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Single Cell Analysis of PKC Activation During
Proliferation and Apoptosis Induced by Laser Irradiation
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Laser irradiation has been shown to trigger cellular proliferation and apoptosis in various cell types. Studying the signaling pathways
involved in the laser irradiation is important for understanding these processes. In present study, to monitor the protein kinase Cs
(PKCs) activity in living cells in real time, we transfected and screened human lung adenocarcinoma cells (ASTC-a-1) stably
expressing C kinase activity reporter (CKAR) constructed based on fluorescence resonance energy transfer (FRET) technique. The
CKAR is a specific, reversible reporter of phosphorylation by PKCs and it can monitor the ongoing balance between PKCs and
phosphatases. The increasing dynamics of PKCs activity is monitored during cell proliferation induced by low-power laser
irradiation (LPLI) (0.8 J/cm2) in serum-starved ASTC-a-1 cells stably expressing CKAR reporter using FRET imaging on laser scanning
confocal microscope and using spectrofluorometric analysis on a luminescence spectrometer, respectively. However, the
decreasing dynamics of PKCs activity has beenmonitored in real time using FRET imaging for the cells treatedwith high fluence LPLI
(60 J/cm2), which was previously found to induce cell apoptosis. Taken together, LPLI induces the ASTC-a-1 cell proliferation by
specifically activating PKCs. However, PKCs activity decreases during cell apoptosis induced by high fluence LPLI. Our results
indicate that PKCs play an important role in the laser irradiation-induced biological effects. J. Cell. Physiol. 206: 441–448, 2006.
� 2005 Wiley-Liss, Inc.

Laser irradiation has a significant role in triggering
cell proliferation, differentiation, and apoptosis in
various cell types (Bibikova and Oron, 1993; Barushka
et al., 1995; Conlan et al., 1996). The promotive effects of
low-power laser irradiation (LPLI) on cell proliferation
have been described in several cell types (Boulton and
Marshall, 1986; Spivak et al., 1992), but the mechanism
of cellular proliferation has not been fully understood.
One possibility is that the laser energy is absorbed in
intracellular chromophores and converted to metabolic
energy (Belkin et al., 1988; Conlan et al., 1996; Karu,
1999). Cellular ATP levels increase almost twofold after
He-Ne laser irradiation in cultured HeLa cells (Karu
et al., 1995). It has been shown that LPLI may produce
reactive oxygen species (ROS), which might be beneficial
for the skin and sperm cells (Grossman et al., 1998).
Other studies demonstrate that LPLI induces cell
proliferation via phosphoinosotide 3-kinase/protein
kinase B (PI3K/PKB) and Ras/Raf/ERK signaling
transduction pathways (Shefer et al., 2003). One of the
phenotypic changes observed in cells after LPLI treat-
ment is the increase of intracellular Ca2þ concentration
(Breitbart et al., 1996; Alexandratou et al., 2002). In
addition, the increases of Ca2þ concentration and
diacylglycerol (DG) in the cytoplasm have also been
observed in the process of respiratory burst of neutro-
phils induced by LPLI (Duan et al., 2001). These studies
show the roles for both DG and Ca2þ signaling in cell
proliferation induced by LPLI. It is well known that
protein kinase Cs (PKCs) can be activated by DG and/or
regulated by Ca2þ (Braun et al., 2005). It has also been
speculated that LPLI affected Ca2þ-dependent-PKC
signal transduction pathways (Ben-Dov et al., 1999).
In view of these studies, PKCs may be involved in the
regulation of cell proliferation induced by LPLI.

However, high fluence LPLI inhibites cell viability
(Hilf et al., 1986; Schaffer et al., 1997; Ocana-Quero

et al., 1998). The phenomenon is consistent with our
recent results that high fluence LPLI treatment induced
ASTC-a-1 cells apoptosis when light irradiation fluence
exceeded 60 J/cm2, and the cell apoptosis was dependent
on the dosage of laser irradiation (Wang et al., 2005).
It is known that apoptosis is an important process.
Various extracellular stimuli activate related intracel-
lular signaling pathways, which induce the activation
of caspases, resulting in cell apoptosis (Verheij et al.,
1996).

