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Axotomy induces damage to glial cells
remote from the transection site in the
peripheral nervous system

Traumatic cerebral or spinal cord injury induced by military, traffic,
and sports accidents, falls or environmental and anthropogenic ca-
tastrophes are among main causes of people mortality and disabili-
ty, especially in young and middle age men (Kobeissy, 2015). Axon
transection, or axotomy, occurs in wounds and during surgery.
Central neurons do not regenerate and die, but in the peripheral
nervous system 25-30% of axotomized motor or sensory neurons
survive and can regenerate and restore lost connections to their
target cells. In order to treat the consequences of nerve injury, the
balance between neurodegeneration and neuroprotection processes
should be rapidly shifted to neuron survival. Unfortunately, reliable
neuroprotective medications with proven efficiency are not found
yet. So, comprehensive and deep study of molecular processes that
occur after axon transection is required.

Intercellular neuroglial interactions provide the integrity of the
nervous tissue and its resistance to harmful impacts. Glia injury or
malfunction contribute to pathophysiology of stroke, neurotrau-
ma, and various neurodegenerative diseases such as Alzheimer’s,
Huntington’s and Parkinson’s diseases, amyotrophic lateral scle-
rosis. In the adult mammals neurotrauma induces activation of
astrocytes and microgliocytes that participate in neuronal survival
and functional recovery. On the contrary, oligodendrocytes are
more vulnerable and die (Verkhratsky and Butt, 2013). Glia damage
can suppress neuronal functions and lead to death of neurons. On
the other hand, neuron injury can induce death of surrounding
glial cells. For example, localized soma destruction in the cray-
fish mechanoreceptor neuron by a focused laser beam increased
photoinduced apoptosis of surrounding glial cells. This suggests
the anti-apoptotic influence of the neuronal body on glial cells
(Kolosov and Uzdensky, 2006). In the course of axotomy glial cells
located within the damaged region are mechanically injured and
die. However, glial cells remote for a long distance away from the
nerve transection site and undamaged mechanically can also die.
For example, severe injury of the rat spinal cord induced apoptosis
of oligodendrocytes located far away from the damaged site (Li
et al, 1999). In the abdominal crayfish stretch receptor (CSR) the
axon transection caused necrosis or apoptosis of satellite glial cells
at a distance of several millimeters from the cut site (Khaitin et al.,
2015). The molecular mechanisms of axotomy-induced death of
remote glial cells have not been studied in detail yet.

Neuroglial interactions during brain injury are difficult to study
in mammals because of numerous neuron-neuron, neuron-glia,
glia-glia interconnections and interactions. In the mammalian
brain astrocytes form the large astroglial network and interact with
many neurons (Verkhratsky and Butt, 2013). Much easier to study
the simpler nervous system of invertebrates where neuroglial inter-
actions are more apparent. CSR is a simple but informative model
object for studying of neuronal and glial responses to axotomy.
It contains the single bipolar mechanoreceptor neuron (MRN)
mounted on the receptor muscle, which is stretched between two
adjacent abdominal segments. The information on the receptor
muscle length is encoded by the frequency of MRN spikes, which
are transferred along the axon to the ventral ganglion. MRN body
and axon are surrounded by the multilayer glial envelope (Figure
1). The advantage of CSR is that both mechanoreceptor neuron
and satellite glial cells, which envelope namely this neuron but do
not form myelin, are well identified at the optical and electron-mi-
croscopic levels (Fedorenko et al., 2015). In the course of CSR
isolation, MRN axon is usually transected, but the neuron survive
and fire up to 8-12 hours with a frequency almost proportional to
receptor muscle extension. Recently we developed the novel tech-
nique of CSR isolation without axon transection, which preserves
the MRN connection to the nerve cord ganglion (Khaitin et al.,

2015). Such undamaged (intact) CSR preparation was used as con-
trol (Khaitin et al., 2015, 2017).

