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Abstract. Effective medical laser procedures are achieved by select-
ing laser parameters that minimize undesirable tissue damage. Tradi-
tionally, human subjects, animal models, and monolayer cell cultures
have been used to study wound healing, tissue damage, and cellular
effects of laser radiation. Each of these models has significant limita-
tions, and consequently, a novel skin model is needed. To this end, a
highly reproducible human skin model that enables noninvasive and
longitudinal studies of gene expression was sought. In this study, we
present an organotypic raft model �engineered skin� used in combina-
tion with bioluminescent imaging �BLI� techniques. The efficacy of the
raft model was validated and characterized by investigating the role of
heat shock protein 70 �hsp70� as a sensitive marker of thermal dam-
age. The raft model consists of human cells incorporated into an ex-
tracellular matrix. The raft cultures were transfected with an adenovi-
rus containing a murine hsp70 promoter driving transcription of
luciferase. The model enables quantitative analysis of spatiotemporal
expression of proteins using BLI. Thermal stress was induced on the
raft cultures by means of a constant temperature water bath or with a
carbon dioxide �CO2� laser ��=10.6 �m, 0.679 to 2.262 W/cm2,
cw, unfocused Gaussian beam, �L=4.5 mm, 1 min exposure�. The
bioluminescence was monitored noninvasively with an IVIS 100 Bi-
oluminescent Imaging System. BLI indicated that peak hsp70 expres-
sion occurs 4 to 12 h after exposure to thermal stress. A minimum
irradiance of 0.679 W/cm2 activated the hsp70 response, and a
higher irradiance of 2.262 W/cm2 was associated with a severe re-
duction in hsp70 response due to tissue ablation. Reverse transcrip-
tion polymerase chain reaction demonstrated that hsp70 mRNA levels
increased with prolonged heating exposures. Enzyme-linked immun-
osorbent protein assays confirmed that luciferase was an accurate sur-
rogate for hsp70 intracellular protein levels. Hematoxylin and eosin
stains verified the presence of the thermally denatured tissue regions.
Immunohistochemical analyses confirmed that maximal hsp70 ex-
pression occurred at a depth of 150 �m. Bioluminescent microscopy
was employed to corroborate these findings. These results indicate
that quantitative BLI in engineered tissue equivalents provides a pow-
erful model that enables sequential gene expression studies. Such a
model can be used as a high throughput screening platform for laser-
tissue interaction studies. © 2006 Society of Photo-Optical Instrumentation Engineers.
�DOI: 10.1117/1.2339012�

Keywords: bioluminescence; optical imaging; skin equivalents; laser-skin
resurfacing; wound healing; CO2 laser; hsp 70.
Paper 05301SSR received Oct. 7, 2005; revised manuscript received Feb. 28, 2006;
accepted for publication Feb. 28, 2006; published online Aug. 31, 2006.
1 Introduction
Lasers play an increasing role in the medical field for diag-
nostic and therapeutic applications. Effective laser procedures
are achieved by selectively tailoring the laser’s parameters
�wavelength, spot size, pulse duration, radiant energy, beam
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profile� to the physical characteristics of the target tissue
�anatomy, mechanical properties, heat capacity, thermal con-
ductivity, absorption coefficient, scattering coefficient, aniso-
tropy�. Laser parameters are selected to optimize efficacy
while minimizing unwanted side effects and tissue damage.
From a phenomenological standpoint, it is known that laser-
induced tissue injury occurs via oxidative, photothermal, pho-
1083-3668/2006/11�4�/041114/15/$22.00 © 2006 SPIE
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tomechanical, and photochemical mechanisms.1 Nevertheless,
the specific cellular and molecular pathways that initiate and
govern these mechanisms remain poorly understood.1,2 Tradi-
tional efforts aimed at assessing cellular tissue damage have
used postmortem strategies, such as histology, reverse tran-
scription polymerase chain reaction �RT-PCR�, in situ hybrid-
ization, and Western blots.3–6 The major shortcoming of these
methods is that they all require sacrificing tissue, thereby pre-
cluding the ability to conduct sequential studies. Therefore, a
strategy capable of reporting sublethal tissue damage in a
noninvasive fashion was sought. Recent bioluminescent im-
aging �BLI� strategies have elucidated some of those signaling
pathways that are activated during laser-induced tissue injury.
The oxidative light emitting luciferase reaction of BLI can be
harnessed for use as a surrogate marker for promoter activity.
BLI has been used to monitor a variety of biological processes
in wound healing, transplantation, and apoptosis.3,4,7–10 The
key regulatory feature of BLI is accomplished by using the
promoter sequence for the gene of interest, in our study heat
shock protein 70 �hsp70�, in conjunction with an optically
active reporter, firefly luciferase �luc�.

When tissue is thermally damaged, a cellular response
mechanism consisting of heat shock proteins is activated.
Heat shock proteins are employed to repair cellular damage
and protect the cell from further thermal injury.11 This heat
shock response is dependent on both temperature and time
and is induced by temperature increases of at least 5 to
6°C.11–13 Of the heat shock family members, the most highly
inducible is hsp70.13 In the presence of cellular insults, hsp70
can be dramatically upregulated to make up to 15% of total
cellular protein content.14 Due to its marked induction, hsp70
acts as a sensitive indicator of thermal damage to cells.6,13

Herein, the promoter sequence of the gene �murine hsp70a1�
functions as an on-off switch for transcription of the light
emitting luciferase. For this study, expression of the luc gene
from the firefly �Photinus pyralis� was directed by the pro-
moter of the hsp70 gene, as described previously.13 Thus,
measuring the light emitted from the luciferase reaction using
BLI strategies, provides a noninvasive method to quantify
hsp70 transcription.

Besides the method of assessing tissue damage at the cel-
lular level, selecting an appropriate study model also poses a
formidable challenge. In comparable studies, human subjects
have been used; however, using humans provides two intrin-
sic difficulties: �1� in measuring gene expression on a single
subject over time and �2� in stringent medical limits �ethical
and practical� of harvesting tissue samples at multiple times
for histological and biochemical analysis.15,16 In light of these
difficulties, animal models are used as a more viable model to
study hsp70 expression and other laser-induced tissue
effects.5,17 The porcine model is the closest nonprimate
equivalent to human skin and is the most widely used dermal
wound repair model, but because of differences in tissue ar-
chitecture and immune responses, even it does not accurately
reflect human wound healing.18,19 The use of cell cultures is
an alternative to using human subjects and animal models,
and we and others have successfully assessed hsp70 levels in
cell culture.12,13 Cell culture studies provide valuable insights
into the cellular response to thermal injury, but their utility is
limited because cells, lacking an extracellular matrix �ECM�,

react differently than when incorporated in tissue. The ECM
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provides skin with distinct thermal and optical properties, but
also functions at a biochemical level to actively engage with
the cell. In the 1980s, Bissell found that the ECM is a key
“signaling molecule” crucial for the normal functioning of
cells.20 Consequently, models lacking an ECM, while provid-
ing useful information, do not accurately exhibit the cell-
matrix relationship present in in vivo human skin.

Starting in the mid-1970s, many research efforts were fo-
cused on making multilayered skin equivalents. These orga-
notypic tissue cultures became known as “raft” cultures and
this method has been further modified for skin and other tis-
sue applications.15,16,21 Skin raft cultures are human skin
equivalents comprised of stromal and epithelial layers. The
stromal layer is composed of human fibroblasts in a collagen
matrix. Human keratinocytes are grown atop the dermal
equivalent, and once transferred to a liquid-air interface dif-
ferentiate akin to that observed in in vivo human skin.22

Herein, we employed raft cultures as our model because they
are more easily available and more reproducible than samples
derived from human subjects, consist of all human cells, and
provide information regarding cell-matrix interactions.