PKCs are involved in different, even opposite func-
tions, including the cellular proliferation, tumor promo-
tion, differentiation, and apoptosis of many types of cells
(Musashi et al., 2000; Braun et al., 2005). PKC was first
described as a Ca2þ activated, phospholipid-dependent
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serine/threonine protein kinase (Takai et al., 1977;
Nishizuka, 1988). The 13 members of the PKC family
can be grouped into three major classes: Ca2þ-depen-
dent classical PKCs, Ca2þ-independent novel PKCs, and
Ca2þ- and lipid-independent atypical PKCs (Jaken and
Parker, 2000; Newton, 2001). The Ca2þ-dependent
classical PKCs may be involved in the regulation of
cellular proliferation induced by LPLI. The activation of
PKCs during apoptosis has been studied extensively
(Musashi et al., 2000). However, the involvement of
PKCs during apoptosis induced by high fluence LPLI
has not been observed. Therefore, it isn’t clear whether
the Ca2þ-controlled PKCs are involved in the cell pro-
liferation induced by LPLI and apoptosis induced by
high fluence LPLI.

Fluorescence resonance energy transfer (FRET) is a
nonradiative transfer of energy between two fluoro-
phores that are placed in close vicinity and in a proper
relative angular orientation. FRET technique has been
widely used to study protein–protein interactions in
living cells with improved spatial and temporal resolu-
tion, distance range, and sensitivity (Ting et al., 2001;
Zhang et al., 2002; and Gaits and Hahn, 2003; review-
ed in Sekar and Periasamy, 2003). Variants of green
fluorescent protein (GFP) have provided genetically
encoded fluorophores that serve as donor and/or accep-
tor in FRET (Heim and Tsien, 1996; Mitra et al., 1996;
Mizuno et al., 2001). FRET technique has been used
to develop genetically encoded fluorescent probes for
various cellular functions (reviewed in Sekar and
Periasamy, 2003; Nagai et al., 2004). For example,
Ca2þ probe was generated recently based on FRET
technique to visualize subcellular Ca2þ dynamics with
better spatial and temporal resolution (Nagai et al.,
2004); CY-PKCd, a genetically encoded chimera of
native PKC delta fused to cyan and yellow fluorescent
protein (CFP and YFP), had potential for high through-
put screening (HTS) of prospective PKCd ligands within
the context of cell type (Braun et al., 2005); SCAT3 was
constructed to monitor the spatio-temporal dynamics of
caspase-3 activity in living cells (Kiwamu et al., 2003).
With the FRET technique, we recently found in living
cells that caspase-3 was activated and related to the
subsequent apoptosis induced by high fluence LPLI
(Wang et al., 2005).

In order to monitor the dynamics of PKCs activity, C
kinase activity reporter (CKAR) has been constructed
based on FRET technique, which comprises CFP, the
FHA2 phospho-peptide-binding domain, a PKC sub-
strate sequence, and YFP (Violin et al., 2003). CKAR is
successfully designed to be a specific, reversible reporter
of phosphorylation by PKCs and it could monitor the
ongoing balance between PKCs and phosphatases
(Violin et al., 2003). When phosphorylated, the sub-
strate sequence binds the FHA2 phospho-peptide-bind-
ing domain, reversible by phosphatases, and this
conformational change results in a change in FRET
(Violin et al., 2003).

In this study, we have investigated the dynamics
of PKCs activity during cell proliferation induced by
LPLI and during cell apoptosis induced by high fluence
LPLI, respectively. Our studies reveal that LPLI could
activate PKCs and then induce human lung adeno-
carcinoma cells (ASTC-a-1) proliferation, and that high
fluence LPLI could inactivate PKCs, which further
verified that high fluence LPLI could induce cell apop-
tosis (Wang et al., 2005). Our results indicate that PKCs
play an important role in the laser irradiation-induced
biological effects.

MATERIALS AND METHODS
Materials

Dulbecco’s modified Eagle medium (DMEM) was purchased
from GIBCO (Grand Island, NY). Phorbol 12-myristate 13-
acetate (PMA) was purchased from Sigma (St. Louis, MO). Cell
Counting Kit-8 (CCK-8) was purchased from Dojindo Labo-
ratories (Kumamoto, Japan). LipofectamineTM Reagent was
purchased from Invitrogen (Carlsbad, CA). DNA Extraction kit
was purchased from Qiagen (Valencia, CA). Gö 6983 was pur-
chased from Merck (Darmstadt, Germany).

