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1 Introduction

Abstract. Heat stress responses are analyzed in cancer cells by apply-
ing different microscopy techniques for targeting various fluorescently
labeled or native structures. Thermotreatments are performed at 40,
45, 50, and 56 °C, respectively, for 30 min each, while controls were
kept at 37 °C. Actin cytoskeletons labeled with Alexa Fluor® 488-
conjugated phalloidin are imaged by wide-field fluorescence micros-
copy (WFFM). Structural plasma membrane stabilities are labeled
with fluorescent quantum dots and analyzed by laser scanning mi-
croscopy (LSM). High-resolution atomic force microscopy (AFM) and
scanning electron microscopy (SEM) are used to study morphological
features and surface structures. Fluorescence images reveal F-actin to
be a comparatively thermolabile cell component showing distinctive
alteration after heat treatment at 40 °C. Destabilization of actin cy-
toskeletons proceed with increasing stress temperatures. Active reor-
ganization of plasma membranes coincidental to heat-induced shrink-
age and rounding of cell shapes, and loosening of monolayered tissue
are observed after treatment at 45 or 50 °C. Active stress response is
inhibited by stress at 56 °C, because actin cytoskeletons as well as
plasma membranes are destroyed, resulting in necrotic cell pheno-
types. Comparing data measured with the same microscopic tech-
nique and comparing the different datasets with each other reveal that
heat stress response in MX1 cells results from the overlap of different
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published by Jordan et al. that suggests injection of magnetic
nanoparticles into the tumor, followed by application of alter-

Cells exposed to heat stress undergo multiple molecular alter-
ations, including synthesis and augmented production of heat-
shock proteins, protein misfolding or damaging, and energy
depletion. These initial events possibly trigger complex inter-
actions of metabolic mechanisms and signal transductions that
determine cellular stress responses. Depending on the heat
stress dose, comprising temperature and exposure time, the
cell species, and the tissue architecture and environment, the
stress responses lead to cell survival, apoptosis, or necrosis. In
this context, heat stress represents a large array of various
physical, biochemical, toxicological, and environmental stress
factors.'™ In the field of clinical cancer therapy, two major
groups comprise thermotherapy: laser-induced thermotherapy
inducing local temperatures between 60 and 100 °C,** and
hyperthermia working with temperatures below 45 °C.° Com-
bined modality treatments such as hyperthermia-assisted ra-
diotherapy and/or chemotherapy are under intensive
investigation.7’8 A new thermotherapeutic approach has been
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nating current magnetic fields, inducing a temperature eleva-
tion in the particle-loaded tissue.”

Dosimetry remains a critical factor in thermotherapy, since
therapy responses might vary among different tissue species,
tissue volumina, tissue entities, and tissue environments. '’
With regard to dosimetry in medical thermotherapeutic appli-
cations, adequate knowledge about cellular and subcellular
reactions to thermal stress conditions is essential. The molecu-
lar genetics of heat stress responses already have been studied
extensively and reviewed by Takayama, Reed, and Homma,ll
and Moggs and Orphanides.'? Representative examples of cel-
lular heat-induced phenotypes using an Arrhenius-based ap-
proach have been studied in vifro by Dewhirst et al.'’ and in
vivo by Minet and Beuthan."?

In the present study, we investigated the stress responses of
breast cancer cells MX1 under hyperthermal (40 °C) and heat
stress (45, 50, or 56 °C) conditions. Several different subcel-
lular sites were targeted to characterize their impact on heat-
induced phenomena.
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Fig. 1 Schematic view of a MX1 breast cancer cell showing the inves-
tigation targets of this study.

The most versatile approach for probing stress-induced ef-
fects in cells is fluorescence microscopy, as it is one of the
best established standard techniques in biomedical analytics
and diagnostics. Fluorescence detection of specific structures
and functions in cells is supported by an enormous diversity
of commercial fluorescent probes and biosensors mainly tai-
lored for specific targets as well as spectral properties.m’15
Many organic fluorescent dyes, immunoconjugates, and GFP-
based biosensors have been routinely used for imaging cells;
recently, several bioactive nanoparticles have entered the field
of experimental bioanalytics. Most interesting among those
are magneto/optical nanoparticles,'® as well as luminescent
quantum dots (Qdots).”’18 Various surface modifications and

conjugation strategies have been developed for improving sta-
bilities and bioactivities of Qdots without altering their unique
spectral properties resulting from semiconductor effects.'” >
The bright and narrow-banded fluorescence emissions com-
bined with broad excitation ranges and high absorptions of
Qdots especially are relevant features concerning bioanalyti-
cal applications. Qdot fluorescence colors in the visible spec-
trum depend on the semiconductor material and mainly on
particle diameters roughly ranging from 2 to 6 nm. The broad
spectral variability of Qdots also makes them very interesting
tools in many kinds of multiplexed labeling strategies.”>*