Prolonged incubation of intact and axotomized CSRs in physio-
logical solution induced apoptosis or necrosis of some remote glial
cells surrounding the 2-mm proximal segment of the MRN axon
at a distance of 5-8 mm from the cut end (Figure 1). Apoptotic
fragmentation of the glial nuclei became noticeable since 8 hours
after CSR isolation, whereas necrotic nuclei (revealed by red fluo-
rescence of propidium iodide, which penetrates through the com-
promised plasma membrane of necrotic cells) were observed since
15 hours. These effects were significantly greater in the axotomized
preparations. The glial cells surrounding the MRN body (at a longer
distance from the cut site) also died but to the lesser extent than the
glia around the proximal axon part (Khaitin et al., 2015). In rodents
the sciatic nerve axotomy is known to induce death of sensory neu-
rons and Schwann cells in the dorsal root ganglia. Therefore, axon
integrity is necessary for survival of surrounding glial cells. This
raises two important problems: what molecular signals transfer the
information on axon injury to remote glial cells, and what intracel-
lular signaling pathways regulate survival and death of remote glial
cells? The possible intercellular molecular signals in the nervous
system include some neuromediators, metabolites, neurotrophic
factors, Ca®" and nitric oxide (NO).

Ca™ is the key element of various signaling pathways that control
physiological functions and death of the cell. Calcium ions play
the important role in neurodegeneration, in particular, in neuronal
responses to axotomy (Rlshal and Fainzilber, 2014). High levels
of cytosolic Ca** (> 107'-107° M) trigger necros1s or apoptosis.
We showed recently the involvement of Ca’" in the regulation of
axotomy-induced death of remote glial cells in the isolated CSR
(Khaitin et al., 2017). Axotomy-induced apoptosis of remote glial
cells enhanced in the presence of diverse modulators, which in-
crease the cytosolic Ca™" level: triple CaCl, concentration in the
sallne, calcium ionophore ionomycin, or thaps1garg1n, inhibitor of
Ca’*-ATPase, which pumps out cytosolic Ca®* into the endoplasmic
reticulum (ER). Ionomycin and thapsigargin also increased axoto-
my-induced necrosis of remote glial cells. On the other hand, cad-
mium ions, which block different calcium channels in the plasma
membrane and prevent Ca* influx, and ryanodme, which blocks
Ca’ release from ER into cytosol, reduced necrosis of glial cells.
These data show the involvement of Ca**, which can penetrate into
the cytosol through different pathways, in the axotomy-induced
apoptosis and necrosis of glial cells in the isolated CSR.

Gradual Ca® accumulation in the glial envelope of the axoto-
mized MRN axon at a distance of several millimeters from the
transection site was demonstrated using Ca’*-sensitive fluorescence
probe fluo-4 (Khaitin et al., 2017). One can suggest that Ca* may
serve as a messenger that transfers the information on axon injury
to remote glial cells. Ca® ions can propagate along the glial syn-
cytium formed by gap junctions (Scemes, 2000) or small perfora-
tions in the paired glia-glial membranes (Fedorenko et al., 2015).
Alternatively, the secondary Ca® release from internal strores (ER,
mitochondria) may be stimulated by Ca®* itself, or by neurotrophic
factors and intracellular signaling proteins.

In the injured neurons various signaling pathways control sur-
vival and axon regeneration (Rishal and Fainzilber, 2014). Some
signaling pathways regulate survival and death of remote glial cells
in the axotomized crayfish stretch receptor. Prolonged 8-hour in-
cubation of the axotomized CSR in the presence of inhibitors of
MEK1/2 (FR18020), MAP kinase p38 (SB202190), protein kinase
B/Akt (AktI), glycogen synthase kinase 3 beta (GSK-3p) (TDZD-
8) and mammalian target of rapamycin (mTOR) (KU-0063784)
increased axotomy-induced apoptosis of remote glial cells. On the
other hand, inhibition of ERK1/2 and GSK-3f enhanced glial ne-
crosis. This suggests the involvement of these signaling proteins in
protective, antiapoptotic and antinecrotic processes in the remote
glial cells surrounding the axotomized mechanoreceptor neuron
(Berezhnaya et al., 2017). These proteins are the components of dif-
ferent signaling pathways: receptor tyrosine kinase/Ras/Raf/MEK/
MAPK (ERK, p38, or JNK), and/or receptor tyrosine kinase/PI-3ki-
nase/Akt/GSK-3p or mTOR, which may be initiated, for example,
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Figure 1 Fluorescent image of the crayfish stretch receptor isolated
together with its ganglion.