Cell culture

ASTC-a-1 cells were grown in DMEM supplemented with
15% fetal calf serum (FCS), and cells were maintained at 378C
in a humidified atmosphere (95% air and 5% CO2).

Cell preparation and LPLI on ASTC-a-1 cells

ASTC-a-1 cells were cultured in DMEM supplemented with
1% serum at a density of 4� 103 cells/well in 96-well micro-
plates. Twenty-four hours after culture, the cells were divided
into four groups and each group was irradiated with He-Ne
laser (632.8 nm, 5 mw, spot diameter 0.635 cm; HN-1000,
Guangzhou, China) in the dark at fluence of 0, 0.5, 0.65, and
0.8 J/cm2, respectively. The interval wells were filled with ink
in order to minimize the light reflections. After irradiation, 96-
well microplates were returned to the incubator for a further
culture at 378C, 5% CO2. The irradiation was performed on
monolayer cells. In all cases, control non-irradiated cells were
kept in the same conditions as the treated cells.

Cell viability assays

Cell viability was assessed with CCK-8 2 and 5 days after the
laser irradiation, respectively. At the indicated times, CCK-8
was added to the cells and incubated for 1.5 h. OD450, the ab-
sorbance value at 450 nm, was read with a 96-well plate reader
(DG5032, Hua dong, Nanjing, China). The value is directly
proportional to the number of viable cells in a culture medium
and the cell proliferation.

Cell transfection and screening

Plasmid DNA of CKAR (presented by Prof. Alexandra C.
Newton of California University) was transfected into ASTC-a-
1 cells by using LipofectamineTM reagent. The cells stably
expressing CKAR reporter were screened with 0.8 mg/ml
G418, and positive clones were picked up with micropipettes.
CKAR reporter was constructed by fusing of a CFP and a YFP
with a specialized linker that contains the PKC substrate
sequence. Before PKCs activation, CFP and YFP are placed in
close vicinity. Energy can be transferred directly from CFP to
YFP, so fluorescence emitted from YFP can be detected when
CFP is excited. Once PKCs are activated, the linker will change
in conformation. CFP separates from YFP, so the FRET effect
of CKAR must decrease effectively (Violin et al., 2003).

Laser scanning microscopes (LSM)

FRET was performed on a commercial Laser Scanning
Microscopes (LSM510/ConfoCor2) combination system (Zeiss,
Jena, Germany). For excitation, the 458 nm line of an Ar-Ion
Laser was attenuated with an acousto-optical tunable filter,
reflected by a dichroic mirror (main beam splitter HFT458),
and focused through a Zeiss C-Apochromat 20�, NA 0.4 objec-
tive onto the sample. The emission fluorescence was split by
a second dichroic mirror (secondary beam splitter NFT515)
into two separate channels: the 470–500 nm bandpass (CFP
channel) and the 530 nm longpass (YFP channel). For intra-
cellular measurements, the desired measurement position was
chosen in the LSM image. To quantify the results, the images of
CFP and YFP emission intensities were processing with Zeiss
Rel3.2 image processing software (Zeiss, Germany).

LPLI and FRET imaging

ASTC-a-1 cells stably expressing CKAR reporter were
grown on a 35-mm culture dish. To measure the FRET effect
in living cells, the culture dish was placed on the stage of the
LSM microscope. After 24 h of serum deprivation, the cells
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were irradiated with He-Ne laser (632.8 nm, 5 mw) at fluence of
0.8 J/cm2 in the dark or treated with 1mM Gö 6983, a specific
inhibitor of PKC (Violin et al., 2003), or treated with DMSO
(vehicle for Gö 6983). During He-Ne laser irradiation and
imaging process, cells were maintained at 378C using the
temperature regulator (Tempcontrol 37–2 digital, Zeiss) in the
whole experiment process. Before and after irradiation treat-
ment, temperature elevations of culture liquid were less than
0.28C and the images of YFP and CFP emission intensities
were obtained by performing LSM microscope.