As shown previously, MX1 cell viability did not decrease
after hyperthermal treatment at 40 or 42 °C, but after heat
stress at temperatures of 45, 50, or 56 °C, cell viabilities had
drastically diminished.” In this study the metabolic data were
supplemented by molecular fluorescence imaging and high-
resolution structural imaging. The following targets were
compared using a defined heat stress protocol: plasma mem-
brane, actin cytoskeleton, and attachment filaments, as shown
in Fig. 1. The microscopic techniques listed in Table 1 were
used depending on the particular target.

It was shown by wide-field fluorescence microscopy
(WFFM) and laser scanning microscopy (LSM), respectively,
that the actin cytoskeleton in MX1 cells already responded at
comparatively mild stress conditions of 40 °C (30 min),
while cell morphologies and plasma membrane integrities
were not affected. Under increased stress temperatures, rear-
rangements of actin filaments were enhanced and accompa-
nied by striking changes of cell shapes. Inline with cytoskel-
etal destabilization, the surface substructures increase with
temperatures as visualized by atomic force microscopy
(AFM). On severe heat stress at 56 °C (30 min), actin cy-
toskeletons as well as plasma membranes were completely
destroyed, resulting in cell necrosis. Treatment at 50 °C for
30 min was not sufficient for induction of necrosis, but the

Table 1 Microscopes and measurement configurations used for imaging various targets of heat-induced stress response in MX1 cancer cells. LP is
a long-pass filter, BP is a bandpass filter, bw is black and white, and C is for color.

Microscope system

Measurement configuration

Investigation target

DSM950
(Carl Zeiss, Germany)

Axioplan 2
(Carl Zeiss, Germany)

* Accelerating voltage: 5 kV
® Working distance: 6 to 9 mm

e Excitation range: BP 470+20 nm
¢ Detection range: LP>520 nm

Cell morphology, surface structures,
cell-cell and cell-substrate contacts

Alexa Fluor® 488 fluorescence at
phalloidin-labeled F-actin

e Signal digital camera: AxioCam MRc

LSM 410 invert
(Carl Zeiss, Germany)

e Laser wavelengths: 568 and 488 nm
e Detection range: LP>590 nm

Qdot™ 605 fluorescence at
concanavalin Alabeled structures

e Signal detector: photomultiplier
e Digital camera: Sony CCD-RIS Hi-Resolution (bw)
e Infegration time: 16 s/scan

easyScan DFM
(NanoSurf, Switzerland)

e Operation mode: dynamic force
e Operating frequency: 156 to 160 kHz

Surface roughness of cells

e Integration time: 256 to 410 s/scan
e Spring constant: 0.20 N/m
e Cantilever type: reflexcoated n-silicon pointprobes
(NanoWorld AG, Switzerland)
e Free operating amplitude: 0.5 V
* Vibration damping: TS-150 (Schaefer Technology GmbH,

Germany)
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cells exhibited altered morphological features as a result of
active stress response, as shown by fluorescence microscopy
and scanning electron microscopy (SEM).

2 Material and Methods

All chemicals were purchased from Sigma-Aldrich Chemie
GmbH, Germany, unless stated otherwise.

2.1 Cell Cultivation

Human undifferentiated breast cancer cells of the species
MXI1 (Deutsches Krebsforschungszentrum, Germany) were
cultivated in RPMI 1640 medium supplemented with 20-mM
HEPES (N-2-hydroxyethylpiperazine-N-2-ethanesulfonic
acid) buffer, 5% (v/v) heat inactivated fetal calf serum, and
1% (v/v) antibiotic-antimycotic solution (100-U/mL penicil-
lin, 100-ug/mL streptomycin, and 0.25-g/mL amphotericin
B; GIBCO™ Invitrogen GmbH, Germany) at 37 °C in a hu-
midified atmosphere. Monolayers were dissociated with
0.05% trypsin-0.02% EDTA. All culture medium components
and solutions were purchased from Biochrom KG seromed®,
Germany, if not stated otherwise. Experimental cells were
grown in chambered glass slides with four chambers per slide
(NUNC GmbH and Company KG, Germany) or on coverslips
(SEM) until subconfluent cell densities were achieved.

