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Abstract Photodynamic treatment that causes intense
oxidative stress and cell death is currently used in neuro-
oncology. However, along with tumor cells, it may damage
healthy neurons and glia. In order to study photodynamic
effect on normal nerve and glial cells, we used crayfish
stretch receptor, a simple system consisting of only two
identified sensory neurons surrounded by glial cells.
Photodynamic treatment induced firing abolition and
necrosis of neurons as well as necrosis and apoptosis of
glial cells. Nerve growth factor but not brain-derived
neurotrophic factor or epidermal growth factor protected
glial cells but not neurons from photoinduced necrosis and
apoptosis. Inhibitors of tyrosine kinases or protein kinase
JNK eliminated anti-apoptotic effect of nerve growth factor
in photosensitized glial cells but not neurons. Therefore,
these signaling proteins were involved in the anti-apoptotic
activity of nerve growth factor. These data indicate the
possible presence of receptors capable of recognizing
murine nerve growth factor in crayfish glial cells. Thus,
intercellular signaling mediated by nerve-growth-factor-like
neurotrophin, receptor tyrosine kinase, and JNK may be
involved in crayfish glia protection from apoptosis induced
by photodynamic treatment.
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Abbreviations

BDNF  brain-derived neurotrophic factor
EGF epidermis growth factor

INK c-Jun terminal kinase

MAPK mitogen-activated protein kinase
NGF nerve growth factor

PDT photodynamic therapy

SGC satellite glial cell

SN stretch receptor neuron

Photodynamic therapy (PDT) is based on generation of
highly toxic singlet oxygen by photosensitizing dye
molecules upon light exposure in the presence of oxygen.
It induces intense oxidative stress followed by death of
stained cells. PDT is currently used for cancer treatment
(Almeida et al. 2004; Brown et al. 2004; Castano et al.
2005). It is proposed as a promising adjuvant method for
treatment of brain tumors, specifically gliomas resistant to
radiation and chemotherapy (Eljamel 2004; Stylli and Kaye
2006). Comprehensive experimental studies should precede
its neurooncological application. PDT effect on cultured
glioma cells (Jiang et al. 2002; Hu et al. 2007) or spheroids
(Madsen et al. 2003) has been reported. However, PDT
may also injure normal neurons and glial cells surrounding
the tumor. Unlike other tissues, the damage of even a small
group of neurons may be critical for brain functions.
Enhancement of tumor damage along with simultaneous
protection of normal neurons and glia would be ideal for
such treatment. Photodynamic injury of normal neurons and
glial cells in their natural environment where they interact
with other neuronal and glial cells as well as signal
transduction processes involved in cell protection and death
are not sufficiently studied yet.
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It should be taken into account that in stressful
situations, neurons and surrounding glial cells tightly
interact and support survival of each other. Neuron
injury may induce death of surrounding glial cells
(Kopp et al. 1997; Kolosov and Uzdensky 2006). In
turn, glia destruction may suppress neuronal functions and
induce death of neurons. Neuroglial interactions are
mediated by neurotrophic factors and neuregulins. More-
over, injured neurons may signal glial cells to increase
production of neurotrophins for maintaining their survival
(Du and Dreyfus 2002; Pellitteri et al. 2006). Nerve
growth factor (NGF) and brain-derived neurotrophic factor
(BDNF) are among the most important neurotrophic
factors in the vertebrate nervous system (Sofroniew et al.
2001; Binder and Scharfman 2004; Reichardt 2006).

Neuroglial interactions are preferably studied on a
simple nervous system, where neurons and glial cells
naturally communicate and may be easily identified. We
have used the crayfish abdominal stretch receptor, a
simple model preparation (Fig. 1), which consists of only
two identified sensory neurons (SN) enwrapped by
satellite glial cells (SGC), for study of neuroglial inter-
actions under photodynamic injury (Uzdensky et al. 2005,
2007, Uzdensky 2008; Kolosov and Uzdensky 2006). The
glial envelope of sensory neurons looks like a multilayer
Schwann cell envelope in vertebrates but glial layers are
less dense than myelin and contain cytoplasm with
organelles. Unlike cell culture, even mixed, in this

Figure 1 Crayfish stretch re-
ceptor. The preparation was
double-stained with
cell-impermeable propidium
iodide that imparts red fluores-
cence to the nuclei of necrotic
cells with the compromised
plasma membrane and with
Hoechst-33342 that imparts
blue-green fluorescence to the
chromatin of all cellular nuclei.
Inset the bright-field
microphotograph. Ax axon, CT
connective tissue, D dendrite, g/
glial envelope, n nucleus, RM
receptor muscle, SN/ and SN2
slowly and rapidly adapting
mechanoreceptor neurons.
Circle and rectangle the areas,
in which necrotic and apoptotic
nuclei are counted, respectively.
Objective x10

preparation, the natural neuroglial interactions are pre-
served. SN has been shown to protect surrounding glial
cells from PDT-induced apoptosis (Kolosov and Uzdensky
2006). One can suggest that glia protection was mediated
by some unidentified gliatrophic factors secreted by SN
and recognized by SGC receptors.

