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Abstract. Photodynamic therapy (PDT) is currently used in the treatment of brain tumors. However, not only
malignant cells but also neighboring normal neurons and glial cells are damaged during PDT. In order to study
the potential role of transcription factors—nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB),
activator protein (AP-1), and signal transducer and activator of transcription-3 (STAT-3)—in photodynamic injury
of normal neurons and glia, we photosensitized the isolated crayfish mechanoreceptor consisting of a single
sensory neuron enveloped by glial cells. Application of different inhibitors and activators showed that transcrip-
tion factors NF-κB (inhibitors caffeic acid phenethyl ester and parthenolide, activator betulinic acid), AP-1 (inhibi-
tor SR11302), and STAT-3 (inhibitors stattic and cucurbitacine) influenced PDT-induced death and survival of
neurons and glial cells in different ways. These experiments indicated involvement of NF-κB in PDT-induced
necrosis of neurons and apoptosis of glial cells. However, in glial cells, it played the antinecrotic role. AP-1 was
not involved in PDT-induced necrosis of neurons and glia, but mediated glial apoptosis. STAT-3 was involved in
PDT-induced apoptosis of glial cells and necrosis of neurons and glia. Therefore, signaling pathways that regu-
late cell death and survival in neurons and glial cells are different. Using various inhibitors or activators of tran-
scription factors, one can differently influence the sensitivity and resistance of neurons and glial cells to PDT. ©
2015 Society of Photo-Optical Instrumentation Engineers (SPIE) [DOI: 10.1117/1.JBO.20.7.075004]
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1 Introduction
In photodynamic therapy (PDT), the energy of photoexcitation
is transferred from the photosensitizer molecules, which stain
cells and tissues, to oxygen and transforms it to a highly toxic
singlet state. This leads to oxidative stress and cell death.1–3 PDT
is currently used in neuro-oncology for the treatment of brain
tumors.4–9 However, not only malignant cells but also neighbor-
ing normal neuronal and glial cells are damaged during PDT.
Therefore, it is of importance to study the mechanisms of photo-
dynamic injury of normal neurons and glia.

PDT-induced cell death is controlled by the complex signal
transduction system.2,3,10–12 Signal proteins successively activate
each other and different executive proteins by covalent modifi-
cations, such as phosphorylation or limited proteolysis. The next
regulation level is initiated when the number of present signal-
ing and executive proteins is insufficient. In this case, transcrip-
tion factors initiate gene expression and the production of
additional protein molecules.

Transcription factors—nuclear factor kappa-light-chain-
enhancer of activated B cells (NF-κB),13–16 activator protein 1
(AP-1),17 and signal transducer and activator of transcription-3

(STAT-3)18—regulate various physiological processes such
as cell responses to environmental stimuli including oxidative
stress, differentiation, proliferation, or apoptosis. NF-κB is
known as a redox-activated transcription factor.15,16 In various
cells including neurons, it is inactive and does not require new
protein synthesis for activation.14 AP-1 is a dimer composed of
subunits belonging to the Jun and Fos families. Photodynamic
treatment has been reported to activate NF-κB19–23 and AP-124,25

and stimulate their translocation into the nucleus, where they
initiate gene expression. STAT-3 is a component of the Janus
kinase (Jak)/STAT signaling pathway. Upon the binding of
growth factors to their receptors, Jak phosphorylates its own
and receptor’s tyrosines. After recruitment by phosphotyrosines,
STAT-3 is phosphorylated and forms dimers, which are translo-
cated into the nucleus and regulate gene expression.26 However,
the role of these transcription factors in PDT-induced injury of
nerve and glial cells has not been studied yet.

In the mammalian brain, numerous neurons are intercon-
nected with hundreds of other neurons. The number of glial
cells is 10 times higher than the number of neurons. It is very
difficult to identify neuronal and glial cells in the brain and study
the processes of interest in individual neurons and glial cells.
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Such studies provide usually averaged results. It is reasonable to
study the simpler nervous systems of invertebrates. In order to
explore the involvement of various transcription factors in PDT-
induced death of neurons and glia, we used a simple but inform-
ative model object—isolated crayfish stretch receptor, in which
a single mechanoreceptor neuron (MRN) is surrounded by sat-
ellite glial cells so that the neuroglial interactions are exactly
indentified.27 This neuron maintains regular firing during 8 to
10 h. PDT inactivates this neuron and induces its necrosis as
well as necrosis and apoptosis of surrounding glial cells. The
involvement of diverse signaling processes in responses of
this neuron and glial cells to photodynamic impact has been
thoroughly studied.28–33

In the present study, we used various inhibitors and activators
of NF-κB, AP-1, and STAT-3 to explore their potential involve-
ment in PDT-induced inactivation, necrosis, and apoptosis of
neurons and glial cells.