2.2 Heat Stressing

Heat treatments were performed in a temperature-regulated
water bath at 40, 45, 50, or 56 °C for 30 min each. Cells
were rinsed twice in cold phosphate buffered saline (PBS)
immediately after heat stress and submitted for further pro-
cessing as described in the following sections.

2.3 Preparation of Unlabeled Cells

Prior to AFM measurements, cellular structures were stabi-
lized by fixation in 2.5% glutaraldehyde-PBS solution for
=1 h at 4 °C. SEM investigations required cells grown on
coverslips to be fixated in 2% glutaraldehyde-1% cacodylate
buffer (pH 7.3) solution for 10 min, followed by dehydration
in graded ethyl alcohol (50 to 100%). Dehydrated cells then
were treated twice with hexadimethydisilazane for 3 min. Af-
ter desiccation, SEM samples were sputtered with gold
(150 s, 10-nm layer thickness).

2.4 Fluorescent Dye Labeling

Labeling of cytoskeletal F-actin with Alexa Fluor® 488
-conjugated phalloidin was performed according to the manu-
facturer’s (Molecular Probes, Netherlands) recommendations.
Since phallotoxins usually are cell impermeable, labeling of
cells with Alexa 488-phalloidin conjugate (approximately
0.3 uM) was conducted under permeabilizing
and fixating conditions: 20 min in 100-ug/mL
lysopalmitoylphosphatidyl-choline and 3.7% formaldehyde
solution at 4 °C (Sigma-Aldrich Chemie GmbH, Germany).*

2.5 Quantum Dot Labeling

Streptavidin-conjugated Qdot™ 605 (Quantum Dot Corpora-
tion, USA) nanocrystals were used to label plasma
membranes via biotinylated concanavalin A (ConA, Molecu-
lar Probes, Netherlands). Internal biotin of cells was first
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blocked by treatment with 50-ug/mL Avidin (Sigma Aldrich
Chemicals, Germany) in PBS 30 min at 37 °C before
250-pg/mL  ConA-biotin in PBS was applied (30 min,
37 °C). The Qdot-streptavidin conjugate was used to label
cell-bound ConA mediated by biotin:streptavidin bridging.
Qdot-conjugate stock solution was diluted 1:10 in incubation
buffer supplied by the manufacturer 20 min prior to applica-
tion. The final concentration of 0.1 uM was obtained by mix-
ing equal volumes of PBS and Qdot solution. After 30-min
incubation, the cells were rinsed three times and micro-
graphed in PBS. Every step was incubated for 30 min at
37 °C and stopped by rinsing the cells carefully in cold PBS.
This labeling protocol was mainly based on the manufactur-
er’s recommendations,27 with alterations mentioned earlier.

2.6 Microscope Systems

For fluorescence imaging of Qdot-labeled cells, a laser-scan
microscope LSM 410 inverse (Carl Zeiss, Germany) was
used. Alexa-488 fluorescence of F-actin was imaged with an
Axioplan 2 (Carl Zeiss, Germany). Scanning electron micros-
copy was performed with a DSM950 (Carl Zeiss, Germany).
A mobile atomic-force microscope easyScan DFM (Nanosurf,
Switzerland) was applied in the dynamic-force mode for near-
field investigations. All microscope systems and measurement
configurations used in this study are listed in Table 1.

3 Results

3.1 SEM Imaging of Cell Morphologies, Cell-Cell,
and Cell-Substrate Adhesion Behavior

SEM investigations were done to gain an overview of mor-
phological responses of MX1 cells to heat treatments. Also,
the intercellular contact behavior and cell-substrate adhesion
were the subject of the SEM experiment. As expected, control
cells (37 °C) and cells stressed at 40 °C exhibited tissue-
specific growth conformations and cell morphologies with
structural integrities [Figs. 2(a) and 2(b)]. Cells were well
spread on the glass substrate and adherently grown with po-
lygonal orientations, distinct intercellular contacts, and ex-
tended intermediate filaments. Cells in the 40 °C-stress group
were slightly flattened and cell surfaces appeared smoother
than in the control group. When stressing was performed at 45
or 50 °C, [Figs. 2(c) and 2(d)] cells became smaller and more
spheroidal shaped compared with control cells [Fig. 2(a)].
Consequently, the tissue was clearly dispersed resulting from
active cellular stress reactions during heat treatment. This ef-
fect was more pronounced in the 50 °C-stress group than in
the 45 °C-stress group. The spheroid cell shapes seen in Fig.
2(c) were not observed in Fig. 2(d), indicating that cells al-
ready were in a collapsed state after heat stress at 50 °C.
30 min of thermal treatment at 56 °C also induced distinctive
ruptures in the plasma membranes, as evidenced by the col-
lapse of cells. These cell and tissue morphological features
imaged by SEM were generally observed independent of the
microscope technique or sample preparation method applied.