The important aspect of the present research concerns the
evolution of the intercellular signaling in the animal nervous
system. The evolutionary emergence of neurotrophic signal-
ing has been hypothesized to play a key role in the significant
increase in the number of neurons and formation of the
complex brain in higher organisms (Barde 1994; McKay et al.
1999; Jarro et al. 2001; Jarro and Fainzilber 2006). The
evolution stage when neurotrophins have emerged is
unknown. It is also unknown, whether different inverte-
brates, in particular crayfish, have neurotrophins. The
neurotrophic signaling has not been found yet in the most
of invertebrates. For example, the careful genome inspection
showed that fly Drosophila and nematode C. elegans lack
neurotrophins and their receptors (Hidalgo et al. 2006). On
the other hand, analogs of neurotrophic factors or their
receptors have been discovered in earthworm Esenia foetida
(Davoli et al. 2002) and mollusks Lymnaea stagnalis
(Fainzilber et al. 1996; Beck et al. 2004) and Aplysia
californica (Ormond et al. 2004). The discovery and
identification of neurotrophic signaling in invertebrates is a
big and very complicated task. It would be rational to
perform such investigation after receiving of indirect
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indications on the presence of neurotrophic signaling in
various invertebrate species. Because of the lack of the
information on neurotrophic signaling in the most of
invertebrates and the absence of commercially available
invertebrate neurotrophins and antibodies to them and their
receptors, the information on the effects of vertebrate
neurotrophic factors on invertebrate neuronal and glial cells
is of importance.

In order to study this problem, we photosensitized
isolated crayfish stretch receptor in the presence of nerve
growth factor (NGF), or brain-derived neurotrophic factor
(BDNF), or epidermal growth factor (EGF). The latter was
used as a control for non-specific interactions. Using
specific inhibitors, we also explored the possible role of
different signaling pathways including tyrosine kinases,
JNK and p38 mitogen-activated protein kinases (MAPK) in
PDT-induced death of crayfish neurons and glial cells.

Materials and Methods
Chemicals

The following growth factors were used: mouse nerve
growth factor NGF 7S (Alomone Labs, Israel), 100 ng/ml;
recombinant human-brain-derived neurotrophic factor
BDNF (Cytolab/Peprotech Asia, Israel), 1 ng/ml; recombi-
nant human epidermal growth factor EGF, 100 ng/ml
(Sigma-Aldrich). Photosensitizer Photosens, a mixture of
sulfonated aluminum phthalocyanines, AlPcS,,, where n=
3.1, was obtained from NIOPIK (Moscow, Russia).
Propidium iodide and Hoechst 33342 were obtained from
Chimmed (Moscow, Russia). Genistein, inhibitor of tyro-
sine kinases; SP600125 and SB202190, specific inhibitors
of JNK (Han et al. 2001) and p38 (Davies et al. 2000),
respectively, were purchased from SaflLab (the Moscow
representative of Sigma-Aldrich Co).

Stretch Receptor Preparation and Recording of its Neuronal
Activity

Crayfishes, Astacus leptodactylus, both male and female,
were purchased at the local market. They were normally
two years old. The body size was about 8—10 cm. Their
stretch receptors (Fig. 1) were isolated according to
Wiersma et al. (1953). Then these were placed into a
Plexiglas chamber equipped with a device for receptor
muscle extension, and filled with 2 ml of van Harreveld
saline (mM: NaCl—205; KCl—5.4; NaHCO;—0.2;
CaCl,—13.5; MgCl,—5.4; pH 7.2-7.4). Neuronal spikes
were recorded extracellularly from axons by a glass
pipette suction electrode, amplified (the amplifier UU-90,
Institute of Experimental Medicine, Saint-Petersburg,
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Russia), digitized by the analog—digital converter L-761
(L-Card, Moscow, Russia), and processed by a personal
computer using the home-made software that provided
continuous monitoring of a firing frequency level. The
irreversibility of firing abolition was estimated at 20—
30 min after firing cessation by the loss of neuron
responsiveness to receptor muscle stretching. Experiments
were carried out at 23+4°C.