In this study, we sought to develop a model that emulates
human tissue while providing us with the capability of nonin-
vasively, quantitatively, and sequentially assessing sublethal
thermal damage. Our model employs a raft culture that has
been equipped with a heat-inducible reporter gene system to
assess the heat shock response using BLI. This model was
developed, characterized, and validated using a heated water
bath and a CO2 laser using parameters similar to those used in
laser skin resurfacing �LSR�. The CO2 laser is the criterion
standard for LSR because it can be manipulated in such a
fashion, to control the depth of epidermal vaporization while
eliciting minimal damage to the papillary dermis.23 The infra-
red wavelength is highly absorbed by tissue, which consists
primarily of water and collagen, and minimizes residual ther-
mal damage �RTD�.24,25

The overall goals of this study are �1� to develop an orga-
notypic skin raft model, transfected with a hsp70-luc reporter
gene construct to study spatiotemporal trends of hsp70 ex-
pression using BLI strategies, �2� to validate the use of BLI as
a surrogate marker for hsp70 expression by correlating BLI
with conventional methods of hsp70 analysis, and �3� to dem-
onstrate feasibility of this approach with a heated water bath
and with clinically relevant CO2 laser parameters.

2 Materials and Methods
2.1 Cell Culture Conditions
Normal human neonatal dermal fibroblast �NHDF�, normal
human epithelial neonatal foreskin keratinocyte �NHEK�, and
normal human epithelial melanocyte �NHEM� �medium pig-
ment� primary cell lines were obtained from the Vanderbilt
University’s Skin Diseases Research Core Center �SDRCC�.
The NHDFs were cultured in Dulbecco’s Modified Eagle’s
Medium �DMEM� and supplemented with 10% fetal bovine
serum �FBS�, �GIBCO BRL, Gaithersburg, Maryland�. The
NHEKs were cultured in Epilife Media, 1% human kerati-
nocyte growth supplement—V2 �HKGS-V2�, 1% penicillin-
streptomycin-amphotericin B �PSAB� �Cascade Biologics,
Inc., Portland, Oregon�. The NHEMs were cultured in me-

dium 154 calcium-free �CF� media, 1% human melanocyte
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growth supplement �HMGS�, and 1% PSAB �Cascade Biolog-
ics, Inc.�. All cells were incubated at 37°C and 5% CO2
under humidified conditions.

2.2 Recombinant Adenovirus Construction
Briefly, the Ad-hsp70a1-luc-IRES-eGFP was constructed as
follows. The hsp70-luc construct was provided courtesy of Dr.
Contag �Stanford University� and consisted of a mouse
hsp70a1 promoter �95% homology to human hsp70A1A� with
a truncated firefly luciferase gene �luc�� inserted downstream
as described previously.12,13,26 The hsp70-luc cassette was
subcloned into a modified pShuttle vector �Qbiogene, Morgan
Irvine, California� upstream of an IRES-eGFP cassette.10 Gen-
eration of the final Adv construct was performed by cotrans-
formation of the pShuttle-hsp70-luc-IRES-eGFP with the
pAdEasy1 adenoviral vector by homologous recombination in
E. coli as per manufacturer’s instructions �AdEasy, Qbio-
gene�.

Recombinants were selected for kanamycin resistance and
confirmed by restriction endonuclease analysis. The final lin-
earized Adv construct was transiently transfected into 293
cells to produce infectious virus particles �Superfect, Qiagen,
Valencia, California�.

2.3 Virus Propagation and Purification
Following lysis and purification, the adenovirus had a titer of
1.3�107 plaque forming units �PFU�/ml. The multiplicity of
infection �MOI� is defined as the ratio of number of infectious
virus units �PFU� to the number of cells. The transfection
efficiency was optimized �data not shown�, and the results
demonstrated that a MOI of 1 generated the best response
while minimizing virus use.

2.4 Construction of Organotypic Raft Cultures
Organotypic raft cultures were constructed essentially as
described,16,21 with the concentration of NHDFs increased to

6

Fig. 1 Schematic representation of experimental methodology. Constr
mixed in a collagen matrix. �c� NHEKs were added on top of each ra
rafts. �f� Rafts were lifted to air-liquid interface in petri dish and NHEKs
100 �l �MOI=1.0� of Ad-hsp70-luc and irradiated with CO2 laser with
signal was captured with an IVIS-100 or 200 BLI system.
6�10 cells/ml. A schematic illustrating raft construction is
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provided in Figs. 1�a�–1�f�. The raft cultures were incubated
for 10 to 14 days in an atmosphere of 37°C, 5% CO2, and
media was changed every other day. Typical rafts were
�10 mm in diameter and �2-mm thick. After this incubation
period, the rafts were transfected with the Adv-hsp70-luc at a
MOI of 1 and incubated for 15 h. Once transfected, the rafts
were washed with phosphate buffered saline �PBS�, and then
exposed to heat shock conditions. The heat shock conditions
were provided by a constant temperature water bath or by a
CO2 laser.

2.5 Water Bath and Laser Irradiation Experiments

2.5.1 Cell culture experiments

In order to understand the individual contribution that each
cell type has to the raft model, cell culture experiments were
conducted to characterize the heat shock response of the cell
line. On day 1, the cells were plated in six well �9.62 cm2�
tissue culture plates with 9.6�104 cells per well in 2 ml of
culture medium �Costar, Fisher Scientific, Sewanee, Georgia�.
For the enzyme-linked immunosorbent assay �ELISA� experi-
ments, 2.5�105 cells per well were used to ensure adequate
protein levels. After 24 h, the cells were transfected with the
adenovirus and returned to a 37°C, 5% CO2 incubator
�Forma Scientific, Marietta, Ohio� for �15 h. After incuba-
tion, the transfection media was aspirated and the cells were
washed with PBS. Fresh media were added to the cells, the
culture plates were sealed with parafilm to prevent contami-
nation, and then heat shocked by floating them in a water bath
at 43°C or 44°C for varying exposure times �0 to 40 min�.
The maximum exposure time of 40 min at 44°C was selected
based on previous hsp70 studies.13 Heat shocked cells were
placed back in a 37°C, 5% CO2 incubator �Forma Scientific�.
Bioluminescent images were taken of the cells as described

of organotypic raft cultures: �a� In a 24 well plate. �b� NHDFs were
NHEKs begin to differentiate. �e� The NHDFs induced contraction of
ifferentiated after 10 to 14 days. �g� Mature rafts were transfected with
ances from 0.679 to 2.262 W/cm2 for 1 min. �h� The bioluminescent
uction
ft. �d�
fully d
irradi
below.
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2.5.2 Water bath and laser radiation experiments
of raft cultures

Transfected raft cultures were exposed to a heated water bath
or to CO2 laser radiation. For each experiment, two controls
were included to account for background luciferase activity
�normally �0.01% of BL signal� and for constitutive hsp70
expression. The first control was a raft that was not trans-
fected or heat shocked, and the second control was a raft that
was transfected but not heated. Comparable water bath con-
ditions were applied to the rafts as described in Sec. 2.5.1.