PMA stimulating and FRET imaging

After 6 h of serum deprivation, ASTC-a-1 cells stably
expressing CKAR reporter were treated with PMA, PKC
activator (Johnson et al., 2002), diluted in DMSO. Before and
after treatment with PMA, cells were observed and photo-
graphed using the LSM microscope, and the images of YFP and
CFP channels and the FRET images of CKAR were recorded.

Spectrofluorometric analysis of PKCs activity induced
by both LPLI and PMA in living cell

ASTC-a-1 cells stably expressing CKAR reporter were
grown in DMEM supplemented with serum free for 24 h.
Then, the cells were irradiated with He-Ne laser (632.8 nm,
5 mw) at fluence of 0.8 J/cm2 in the dark. After irradiation, the
cells were immediately transferred into a quartz cuvette. The
quartz cuvette was then placed inside the sample holder of a
luminescence spectrometer (LS55, PerkinElmer, USA). The
fluorescence emission spectra from 0 to 50 min after LPLI
treatment were obtained by performing a spectrum scanning
analysis of the luminescence spectrometer. The excitation
wavelength was 434� 5 nm, the excitation slit was 10 nm, the
emission slit was 15 nm, and the scanning speed was 200 nm/
sec. The fluorescence emission spectra from 0 to 50 min of the
same generation of cells were recorded in the similar ways after
PMA treatment. The corresponding background spectra of cell-
free culture medium were subtracted.

High fluence LPLI and FRET imaging

ASTC-a-1 cells stably expressing CKAR reporter, with-
out serum deprivation, were irradiated with He-Ne laser
(632.8 nm, 40 mw) at fluence of 60 J/cm2 in the dark or treated
with 1 mM Gö 6983. The subsequent cell imaging and data
analysis were the same as LPLI.

Statistics analysis

Data from cell counts are expressed as means�SD of three
independent experiments. For statistical evaluation Student’s
paired t-test was used and significance was defined asP< 0.05.

RESULTS
Real-time monitoring of PKCs activation

induced by LPLI in single living cell

In order to study the dynamics of PKCs activation in
single living cell, we transfected and screened the ASTC-
a-1 cells stably expressing CKAR. The fluorescence
images of ASTC-a-1 cell stably expressing CKAR are
shown in Figure 1A (left column).

To monitor the effects of LPLI on PKCs activity in
living cells, ASTC-a-1 cells stably expressing CKAR
reporter were treated with LPLI (0.8 J/cm2). It has been
long known that growth factor depletion inhibits cell-
cycle and differentiation. The biostimulatory effects of
LPLI could be more pronounced in cells with a low
metabolic rate (Karu et al., 1995; reviewed in Karu,
1999). In this experiment, we used ASTC-a-1 cells that
were rendered quiescent by serum starvation for 24 h.
The real-time monitoring of PKCs activation was per-
formed on LSM microscope, and the CFP and YFP
emissions were imaged in Figure 1A. The baseline fluo-
rescence intensities had no changes (data not shown),
which are the same as that of control experiments in
Figure 1D. The emission increased in the CFP channel

but decreased in the YFP channel (Fig. 1A), which
implied that PKCs were activated. The activated PKCs
phosphorylated the substrate sequence of CKAR re-
porter and resulted in conformational change and
the decrease in FRET of the CKAR (Violin et al., 2003).
The Figure 1B was the quantification of fluorescence
intensities of two channels after LPLI treatment, which
showed the increased emission of CFP channel and the
decreased emission of YFP channel. Thus the ratio of
YFP/CFP emission or the FRET ratio decreased upon
activation of PKCs with LPLI (Fig. 1C). Note that the
data in Figure 1D was plotted as the ratio of YFP
emission (which decreases as FRET decreases) to CFP
emission (which increases as FRET decreases) and the
baseline FRET ratio didn’t change. The increase in
FRET ratio of the starved cells after the specific PKC
inhibitor Gö 6983 treatment was shown in Figure 1D,
opposite to the decrease of LPLI treatment. Treatment
of the cells with DMSO (vehicle for Gö 6983) could not
cause a change in FRET ratio (Fig. 1D). The increased
FRET ratio of the starved cells after Gö 6983 treatment
demonstrated that Gö 6983 further inhibited PKCs
activity (Fig. 1D). These results indicate that CKAR is a
specific reporter for PKCs activation (Violin et al., 2003;
Fig. 2) and that LPLI activate PKCs in living cells.