Fluorescence-Microscopic Study of Cell Death

In order to reveal death of SN and SGC, 20 uM
propidium iodide and 10-20 uM Hoechst 33342 were
added to the experimental chamber 8 h after firing
abolition, an interval sufficient for development of
apoptosis (Uzdensky et al. 2005, 2007). Then, prepara-
tions were washed with van Harreveld saline, fixed with
0.2% glutaraldehyde, repeatedly washed, and mounted in
glycerol. Fluorescent images were acquired using the
fluorescence microscope Lumam-I13 (LOMO, Sank-
Petersburg, Russia) equipped with a digital photocamera.
Propidium iodide, a membrane impermeable fluoro-
chrome, reveals necrotic cells: it imparts red fluorescence
to the nuclei of cells with the compromised plasma
membrane. Pink, lilac, or white nuclei seen in Figs. 1
and 2 are also considered to belonged to necrotic cells
with different stages of the plasma membrane injury.
Hoechst 33342 imparts blue (cyan) fluorescence to the
nuclear chromatin. It visualizes intact nuclei of living cells
and fragmented nuclei of apoptotic cells. Nucleus frag-
mentation is the final stage of the apoptotic process where
the return point has passed. Blue or red fragmented nuclei
in Figs. 1 and 2 belong to apoptotic cells, in which
apoptosis has finished and the plasma membrane either
remained whole or was damaged (secondary necrosis
after primary apoptosis). It should be mentioned that
other methods for apoptosis assay, which require
cytoplasm or plasma membrane observation (such as
caspase activation, cytochrome c release, or annexin V
assay), are not suitable for study of glial cells enclosing
neurons because of their complex morphology. In fact, the
glial envelope consists of ten to 30 layers that enwrap the
neuron and form a roulette-like structure (Mashansky et al.
1974), in which various layers may belong to different
glial cells: alive, necrotic, or apoptotic. Their optical
images overlap, and the cytoplasm or the plasma mem-
branes of these cells cannot be discernible using optical
microscopy.

Photodynamic Treatment

At the beginning of each experiment, the initial level of
SN firing was set at 6-10 Hz by application of the
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Figure 2 The nuclear morphol-
ogy of the control (a and b) and
photosensitized (c—f) stretch
receptor neuron and satellite
glial cells in the absence

(a, ¢, and e) or presence

(b, d, and f) of 100 ng/ml nerve
growth factor. Within 8 h after
photodynamic treatment and
abolition of neuron activity, the
preparation was double-stained
with cell-impermeable
propidium iodide that imparts
the red fluorescence to nuclei of
necrotic cells with the
compromised plasma membrane
and Hoechst 33342 that
fluorochromes undamaged alive
and fragmented apoptotic nuclei
in blue-green. e and f show
fragmented apoptotic nuclei of
satellite glial cells surrounding
the proximal axon regions pho-
tosensitized in the absence or in
the presence of NGF, respec-
tively. Arrowheads on a—d indi-
cate the neuron nuclei; arrows
on ¢ and e fragmented nuclei of
apoptotic glial cells. Scale bar
on ¢ corresponds to 20 um for
a—d, and that on e to 25 pum for
e and f. Objective x40

appropriate receptor muscle extension. After a 30-min
control recording of SN activity, Photosens (10~’ M) and
neurotrophic factors and/or inhibitors were added into the
chamber with an interval of 3—5 min. After the 30-min
incubation, cells were irradiated with the 670-nm laser
diode (“Polus”, Moscow, Russia). The laser beam diam-
eter was 3 mm, so that the neuronal soma and a major part
of the axon were irradiated. The saline layer above the cell
in the experimental chamber was no more than 1 mm
deep, thus, beam attenuation was negligible. The radiant
power was measured by the laser dosimeter IMO-2N
(‘Etalon’, Volgograd, Russia). The fluence rate was
maintained at 0.4 W/cm? in all experiments. The irradia-
tion exposure was 30 min. It was longer than the duration
of bioelectric neuronal response measured from the
irradiation start to the moment of firing abolition (typical-
ly, 10-20 min), which we called the “neuron lifetime”.
Photosens and added reagents were present in the chamber
during and after irradiation. After 8 h incubation,
sufficient for development of apoptosis, glial cells were
stained for fluorescence microscopy.