2.5.3 CO2 laser irradiation
The ablating laser used in this study was a cw CO2 laser ��
=10.6 �m, Laser Industries, Sharplan 1060, Tel Aviv, Israel�.
The laser beam profile was measured to be Gaussian by pin-
hole measurements. The laser beam radius was selected to
ensure full raft radiation. A collimated beam with a radius
��L� of 4.5 mm was delivered to the raft cultures via an ar-
ticulated arm. The laser parameters selected for this experi-
ment ensured that the entire raft’s area was radiated, but due
to the inherent Gaussian beam profile, the center of the raft
experienced the highest irradiance. An external shutter
�VMM-T1, Vincent Associates, Rochester, New York� was
placed 2.5 cm below the fixed arm. The external shutter was
used to control laser exposure time. A schematic illustrating
the laser setup is provided in �Fig. 1�g��.

2.5.4 Inducing hsp70 expression with the laser
Studies by Beckham et al. showed that the expression of
hsp70 follows an Arrhenius-type rate process, suggesting that
hsp70 expression levels depend not just on temperature but on
the temperature-time history.13 Studies investigating hsp70’s
temperature-time history have observed that maximal hsp70
expression occurs in cells for minute exposures at tempera-
tures ranging from 50 to 64.6°C.12 Using a thermocouple, the
irradiances of 0.679 to 2.262 W/cm2 for 1 min exposures, as
used in our experiments, were confirmed to generate compa-
rable temperatures 500 �m below the surface of each raft
�data not shown�.

2.6 BLI
Prior to BLI, the substrate for the bioluminescence reaction,
D-luciferin potassium salt �Biosynth AG, Switzerland� in
double distilled H2O at a stock concentration of 0.94 mg/ml
was administered to each sample. For the cell experiments,
100 �l of stock substrate was delivered to 2 ml of growth
media per well, resulting in a final substrate concentration of
0.047 mg/ml. For raft experiments, 200 �l of substrate was
delivered to each raft. After delivery of the substrate, the cells
and raft cultures were incubated for 1 min before imaging to
ensure maximal bioavailability of the substrate while account-
ing for the half-life of luciferase.27

2.6.1 BLI system
The luciferase-induced bioluminescent light emission was
measured at various time points following heat shock using an
IVIS 100 bioluminescent imaging system �Xenogen,
Alameda, California�. Culture plates containing rafts or cell
cultures were placed in the imaging chamber on a heated

37°C stage and were imaged. Both photographic and biolu-
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minescent images were acquired. The bioluminescent image
was then superimposed on top of the photographic image. The
bioluminescent data is represented with a false color scheme
representing the regions of varying light emission. The light
emission was quantified using Living Image analysis software
�v2.12, Xenogen�. The light emission from specified regions
of interest �ROIs� was quantified as a photon flux in units of
the total number of photons emitted/second/ROI �p/s/ROI�.

2.6.2 BLI of cell cultures
For all cell culture experiments, the bioluminescent signal
was acquired for a seeding density of 9.6�104 cells/well in a
six well plate. For each experiment, a negative control �trans-
fected cells, no heat shock� was employed. The experimental
group consisted of cells that were exposed to heat shock con-
ditions. After the experimental cells were heat shocked, both
sets of cells were imaged in the same manner. Substrate
�100 �l� was readministered to the cells 1 min before each
imaging point. Images were collected at 0, 2, 4, 6, 8, 12, 24,
and 48 h after the start of the heating protocol. Biolumines-
cence images were integrated over 3 min.

2.6.3 BLI of laser irradiated raft cultures
To investigate the bioluminescent intensity of adenovirally
transfected raft cultures in response to heating with a dermal
laser �CO2�, 28 rafts were constructed and allowed to differ-
entiate for 12 days. On day 12, the rafts were transfected with
100 �l of adenovirus �MOI=1.0� and incubated for 15 h.
The 28 rafts were divided into 7 groups of 4 and included 2
negative control groups �n=4�, with 1 group with no aden-
ovirus and no heat shock and the other with adenovirus and
no heat shock. The third group was a positive control �n=4�,
which consisted of samples that were heated in a water bath at
44°C for 20 min. The final four groups were exposed to laser
radiation from a cw CO2 laser �n=4 for each�. These groups
were irradiated with 0.43, 0.72, 1.0, and 1.43 W of power,
respectively, with corresponding irradiances of 0.679, 1.131,
1.584, and 2.262 W/cm2 for 60 s. For each raft culture, the
bioluminescent images were acquired as described above. The
ROI was defined as the area corresponding to one raft. Be-
cause more cells are present in a raft then in one well, more
substrate was delivered to the rafts before imaging. Two hun-
dred microliters of substrate was delivered to each raft before
imaging by pipetting the substrate directly on to the rafts.
Images were integrated over 1 min.

2.7 ELISA Assays
In order to correlate photon counts from imaging to actual
hsp70 production in each of the cell types, an ELISA kit EKS-
700 was used to quantify hsp70 protein levels in the samples
�Stressgen, Victoria, British Columbia, Canada�.

For this experiment, the NHDF, NHEM, and NHEK cell
lines were seeded in six-well plates at a concentration of
2.5�105 cells per well, transfected �MOI=1� and incubated
overnight. Fifteen hours later, the transfection media was as-
pirated, and the cells were washed with PBS. Fresh media was
added to the cells and the cells were heat shocked at 44°C for
20, 30, and 40 min. One hundred microliters of substrate was

added to the cells. The cells were imaged 12 h after heat
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shock induction with the IVIS system. After imaging, the cells
were lysed and the ELISA was conducted according to sup-
plier’s instructions �Stressgen�.

2.8 RNA Preparation and Real-Time RT-PCR Analysis
To determine mRNA levels of hsp70, RNA was extracted
from the cells that were exposed to water bath heating �44°C
for 10, 20, and 40 min� and assessed by real-time RT-PCR.
RNA was harvested from cell cultures with the RNeasy kit
according to manufacturer’s instructions �Qiagen�. One mi-
crogram of each sample was DNased and reverse transcribed
into single stranded cDNA with a high capacity cDNA archive
kit using random primers according to manufacturer’s instruc-
tions �Qiagen and ABI, Foster City, California�. cDNAs were
used as template in duplex PCR reactions, whereby amplifi-
cation of the housekeeping gene, �-actin, is performed in the
same reaction tube with that for hsp70. �-actin was selected
as the endogenous control because under heat shock condi-
tions, �-actin had the smallest intrasample variability �student
t test, p=0.55� compared to glyseraldehyde-3-phosphate de-
hydrogenase and 18S �data not provided�. Each PCR reaction
contained 5 �L of cDNA template �50-ng RNA equivalent�,
10 �L of 2� TaqMan PCR Master Mix �ABI�, 1 �L of
�-actin 20� Gene Expression Assay–VIC �ABI�, 1 �L of
HSPA1A 20� Gene Expression Assay–FAM �ABI�, and
3 �L of water. The cycling PCR reactions were performed in
the iCycler, iQ machine �Bio-Rad, Hercules, California� and
consisted of a 10-min hot start at 95°C followed by 40 cycles
of 95°C denaturation for 15 sec and 60°C annealing/
elongation for 1 min. Relative quantitation of mRNA levels
were assessed using the comparative CT method.28 The hsp70
expression from each sample was normalized to �-actin and
calculated as a fold induction compared to control. The con-
trol for each cell type was a sample that was not heat shocked
and was extracted at time=0.