Real-time monitoring of PKCs activation after
PMA treatment in single living cell

To confirm the above results that PKCs could be
activated by LPLI in living cells, we investigated the
FRET changes of CKAR when ASTC-a-1 cells stably
expressing CKAR reporter were treated with PMA after
6 h of serum deprivation. The tumor-promoting pro-
perties of PMA exemplify the cellular consequences
of tipping the balance of cellular signals excessively
toward phosphorylation (Violin et al., 2003). PMA can
activate the PKC (Johnson et al., 2002), and the acti-
vated PKC will phosphorylate the substrate sequence
between CFP and YFP, which results in conformational
change and the decrease in FRET of the CKAR (Violin
et al., 2003). The fluorescence images of CFP and YFP
channels after PMA treatment were recorded (data not
shown). The CFP emission intensity increased, and the
YFP emission intensity decreased, thus the YFP/CFP
emission intensity, FRET ratio images, decreased
(Fig. 2A). The corresponding changes of CFP and YFP
fluorescence intensities and FRET ratio of CKAR of the
cells treated with PMA were consistent with that for
LPLI treatment (Fig. 2B and C). These results demon-
strated that the CKAR probe was phosphated when the
cells were treated with PMA or LPLI (0.8 J/cm2), which
indicated that PKCs were activated during the two
processes.

Spectrofluorometric analysis of PKCs activation
induced by both LPLI and PMA in living cells

In order to further demonstrate PKCs activation
induced by LPLI, we used a spectrometer to measure
the changes of FRET effects of CKAR in response to
LPLI and PMA treatment. ASTC-a-1 cells stably ex-
pressing CKAR reporter after 24 h of serum deprivation
were treated with LPLI (0.8 J/cm2) and PMA, res-
pectively. The emission spectra of the CKAR were
measured in living cells for control and LPLI/PMA
treatment (Fig. 3). After PMA treatment, the activated
PKCs phosphorylated CKAR and resulted in a decrease
in FRET, thus the emission peak of CFP (476 nm)
increased gradually, and the emission peak of YFP
(527 nm) decreased gradually (Fig. 3B). The same
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generation of cells was treated with LPLI (Fig. 3A) and
the results were consistent with that when the cells were
treated with PMA. These results demonstrated that
activated PKCs by PMA or LPLI phosphorylated CKAR

and resulted in the decrease of FRET, which were
consistent with the results from imaging study. These
data further indicate that the PKCs activity increases
during LPLI treatment.

Fig. 1. Dynamics of PKCs activity induced by LPLI in single living
cell. A: Fluorescence image series of CFP and YFP emission intensities
after LPLI treatment. The left column is the fluorescence image, and
the others are pseudocolor images. The cells were starved for 24 h and
then irradiated at fluence of 0.8 J/cm2 with He-Ne laser (632.8 nm, 5
mw). The fluorescence images of CFP and YFP channels excited by Ar-
Ion laser (458 nm) were recorded with LSM microscope and processed
with pseudocolor technique. B: Dynamics of YFP emission intensities

and CFP emission intensities corresponding to the images of YFP and
CFP in A. C: Dynamic FRET changes of CKAR representing the PKCs
activity according to the data in B. D: CKAR is a specific reporter for
PKCs activation. The cells were starved for 24 h and treated with the
specific PKC inhibitor Gö 6983 or treated with DMSO (vehicle for Gö
6983) after the baseline fluorescence of CFP and YFP emissions was
recorded. The FRET ratio was processed with the same method as C.
Results represent one of three replicates.
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Real-time monitoring of PKCs activation induced
by high fluence LPLI in single living cell