Application of relatively large concentrations of
enzyme inhibitors, SP600125 or SB202190, may quick-
ly disturb neuron activity and kill neurons and glia. On

the other hand, too small concentrations may be
ineffective. In our experiments, their concentrations
were chosen to be two times lower than the predeter-
mined concentrations, which disturbed neuron firing in
the darkness for 3-4 h (the isolated control neurons
fired in these conditions for 6-10 h). They were added
to the experimental chamber 5 min after application of
Photosens, i.e., 25 min before irradiation

Data Analysis

The red nuclei of necrotic glial cells stained by
propidium iodide were counted in the predetermined
standard field (100x100 wum?) around the SN soma so
that neuron nucleus was situated in its center. Fragmented
nuclei of apoptotic glial cells labeled by Hoechst 33342
were counted around the proximal 2-mm axon fragment
(Fig. 1). Glial apoptosis was more prominent in this zone
than around the neuron body (Kolosov et al. 2005). Their
mean number representing the level of glial apoptosis is
denoted below as relative units. The one-way ANOVA
(analysis of variances) was used for statistical evaluation
of the difference between independent experimental
groups. Data are presented as mean+S.E.M.
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Results
Control Preparations

In the darkness, isolated and untreated SN fired regularly
for 5-8 h with a frequency of about 6-10 Hz. Then, firing
frequency gradually decreased and neuronal activity irre-
versibly ceased. Within 8 h after isolation, the neuronal
nuclei and about 80-90% of the glial nuclei remained blue
(Fig. 2a), i.e., these cells were alive. SN nuclei were bigger
than that of SGC, and fluoresced weaker due to DNA
unpacking and, therefore, lesser chromatin density. Chro-
matin structure with round nucleolus in the nucleus center
was more delicate in neuronal nuclei than that in SGC.
Unlike neurons, the nucleoli were not seen in the glial nuclei
(Fig. 2a). Some SN and SGC nuclei in different control
groups became necrotic within 8 h after isolation (0-14%
and 5-17%; Figs. 4b—9b and 4c—9c, respectively). Nucleus
fragmentation or chromatin clumping into big dense masses
characteristic of apoptosis were never observed in isolated,
photosensitized, or chemically treated SN like in our
previous experiments (Uzdensky et al. 2002, 2005, 2007).
Unlike SN, apoptosis of untreated SGC was sometimes
registered within 8 h after isolation (Figs. 4d—9d).

Effect of Neurotrophic Factors on Neurons and Glial Cells
in the Darkness

In the darkness, NGF 7S (100 ng/ml), BDNF (1 ng/ml) or
EGF (100 ng/ml) did not significantly influence neuronal
activity, spontaneous necrosis of sensory neurons and
satellite glial cells, and apoptosis of glial cells within 8 h
after isolation of stretch receptors (Figs. 4-6).

Photodynamic Injury of Neurons and Glial Cells

Neither laser radiation, nor 10~ M Photosens alone changed
neuronal activity significantly. However, their combined
action, i.e., PDT treatment, caused gradual inhibition of
neuronal firing followed by its irreversible abolishment
(Fig. 3). The mean duration of such neuronal response called
“neuron lifetime” as in our previous works (Uzdensky et al.
2002, 2005, 2007) varied from 7 to 25 min in different
experimental series. At 8 h after PDT, neuronal and glial
nuclei shrank. Neuronal nucleoli became indiscernible
(Fig. 2¢ and d). The mean percent of necrotic SN and SGC
increased to 30-80% in different experiments depending on
animal groups and season (Fig. 2c¢ and Figs. 4-9).
Appearance of fragmented nuclei in some glial cells
(Fig. 2e) indicated the last stages of apoptosis. The mean
level of SGC apoptosis was significantly increased from 3—
12 to 13-23 relative units in different experimental series
(Figs. 4d-7d, 9d) and even to 62 relative units (Fig. 8d).
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Effect of Neurotrophic Factors on Photodynamic Injury
of SN and SGC

None of the neurotrophins and EGF influenced the
PDT-induced abolition of neuronal firing and necrosis
(Figs. 4a—6a and 4b—6b, respectively). However, NGF
(100 mg/ml) protected glial cells from PDT-induced
apoptosis and necrosis, as determined by Hoechst 33342
and propidium iodide staining (Fig. 2f). As shown in
Fig. 4c and d, NGF reduced the levels of PDT-induced
necrosis and apoptosis by 3.3 and 1.6 times (p<0.01 and
p<0.05, respectively).