3.2 Fluorescence Detection of F-Actin
Cytoskeletons

Heat-induced reactions of F-actin cytoskeletons in MX1 cells
were imaged by green fluorescence of Alexa Fluor® 488 con-
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Fig. 2 Scanning electron microscopy of MX1 cells treated at various
heat stress conditions as indicated: (a) control cells, (b) cells stressed
at 40 °C, (c) cells stressed at 45 °C, (d) cells stressed at 50 °C, and (e)
cells stressed at 56 °C (30 min each). Details of the measurement
setup are given in Table 1.

jugated to F-actin-bound phalloidin. Under increasing heat
stress conditions, the F-actin components exhibited drastic
structural alterations, as shown in Fig. 3. In control cells [Fig.
3(a)], actin exhibited long filamentous structures forming in-
tact networks within the cell bodies. Intact contacts with
F-actin in plasma membranes were stabilizing the cell mor-
phologies and intercellular connections. After treatment at
40 °C, F-actin networks already were destabilized, as evi-
denced by diminished filamentous structures; however,
plasma membranes and intercellular contacts had not yet been
affected. Corresponding with the SEM image [Fig. 2(c)], heat
stress at 45 °C induced loosening of tissue as well as ad-
vanced disintegration of cytoskeletons, leading to shrinkage
and rounding of cells. F-actin structures in cells stressed at
50 °C contained even more defects, where it was observed
that the actin particles clustered in the cytoplasm and at mem-
branes. A total breakdown of tissue cohesion and cytoskeletal
structures resulted from heat stress at 56 °C.

3.3 Fluorescence Detection of Qdot-Labeled Plasma
Membranes

In control cells and 40 °C-stressed cells, Qdot fluorescence
was localized at the superficial areas of plasma membranes
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Fig. 3 Fluorescence imaging of cytoskeletal F-actin in MX1 cells
treated at various heat stress conditions as indicated. The fluorescence
label is Alexa Fluor® 488 conjugated to actin-bound phalloidin (Mo-
lecular Probes, Netherlands): (a) control cells, (b) cells stressed at
40 °C, (c) cells stressed at 45 °C, (d) cells stressed at 50 °C, and (e)
cells stressed at 56 °C (30 min each). Excitation range: BP
470£20 nm, detection range: LP>520 nm. Details of the measure-
ment setup are given in Table 1. The scale bar is 20 um.

and intercellular connections [Figs. 4(a) and 4(b)]. Fluores-
cence intensities were irregularly distributed along the plasma
membranes, indicating variant compositions and frequencies
of carbohydrate residues in the glycocalix. The intensities
were higher in Fig. 4(b) than in Fig. 4(a) because of enhanced
ConA binding. After stressing at 45 or 50 °C [Figs. 4(c) and
4(d)], cells again were smaller and rounder than in the control
group [Fig. 4(a)]. The 3-D intensity profiles exhibited more
regular fluorescence distributions than under milder stress
conditions at 40 °C. Qdot fluorescence at the same time was
also detected at the cytoplasmic leaflets of plasma mem-
branes, supporting the presumption that plasma membranes
were reorganized, permitting Qdot conjugates to accumulate
inside plasma membranes. Nuclei in the cells of the
50 °C-stress group were intact to the extent that they did not
exhibit fluorescence accumulation. Cells were severely dam-
aged at 56 °C, presenting necrotic phenotypes because the
structural integrities of plasma membranes and nuclear mem-
branes were destroyed. Now Qdot fluorescence accumulated
inside the cells [Fig. 4(e)].