2.9 Flow Cytometry
In order to provide information to supplement the ELISA
data, cell viability and apoptosis assays were performed using
flow cytometry. As described in Sec. 2.7, at 12 h after thermal
stress, medium was removed, then cells were trypsinized and
resuspended in PBS, and stained for 45 min for viability using
Molecular Probes’ LIVE/DEAD viability and cytoxicity stain
�L-3224, Invitrogen Corporation, Carlsbad, California� con-
taining calcein acetoxymethyl ester �stains live cells green�
and ethidium homodimer-1 �stains membrane compromised
cells red�. The cells were similarly analyzed for early signs of
apoptosis using JC-1 stain from Molecular Probes, MitoProbe
JC-1 Assay Kit �M34152�. All cells were analyzed using a
flow cytometer and counted with a Coulter counter �FACS-
Calibur, Becton Dickinson, Franklin Lakes, New Jersey, and
Beckman Coulter Counter�.

2.10 Histology and Immunohistochemistry
A subset of raft cultures were harvested for immunohis-
tochemical analysis in order to examine raft tissue architec-
ture, to spatially correlate the hsp70 protein expression to lu-
ciferase expression, and to examine conventional histological
markers of thermal damage. Twelve hours after laser irradia-

tion �which is the point at which maximum hsp70 expression
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has been observed�, the raft cultures were fixed in
Tellyesniczky/Fekete solution �70% ethyl alcohol, glacial ace-
tic acid, 37 to 40% formalin� or flash frozen in liquid nitro-
gen. The samples were sectioned at 7 �m and stained. Histo-
logical analyses consisted of hematoxylin and eosin �H&E�
and Gomori’s trichrome �green� stains.29 Immunohistochemi-
cal localization of hsp70 was conducted using mouse mono-
clonal hsp70 antibody �Santa Cruz Biotechnology, Santa
Cruz, California�, diluted 1:200. The application of the
Envision�HRP system �DakoCytomation, Carpinteria, Cali-
fornia� and DAB� produced visible, interpretable results.

2.11 Bioluminescent Microscopy
Bioluminescent microscopy was conducted to examine the
spatial distribution of in situ adenoviral transfection and to
examine the hsp70-mediated luciferase expression throughout
the raft. Samples were embedded in optical cutting tempera-
ture �OCT�, flash frozen in liquid nitrogen and sectioned with
a microtome �96-�m thickness�. Cross sections of the rafts
were placed on a frozen microscope slide. A combination of
10 mM of adenosine triphosphate �500 �l� and 0.94 mg/ml
of luciferin �100 �l� were delivered to the slice and imaged
for 1 min with the IVIS 200 imaging system �Xenogen�. The
IVIS 200, unlike the IVIS 100 that is used in all other experi-
ments, is equipped with a custom-made high magnification
lens giving a distortion-free field of view of 3.9 cm. Com-
bined with a binning of 1 and the enlarged chip size �2048
�2048 pixels�, this allows for imaging with a resolution of
20 to 60 �m, depending on the f-stop.

2.11.1 In situ raft transfections with Ad-CMV-luc
To address the question whether in situ transfection would
indeed result in a spatially homogenous transfection in raft
cultures, we used an adenovirus that expressed luc under con-
trol of a constitutive cytomegalovirus �CMV� promoter
�Ad-CMV-Luc-IRES-GFP�.10 Rafts were transfected with Ad-
CMV with a MOI=1 for 15 h and then washed with PBS.
Forty-eight hours after transfection �the point corresponding
to maximum expression for this construct�, the rafts were im-
aged and then harvested for bioluminescence microscopy.

2.11.2 Colocalizing luciferase expression to hsp70
expression

In order to colocalize the hsp70-induced luciferase expression
�i.e., bioluminescent light emission� to actual hsp70 protein, a
transfected raft �Ad-hsp70-luc �MOI=1�� was irradiated with
the CO2 laser �1.584 W/cm2 for 1 min�. Twelve hours after
laser radiation �the point corresponding to maximum hsp70
expression�, the rafts were imaged and then harvested for bi-
oluminescence microscopy.12,13

3 Results
3.1 Bioluminescence of hsp70-Driven Luciferase in

NHDFs
Figure 2 shows the results of transfected fibroblasts
�MOI of 1� that were heat shocked 15 h after transfection.
Cells were exposed to a water bath of 43 or 44°C for 10, 20,
or 40 min. Bioluminescent intensity was acquired 0, 2, 4, 6,

8, 10, 12, and 24 h after heat shock. The results indicate that
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maximal hsp70 expression occurs 8 to 12 h after heat shock.
Moreover, relative to the non-heated control, hsp70-driven lu-
ciferase is induced as much as 160-fold. Similar to previously
published results in stably transfected cells, the trend suggests
the severity of the heat shock is directly proportional to the
magnitude of the heat shock response.13

3.2 Transcriptional and Translational Profiles
for Skin Cells

The goal for this experiment was to examine the hsp70 re-
sponse for three skin cell lines �NHDFs, NHEKs, and
NHEMs� at five conditions �10, 20, 30, and 40 min at 44°C,
and an unheated control� using the following assessment
tools: bioluminescence, native hsp70 protein levels, cell vi-
ability, and real-time RT-PCR. Figures 3�a�–3�c� show the bi-
oluminescence intensity plotted versus the heating protocols,
Figs. 3�d�–3�f� show the bioluminescence plotted versus the
native hsp70 protein levels �as quantified using ELISA�, and
Figs. 3�g�–3�i� show the percent of viable and apoptotic cells
�as quantified using flow cytometry with JC-1 assay� of the
three cell types. Data reported is 12 h post–heat shock. Fig-
ures 4�a�–4�c� show the relative hsp70 mRNA fold induction
compared to control relative to �-actin versus time.

For all cell types, statistically significant �P�0.05� in-
creases in bioluminescent intensity are observed with increas-
ing times of heat exposure �Figs. 3�a�–3�c��. The peak biolu-
minescent intensities for the NHDFs and the NHEMs are

8

Fig. 2 Bioluminescent intensity for NHDFs transfected with Ad-
hsp70-luc plotted over time. Maximal hsp70 expression occurred 8 to
12 h after heat shock. This experiment included seven groups con-
ducted in triplicate: unheated control, heat shocked at 43°C for
10 min �hereafter, HS43°C-10 min�, HS43°C-20 min, HS43°C-
40 min, HS44°C-10 min, HS44°C-20 min, and HS44°C-40 min. All
samples were seeded with NHDFs at a concentration of 9.6�104

cells per well. At t=−15 h, the NHDFs were treated with a Ad-hsp70-
luc with a MOI of 1. One hundred microliters of D-luciferin
�0.94 mg/ml� was added to each well 1 min before the NHDFs were
imaged. Error bars represent the standard deviation for each group.
comparable �both �10 photons/s�, while the NHEKs peak
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bioluminescent intensity is observed to be 10 times higher. In
Fig. 3�d�–3�f� it is observed that as the bioluminescent inten-
sity is increased the native hsp70 protein levels are linearly
increased �R2�0.96�, except for the NHEMs where no clear
relationship exists. The data in Fig. 3�g� and 3�h� reveals for
the NHDF and NHEK, at all heating exposures, less than 30%
of the cells demonstrate early signs of apoptosis. Apoptotic
levels were not statistically different from unheated controls.
Conversely, Fig. 3�i� shows that the NHEMs, at all heating
exposures, including the unheated controls, have greater than
60% of their cells being apoptotic.