Unlike NGF, BDNF (1 ng/ml) and EGF (100 ng/ml) did
not influence significantly PDT-induced damage to glial
cells (Figs. 5c,d and 6¢,d). Hence, the possible involvement
of some signaling proteins in NGF effect on photosensi-
tized glial cells was studied more carefully.

Tyrosine Kinase Inhibition

Since receptors of neurotrophins are tyrosine kinases,
we used the tyrosine kinase inhibitor genistein for study
of their role in NGF effect on photosensitized SN and
SGC. As in a previous study (Uzdensky et al. 2005),
genistein shortened the bioelectric response of SN to
photodynamic treatment independent on the NGF pres-
ence (Fig. 7a). It did not influence PDT-induced necrosis
of SN and SGC (Fig. 7b and c¢), and did not change NGF-
mediated protection of glial cells against PDT-induced
necrosis (Fig. 7c). Genistein also did not influence
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Figure 3 Inhibition of firing of crayfish stretch receptor neuron
induced by photosensitization with 10~ M Photosens in the absence
(a) or presence (b) of nerve growth factor (100 ng/ml). Thin and
double arrows indicate the moments of Photosens and nerve growth
factor applying, respectively; thick arrow the irradiation start
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Figure 4 Photodynamic effect
of 1077 M Photosens on stretch
receptor neuron in the presence
of 100 ng/ml NGF 7S. a Neuron
lifetime, min; b percent of
necrotic neurons within 8 h after
PDT; ¢ Percent of necrotic glial
cells within 8 h after PDT;

d Number of fragmented nuclei
of apoptotic glial cells per 2 mm
of proximal axon fragment
within 8 h after PDT (relative
units). The number of the
experiments is indicated inside
each bar. The numbers above
the bars in the histograms refer
to which group this bar is being
compared. *p<0.05; **p<0.01;
**%p<0.001
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cells (Fig. 7d). However, it abolished NGF-mediated
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that indicated tyrosine kinase involvement in NGF-
mediated protection of glial cells from photoinduced

apoptosis.

Figure 5 Photodynamic effect
of 1077 M Photosens on stretch
receptor neuron in the presence
of 1 ng/ml BDNF. a Neuron
lifetime, min; b percent of
necrotic neurons within 8 h after
PDT; ¢ Percent of necrotic glial
cells within 8 h after PDT;

d Number of fragmented nuclei
of apoptotic glial cells per 2 mm
of proximal axon fragment
within 8 h after PDT

(relative units). The number of
the experiments is indicated
inside each bar. The numbers
above the bars in the histograms
refer to which group this bar is
being compared. *p<0.05;
**p<0.01
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Figure 6 Photodynamic effect a b
of 1077 M Photosens on stretch 300
receptor neuron in the presence I —— 1-Control 50 - -
of 100 ng/ml EGF. a Neuron .S 250 g g:E(DB_IFAOO ng/ml R -
lifetime, min; b percent of ne- ? % €3 4-PDT+EGF B 404 12
crotic neurons within 8 h after g 200 8
PDT; ¢ percent of necrotic glial E= 8 3 I
cells within 8 h after PDT; d ﬁ 201 c
Number of fragmented nuclei of 5 S 209
apoptotic glial cells per 2 mm of 5 101 L g
proximal axon fragment within % =z 197
8 h after PDT (relative units). 12 13 1 24 ® 21 &
The number of the experiments 0 1 2 3 4 0 1 5 3 4
is indicated inside each bar. The c d
numbers above the bars in the
histograms refer to which group .
this bar is being compared. o 60 bl 5 301 1
#51<0.01; ***p<0.001 e 5
% T ;, I 12
8 40 g 20
@ = T
< )
© Q
6 20 © 10 T
L T 8 *
19 19 13 o 16 18 12 13
0 T » 0
1 2 3 1 2 3 4

(10 uM), the specific inhibitor of JNK, or SB202190
(5 uM), the specific inhibitor of p38, did not change
significantly neuronal activity and spontaneous necrosis of
SN and SGC in the darkness. SP600125 also did not
influence spontaneous apoptosis of SGC (the data are not
shown). SB202190, however, enhanced glial apoptosis in

the darkness but not under PDT treatment (Fig. 8d)
indicating the involvement of p38 in SGC protection
against apoptosis induced by axotomy and isolation of the
stretch receptor but not by its PDT treatment.