To monitor the effects of high fluence LPLI on PKCs
activation in living cell, ASTC-a-1 cells stably expres-
sing CKAR reporter were treated with high fluence
LPLI (60 J/cm2). We performed the real-time monitoring
of PKCs activation in single living cell on LSM micro-
scope. The results showed that the baseline fluorescence
intensities decreased a little (data not shown), which are
the same as that of control experiments in Figure 4C.
The fluorescence intensity of YFP increased and the
intensity of CFP decreased (Fig. 4A), thus the FRET
ratio increased (Fig. 4B). The FRET ratio of the health
cells after the specific PKC inhibitor Gö 6983 treatment,
a negative control, also increased (Fig. 4C). The baseline
FRET ratio decreased a little, implying that a portion of
PKCs in health cells were activated (Fig. 4C). These
results showed that the PKCs activity decreased when
the cells were treated with high fluence LPLI, which was
opposite to that of LPLI treatment. CKAR was success-
fully designed to be a specific, reversible reporter of
phosphorylation by PKCs and it could monitor the
ongoing balance between PKCs and phosphatases
(Violin et al., 2003). Therefore, the increase of FRET
ratio of CKAR may be due to the decrease of PKCs

activity and/or the increase of phosphatase activities in
living cells.

Effects of He-Ne laser irradiation at different
doses on serum-starved ASTC-a-1

cells proliferation

To further confirm the effects of laser irradiation on
the ASTC-a-1 cells, we used CCK-8 to observe the cell
viability after the cells were treated with different doses
of laser irradiation. In these experiments, cells were
irradiated with He-Ne laser (632.8 nm, 5 mw) at fluence
of 0, 0.5, 0.65, 0.8 J/cm2, respectively. After irradiation,
cells were cultured for 2 days and 5 days at 378C, 5% CO2

before using CCK-8 assay. Irradiated and control non-
irradiated cells were held in 1% serum-containing

Fig. 2. Dynamics of PKCs activity induced by PMA in single living
cell. A: Dynamic FRET ratio images of CKAR after PMA treatment.
The cells were starved for 6 h and then treated with PMA. The images
of fluorescence intensities (YFP/CFP) excited by Ar-Ion laser (458 nm)
were recorded with LSM microscope and processed with pseudocolor
technique. B: Dynamics of YFP emission intensities and CFP emission
intensities. C: Dynamic FRET changes of CKAR representing the
PKCs activity according to the data in B. Results represent one of
three replicates.

Fig. 3. Spectrofluorometric analysis of PKCs activation induced by
both PMA and LPLI in living cells. A: The emission spectra of CKAR
after 0, 30, and 50 min of LPLI treatment. ASTC-a-1 cells stably
expressing CKAR reporter were starved in DMEM for 24 h and then
irradiated with He-Ne laser (632.8 nm, 5 mw) at fluence of 0.8 J/cm2.
The cells were excited at the excitation wavelength of CFP
(434� 5 nm), resulting in a CFP emission peak (476 nm) and YFP
emission peak (528 nm) caused by FRET from CFP. And the
fluorescence emission spectra of YFP and CFP were obtained by per-
forming a spectrum scanning analysis of the luminescence spectro-
meter. B: The emission spectra of CKAR after 0, 30, and 50 min of
PMA treatment. The fluorescence emission spectra of CKAR of the
same generation of cells were recorded as in A after PMA treatment.
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medium throughout the whole experiment. The states of
proliferation of the irradiated and control non-irra-
diated cells were analyzed 2 days (Fig. 5A) and 5 days
(Fig. 5B) after LPLI treatment, respectively. OD450

absorbance value represented the number of live cells
and the cell proliferation. The results showed that the
effects of laser irradiation on proliferation of ASTC-a-1
cells were dose-dependent. Compared with non-irra-
diated controls, significant differences in cell prolifera-
tion were observed for different doses (Fig. 5). Both the
two results showed that LPLI promoted proliferation of
ASTC-a-1 cells, and that the fluence of 0.8 J/cm2

significantly stimulated ASTC-a-1 cells proliferation,
which were consistent with the above results that LPLI
(0.8 J/cm2) could activate PKCs.

DISCUSSION

Laser irradiation is regarded to have a significant role
in triggering cellular proliferation, differentiation, and