2 Materials and Methods
The activator of NF-κB BA, NF-κB inhibitor caffeic acid phe-
nethyl ester (CAPE), AP-1 inhibitor SR11302, STAT-3 inhibitors
stattic (6-Nitrobenzo[b]thiophene-1,1-dioxide) and cucurbitacin
I hydrate, fluorochromes propidium iodide and Hoechst 33342
was supplied by Sigma-Aldrich-Rus (Moscow). Another NF-
κB inhibitor, parthenolide (sesquiterpene lactone), was obtained
from Alomone Labs (Israel). The photosensitizer Photosens, a
mixture of sulphonated aluminum phthalocyanines, AlPcSn
(mean n ¼ 3.1) was produced by the institute NIOPIK
(Moscow, Russia).

The abdominal stretch receptors of the crayfish Astacus lep-
todactylus (Fig. 1) were isolated as described previously.28,29

The crayfishes from Don river were purchased on the local mar-
ket. The animal care protocol corresponded to the institutional
guidelines in the Academy of Biology and Biotechnology of the
Southern Federal University. All experimental procedures were
performed according to the European Union guidelines 86/609/
ЕЕС for the use of experimental animals and local legislation for
ethics of experiments on animals. The isolated stretch receptors
were placed into a plexiglass chamber equipped with a device
for receptor muscle extension and filled with 2 ml of van
Harreveld saline (mM: NaCl─205, KCl─5.4, NaHCO3─0.2,

CaCl2─13.5, MgCl2─5.4, pH 7.2 to 7.4). Neuron spikes were
recorded extracellularly from axons by the glass pipette suction
electrodes, amplified, digitized by the analog–digital converter
L-761 (L-Card, Moscow, Russia), and processed by a personal
computer using home-made software that provided continuous
monitoring of firing. Experiments were carried out at 24� 4°C.

At the beginning of the experiment, the initial level of neuro-
nal activity was set near 6 to 10 Hz by application of the appro-
priate receptor muscle extension. After the recording of 30-min
firing, sulphonated alumophthalocyanine Photosens (50 nM)
and the modulator of a studied transcription factor were added
into the chamber with an interval of 3 to 5 min. Following 30-
min incubation, cells were irradiated for 30 min with the diode
laser (NII “Polus,”Moscow, Russia; 670 nm, 0.4 W∕cm2). This
regime of photodynamic treatment of the isolated crayfish
stretch receptor has been used in our previous studies.31–33

The concentrations of drugs used for inhibitor/activator analysis
were determined in the preliminary experiments so that the dura-
tions of MRN firing in dark were about 2 to 3 h (Table 1), i.e.,
these drugs influenced the neuron but did not disturb its activity
so strongly as the photodynamic effect (10 to 30 min). The
halves of these concentrations were used in further experiments.

In order to visualize dead neurons and glial cells, 20-μM pro-
pidium iodide and 10 to 20 μM Hoechst 33342 were added into
the experimental chamber 8 h after the irradiation (the interval
necessary for apoptosis development). Then the preparations
were washed with saline, fixed with 0.2% glutaraldehyde, repeat-
edly washed, and mounted in glycerol. Fluorescent images were
acquired using the fluorescence microscopes Lumam-I3 (LOMO,
Sankt-Petersburg, Russia) or Nikon Eclipse FN1 (Japan).
Propidium iodide, a membrane impermeable fluorochrome,
imparts red fluorescence to nuclei of necrotic cells with a com-
promised plasmamembrane. Hoechst 33342 imparts blue fluores-
cence to the nuclear chromatin. It visualizes intact nuclei of living
cells and fragmented nuclei of apoptotic cells (Fig. 2). Red nuclei
of necrotic cells stained by propidium iodide were counted in
the predetermined standard field (100 μm × 100 μm) around
the soma of the sensory receptor neuron so that the neuron
nucleus was situated in its center. Fragmented nuclei of apoptotic
glial cells were counted around the proximal 2-mm axon frag-
ment where glial apoptosis was most profound. One way analysis

Fig. 1 Slowly adapting abdominal stretch receptor of a crayfish. (a) Brightfield microphotograph.
Fluorescent images of the stretch receptor (b) and the fragment of its axon (c) fluorochromed with
Hoechst 33342 (blue fluorescence of the cellular nuclei) and propidium iodide (red fluorescence of nuclei
of necrotic cells). (d) Scheme of this preparation. Mechanoreceptor neuron surrounded by glial cells is
attached to the receptor muscle (RM). Its axon and dendrites are filled with numerous microtubules (MT).
Dendrite endings are ramified between muscle fibers and contact with their membranes. N, nucleus; Nl,
nucleolus; Aff.Ax, afferent axons. Scale bar 50 μm (adapted from Ref. 27).
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of variance (ANOVA) was used for statistical evaluation of the
difference between experimental groups. Data are presented
as Mean� standard error of the mean.

