
I
h
i
l
t

C
D
M
C
a

b

P
c

3

A
s
c
s
t
o
T
s
e
a
t
i
7
t
s
m
H
s
e
©

K
h

P
N
l

1
T
a
d
t
b
e
c
f

*
r
f
E

JBO LETTERS

J

n vivo analysis of
eat-shock-protein-70

nduction following pulsed
aser irradiation in a
ransgenic reporter mouse

aitlin E. O’Connell-Rodwell,a,c Mark A. Mackanos,a

mitri Simanovskii,b Yu-An Cao,a

ichael H. Bachmann,a H. Alan Schwettman,b and
hristopher H. Contaga,*

Stanford School of Medicine, Stanford, California 94305
Stanford University, W.W. Hansen Experimental
hysics Laboratory, Stanford, California 94305
Stanford University, Department of Otolaryngology,
01 Welsh Rd., Stanford, California 94305

bstract. Induction of heat shock protein �Hsp� expres-
ion appears to correlate with a cytoprotective effect in
ultured cells and with improved healing of damaged tis-
ues in animal models and in humans. This family of pro-
eins can also serve as indicators of thermal stress in cases
f burn injury or surgical procedures that produce heat.
hus, a rapid in vivo readout for induction of Hsp tran-
cription would facilitate studies of Hsp genes and their
ncoded proteins as mediators of therapeutic effects and
s reporters of thermal damage to tissues. We created a
ransgenic reporter mouse where expression of luciferase
s controlled by the regulatory region of the inducible
0 kDa Hsp, and assessed activation of Hsp70 transcrip-

ion in live animals in response to rapid, high temperature
tresses using in vivo bioluminescence imaging �BLI�. This
odel can be used to noninvasively reveal levels of
sp70 transcription in living tissues, and has utility in

tudies of the predictive and protective effects of Hsp70
xpression, and of various stress responses in tissues.
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Introduction
he heat shock response of cells is thought to have a role in
meliorating cellular damage and preventing programmed cell
eath in thermal and other stress environments.1 The protec-
ive effects of heat shock proteins �Hsps� are likely mediated
y the ability of these proteins to function as molecular chap-
rones, preventing inappropriate protein aggregation and fa-
ilitating transport of immature proteins to target organelles
or packing, degradation, or repair. Increased expression of
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ournal of Biomedical Optics 030501-
Hsp70 in response to temperature slightly above physiological
temperatures �e.g., 42°C�, for periods of several minutes has
been studied as a potential treatment for indications such as
ischemic heart disease, diabetes, neurodegeneration, cancer,
and thermal damage.1,2 Hsp70 expression can be induced at
the level of transcription in all cell and tissue types that have
been examined, and significant intraspecies sequence similar-
ity suggests that it has been conserved through evolution.

Ablation techniques that employ lasers for tissue removal
or remodeling can result in very high temperatures for ex-
tremely short periods of time, and levels of Hsp expression in
adjacent tissues may correlate with healing or may predict the
extent of tissue damage. Previous studies have shown that
Hsps serve as strong predictors for cancer cell survival and
resistance following laser cancer therapy.1,3 Understanding the
patterns of Hsp transcription in tissues surrounding ablation
sites will reveal the nature of the accompanying stress and
may aid in the development of more effective tissue ablation
and regeneration strategies. Ferrando et al. first showed induc-
tion of Hsp70 in cells using a CO2 laser with a one second
pulse duration.4 Others have quantified the expression of
Hsp70 using bioluminescent reporters in cells and “raft cul-
tures,” a surrogate tissue model,5–7 after exposure to thermal
stresses.

The effects of high temperature exposure for extremely
short durations during irradiation may differ significantly
given that the shock is determined by the time of energy depo-
sition �e.g., laser pulse duration�, and the heat dissipation time
�thermal diffusion time�, which can greatly exceed the energy
deposition time. In situations where the energy deposition
time is less than the thermal confinement time �the time asso-
ciated with heat remaining in a specific region�, there is no
diffusion and thus the peak temperatures can be much higher
than where thermal diffusion takes place. Taking a typical
value of heat conductivity for biological tissue of
0.6 W·m−1·K and cell size of 10 �m, the heat dissipation
time from a single cell within living tissue is on the order of
100 �s.

To refine the laser parameters �wavelength, spotsize, pulse
duration, radiant exposure� appropriate for laser surgery and
tissue remodeling as well as diagnostic laser applications, it is
important to understand the spatial and temporal patterns of
cellular responses to thermal insults up to and including the
threshold for irreversible cellular damage or ablation in these
short, high temperature pulses.