SB202190 also significantly shortened the lifetime of
photosensitized neurons (Fig. 8a) indicating involvement of

Figure 7 Photodynamic effect a b
of 10”7 M Photosens on stretch 400
receptor neuron in the presence = ;:gg”T“‘" o 60 “
of 100 ng/ml NGF and /or é 500 I = 3-PDT+NGF o
50 uM tyrosine kinase inhibitor - EXX 4-PDT+Gen L
istein (G o 1 5-PDT+NGF+Gen 7
genistein (Gen). a Neuron £ — - 7 | O 40|
lifetime, min; b percent of :.5 200 8
necrotic neurons within 8 h after b= 20 <
X *2 2 c ]
PDT; o 5 O 20/ —
¢ percent of necrotic glial cells = Do =] ——
s =5 10 K] /3 [0 —
within 8 h after PDT; d number % KXY —— z ——
qf fragmented nuclei of apopto- 0 8 1? 1 ::@: gE o 12 18 12
tic glial cells per 2 mm of ) ) 3 4 5 1 2 3 "1 5
proximal axon fragment within
8 h after PDT (relative units). e 80 d
The number of the experiments
is indicated inside each bar. The 1 1 & 301 o
numbers above the bars in the X 0 >
histograms refer to which group @ “ T . © - 533
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p38 in the maintaining of neuronal activity. It did not
influence significantly PDT-induced necrosis of neurons
(Fig. 8b) but reduced necrosis of glial cells by 30% (p<
0.05; Fig. 8c). This suggests contribution of p38 in
photoinduced necrosis of SGC.

SP600125 did not influence PDT-induced changes in
neuronal activity, necrosis of SN, and SGC, and apoptosis
of glial cells (Fig. 9). However, the NGF-induced protec-
tion of glial cells from PDT-induced apoptosis (bar 3 at
Fig. 9d) was eliminated in the presence of SP600125 (bar
5). Therefore, JNK could be involved in NGF-mediated
prevention of photoinduced apoptosis of glial cells.

Discussion

The present work shows that murine nerve growth factor
NGF 7S but not BDNF or EGF protects crayfish glial cells
but not neurons from PDT-induced necrosis and apoptosis.
We have mentioned briefly that its active fragment NGF
2.5S have the similar glia-protective activity (Lobanov and
Uzdensky 2007). Possibly, crayfish glial cells but not
neurons have a receptor capable of recognizing of murine
NGF. In stress conditions, a crayfish NGF analog may be
involved in the neuron-to-glia signaling. Photodynamic
impairment of its production and secretion may decrease
the cell protection potential. In this situation, exogenous
NGF can maintain survival of glial cells. Such signaling
directed from neuron to glia looks atypical since in
mammals the neurotrophic signaling pathways lead gener-

ally from glial cells to neurons (Sofroniew et al. 2001; Du
and Dreyfus 2002; Reichardt 2006), whereas the backward
neuron-to-glia signaling is performed by neuregulins (Kopp
et al. 1997; Garratt et al. 2000). Although there are not
much data, which show directly that NGF released from
neurons and recognized by glial TrkA receptors may
support survival of injured glial cells, one can suggest the
possibility of such NGF/TrkA-mediated pro-survival
neuron-to-glia signaling in mammals as well. In fact, TrkA
have been found in diverse mammalian glial cells:
astrocytes (Wang et al. 1998), oligodendrocytes (Althaus
and Richter-Landsberg 2000; Althaus et al. 2008), satellite
cells of rat spinal ganglia (Pannese and Procacci 2002),
Schwann cells and cells forming human mechanosensory
Meissner’s and Pacini’s corpuscles (Vega et al. 1994). NGF
expression in adult cortical, hippocampal, and forebrain
cholinergic neurons (SN is also a cholinergic neuron) has
been well documented (Miller and Pitts 2000; Barker-Gibb
et al. 2001; Sofroniew et al. 2001; Berhanu and Rush
2008). NGF effectively influences survival, regeneration,
remyelination and other processes in diverse glial cells
(Althaus and Richter-Landsberg 2000; Althaus et al. 2008).
As shown in rat spinal ganglia, TrkA receptors are involved
in the trophic support of satellite cells mediated by NGF
released from the associated neurons (Pannese and Procacci
2002).