3 Results
After stretch receptor isolation, the MRN fired 6 to 8 h in dark-
ness until irreversible cessation of its activity. Necrosis of
isolated MRN and satellite glial cells and glial apoptosis at
that time were insignificant [Figs. 3(a)–8(a)]. The nuclear frag-
mentation characteristic for apoptosis was never observed in
MRN.28–33 Possibly, as in many adult vertebrate neurons,34

apoptosis of MRN is intrinsically blocked28,29 in order to pre-
vent an occasional loss of functions important for the whole
organism.

As in previous experiments,28–33 neither Photosens at a con-
centration <10 μM nor laser radiation changed neuronal activity
and survival by themselves. However, their combined action,
i.e., PDT markedly shortened the duration of neuronal activity

and induced necrosis of neurons [Figs. 3(b)–8(b)] and glial cells
[Figs. 3(d)–8(d)] and apoptosis of glial cells [Figs. 3(c)–8(c)].

3.1 NF-κB

PDT-induced necrosis of neurons increased by 41% [p < 0.05;
Fig. 3(b)] in the presence of NF-κB activator BA, whereas

Table 1 The effects of the drugs used in the present paper on dura-
tion of firing of isolated crayfish stretch receptor in darkness. The drug
concentrations further used in the experiments are bold.
Mean� standard error of the mean.

Substance Concentration (μM) Firing duration (min)

Betulinic acid 2 359� 54

5 179� 38

10 122� 27

SR11302 2.5 248� 33

5 195� 35

10 116� 27

CAPE 10 446� 21

30 202� 36

Parthenolide 10 382� 52

20 234� 43

50 113� 28

Stattic 0.2 320� 34

0.5 217� 41

1 142� 18

2 95� 27

Cucurbitacin 0.01 364� 63

0.05 218� 28

0.1 197� 79

0.2 130� 26

0.5 157� 17

1 123� 39

Note: CAPE, caffeic acid phenethyl ester.

Fig. 2 Photodynamic theraphy-induced death of neurons and glial
cells in the crayfish stretch receptor. (a) Fluorescence of the control
preparation. Nuclei of living cells are blue; (b) fluorescence of the pho-
tosensitized preparation. Necrotic nuclei of the mechanoreceptor neu-
ron (N) and satellite glial cells stained with propidium iodide fluoresce
in red; (c) the fragment of axon (Ax) of the photosensitized neuron
surrounded by glial cells. Fragmented glial nuclei (arrowheads)
belong to apoptotic cells. RM, receptor muscle. Scale bar 30 μm.
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inhibition of NF-κB by CAPE or parthenolide significantly
reduced neuronal necrosis by 43% and 33%, respectively
[p < 0.05; Figs. 4(b) and 5(b)]. This indicated involvement of
NF-κB in PDT-induced necrosis of MRN. By contrast, in glial
cells, PDT-induced necrosis was reduced by 35% (p < 0.05)

under NF-κB activation by BA, but it increased by 43%
(p < 0.01) when NF-κB was inhibited by parthenolide
[Figs. 3(d) and 5(d)]. CAPE was ineffective. Therefore, unlike
neurons, NF-κB mediated protection of glial cells from PDT-
induced necrosis. The level of PDT-induced apoptosis of glial

Fig. 3 Effects of the activator of nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB),
betulinic acid (BA, 5 μM), on (a) firing duration; necrosis of (b) neurons, (c) glial apoptosis, and (d) glial
cells. Significant difference from the indicated bar: �p < 0.05.

Fig. 4 Effects of the inhibitor of NF-κB, caffeic acid phenethyl ester (CAPE, 30 μM), on (a) firing duration,
necrosis of (b) neurons, (c) glial apoptosis, and (d) glial cells. Significant difference from the indicated bar:
�p < 0.05.
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cells increased twofold (p < 0.05) when NF-κB was activated
by BA [Fig. 3(c)], but decreased 2.1 fold in the presence of
NF-κB inhibitor CAPE [Fig. 4(c)]. Another NF-κB inhibitor,
parthenolide, was ineffective [Fig. 5(c)]. All of this indicated
the involvement of NF-κB in PDT-induced apoptosis of glial
cells.