For all cell types, statistically significant �P�0.05� in-
creases in hsp70 mRNA are observed with increasing times of
heat exposure �Figs. 4�a�–4�c��. Peak hsp70 mRNA expres-
sion occurred for all cells at 4 to 6 h after heat shocking.
Maximal mRNA levels occurred 4 h after heat shocking for
the NHDFs and the NHEMs, and at 6 h for the NHEKs. For
all cell types, lower heating protocols �HS 44°C 10 mins�
resulted in a quicker mRNA response ��0 to 4 h�, while
higher heating protocols �HS 44°C 40 mins� had maximal
mRNA transcription at 6 h. The maximal hsp70 mRNA fold
induction of 725 times that of the control occurred in the
NHDFs 4 h after heat shocking.

3.3 Transfection is Cell-Type Dependent
To determine cell-type specific heat shock responses, the in-
tracellular hsp70 protein levels and bioluminescent intensity
were observed at various heating exposures. These tests were
conducted to determine if the cell types exhibited different
protein and luminescence levels for the same amount of de-
livered transgene. Figure 5�a� shows the measured protein
levels �from ELISA assay� plotted versus increasing heat ex-
posures. For all cell types, except the NHEMs, as the heating
exposure is increased the hsp70 protein concentration in-
creases. The NHDFs and NHEKs show similar hsp70 protein
levels per given heating protocol, with the NHDFs expressing
slightly higher, and statistically significant �P�0.05� more
hsp70 than the NHEKs. In contrast, the NHEMs’ hsp70 pro-
tein concentration decreases as exposure to heat shock condi-
tions increases.

For the three cell types, the bioluminescent intensity is
plotted versus increasing heat exposures �Fig. 5�b��. Increas-
ing the heating time increases the bioluminescent intensity for
all cell types. However, the keratinocytes produce a factor of
9 to 10 times more bioluminescence for a given heating pro-
tocol compared to fibroblasts. For example, when comparing
fibroblasts and keratinocytes heated for 30 min, the lumines-
cent intensity of the keratinocytes is approximately 10 times
higher than that produced by the fibroblasts, despite the fact
that hsp70 protein levels, as well as the hsp70 mRNA levels in
both cell types are similar.

3.4 Transient Transfections
The expression of transgenes delivered by means of adenovi-
rus has been reported to decrease over time due to extrusion
of viral DNA and cell division, both of which lower the con-
tent of viral DNA per cell.30 It should be noted that adenoviral
transfection, despite a number of advantages, including high
transfection efficiency, is particularly vulnerable to this be-

cause the transgene remains episomal and does not integrate
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into the genomic DNA. In light of the fact that construction of
a raft skin equivalent typically takes 10 to 14 days, we aimed
to discern whether our system experiences a decrease in trans-
gene expression, which would ultimately preclude us from
transfecting our cells before constructing our raft cultures.21

We seeded 9.6�104 NHDF cells/well in 7 six-well plates. At
t=0, all cells were transfected �Adv-hsp70-luc� and incubated
for 15 h. The media was changed for all plates, and at
t=15 h, the first plate was heated at 44°C for 40 min. Ten
hours later �t=25 h�, the plate was imaged. The second plate
was heated 24 h after the first plate �t=39 h� and imaged
10 h later at �t=49 h�. This process was repeated for the re-
maining plates. The results are shown in Fig. 6�a� and dem-
onstrate that transgene expression decreases over time. The
bioluminescent intensity sharply increased from 0 to 49 h and
decreased from 49 to 145 h. The third point, 49 h after trans-
fection, had the highest bioluminescent intensity. From 49 to

Fig. 3 Characterizing the hsp70 response in NHDF, NHEK, and NHEM
for NHDF �d�, NHEK �e�, and NHEM �f� and JC-1 apoptosis assay for N
protocol results in increased bioluminescence. Bioluminescence inte
=0.987� and keratinocytes �R2=0.969�, but not for the NHEMs. More
2.5�105 cells/well were plated in 4 six-well plates. A control for each
cells were transfected with Ad-hsp70 with a MOI of 1 for �15 h and
hours after heat shock, 100 �l of D-luciferin �0.94 mg/ml� was added
ELISA for actual hsp70 protein levels was then conducted on each sam
analyzed using flow cytometry. The mean and standard deviations for
�** * =P�0.001, ** =P�0.05, =P�0.01, and n=4�.
72 h, a 50% decrease of bioluminescent signal was observed.
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At t=145 h, the signal decreased to less than 17% of the
initial signal, 25 h postinfection.

From these results, we concluded that transfecting cells
prior to construction of a raft �which take 10 to 14 days for
maturation� is not feasible due to the fact that by the time the
raft is fully stratified, very little transgene expression remains.
For the remainder of the experiments, we first constructed
each raft �as described in Sec. 2.4� and then �15 h prior to
heat shock treatment, transfected the rafts in situ in the petri
dish by applying 100 �l of adenovirus �MOI=1� directly
onto the rafts.

3.5 Homogeneously Transfecting Rafts In Situ
In order to ensure that our in situ raft transfections were ho-
mogenous, rafts were assessed using standard BLI strategies

nes. Bioluminescence for NHDF �a�, NHEK �b�, and NHEM �c�; ELISA
g�, NHEK �h�, and NHEM �j�. For all cell types, increasing the heating
nd hsp70 protein levels are linearly correlated for the fibroblasts �R2

% of the NHEMs showed early signs of apoptosis. For each cell type,
ype consisted of cells that were transfected, but not heat shocked. All
eat shocked in a water bath at 44°C for 20, 30, and 40 min. Twelve
ch well 1 min before the cells were imaged for bioluminescence. An
e JC-1 expression �early apoptotic signal� for each sample group was
inescent intensities were statistically compared using a student’s t-test
cell li
HDF �

nsity a
than 60

cell t
then h
to ea

ple. Th
biolum
and bioluminescent microscopy. For this study, a mature raft
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transfected with constitutively expressed Ad-CMV-luc
�MOI=1� was imaged 48 h after transfection �Fig. 6�b��. The
bioluminescent intensity is provided in Figs. 6�c� and 6�d�,
and the homogeneity of the transfections was demonstrated
laterally �X and Y� and in cross section �X and Z�. The lateral
image revealed that �108�p / s� was recorded across the entire
raft. The bioluminescent microscopy image of the same raft
showed that a constant �2�106�p / s� was emitted across the
entire raft. The consistent bioluminescent intensity in the xy
and xz planes indicated an effective homogenous transfection
in situ.

3.6 Bioluminescence of Laser Irradiated Raft Samples
The bioluminescent intensity is plotted versus time for the
following raft samples: laser irradiated with 1.584 W/cm2 for

Fig. 4 Measuring hsp70 mRNA expression with real-time RT-PCR in N
plated in six-well plates and transfected with Ad-hsp70-luc �MOI=1�
40 min. After heat shocking, the total RNA was isolated, and 1 �g of
Real-time, duplex PCR was performed to examine hsp70A1A �FAM�,
levels was assessed using the comparative CT method. The hsp70 mR
relative to controls. The final hsp70 mRNA expression was calculated
60 s, water bath heated at 44°C for 20 min, and the unheated
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control �Fig. 7�a��. Figure 7�b� shows the quantitative biolu-
minescence intensity plotted over time for all of the samples.
The bioluminescence intensity is normalized by dividing the
sample average bioluminescent intensity by the unheated con-
trols average bioluminescence intensity. This fold-increase
value in bioluminescence illustrates the increase in biolumi-
nescent signal that occurs due to heat-inducing conditions.
For all laser irradiated samples, the maximal expression oc-
curred at t=4 to 8 h after exposure. Maximal expression oc-
curred at t=4 h for the rafts heated in a water bath. The rafts
exposed to a power of 1.0 W �1.584 W/cm2� had the highest
bioluminescent expression. Rafts irradiated with the highest
irradiance �2.262 W/cm2� were almost completely ablated
and, hence, had few viable cells left to contribute to the bi-