Cell nuclei are fluorochromed by Hoechst 33342 (blue) and propidium
iodide (red nuclei of necrotic cells). (a) Crayfish stretch receptor. A:
Axon; N: neuron body region; RM: receptor muscle; white rectangle:
the area of counting of necrotic (red) or apoptotic (fragmented) nuclei.
(b) The transected region of the axon. White arrow: The transection
site. (c) A fragment of proximal axon region surrounded by the nuclei
of alive (blue), apoptotic (blue fragmented nuclei shown by stroked
white arrows), or necrotic (red) glial cells. Scale bars: 500 pm in a, 300
pm in b, 50 pm in ¢ (from Berezhnaya et al., 2017).

by neurotrophic factors released from the damaged neuron or from
glial cells via paracrine or autocrine regulatory pathways.

The role of some of neurotrophic factors in protection of crayfish
glial cells from oxidative damage has been characterized earlier. The
application of recombinant human nerve growth factor (NGF) or
glial-derived neurotrophic factor (GDNF) protected crayfish glial
cells from necrosis and apoptosis induced by photodynamic impact
(Uzdensky et al., 2015). One can suggest that in CSR some NGF- or
GDNF-like neurotrophic factors are also involved in the protection
of remote glial cells from axotomy-induced death.

NO effects were rather complicated. As shown earlier, NO gen-
eration by exogenous NONOate increased apoptosis of remote glial
cells in the axotomized and photosensitized CSRs, whereas glial
necrosis, oppositely, decreased (Uzdensky et al., 2015). In the pho-
tosensitized CSR, NO was generated mainly by glial cells (Kovaleva
and Uzdensky, 2016). Thus, glia-produced NO exerted antinecrotic
effect, but was proapoptotic for glial cells. So, NO may be also a po-
tential messenger that signal to remote glial cells on axon injury.

Thus, axon integrity is necessary for survival of surrounding glial
cells. Axon transection not only damages glial cells at the place of
injury, but also induces necrosis or apoptosis of some remote glial
cells in the isolated crayfish stretch receptor. The study of the role
of different signaling processes in the axotomy-induced death of
remote glial cells showed the involvement of Ca™ in propagation
of proapoptotic signals from the axon transection site to remote
glial cells. NGF-like and/or GDNF-like neurotrophic factors could
serve as antiapoptotic and antinecrotic signals. Their effects could
be mediated by various intracellular signaling cascades involving
protein kinases MEK1/2, p38, protein kinase B/Akt, GSK-3f and
mTOR. On the other hand, protein kinases ERK1/2 and GSK-3f
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were involved in protection of remote glial cells from axotomy-in-
duced necrosis. One can also hypothesize that glia-produced NO
exerts the proapoptotic and antinecrotic effects on glial cells in the
axotomized CSR.

There are many unresolved problems remained to elucidate. The
pathways of propagation of calcium signals from the injury site to
remote glia cells should be investigated in details. How different
Ca®*-dependent signaling proteins such as protein kinase C, calm-
odulin, calmodulin-dependent protein kinases, and other signaling
proteins, which control functional and metabolic processes in the
cell, regulate survival and death of remote glia after axotomy re-
mains unstudied. The possible role of NO and neurotrophic factors
in the intercellular neuron-to-glia or autocrine signaling should be
also studied in future.
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