July/August 2005 « Vol. 10(4)
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Fig. 4 Fluorescence imaging of plasma membranes in MX1 cells labeled with Qdots (Quantum Dot Corporation, USA). The fluorescence distri-
butions are imaged as 3-D signal intensity profiles: (a) control cells, (b) cells stressed at 40 °C, (c) cells stressed at 45 °C, (d) cells stressed at 50 °C,
and (e) cells stressed at 56 °C (30 min each). Details of the measurement setup are given in Table 1.
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3.4 AFM Imaging of Plasma Membrane Topographies

AFM measurements focusing on the area roughness of cell
surfaces were performed in dynamic force operation mode.
The membrane surfaces of control cells were more or less
regularly undulated without showing indentation or incisions
[Fig. 5(a)]. After treatment at 40 °C, the topography in Fig.
5(b) exhibited a more jagged and less regular structure than
the control cell. The surface roughness was further increased
after 45 °C heat stress, since globular protruding substruc-
tures led to spot-like cavities, as shown in Fig. 5(c). This
effect was enhanced after treating cells at 50 °C [Fig. 5(d)],
where the cavities were more stretched like clefts. Heat shock
at 56 °C actually did not change the surface structures of the
cells [Fig. 5(e)] compared to the 50 ° C-treated cells, but the
sizes of cavities were increased, appearing like holes. The
area roughness of the cell shown in Fig. 5(e) was increased.
The development of this temperature-dependent effect is rep-
resented by a quantitative evaluation of the mean surface area
roughness (S,) illustrated in Fig. 6. S, values were measured
for the topographies shown in Fig. 5 using the following
equation:zg’

M-1 N-1

1
Sa = 2 2 |Z(xk’yl)| .

MN k=0 =0

4 Discussion

Heat as the classical form of stress factor induces manifold
molecular changes in animal cells, including the synthesis of
heat-shock proteins, leading to a wide variety of possible
heat-shock responses. Although molecular genetics of stress
responses are highly conserved among living organisms, the
individual outcome (survival, apoptosis, or necrosis) always
depends on many molecular, physiological, biochemical, and
environmental situations and impacts. Different organisms,
different cells species, even different subcellular components
and molecules may exhibit varying heat sensitivities that
might be correlated with diseased conditions.'™ Therefore,
the (patho)physiology of cellular heat stress responses is an
extensive area of basic research.

We investigated the heat stress response of breast cancer
cells MX1, analyzing various morphological and subcellular
features requiring the application of different imaging tech-
niques listed in Table 1. Our data supported a differentiation
between continuous and discontinuous heat-induced effects
on specific targets in MX1 cancer cells, which were evaluated
in Table 2. The destabilization of actin cytoskeletons and the
increase of cellular surface roughness were continuously en-
hanced by increasing temperatures. On the other hand, the
adhesion and contact behavior of cells, cell shapes, and
plasma membrane integrities responded in discontinuous
manners. While alterations of the cell morphologies obviously
initiated at a threshold temperature of approximately 45 °C,
the plasma membrane integrities were not demonstrably af-
fected until approximately 56 °C as a consequence of the
selective melting behavior of biological membranes.”’ Hence,
active stress response and cell necrosis should be classified as
discontinuous heat-induced processes.

The most thermosensitive structure analyzed here was the
actin cytoskeleton that responded to a slightly elevated tem-
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perature of 40 °C. While cell morphology, adhesion behavior,
and plasma membrane integrity were not detectably affected
at this stress temperature, the surface roughness increased as a
consequence of cytoskeletal reorganization. In erythrocytes,
actin monomers have been shown to be thermally more labile
than filamentous actin.’' Similar observations were made in
microglial cells when heat-induced appearance of membrane
ruffles were suggested to result from cytoskeletal reorganiza-
tion involving actin as the most heat-responsive component.3 2

In our previous study, we demonstrated that mild heat
stress at 40 °C leads to a transient metabolic activation of
MXI1 cells, resulting in enhanced cell Viability.25 At higher
temperatures (45 and 50 °C), destabilization of actin fila-
ments increased, accompanied by drastic shrinkage and
rounding of cell shapes. This implies that dissolution of solid
tumor tissue might be induced by heat at 45 °C or higher, but
complete tumor destruction might not occur, since effective
devitalization of MX1 cells was only achieved after treatment
at 56 °C. In medical thermotherapy, the escape of vital cells
from the tumor mass should be avoided to minimize the risk
of metastases. Optimal thermotherapy protocols would there-
fore have to be developed to realize therapy that would define
effective temperatures and temperature distributions in the tar-
get tissues without damaging adjacent healthy structures.
Also, the S, data derived from the AFM measurements in Fig.
5 denote a temperature-dependent growth of surface rough-
ness (Fig. 6), although this phenomenon was not seen in SEM
images in Fig. 2 when a pan-cellular magnification was se-
lected. The morphological changes of cells under thermal
stress generally corresponded well when the differently pre-
pared samples imaged by different microscopic techniques
were compared and did not result from preparative artefacts.

