectable

Fig. 3 Time course of phase thickness changes in act D–treated
HCT116 cell. Images of the individual cell were captured at indicated
time intervals 4 min before �a� and within 37 min after the addition of
act D �b� to �f�. Arrows show the isolines of the nucleolar phase semi-
heights �h0.5�. The values h0=0 were obtained from the respective
histograms. The phase heights of individual structural elements rela-
tive to background were evaluated using the colored scale. �Color
online only.�
November/December 2008 � Vol. 13�6�4
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t the periphery and in the center of the nucleoli �Fig. 4�a��. In
triking contrast, exposure to act D rapidly caused an enlarge-
ent of fibrillar centers and dense fibrillar components and a

ecrease of electron density of the granular component and
brillar centers �Fig. 4�b��. Dense fibrillar material was redis-

ributed. These phenomena indicated the nucleolar segrega-
ion, a hallmark of morphological and functional events that
omprise the reaction of the nucleoli to transcriptional
nhibition22 by act D. Nucleolar segregation was associated
ith a substantial decrease of the nucleolar phase thickness in

ct D–treated cells �Figs. 4�a� and 4�b�, insets�. We then in-
estigated the changes of nucleolar phase thickness and ultra-
tructure evoked by various toxic stimuli. As shown in Fig.
�b�, energy depletion with rotenone plus SF6847 caused a
ecrease of electron density of fibrillar centers and the granu-
ar component. The fibrillar centers and the dense fibrillar
omponent were shifted to the periphery of the nuclei. Like-
ise, oligomycin caused drastic changes of the shape of the
ucleoli; the nucleolar electron density and the size of fibrillar
enters decreased markedly in a way similar to that in Fig.
�b�. Exposure to the replication blocker aphidicolin dropped
he nucleolar electron density; the granular component pre-
ailed, whereas fibrillar centers and fibrillar component were
uch less detectable �Fig. 5�c��. Interestingly, in aphidicolin-

reated cells a portion of the nucleoli retained relatively high
hase thickness ��hn	60 to 90 nm; Fig. 5�c��. We tend to
xplain this finding by the facts that the cells in S phase are
ulnerable to aphidicolin,20 and DNA replication is mechanis-
ically coupled to transcriptional machinery.23 Thus, aphidi-
olin might hamper transcription in replicating cells. Because
e worked with nonsynchronized cell culture, only a part of

ells should be in S phase at the time of CPM analysis; it is
robably these cells that responded to aphidicolin by de-
reased �hn. Fragmentation of the nucleoli and a decreased
lectron density of these organelles were observed upon treat-
ent with vincristine �Fig. 5�d��. Therefore, each metabolic

oison caused rapid �within the initial 15 to 30 min of cell

ig. 4 Nucleolar segregation is associated with decreased nucleolar
hase thickness in act D–treated cells. HCT116 cells were �a� left
ntreated or �b� treated with 0.1 �M act D for 15 min followed by
PM. A portion of cells from the same specimen was processed for

ransmissive electron microscopy. Here and in Fig. 5: GC, granular
omponent; FC, fibrillar center; DFC; dense fibrillar component
shorter arrows�. Morphological signs of nucleolar segregation in re-
ponse to act D are discussed in the text. In histograms �insets�: the x
xis is the phase thicknesses of the groups of nucleoli and the y axis is
he statistical probabilities of each group.
ournal of Biomedical Optics 064032-
exposure� decrease of the nucleolar phase thickness that was
paralleled by irregularity of the nucleolar shape; decreased
density of fibrillar and granular components; and fragmenta-
tion of the nucleoli, the morphological signs of nucleolar
segregation.24–26

Thus, the decreased phase thickness of the nucleoli is an
optical signature of the nucleolar segregation in stressed cells.
Moreover, rapid decrease of the phase thickness is a typical
event associated with the response to toxins in chloroplasts,
spores and isolated mitochondria.10 Therefore, the decreased
phase thickness should be considered a fundamental phenom-
enon common for different objects exposed to a variety of
stress stimuli. This, in turn, presumes the commonality of the
mechanism�s� that underlie this effect. One can hypothesize
that the optical density in biological objects is largely related
to the physical state of proteins and water. Chromatin conden-
sation and protein misfolding, the phenomena characteristic
for transcriptional inhibition, might be associated with a de-
crease of hydrated shells that supposedly contain water mol-
ecules with enhanced electron susceptibility.8,27,28 Therefore,
transcriptional block �and perhaps other metabolic inhibitors�
would cause a decrease of effective electric charges on pro-
teins �due to more dense packaging of proteins�, the accumu-
lation of misfolded macromolecules, and a smaller share of
bound water molecules. These events would be manifested in
a decreased volume-averaged refractive index determined by
CPM.

Fig. 5 Nucleolar segregation and a decrease of nucleolar phase thick-
nesses in response to various agents. HCT116 cells were �a� left un-
treated or treated as follows: �b� 50 �M rotenone+1 �M SF6847,
15 min; �c� 10 �M aphidicolin, 30 min; and �d� 0.1 �M vincristine,
30 min. The electron microscope images and histograms are labeled
as in Fig. 4. See text for details of nucleolar segregation.
November/December 2008 � Vol. 13�6�5
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Conclusion
he CPM-based analysis required no fixation or staining of
ells, and enabled rapid detection of nucleolar morphology
nd physiology affected by various toxins. The quantitative
ata generated by CPM, i.e., the phase thickness, lateral di-
ensions, and refractive index, are associated with nucleolar

egregation in stressed cells. The optical effects in the
ucleoli are similar to those found in isolated organelles and
rokaryotes exposed to metabolic poisons, strongly suggest-
ng that the CPM parameters reflect the responses common
or different biological objects. The topohistograms of phase
eight distribution generated in CPM may be applicable for
apid, quantitative, and inexpensive screening of novel cyto-
oxic �e.g., anticancer� drugs using the nucleolar stress as a
eadout.
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