�a�, NHEKs �b�, and NHEMs �c�. A total of 2.5�105 cells/well were
ells were then heat shocked in a water bath at 44°C for 10, 20, and
om each sample was reverse transcribed into single-stranded cDNA.
e endogenous control, �-actin �VIC�. Relative quantitation of mRNA
pression from each sample was normalized to �-actin and evaluated
old induction compared to control.
HDFs
. The c
RNA fr
and th
NA ex
as a f
oluminescence signal.
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3.7 Colocalization of hsp70 on Laser-Irradiated
Raft Cultures

The immunohistochemistry of the raft cultures is shown in
Figs. 8�a�–8�e�. Figure 8�a� shows the �H&E� stain of a nor-
mal untreated raft at a 20� magnification, the epithelial and
stromal layers can be clearly identified. Figure 8�b� shows the
H&E of a raft that has been irradiated with the CO2 laser
�1.584 W/cm2� at a 40� magnification. We observe that the
epithelial layer is thermally damaged and appears to be co-
agulated. Figure 8�c� shows a Gomori trichrome stain, which

Fig. 5 Hsp70 protein concentration �a� and bioluminescent intensity �
heating exposure is increased, the hsp70 protein concentration increas
a given heating protocol compared to the NHDFs and NHEMs. For this
of 2.5�105 cells/well. A control for each cell type consisted of cells
with Ad-hsp70 with a MOI of 1 for �15 h. The cells were then heat s
heat shock, 0.94 mg/ml of D-luciferin �100 �l� was added to each we
last imaging point, an ELISA for the actual hsp70 protein levels was c
stains for connective tissue, of the same raft as in Fig. 8�b� at
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a 40� magnification. The blank spot on the Gomori
trichrome stain reveals that connective tissue is ablated due to
the lasing process. Figure 8�d� shows the hsp70 antibody stain
of a raft culture irradiated with the CO2 laser for
1.584 W/cm2 for 60 s �40� �. A red dotted line drawn
�170 �m below the surface, demarcates the region where
maximal hsp70 expression is observed. The insert in Fig. 8�e�
shows Fig. 8�d� at 100� magnification. Figure 8�f� shows the
bioluminescent microscopy image. The laser irradiated rafts
emit maximal bioluminescence 150 to 200 �m below the sur-

tted versus heating time. For all cell types, except the NHEMs, as the
e NHEKs, produce one order of magnitude more bioluminescence for
iment, each cell type was plated in 4 six-well plates at a concentration
re transfected, but were not heat shocked. All cells were transfected

d in a water bath at 44°C for 20, 30, and 40 min. Twelve hours after
cells were then incubated for 1 min prior to BLI. Immediately after the
ted on each sample.
b� plo
ed. Th
exper

that we
hocke
ll. The
face of the raft. This region of maximal expression corre-
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Fig. 6 Transient transfection kinetics and the efficacy of in situ transfections. �a� Bioluminescent light intensity and cell counts for adenovirally
�Ad-hsp70-luc� transfected normal human dermal fibroblasts are plotted versus time. The bioluminescent intensity sharply increased from 0 to 49 h
and plummeted from 49 to 145 h. At 145 h, the signal decreased to less than 17% of the initial signal. At time=−24 h, 7 six-well plates were
seeded with NHDFs at a concentration of 9.6�104 cells per well. At time=0, all 7 plates were then transfected with 20 �l of adenovirus
�titer=1.3�107 PFU/ml, MOI=1�. After transfection at time=15 h, the first plate of NHDFs was heated in a water bath at 44°C for 40 min. At
time=25 h, 100 �l of 0.94 mg/ml of luciferin was added 3 min prior to BLI. Plates 2, 3, 4, 5, 6, and 7 were heated at time=15, 39, 63, 87, 111,
or 135 h, respectively. The plates were then imaged at time=25, 49, 73, 97, 121, and 145 h. Values are reported as mean standard deviation; error
bars smaller than symbol are not shown. �b� Visual representation of raft imaging dimensions �c� Lateral bioluminescent image �IVIS 200�. �d�
Bioluminescent microscopy image �IVIS 200�. In order to assess the transfection efficiency in three dimensions, independent of heating, the
Ad-CMV-luc-IRES2-eGFP with a MOI of 1 was used to transfect the rafts.
Journal of Biomedical Optics July/August 2006 � Vol. 11�4�041114-10
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sponds to the same area denoted by the dotted red line in Fig.
8�d� where maximum hsp70 protein levels were located.

4 Discussion
In this study, we demonstrated that an organotypic raft culture
model equipped with a bioluminescent reporter gene, under

Fig. 7 Visualizing the induction of hsp70 in organotypic raft cultures u
samples of raft cultures: 1.584 W/cm2 �0.72 W�, 44°C for 20 min, an
indicates where the highest light emission is present �red - color onlin
with MOI=1. At t=0 h, the rafts were exposed to heat shock inducing
treated in the following manner: two negative control groups �n=4�,
1.131 W/cm2 for 1 min �n=4�, 1.584 W/cm2 for 1 min �n=4�, and
luciferin �Biosynth AG� was applied directly on top of each raft and al
then imaged for 1 min with the IVIS 100 system at t=0, 4, 8, 12, 24,
in adenovirally transfected raft cultures. For all laser radiated sample
expression occurred at t=4 h for the rafts heated in a water bath. The
expression. The data was normalized to the bioluminescent intensity o
plotted. Values are reported as mean standard errors; error bars small
control of a heat activated promoter �hsp70a1�, can be used to
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monitor thermally modulated gene expression. This approach
provides a model capable of noninvasively detecting subtle
biochemical changes of biological processes demanding se-
quential analysis, as in laser-tissue damage studies. An induc-
ible and highly characterized protein, hsp70, was tested in the
context of this novel model. An adenovirus �hsp70a1-luc�
equipped with the hsp70 promoter is shown to efficiently

LI. �a� The pseudocolor graphic of the bioluminescent signal of three
eated control is shown for visualization. The pseudocolor of the plot
�. At t=−15 h, 28 rafts were transfected with adenovirus �hsp70-luc�
tions via a water bath and CO2 laser radiation. The 28 total rafts were
tive control 44°C for 20 min �n=4�, 0.679 W/cm2 for 1 min �n=4�,
W/cm2 for 1 min �n=4�. After heat shock, 200 �l of 0.94 mg/ml of
to diffuse within the raft for 1 min before imaging. The samples were

8 h. �b� A plot of the intensity of the bioluminescent signal over time
maximal expression occurred at t=4 to 8 h after exposure. Maximal
xposed to 0.72 W �1.584 W/cm2� had the highest bioluminescence

ontrol rafts �not heated�, and the means and standard deviations were
symbol are not shown.
sing B
d unh
e only
condi
a posi
2.262
lowed
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transfect differentiated raft cultures in situ and permitted
hsp70 transcription to be monitored after laser radiation
�Figs. 7�a� and 7�b��. The results indicate that hsp70 expres-
sion is maximal 4 to 12 h after laser radiation. These findings
are consistent with previous studies on hsp70 expression.12,13