In a previous study,5 we generated an Hsp70-luc reporter
gene and used it to study Hsp70 expression patterns in stable
lines of NIH3T3 fibroblast cells to determine the dynamic
response of Hsp70 expression. Transfected cells were first
treated at 42°C in a water bath for durations of 20 min and
luciferase expression was monitored at 2, 10, and 24 h.5

Shorter exposures to higher temperatures were studied from
50 to 64°C for exposure times of 5 to 35 s using a
thermocycler.5 In this and other studies,5,6 cells treated with
the shorter duration thermal stress �several seconds� were
found to survive relatively high temperatures ��50°C�; how-
ever, extremely short durations, corresponding to thermal
confinement times �on the order of microseconds� were not
evaluated.
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Transgenic �Tg� mice, with the Hsp70 promoter and a re-
orter gene, have been used in analysis of thermal stress.8 To
acilitate analysis of thermal stresses at very short pulse dura-
ions, we have developed a Tg mouse based on a modified
eporter, construct that employs the Hsp70A1 promoter and a
ual reporter, comprised of firefly luciferase and enhanced
reen fluorescent protein �eGFP� joined by the 2A “ribosome
lippage site” from the foot and mouth disease virus
Hsp70A1-luc-2A-GFP�.5,6,9 This dual reporter construct al-
ows for the macroscopic analysis of Hsp70 expression in skin
n vivo via luciferase expression using BLI. We used this Tg

ouse to assess laser thermal stress and the resultant spa-
iotemporal patterns of Hsp70 expression in the skin in vivo
fter irradiation.

ig. 1 Bioluminescent signals indicative of the in vivo thermal resp
10.6 �m was used at four different radiant exposures �1.8, 2.7, 3.5,
t 7, 24, 48, 72, and 96-h post laser heating. The images are represe
ence radiance from 1�106 to 1�107 photons/s /cm2/steradian. All i
ignal for the lowest radiant exposure after 48 h, and the increase for
onsists of a series of 7-mm-long profile plots across the 6-mm laser le
aser pulse. A Gaussian pattern of expression is seen for the lowest ra
s unable to emit light at the early time points. The region immediately
uite highly at these time points. The surrounding region’s expression

n the center region begins to increase between 72 and 96 h. �c� The te
s shown for comparison to the bioluminescence expression. The temp
ystems, Boston, Massachusetts�. �d� The average radiance in photons
eated spot is shown for the four radiant exposures used in this expe
rror bars represent the standard error of the mean �SEM�. A general d
ime, while a late recovery in the center region of the highest radiant
ournal of Biomedical Optics 030501-
2 Experimental Methods
2.1 Transgenic Reporter Mouse

The Hsp70-luc reporter was described previously, and shown
to accurately report levels of Hsp70 transcription in cell
lines.5 To increase the functional capability of this reporter
construct, the gene coding for enhanced green fluorescent pro-
tein �eGFP, Clontech, Palo Alto, California� was added. For
this, we employed the dual reporter gene L2G �Luc-2A-
eGFP� consisting of a modified firefly luciferase gene �pGL3,
Promega Incorporated, Madison, Wisconsin� joined to 54 base
pairs �bp� of the FMDV 2A sequence9 and, via 24 bp of
polylinker sequence, to the eGFP gene at the 3� end. Using
the restriction enzyme sites Hind III and Not I, the L2G gene
was inserted into the vector pcDNA3.1�-� �Invitrogen, Carls-

f mouse skin following laser injury. �a� A 1-s CO2 laser pulse at �
J /cm2�. One representative mouse is shown here with images taken

ith a common false-color scale representing the emitted biolumines-
were taken ten minutes after IP injection of luciferin. Note the loss of
nter region of the highest radiant exposure after 72 h. �b� Each panel
each of the five time points and four radiant exposures for the 1-s CO2
xposure. At the high radiant exposures, the center region of the pulse
ding this center region emits light corresponding to Hsp70 expression

es to background levels by the 72-h time point, while the expression
ture profile for each laser radiant exposure at the end of the laser pulse

profile was obtained with a thermal camera �A20M Researcher, FLIR
/steradian of a 7-mm-diam region of interest �ROI� around each laser
at 7, 24, 48, 72, and 96 h. Each data point is for N=4 mice and the
e in the bioluminescence and thus the Hsp70 expression is seen over
re region is seen at the later time points.
onse o
and 4.4
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ad, California�, in which the CMV promoter had been re-
laced by the Hsp70A1 promoter.5 Finally, the Hsp70-L2G
eporter gene fragment was excised from the vector backbone
nd gel purified for pronuclear injection. Microinjection was
erformed by the Transgenic Core Facility in the Department
f Pathology at Stanford University using preimplantation
mbryos derived from FVB mice. Potential founders were
creened by polymerase chain reaction and tested for thermal
esponse by exposure to mild thermal stress and BLI using an
VIS imaging system �Xenogen, Alameda, California�. The
elected Tg mouse line �FVB.Hsp70-luc-2A-eGFP; short
orm—Hsp70A1-L2G� was bred to homozygosity, and four to
ight week old female mice were used for the in vivo experi-
ents.