3.2 Activator Protein-1

Inhibition of AP-1 by SR11302 (10 μM) did not significantly
influence the PDT-induced shortening of neuronal activity
and necrosis of neurons and glial cells [Figs. 6(a), 6(b), and
6(d)]. However, the level of PDT-induced apoptosis of glial
cells decreased by 64% in the presence of SR11302 [p < 0.05;
Fig. 6(c)] indicating the involvement of AP-1 in PDT-induced
apoptosis of glial cells.

3.3 STAT-3

The levels of PDT-induced necrosis of neurons and glial cells
decreased 4.6 and 1.8 fold, respectively, under inhibition of
STAT-3 by 1 μM stattic [p < 0.001 and p < 0.01; Figs. 7(b)
and 7(d)]. Likewise, PDT-induced apoptosis of glial cells was
reduced 3.3 fold in the presence of stattic [p < 0.05; Fig. 7(c)].
Another inhibitor of STAT-3 cucurbitacin (50 nM) was less effi-
cient. It did not influence PDT-induced necrosis of neurons and
glial cells [Figs. 8(b) and 8(d)]. However, it prevented PDT-
induced apoptosis of glial cells [Fig. 8(c)]. It is of interest
that stattic shortened the duration of neuronal activity by 60%
[p < 0.05; Fig. 7(a)].

4 Discussion
The present data summarized in Table 2 showed that modulators
of all studied transcription factors: NF-κB, AP-1, and STAT-3

differently influenced PDT-induced death of neurons and glial
cells.

These data indicate the involvement of NF-κB in PDT-
induced necrosis of crayfish MRNs and apoptosis of satellite
glial cells. At the same time, NF-κB showed the antinecrotic
activity in glial cells. Therefore, signaling pathways that control
cell death in crayfish neurons and glial cells differed.

NF-κB is ubiquitously expressed in all cell types in the nerv-
ous system: neurons, astrocytes, oligodendrocytes, Schwann
cells, and microglia. It acts as a central integrator of stress
responses and cell survival pathways. Its dual roles in survival
and death of neurons and glial cells, protective or destructive,
depend on types, developmental stages of cells, and pathological
conditions. Being activated by diverse stimuli (more than 150),
NF-κB regulates expression of a broad array of target genes
(over 150) involved in cell death or survival.35–39 The list of pro-
survival proteins upregulated by NF-κB includes antiapoptotic
protein Bcl-2, Mn-superoxide dismutase, inhibitor of apoptosis
(IAP), survivin, Ca2þ∕calmodulin-dependent protein kinase II
(CamKII), etc. At the same time, NF-κB promotes expression of
proapoptotic proteins such as p53, Bcl-Xs, Bax, c-Myc, induc-
ible nitric oxide synthase (iNOS), etc.38,39

There are a number of reports in the literature on the involve-
ment of NF-κB in apoptosis of glial cells under stress conditions.
Vollgraf et al.40 have reported the involvement of NF-κB in apop-
tosis of cultured rat brain oligodendrocytes induced by H2O2-
mediated oxidative stress.40 Ischemic/reperfusion injury of the
mouse brain has been shown to be associated with NF-κB
activation, following overexpression of p53, proapoptotic pro-
teins—Bax and caspase-3, and down-regulation of antiapoptotic
protein Bcl-2.41 NF-κB and Ca2þ-dependent enzymes, calpain
and calcineurin, were involved in reperfusion-induced apoptosis
of astrocytes.42

Fig. 5 Effects of the inhibitor of NF-κB, parthenolide (Parth, 20 μM), on (a) firing duration, necrosis of
(b) neurons, (c) glial apoptosis and (d) glial cells. Significant difference from the indicated bar: �p < 0.05;
�� p < 0.01.
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PDT has been reported to activate NF-κB in various cell
lines19–22 and facilitate its binding to DNA.22 PDT-induced acti-
vation of NF-κB caused apoptosis of cultured cancer cells.21 The
present proapoptotic effect of NF-κB on photosensitized cray-
fish glial cells is in line with these findings. This effect could be

mediated by iNOS-produced NO and protein kinase G, which
also mediated PDT-induced apoptosis of crayfish glial cells:33

PDT→NF-κB→ iNOS→NO→ protein kinase G → apoptosis.
It should be mentioned that in glioblastoma cells, PDT inhibited
or down-regulated NF-κB.43,44

Fig. 7 Effects of STAT-3 inhibitor stattic (1 μM) on (a) firing duration, necrosis of (b) neurons, (c) glial
apoptosis, and (d) glial cells. Significant difference from the indicated bar: �p < 0.05; �� p < 0.01.