The results of the CO2 laser-radiated rafts reveal that a mini-
mum radiation of 0.679 W/cm2 was needed to activate the
hsp70 response, and a maximum radiation of 2.262 W/cm2

was associated with tissue ablation and significant cell death.
Although the utility of this model is shown in the context

of a laser-tissue interaction, it is noteworthy to mention its
potential utility beyond this application. For instance, this
model can be used to study wound repair processes, or in any
other pathological milieus which require monitoring of bio-
molecular relationships. This model is quite versatile, since
the skin constituents and its environment can be selected and
controlled by the user. Thus, this approach can be used to
create models for other tissues of interest. Also, the model can
be further expanded to study other genes of interest, such as
TGF-ß1 and TGF-ß3, which have been identified to play roles
in wound repair.5,29,31

4.1 Characterizing the hsp70 Response

4.1.1 Using BL as a surrogate marker for hsp70
mRNA and protein

After identifying that a MOI=1 resulted in optimal transfec-
tion, the correlation between bioluminescence and hsp70 pro-
tein and mRNA levels was determined. The data shows that

Fig. 8 Immunohistochemistry of raft cultures. �a� H&E stain of a norma
for 1.584 W/cm2 for 60 s �40� magnification, bar, 125 �m�. �c� Gom
a laser irradiated raft taken at 40� magnification. �e� 100� magnificat
slice of laser damaged raft imaged with IVIS 200 �1.584 W/cm2,1.0
increasing the heat shock exposure causes increases in biolu-
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minescent light intensity, native hsp70 protein levels, and
hsp70 mRNA levels �Figs. 2, 3�d�, and 4�a�–4�c��. Heat
shocking the NHDFs in a water bath at 44°C for 10 min
results in a 25-fold increase in bioluminescent intensity and a
12-fold increase in hsp70 mRNA levels compared to the con-
trols. Exposing the NHDFs to 44°C for 20 and 40 min results
in 100- and 130-fold increases in bioluminescent intensity, 4-
and 8-fold increases in native hsp70 protein levels, and 200-
and 500-fold increases in hsp70 mRNA expression, respec-
tively �Figs. 2, 3�d�, and 4�a�–4�c��. Plotting these biolumi-
nescent intensities versus the hsp70 mRNA �data not shown�
and native hsp70 protein levels �ELISA� �Fig.3�d��, generates
correlation coefficients of �R2=0.91� and �R2=0.99�, respec-
tively. Thus, the data indicates that the absolute biolumines-
cence intensity is an accurate surrogate marker for actual
hsp70 levels, as well as for relative hsp70 mRNA levels.

4.1.2 Temporal features of the hsp70 response
This study not only served to verify the hsp70 system was
sensitive to minor temperature changes, but also revealed
some significant temporal information about the hsp70 re-
sponse. The most interesting temporal finding for the NHDFs
is that the maximal hsp70 mRNA levels occurred 4 to 6 h
after heat shock, while maximal bioluminescent intensity oc-
curred 6 to 12 h after heat shock �Figs. 2 and 4�a��. This 6 to
12 h bioluminescent peak corresponds to the time of maximal
hsp70 expression. This bioluminescent intensity peak agrees
with previous literature where maximal expression was found

13

20� magnification. �b� H&E stain of a raft irradiated with a CO2 laser
hrome �green� of the same raft in �b�. �d� Hsp70 antibody staining of
slide �d�. �f� Bioluminescent microscopy of 96-�m thick cross-section
60 s�.
l raft at
ori tric
ion of
to occur 6 to 12 h after heat shock induction. The observed
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decrease in hsp70 mRNA levels 8 to 12 h post–heat shock
may be the result of negative feedback regulation caused by
increased hsp70 protein levels. This theory is corroborated by
the increasing bioluminescence intensity between 8 to 12 h.
Moreover, the 2-h delay between the hsp70 mRNA peak and
bioluminescence intensity maximum is an indication of the
time it takes to translate mRNA into nascent protein.

4.1.3 Crossing physiologic zones of stress
In previously published hsp70 studies, five zones of physi-
ologic stress were defined.12 In this study, the real-time RT-
PCR and the bioluminescent intensity data served to verify
the crossing of one of these physiologic zones. O’Connell-
Rodwell et al. characterized zone 3 where times and/or tem-
peratures of stress resulted in delayed peaks of expression.12

The data indicates that zone 3 was traversed as the cell’s heat
shock exposure was prolonged from 44°C for 10 min to
44°C for 20 min. Crossing this boundary resulted in 4 times
higher bioluminescent intensity, 20 times higher hsp70
mRNA levels, and a delayed hsp70 response �Figs. 2 and
4�a��. This delayed hsp70 response is clearly demonstrated
using the bioluminescence data where the maximal biolumi-
nescent intensity occurred at 4 to 6 h for the 10 min exposure
and at 12 h for the 20 min heat shock �Fig. 2�. Adhering to
the delayed hsp70 response theory, the hsp70 mRNA data
demonstrated that the response to the 10 min exposure was
maximal 0 to 4 h after heat shock, and the response to the
20 min exposure peaked at 4 to 6 h after heat shock �Fig.
4�a��.

Overall, the results indicated that our system is sensitive to
detect increases in heat shock. From the literature and previ-
ous studies, we expected the hsp70 response to behave as
many other proteins do in that it would be upregulated after
an initial stimulus and then decline after the stimulus had been
removed.13 When a cell is exposed to thermal stress �via
heated water bath or laser radiation� a multitude of proteins
denature. Protein denaturation is characterized by alterations
in the secondary and tertiary structure of the molecule. The
proteins loss of structure precipitates its loss of function. The
presence of denatured proteins within the cell acts as a stimu-
lus for the transcription of hsp70. Once sufficient hsp70 pro-
tein has been translated for repair, the additional hsp70 can
bind the heat shock transcription factor, HSF1, which then
downregulates hsp70 production. Figure 2 shows that increas-
ing the exposure time at 44°C from 20 to 40 min leads to an
increase in hsp70 promoter activation and more biolumines-
cent light intensity. The NHDFs are incubated at 37°C thus
when exposed to the 44°C water bath, they undergo a 7°C
temperature increase. This increase agrees with previous lit-
erature where moderate heat shock temperatures �39 to 44°C�
were used to activate the heat shock response.32,33 As antici-
pated, increasing the duration of heat shock exposure from 20
to 40 min enhanced the degree of activation of the heat shock
response.

4.2 Transient Transfection of NHDFs
The transient nature of adenoviral transfection precludes the
transfection of cells prior to constructing skin equivalents
�Fig. 6�a��. The data illustrates that a peak in bioluminescent

intensity is observed 48 h after transfection. The data reveals
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that the bioluminescent intensity is lower at 24 h after trans-
fection than at 48 h. This lower bioluminescent intensity
could be due to an incubation time. In essence, this could be
related to the time required for the adenovirus to become fa-
miliar with the cell’s transcriptional machinery. In previous
adenovirus studies, Kugel identified an early transition in
RNA polymerase II transcription, termed “escape commit-
ment.” Escape commitment occurs rapidly after initiation and
is characterized by sensitivity to competitor DNA.34 This
competitor DNA may be the reason for the cell’s low biolu-
minescent intensity 24 h posttransfection.34 The cells may not
be fully functioning as far as transgene expression goes until
�48 h, thus explaining the maximum bioluminescent expres-
sion occurring 48 h after transfection. From 49 to 73 h, the
bioluminescent signal decreases by 50% and by 145 h only
17% of the initial signal remains �Fig. 6�a��. The transgene
expression decreases due to cell proliferation and cell expul-
sion of adenoviral DNA. Because half of the bioluminescent
signal is present 72 h after transfection, this can be noted as
an end point for adenovirus experimentation. Thus, the win-
dow for experimentation using this adenovirus ranges from 24
to 60 h after transfection. This has important implications for
the transfection of rafts. Because rafts take 10 to 14 days to
fully develop, transfecting the cells before raft construction is
not feasible. As a direct ramification of these findings, the
rafts were transfected in situ after being fully developed. Of
concern is the fact that in situ transfection of intact rafts may
not yield spatially homogeneous transfection. The results of
the experiments conducted with the constitutively expressed
Ad-CMV-luc-IRES2-eGFP, show a relatively uniform BL in-
tensity �both in the xy and xz planes� indicating that the in situ
transfection of the rafts did not result in a gradient of trans-
fection efficiency. Thus, in situ transfections are a suitable and
effective method for transfecting intact rafts �Figs. 6�c� and
6�d��.