.2 Laser Thermal Stress Analysis
issue thermal stress was generated with a 100-W CO2 laser
PLX-100, Parallax Technology Incorporated, Waltham, Mas-
achusetts� and evaluated in the Hsp70A1-L2G mouse. Using
he CO2 laser, the dorsal skin of the transgenic mice was
rradiated at a wavelength of 10.6 �m. Mice were shaved and
epilated 24 h prior to irradiation with the laser—24 h was
ufficient time to prevent residual expression of Hsp70 caused
y shaving. Experiments were performed with a 1-s pulse
uration. Four irradiation spots were generated at separate
ocations on the back of each mouse in a grid pattern at 1.8,
.7, 3.5, and 4.4 J /cm2 �Fig. 1�a��. A 6-mm-diam flat-top
pot, created by irradiating the mouse with the central part of
1- in. Gaussian beam with a 6-mm hole drilled through an

luminum plate, was used to generate an affected area large
nough to provide adequate resolution to determine the
xpression profile using an IVIS 200 imaging system
Xenogen/Caliper Life Sciences�, with high resolution bin-
ing �4� and a 3.9-cm field of view to obtain a 60-�m reso-
ution across each treated location. BLI was performed
0-min postintraperitoneal �IP� injection of 50-�l /10-g
ouse of 30-mg /ml stock solution of D-luciferin �Biosynth
-8220, Staad, Switzerland� with a 1-min integration time.

Results
LI was used to analyze the approximate levels of Hsp70

ranscriptional activation following laser injury to the skin.
his approach enabled macroscopic analysis of individual le-
ions in live mice with temporal resolution that is relevant to
sp70 induction �Fig. 1�a��. The short half life of the lu-

iferase enzyme ��2 h10� results in the assay being one of
ranscriptional activity,5 and as such both the activation and
essation of transcription can be assessed.5 The levels of
sp70 and luciferase will differ with protein stability, and the
alf life of luciferase enzyme results in a dynamic assay.5,6

igure 1 reveals the temporal responses of the heat shock
eporter to irradiation of skin with a CO2 laser. Profile plots of
ach lesion generated by the laser were obtained at five im-
ging times for comparison �Fig. 1�b�� by placing a 7-mm
ine across the center of each lesion using ImageJ �National
nstitutes of Health, Washington, DC� and examining the pro-
le of expression across this line. The profile plots are from

he same images used in Fig. 1�a�. The peak radiance was
btained by placing a region of interest �ROI� with a
-mm-diam around each irradiated spot of each mouse image
ournal of Biomedical Optics 030501-
and measuring the peak radiance using Living Image Soft-
ware �Xenogen/Caliper, Hopkinton, Massachusetts�, Fig. 1�d�.

4 Discussion and Conclusions
Analysis shows a qualitative peak of expression at 7-h postir-
radiation, which is apparent up to 96 h. Intermediate energy
levels caused reduced expression. The results are displayed as
a linear profile plots across the center of each lesion. Highest
radiant exposure images show a ring-like expression contour
surrounding an inner region of reduced expression. This ex-
pression contour is seen as two distinct peaks at either edge of
the lesion in the profile plots. Since luciferase activity is de-
pendent on the metabolic activity of the cell, reporter activity
is lost at the time of cell death and the patterns of expression
are consistent with this link to cell viability. Intermediate en-
ergy levels produced a Gaussian profile similar to those ob-
tained for the lowest radiant exposures. Antibody staining of
GFP in tissue sections from samples subjected to similar laser
parameters have indicated that GFP and Hsp70 expression
correlate spatially throughout the laser spot �data not shown�.

In this study, we demonstrate the creation and validation of
a transgenic mouse that enables the rapid analysis of cellular
injury and survival in response to laser tissue injury. This
Hsp70 reporter mouse model will serve as an excellent indi-
cator of cellular stress, cell survival, collateral damage, and
wound healing in vivo.
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