Fig. 6 Effects of activator protein-1 inhibitor SR11302 (10 μM), on (a) firing duration, necrosis of (b) neu-
rons, (c) glial apoptosis and (d) glial cells. Significant difference from the indicated bar: �p < 0.05;
�� p < 0.01.
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The role of NF-κB in necrosis of neurons and glial cells is
less studied compared to apoptosis. As shown earlier, exog-
enous neurotrophic factors, NGF and GDNF, protected crayfish
glial cells against PDT-induced necrosis.45,46 Similarly, the path-
way GDNF/ERK/NF-kB has been shown to mediate the protec-
tion of brain astrocytes against ischemia-induced death.47 The

observed pronecrotic activity of NF-kB in photosensitized cray-
fish neurons could be mediated by signaling proteins, such as
adenylate cyclase,30 calmodulin and CamKII,30 or protein kinase
B/Akt,32 which were similarly involved in PDT-induced
necrosis of this neuron. As recently reported, the dysfunction
of Hsp70.1 leads to activation of NF-κB signaling and necrosis
of neurons.48

Transcription factor AP-1, like NF-κB, is activated at the
early stages of the cell response to stress. Its inhibition by
SR11302 in our experiments reduced PDT-induced apoptosis of
glial cells but did not influence necrosis of neurons and glia.
This indicated involvement of AP-1 in PDT-induced glial apop-
tosis but not in necrotic processes in neurons and glia. This is in
agreement with the proapoptotic role of AP-1 in rat oligoden-
drocytes subjected to hydrogen peroxide-mediated oxidative
stress.40 Photodynamic treatment caused strong and prolonged
activation of AP-1 in the epithelial cell line HeLa24,25 and squ-
amous cell carcinoma cell line A-431.49

The present work indicated involvement of transcription fac-
tor STAT-3 in apoptosis of crayfish glial cells and in necrosis of
MRN and satellite glia. There are very little data on the role of
the signaling pathway Jak/STAT in photodynamic cell injury in
the literature. PDT has been shown to induce crosslinking of
STAT-3 protein in epithelial cells.50 Solár et al.51 showed that
erythropoietin-stimulated Jak2/STAT pathway increased the
resistance of ovarian cancer cells to photodynamic injury.
These results are not in agreement with our data. The molecular
mechanism of STAT-3 involvement in PDT-induced death of
neurons and glial cells remains to be studied in the future.

Thus, transcription factors—NF-κB, AP-1, and STAT-3—
influenced PDT-induced death and survival of crayfish MRNs
and satellite glial cells. Nuclear transcription factor, NF-κB,
was involved in PDT-induced necrosis of neurons and apoptosis
of glial cells. At the same time, NF-κB played the antinecrotic
role in glial cells. AP-1 did not influence PDT-induced necrosis
of neurons and glia but mediated glial apoptosis. Signal

Fig. 8 Effects of STAT-3 inhibitor cucurbitacin (50 nM), on (a) firing duration, necrosis of (b) neurons,
(c) glial apoptosis and (d) glial cells. Significant difference from the indicated bar: �p < 0.05.

Table 2 The summary data on the effects of modulators of transcrip-
tion factors—nuclear factor kappa-light-chain-enhancer of activated B
cells (NF-κb), activator protein-1 (AP-1), and signal transducer and
activator of transcription-3 (STAT-3)—on PDT-induced abolition of
neuronal activity, necrosis of neurons and glial cells and glial apop-
tosis. ↓, significant decrease (p < 0.05); ↑, significant increase
(p < 0.05); −, absence of effects (p > 0.05).

Modulator

Modulator
concentration

Firing
duration

Neuron
necrosis

Glia
necrosis

Glia
apoptosis

NF-κB

Betulinic acid
(activator)

5 μM − ↑ ↓ ↑

CAPE
(inhibitor)

30 μM − ↓ − ↓

Parthenolide
(inhibitor)

20 μM − ↓ ↑ −

AP-1

SR11302
(Inhibitor)

10 μM − − − ↓

STAT-3

Stattic
(Inhibitor)

1 μM ↓ ↓ ↓ ↓

Cucurbitacine
(inhibitor)

50 nM − − − ↓

Note: CAPE, caffeic acid phenethyl ester.
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transducer and activator of transcription STAT-3 participated in
PDT-induced necrosis of neurons and glial cells as well as in
apoptosis of glial cells. The signaling pathways that regulate
cell death and survival in crayfish neurons and glial cells are
different. Using different inhibitors or activators of the studied
transcription factors, one can differently influence the sensitivity
and resistance of neurons and glial cells to PDT.
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