Although neurotrophins are known to protect mamma-
lian neurons from oxidative stress (Skaper et al. 1998), their
involvement in responses of neurons and glia to photody-
namic treatment is not well established. It has been only

Figure 8 PDTeffect of 107 M g b
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p38 inhibitor SB202190 (SB). < T T g - EEB)T & 100 ’
a Neuron lifetime, min; b 450 4 B X7}
A E XX 4 - PDT+SB » 80 T I
percent of necrotic neurons o o
within 8 h after PDT; ¢ Percent  .E 400 3 604
of necrotic glial cells within 8 h & 304 - c
after PDT; d number of = T . S 40
! ) S 5 1.2.3 o
fragmented nuclei of apoptotic ° =]
. . = [0
glial cells per 2 mm of proximal D 10 S Zz 204
axon fragment within 8 h after z 12 12 7 %15 g 18 18 ! 15 X
PDT (relative units). The 0 0 ' ' ' '
(relative uni s)' e ) 5 5 4 1 2 3 4
number of the experiments is d
indicated inside each bar. The 100
numbers above the bars in the 100 - c
histograms refer to which group ! S g 1 - 12
this bar is being compared. X g0 N ol o
**p<0.01; ***p<0.001 @ = L
7 0 60
B 60 - ] @
2
%) 2
@ S 404
c 40 - S 40 T
S 1 ©
O 20~ S 204
17 11 8 s X o 17 11 8 9 X
0 T f T e 0 T f T {
1 2 3 4 1 2 3 4

M
3« Humana Press



316

J Mol Neurosci (2009) 39:308-319

Figure 9 PDT effect of 107 M b
Photosens on stretch receptor 400 120
neuron in the presence of —— 1-Control e
c (<
100 ng/ml NGF and/or 10 pM = zz 2P S~ 100
JNK inhibitor SP600125 (SP). G a 4 POTISP g .
a Neuron lifetime, min; £ 300 | = 5-PDT+NGF+SP o
b percent of necrotic neurons 3 8 &0 .
By : = c RS
within 8 h after PDT; ¢ percent = 0] c KIS
of necrotic glial cells within 8 h 5 S — o 40 E:E:E:E
after PDT; d Number of 5 KXXY —— > 10K
e . . o 101 St il — 9 20 KL
agmented nuclei of apoptotic =z ¢ ::*:: z KRR
glial cells per 2 mm of proximal 0 5 , K] 0 7 Y { ::a:
axon fragment within 8 h after 1 2 4 5 1 2 3 4
PDT (relative units). The c d
number of the experiments is 100 30
indicated inside each bar. The e c
numbers above the bars in the o 80 | 1 > 25 1 - -
histograms refer to which group BN °
this bar is being compared. R 60 | s s 201
*p<0.05; **p<0.01; 8 oS Qs ]
x5 <0.001 S o 2
40 R
< Se%ed 9 10/
® Rode%s e
2 S5 S
O 20 ] KX 8
KXXXN — 5 1
- C
8 5 7 <5 &
0 . f 0

w 4

1 2

shown that BDNF and CNTF (ciliary neurotrophic factor)
protect retinal cells from verteporphyn-mediated photody-
namic injury (Paskowitz et al. 2007).

We did not observe apoptosis of crayfish SN treated by
PDT or chemical pro-apoptotic agents (Uzdensky et al.
2002, 2005, 2007). It could be intrinsically blocked like in
various adult vertebrate neurons (Benn and Woolf 2004).
Unlike neurons, apoptosis of glial cells was often induced
by PDT. Apoptosis of photosensitized cells is controlled by
diverse intracellular signaling pathways (Almeida et al.
2004; Castano et al. 2005; Uzdensky et al. 2008). In the
present work, inhibition of tyrosine kinases or JNK
eliminated the anti-apoptotic but not anti-necrotic effect of
NGF in photosensitized glial cells. Therefore, these
enzymes could be involved in the NGF-mediated protection
of crayfish glial cells from PDT-induced apoptosis. In
mammals, NGF is recognized by receptor tyrosine kinase
TrkA, which initiates signaling pathways that supports cell
survival. Tyrosine kinase inhibitor genistein is rather non-
specific and TrkA is among its targets. Genistein could
target a crayfish TrkA-like receptor and thus impair NGF
recognition and eliminate its glia-protective effect.