apoptosis in various cell types (Bibikova and Oron,
1993). However, the regulatory mechanisms have not
been clearly understood. PKCs are involved in various
functions, including the cellular proliferation and
apoptosis of many kinds of cells (Musashi et al., 2000;
Braun et al., 2005). To elucidate the contribution of laser
irradiation to the signal regulatory pathways of cell
proliferation and apoptosis, we studied the effects of
laser irradiation on Ca2þ-dependent PKCs activity. In
this study, we monitor for the first time the dynamics of
PKCs activation in living cells during cell proliferation
and apoptosis induced by laser irradiation. Our results
show that laser irradiation affects the ASTC-a-1 cell
proliferation or apoptosis by selectively activating or
inactivating PKCs, and that the effects of laser irradia-
tion on cellular physiology and PKCs activity dependent
on the dosage of laser irradiation. When the cells are
treated with LPLI (0.8 J/cm2), a typical dosage of low
fluence LPLI to induce the proliferation of ASTC-a-1
cells in our conditions (Fig. 5), both FRET imaging and
spectrofluorometric analysis show an increase in the
CFP emission and a corresponding decrease in the YFP
emission in living cell in real-time, consistent with a
decrease in FRET (Figs. 1 and 3). The results imply that
PKCs are activated by LPLI, and PKCs are involved in
the regulation of cell proliferation in these processes.
On the other hand, when the cells are treated with PMA,
the CKAR reporter behaves similarly (Fig. 2). Previous
studies have demonstrated that LPLI can transiently
increase the intracellular Ca2þ concentration by affect-
ing the Ca2þ transport of the plasmalemma (Breitbart
et al., 1996; Alexandratou et al., 2002). The increases of
Ca2þ concentration and DG in the cytoplasm in the
process of respiratory burst of neutrophils induced by
LPLI have been observed (Duan et al., 2001). Further-
more, PKCs could be activated by DG and/or regulated
by Ca2þ concentration (Braun et al., 2004). Taken
together, our data suggest that the effects of LPLI on
cell proliferation are partially dependent on the PKCs
activation.

LPLI activates PKCs, but high fluence LPLI inacti-
vates PKCs.

High fluence LPLI significantly inhibits cell viability
and induces its apoptosis (Gross and Jelkmann, 1990;
Lubart et al., 1992). With the SCAT-3 probe and FRET
technique, our previous study showed that caspase-3
was activated and involved in the subsequent apoptosis
induced by high fluence LPLI (Wang et al., 2005). The
caspase-3 is an important molecule in executing apop-
tosis (Thornberry and Lazebnik, 1998). CKAR has been
successfully designed to be a specific, reversible reporter

Fig. 4. Dynamics of PKCs activity induced by high fluence LPLI in
single living cell. A: Dynamics of YFP emission intensities and CFP
emission intensities. ASTC-a-1 cells stably expressing CKAR reporter
were cultured in DMEM-15% serum and then irradiated with He-Ne
laser (632.8 nm, 40 mw) at fluence of 60 J/cm2. Quantification of YFP
and CFP emission intensities excited by Ar-Ion laser (458 nm) were
recorded by performing on LSM microscope. B: Dynamic FRET
changes of CKAR representing the PKCs activity according to the data
in A. C: Dynamic FRET changes after Gö 6983 treatment. The cells
were cultured in DMEM-15% serum and treated with the specific PKC
inhibitor Gö 6983 after the baseline fluorescence of CFP and YFP
emissions with LSM was recorded. The FRET ratio was processed
with the same method as B. Results represent one of three replicates.

Fig. 5. Proliferation of ASTC-a-1 cells induced by LPLI. ASTC-a-
1 cells were seeded on 96-well microplates for 24 h in 1% serum-
containing medium and then irradiated with He-Ne laser (632.8 nm,
5 mw, spot diameter 0.635 cm) at fluence of 0, 0.5, 0.65, and 0.8 J/cm2,
respectively. Cell viability was assessed by the CCK-8 assay 2 days
(A) and 5 days (B) after the laser irradiation, respectively. Results
represent one of three replicates. *P< 0.05; **P< 0.01.
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of phosphorylation by PKCs and it could monitor the
ongoing balance between PKCs and phosphatases in
living cells (Violin et al., 2003). In our experiments,
when ASTC-a-1 cells stably expressing CKAR reporter
are treated with high fluence LPLI (60 J/cm2), a typical
dosage of high fluence LPLI to induce the activation of
caspase-3 and the apoptosis of ASTC-a-1 cells in our
previous study, the FRET imaging shows that the emis-
sion intensity in CFP channel decreases and the emis-
sion intensity in YFP channel increases (Fig. 4), which
are opposite to the FRET changes of LPLI treatment
(Fig. 1). The results imply that high fluence LPLI
inactivates PKCs activity. What will happen when the
irradiation fluence is between 0.8 J/cm2 and 60 J/cm2?
We suppose that the cells would proliferate if the
irradiation fluence is between 0.8 and 15 J/cm2. When
the dosage of laser irradiation exceeds 15 J/cm2, the
apoptosis has been observed (Wang et al., 2005; Fig. 1).
PKCs are involved in apoptosis of many types of cells
(Musashi et al., 2000; Braun et al., 2005). CKAR reporter
is sensitive to all isoforms of PKC family (Violin et al.,
2003). Therefore, based on our results, we speculate that
high fluence LPLI-mediated PKCs inactivation may be
due to the increase of phosphatases activities or other
mechanisms.