Destructive perforation of plasma membranes occurred af-
ter treatment at 56 °C,” as demonstrated by SEM imaging
[Fig. 2(e)] and Qdot fluorescence [Fig. 4(e)] for whole cells.
A detail study measured by AFM in Fig. 5(e) matched the
results previously stated.

While SEM in our study was the most suitable approach
for morphological and structural characterization of heat-
stressed cells, the AFM provided detailed imaging of subcel-
lular topographies in the dynamic force mode. Although SEM
and AFM offer high-resolution imaging, both techniques are
restricted to cell surfaces or surfaces of isolated structures,
and both lack target specificity. Hence, correct interpretations
of SEM or AFM imaged structures always require profound
knowledge and experience. These shortcomings in principle
are by-passed using fluorescence microscopy applicable to a
wide variety of specific labels sensing superficial or intracel-
lular targets."*'">'" The limited lateral resolution of conven-
tional WFFM is reduced by confocal LSM, offering a greater
resolution by the factor 2 if the confocal detector pinhole is
smaller than the Airy disk produced by a fluorescent point.33
The best lateral resolutions so far can be achieved by near-
field microscopy, which includes AFM technologies. A com-
bination of near-field optics and fluorescence detection has
been realized with scanning near-field optical microscopy
(SNOM). The SNOM technique offers high-resolution imag-
ing of topographies and site-specific detection of fluorescence
signals simultaneously, making localization of single sensor
molecules possible.*>® Several studies have demonstrated
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Fig. 5 AFM measurements of heat stressed cell topographies. The xy range is 1.5X 1.5 um and the dynamic Z range is 150 to 153 nm in every
image. (a) Control cell, (b) cell stressed at 40 °C, (c) cell stressed at 45 °C, (d) cell stressed at 50 °C, and (e) cell stressed at 56 °C (30 min each).
All panels include the 3-D profile (left) of the measured surface area, a cross section (center), and the height image (right) with the line indication

(arrow head) of the cross section. Details of the measurement setup are given in Table 1.
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Fig. 6 Evaluations of the surface area roughness of MX1 cells treated
at various heat stress conditions as indicated. The topographic mea-
surements are shown in Fig. 5.

that supplementing AFM measurements with fluorescence im-
ages by any means is a common experimental approach in
cytology when a SNOM is not available.”” " In SNOM in-
vestigations, Qdots should be especially useful as fluorescent
labels, since they emit comparatively high signal intensities,
exhibit photostability for several minutes under continuous
illumination, and their broad absorption spectrum is not re-
stricted to specific excitation sources.*'

The long-term photostability and high emission intensity
of luminescent Qdots especially support the tracking of dy-
namic processes in living cells, like receptor-mediated trans-
membrane signal transduction®” and the lateral diffusion dy-
namics of glycine receptors in neuronal cells.*®

5 Conclusion

In MX1 breast cancer cells, differential thermosensitivities of
subcellular structures are detected in the heat-stress range

Table 2 Evaluation of temperature-dependent increase of stress-
induced alterations in cellular target structures referred to as enhance-
ment of effect.

Discontinuous
enhancement of
heat-induced

Continuous
enhancement of
heatinduced

effect over the effect (threshold-
temperature range level temperature
Cellular target 40 to 56 °C. of damage).
Retraction of cell exten- Negative Positive
sions, intercellular (approximately
contacts, and cell- 45°Q)
substrate adhesion
fibers.
Destabilization of Positive Negative
cytoskeletal actin fibers
Decrease of plasma Negative Positive
membrane integrity (approximately
56 °C)
Surface roughness Positive Negative
Morphogical changes Negative Positive (approximatel

y 45°C)

of cell shapes
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40 to 56 °C. Heat-induced reactions are shown to increase
continuously on the fine-structural level concerning the actin
cytoskeleton and the cell surface roughness resulting from
molecular and supra-molecular alterations. On the other hand,
the cell morphologies and the tissue architecture are observed
to change discontinuously under the same heat-stress regimen.
We therefore conclude that further investigations on different
cell types under various heat-stress conditions will support the
development of optimized thermotherapy protocols.
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