Among signaling pathways initiated by receptor tyrosine
kinases, MAP kinase and phosphatidylinositol 3-kinase/
protein kinase B pathways are generally anti-apoptotic,
whereas phospholipase C/Ca*" pathway may stimulate
apoptosis and necrosis (Cobb 1999; Sofroniew et al.
2001; Reichardt 2006). In the present work, the anti-
apoptotic effect of NGF on photosensitized glial cells was
prevented by JNK inhibitor SP600125 but not p38 inhibitor
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SB202190. It is of interest that JNK inhibition did not
change the level of PDT-induced apoptosis by itself. Hence,
JNK does not directly regulate PDT-induced apoptosis of
glial cells but it may be involved in NGF-mediated anti-
apoptotic pathway. This is in agreement with the anti-
apoptotic role of JNK in HeLa cells photosensitized with
hypericin (Assefa et al. 1999). However, other studies
showed participation of JNK in PDT-induced apoptosis of
cultured cancer cells (Xue et al. 1999; Chan et al. 2000).
According to Waetzig and Herdegen (2005), JNK plays a
dichotomous role in cell responses to stress: depending on
conditions, it may be required either for cell survival of for
death. It would be of importance to study the role of
upstream and downstream processes in the JNK-related
pathway in NGF-mediated protection of glial cells from
PDT-induced apoptosis.

Another specific feature of NGF signaling in crayfish
stretch receptor is the NGF-mediated protection of SGC
from necrosis (Fig. 4c). This shows that necrosis is not an
uncontrolled, catastrophic cell death. It may be regulated by
the cell signaling systems. This is consistent with the recent
data on the involvement of different signaling proteins:
phospholipase C, calmodulin, calmodulin-dependent kinase
II, protein kinase C, adenylate cyclase, and tyrosine
phosphatases in PDT-induced necrosis of these cells
(Uzdensky et al. 2005, 2007). The mechanism of anti-
necrotic effect of NGF on crayfish glial cells remains
unclear.

BDNF is wider distributed in the brain than NGF. It
protects very effectively central mammalian neurons from
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apoptosis induced by oxidative stress (Skaper et al. 1998;
Binder and Scharfman 2004). A BDNF concentration of
I ng/ml used in the present experiments was chosen
according to the producer recommendation. It seems much
lesser than that of NGF (100 ng/ml) but the molecular
weight of NGF 7S (130 kDa) is an order higher than that of
BDNF, which is a 27-kDa dimer. So, their molar concen-
trations differ by one but not two orders. The absence of
BDNF effect on neuronal activity or SN and SGC survival
after PDT treatment in the present experiments might be
due to the lack of its receptors in the crayfish stretch
receptor neurons and satellite glial cells, or their low
sensitivity compared to that in mammalian brain.

Epidermis growth factor EGF was used in the present
work as a control for non-specific interactions, although in
some invertebrates such as Drosophila EGF receptor-
associated signaling pathway maintains glial survival in
response to the ligands Spitz, Vein, and transforming
growth factor TGF-« (Hidalgo et al. 2006). However, in
the photosensitized crayfish stretch receptor EGF did not
influence survival of neurons and glial cells even at a
concentration of 100 ng/ml. These data confirm the
specificity of NGF effect on survival of glial cells.

The difference in the inter- and intracellular signaling in
crayfish neurons and glial cells may allow selective
photodynamic injury of neurons with protection of glial
cells by NGF. One can hope that differential modulation of
the photosensitivity of neurons, normal and malignant glial
cells with pharmacological agents, neuro- and gliatrophic
factors may, in principal, protect normal neurons and glial
cells during selective photodynamic destruction of brain
tumors. The human signaling pathways, of course, differ
from those in invertebrates, and a similar study should be
performed on mammals.

Although NGF rescued crayfish glial cells from PDT-
induced death, it did not influence significantly the survival
of SN and SGC after isolation and 8-h incubation in the
darkness. This seems not to be in agreement with the
hypothetical presence of their specific receptors on these
cells. However, the level of isolation-induced cell necrosis
and apoptosis was only near 10% (bars 1 at Fig. 4b—d)
within 8 h after stretch receptor isolation (these preparations
comprised the control groups). So, it was difficult to
observe any cell protection at this low level. Only when
PDT significantly enhanced cell death the protective effects
of NGF became evident.

Thus, responses of crayfish satellite glial cells to PDT-
induced oxidative stress depend on the neuroglial signal
transduction. The crayfish stretch receptor neurons may
secrete a neurotrophic factor similar to mammalian NGF
that initiate intracellular signaling pathways supporting
survival of surrounding glial cells. The crayfish A4.
leptodactylus as well as the snail L. stagnalis (Ridgway et

al. 1991; Wildering et al. 1995; Syed et al. 1996); squid
Loligo peallei (Moreno et al. 1998); and silk moth Bombyx
mori (Kim et al. 2005) may represent invertebrates with
possible neurotrophic signal transduction.
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