What is the possible mechanism by which LPLI
activates PKCs? One possibility is that tyrosine protein
kinases (TPKs)/phospholipase C (PLC)-gamma/PKCs
pathway mediate PKCs activation. The activation of
TPKs is related to the releases of NGF (nerve growth
factor) (Schwartz et al., 2002), PDGF (platelet-derived
growth factor) (Yu et al., 1994), and VEGF (vascular
endothelial growth factor) (Kipshidze et al., 2001) from
various cell types after LPLI treatment. It is known that
the acceptors of these cytokines belong to TPKs family.
It is possible that LPLI induces ligand-free dimerization
and activation of TPKs that are in the ‘‘right energetic
state’’ to accept the laser energy, leading to their auto-
phosphorylation and downstream effects (Karu, 1999;
Shefer et al., 2001). Activated TPKs can activate the
extracellular signal regulated protein kinase ERK1/2
(Shefer et al., 2001), promoting cell proliferation (Seko
et al., 1997; Khanna et al., 1999; Maruyama et al., 1999).
The catalytic activity of PLC-gamma could be stimu-
lated by TPKs (Palmier et al., 1999; Duan et al., 2001).
The activated PLC could catalyze the hydrolysis of some
phospholipids, and then increase the concentration of
DG and Ca2þ in the cytoplasm, which could function to
activate PKCs (Rhee and Choi, 1992; Rhee and Bae,
1997; Braun et al., 2005). Our speculation is that LPLI
activates PKCs through the pathway: TPKs/PLC-
gamma/PKCs. Nevertheless, one cannot rule out the
possibility that other mechanisms are associated with
the activation of PKCs. For instance, LPLI has been
demonstrated to increase the production of ROS and
sequential elevation of intracellular Ca2þ concentration
(Grossman et al., 1998; Lavi et al., 2003), which have
been shown to stimulate signal transduction pathways
and cell growth (reviewed in Behrend et al., 2003).
Recent studies have shown that high glucose increases
cellular ROS by activating PKCs, and then ROS may
activate PKCs thus provide signal amplification in cells
(Lee et al., 2004).

How are PKCs inhibited by high fluence LPLI? It has
been postulated that high fluence LPLI produces large
amounts of singlet oxygen (Lubart et al., 1990). Recent
studies have demonstrated that the elevation of intra-
cellular Ca2þ concentration following light irradiating
or addition of H2O2 is found to be dose-dependent in

the cardiac myocytes (Lavi et al., 2003). Other studies
indicate that the oxidative stress produced by singlet
oxygen rapidly disrupts epidermal growth factor re-
ceptor (EGFR)-mediated signaling by activating of
caspase-3 and phosphatases (Zhuang et al., 2003). It is
possible that the mitogenic tyrosine kinase signal could
be converted into an apoptotic response by recruiting
apical components of the caspase pathway to interact
with TPKs (Howard et al., 2003), and that the decreased
TPKs activity could inhibit PLC-gamma activation, and
then inactivate PKCs.

According to the above experimental data and the
related analysis, we summarize the signaling pathways
related to PKCs activation induced by laser irradiation
(Fig. 6).

In conclusion, this study demonstrates that PKCs
are involved in the regulation of cell proliferation and
apoptosis induced by laser irradiation. The importance
of these findings needs to be explored further. How PKCs
are activated and inhibited and how the activated PKCs
interact with other signal pathways need to be further
studied. Further experiments are in progress to verify
whether caspase-3 is related to the inactivity of PKCs by
high fluence LPLI as well as how ROS regulates the
PKCs activity.
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