4.3 Cell-Type Dependent hsp70 Expression
After characterizing the hsp70 response in fibroblasts, the
hsp70 response was examined in the other cell populations
present in skin raft cultures. MOI optimization experiments
were conducted for the NHDFs, NHEKs, and NHEMs and the
MOI=1 was optimal for all cell lines �data not shown�. The
cells were transfected with the adenovirus �MOI=1� and their
heat shock response was observed. Interestingly, the various
cell types illustrated different hsp70 response kinetics follow-
ing heat shock induction �Figs. 5�a� and 5�b��. The variation
between the cell lines could be due to differences in transfec-
tion efficiency or to differences in the cellular stress response.
Figures 5�a� and 5�b� show that for the same MOI and heating
exposure time, the NHEKs have a 10-fold increase in biolu-
minescent intensity while having slightly lower native hsp70
protein concentrations. The reason for this may be due to
impaired adenovirus transfection. In previous studies, the re-
ceptor integrin 	�V���3� was implicated in increased aden-
ovirus transfection.35 NHEKs may elicit a higher biolumines-
cent signal due to increased affinity to upregulate the integrin
	�V���3� receptor. Besides the integrin receptor, other studies
have observed that hsp70 is constitutively expressed in nor-
mal skin cells, with the highest level being observed in the

36,37
NHEKs. Thus, because the NHEKs have higher expres-
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sion before induction, this increased basal activity may result
in higher expression after heat shock induction.

4.3.1 NHEM apoptotic activity
NHEMs reacted much differently than the other cell lines.
While increasing the duration of heat shock exposure led to an
increase in bioluminescent intensity �Fig. 5�b��, it resulted in
decreased hsp70 protein levels for the NHEMs in contrast to
the NHEKs and NHDFs �Fig. 5�a��. The flow cytometry re-
sults indicate that this may be due to significant apoptosis
occurring in the NHEMs �Fig. 3�i��. Using flow cytometry, the
JC-1 assay was employed to determine the cell’s apoptotic
activity. In Figs. 3�g�–3�i�, the JC-1 assay data revealed that
for the NHDFs and the NHEKs less than 30% of the cells
were apoptotic, regardless of the heating protocol, yet for the
NHEMs �60% of the cells, including the unheated controls,
were apoptotic. These findings are not unusual, other studies
have shown that NHEMs are notoriously difficult to culture
and are prone to undergo apoptosis.38 Due to the significant
apoptotic activity of the NHEMs, they were not used in the
construction of the raft cultures.

4.4 Efficacy and Utility of Organotypic Raft Culture
Model

4.4.1 Inducing hsp70 expression on rafts with a
heated water bath

Before laser radiation experiments were performed, trans-
fected rafts were tested using a heated water bath. The rafts
were moderately heat shocked at 44°C for 20 min. Biolumi-
nescent signals indicated that the peak hsp70 expression oc-
curred 4 h post-heat shock �Fig. 7�b��. This finding is consis-
tent with previous cell culture studies, which also found that
hsp70 expresses maximally 4 h after exposure to heat
shock.13 The rafts exposed to moderate heat shock conditions
then decreased hsp70 expression after peak expression at 4 h.
This decreased expression was anticipated due to negative
feedback provided by HSF1 and is consistent with previous
findings.13

4.4.2 Laser irradiation of raft cultures
In order to determine the powers for the laser-radiation ex-
periments, a thermocouple was utilized to determine the tem-
perature increases at various powers �data not shown�. Irradi-
ances of 1.131 W/cm2 for 60 s correlated to a maximum
temperature rise of �22°C at 500 �m below the surface of
the raft. This is significantly higher than the 7°C temperature
rise in the water bath. However, given that protein denatur-
ation is a rate process, it is expected that a reduction in the
time of heating �60 s versus 20 min� will permit higher toler-
able temperature values while generating a similar response.

Our results show that in the raft models, increasing the
laser irradiance results in increased normalized biolumines-
cent intensity �Fig. 7�b��. Thus, for increased irradiances, an
increased amount of hsp70 expression is observed. �Note that
the irradiance of 2.262 W/cm2 resulted in a significantly
lower signal as greater than 70% of the tissue was ablated.�
The data also showed that when increasing the irradiance
from 1.131 to 1.584 W/cm2, a comparably bioluminescent
peak is seen at 8 h. This correlates with previous studies that

indicate that under moderate heat shock conditions, a maxi-
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mal hsp70 response is seen sooner after induction.13 Since the
higher irradiance would result in increased heat shock condi-
tions, this prolonged hsp70 transcription is anticipated. The
raft that is exposed to a higher irradiance would presumably
undergo a more severe heat shock, resulting in more protein
denaturation. This increases the amount of HSF1 that is freely
available and results in increased promoter activation on the
heat shock element. Another interesting finding is the raft ex-
posed to the irradiance of 0.679 W/cm2 experienced minimal
damage and likewise elicited minimal heat shock response.
This irradiance sets the lower boundary on eliciting the heat
shock response. Thus, a window for CO2 laser radiation acti-
vation of the hsp70 response was found in this study to fall
within the range of 0.679 to 2.262 W/cm2 for 60-s
exposures.

In order to ensure that the bioluminescent intensity accu-
rately reflected regions where hsp70 expression was most sub-
stantial, bioluminescent microscopy was compared with
hsp70 antibody staining. The radiated rafts had the most sub-
stantial hsp70 antibody staining �the red line� at a depth of
~150 �m �Fig. 8�d��. This region corresponded exactly to the
region where the highest bioluminescence intensity �red re-
gion� was observed �Fig. 8�f��. These results confirmed our
findings that our adenovirally transfected skin model is ca-
pable of accurately detecting subtle biochemical changes us-
ing BLI.

5 Conclusion
We present an organotypic raft model used in combination
with BLI techniques. The efficacy of the raft model was vali-
dated and characterized by investigating the role of hsp70 as a
sensitive marker of thermal damage. BLI indicated that peak
hsp70 expression occurs 4 to 12 h after exposure to thermal
stress conditions. The findings suggest a minimum radiation
of 0.679 W/cm2 was needed to activate the hsp70 response,
and a higher radiation of 2.262 W/cm2 was associated with a
severe reduction in hsp70 response due to tissue ablation.
Real-time RT-PCR and ELISA protein assays confirmed that
BLI was an accurate surrogate for actual hsp70 protein levels
and hsp70 mRNA levels present in the cells. The temporal
features of the real-time RT-PCR and BLI peak values were
found to be useful in evaluating the crossing of physiological
stress zones. Hsp70 expression was localized in the damaged
tissue region using bioluminescent microscopy studies. These
results indicate that quantitative BLI in engineered tissue
equivalents provides a powerful model that enables longitudi-
nal studies of gene expression. Such a model can be used as a
high throughput screening platform in studies of laser interac-
tion with dermal tissue.
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