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ABSTRACT

Avulsion injury results in motoneuron death due to the increased excitotoxicity developing in the affected spinal
segments. This study focused on possible short and long term molecular and receptor expression alterations
which are thought to be linked to the excitotoxic events in the ventral horn with or without the anti-excitotoxic
riluzole treatment. In our experimental model the left lumbar 4 and 5 (L4, 5) ventral roots of the spinal cord were
avulsed. Treated animals received riluzole for 2 weeks. Riluzole is a compound that acts to block voltage-
activated Nat and Ca®' channels. In control animals the L4, 5 ventral roots were avulsed without riluzole
treatment. Expression of astrocytic EAAT-2 and that of KCC2 in motoneurons on the affected side of the L4 spinal
segment were detected after the injury by confocal and dSTORM imaging, intracellular Ca?* levels in moto-
neurons were quantified by electron microscopy. The KCC2 labeling in the lateral and ventrolateral parts of the
L4 ventral horn was weaker compared with the medial part of L4 ventral horn in both groups. Riluzole treatment
dramatically enhanced motoneuron survival but was not able to prevent the down-regulation of KCC2 expression
in injured motoneurons. In contrast, riluzole successfully obviated the increase of intracellular calcium level and
the decrease of EAAT-2 expression in astrocytes compared with untreated injured animals. We conclude that
KCC2 may not be an essential component for survival of injured motoneurons and riluzole is able to modulate the
intracellular level of calcium and expression of EAAT-2.

1. Introduction

Axonal injury close to the cell body, such as ventral root avulsion,

channels, activate K channels and inhibit presynaptic glutamate
release (Doble, 1996). Moreover, riluzole is able to rescue around 70%
of the injured motoneurons, if the treatment is started within 10 days

causes the death of vast majority of damaged motoneurons (Gloviczki
et al., 2017; Koliatsos et al., 1994; Nogradi et al., 2007). The injured
motoneurons become vulnerable to excitatory stimuli and only a mi-
nority of them survives the injury (Nogradi and Vrbova, 2001; Pintér
et al., 2010). Riluzole (2-amino-6-trifluoromethoxy-benzothiazole) is a
potent molecule that acts to block voltage activated Nat and Ca®*

after the avulsion injury and reduces the damage to neurons caused by
ischemia in the spinal cord, too (Gloviczki et al., 2017; Lang-Lazdunski
et al., 1999; Nogradi et al., 2007).

Excitatory amino acid/glutamate transporters of astrocytes are
responsible for clearing extracellular glutamate from synaptic environ-
ment. The glial glutamate transporter-2 (EAAT-2) proteins are mainly
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expressed in astrocytes (Rothstein et al., 1994). EAAT-2 is a major
contributor to glutamate clearance to prevent neuronal excitotoxicity
and hyperexcitability (Lauriat et al., 2007). The absence or
down-regulation of EAAT-2 expression results in accumulation of
glutamate in the synaptic cleft and glutamate receptor overstimulation
which are associated with excessive influx of ions such as Ca®" into the
neurons (Kim et al., 2011). These processes occur despite the elimina-
tion of excitatory synapses from the surface of motoneurons whose
axons have been avulsed or cut intramedullary in the spinal cord (Linda
et al., 2000; Spejo and Oliveira, 2015). The overload of intracellular
calcium leads to the inappropriate activation of calpains and
calcium-dependent proteases and eventually to an acceleration of the
degenerative process of neurons (Rossi and Volterra, 2009). Dysfunction
or reduced expression of EAAT-2 is seen in several neurological diseases,
including stroke, amyotrophic lateral sclerosis (ALS) and epilepsy
(Rothstein et al., 1992; Tanaka et al., 1997). In addition, many studies in
animal models of neurological disorders indicated increased EAAT2
expression to provide a neuroprotective effect.

The K™—Cl cotransporter-2 (KCC2) is a well-known member of the
cation-chloride cotransporters and is expressed in the adult mammalian
central nervous system. KCC2 plays a pivotal role in regulating the
intracellular chloride ion homeostasis in healthy mature neurons
(Blaesse et al., 2009). It is a main Cl” extruder that uses the energy of the
electrochemical K* gradient to transport Cl". The KCC2 protein is found
to be associated with the plasma membrane in both somatic and den-
dritic compartments (Gulyas et al., 2001; Szabadics et al., 2006; Wil-
liams et al., 1999). Phosphorylation of the KCC2 residue Ser940
regulates KCC2 stability of the cell surface and thus is suggested to
enhance KCC2 activity (Lee et al., 2007). The expression of KCC2 is
reduced in several neurological disorders such as Huntington’s disease,
Rett syndrome and spinal cord injury, and the resulting slight increase in
intracellular concentration of chloride ions, dramatically compromises
the excitatory inputs and inhibitory transmissions (Dargaei et al., 2018;
Doyon et al., 2011; Kahle et al., 2008; Lee et al., 2011; Prescott et al.,
2006; Sanchez-Brualla et al., 2018). Under certain circumstances,
increased N-methyl-D-aspartic acid (NMDA) receptor activity and
associated Ca?' influx have resulted in dephosphorylation of KCC2
Ser940, leading to loss of KCC2 function and increased neuron excit-
ability, including motoneurons located caudal to the level of spinal cord
injury (Boulenguez et al., 2010; Lee et al., 2011). Moreover,
down-regulating the K*-Cl" co-transporter KCC2 reduces GABAergic
inhibition and supposedly may lead to spasticity after spinal cord injury
(Plantier et al., 2019).

On the other, distal axotomy of motoneuronal axons with perikaryal
locations in the brainstem or spinal cord results in temporary down-
regulation of KCC2 expression along with the disappearance of KCC2
from the cell membrane associated with altered cytoplasmic KCC2
trafficking (Kim et al., 2018; Modol et al., 2014; Tatetsu et al., 2012).
Other studies that applied in situ hybridization to detect KCC2 mRNA
revealed a significantly less prevalent KCC2 production in the axotom-
ized vagal and facial neurons (Nabekura et al., 2002; Toyoda et al.,
2003). These findings were later confirmed by a more recent study
concerning spinal motoneurons (Akhter et al., 2019). However, these
axotomies performed distal to the perikaryon of the motoneuron do not
lead to considerable cell loss. In contrast, majority of the motoneurons
with avulsed axons are destined to die likely due to multifactorial cau-
ses, out which excitotoxicity and related intracellular Ca®* overload
appear to be the major factors leading to cell death.

Despite the vast information available on injured motoneurons
suffering from a distal axotomy, little is known about the relationship
and mutual actions of intracellular calcium level and expression of
EAAT-2 in the affected spinal segment. Moreover, alterations of cyto-
plasmic and membrane-bound KCC2 expression and possible down-
regulation of that in injured motoneurons following ventral root
avulsion has not been studied yet. It appears feasible to obtain an
overview of changes of these important pathoregulatory components in
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a wide time window following central motoneuron injury. It is likely,
although not clarified yet, that intracellular calcium overload and
EAAT2 expression may play an important role in the outcome of severe
motoneuron injury. On the other hand, it is not obvious whether a
proximal axotomy induced more sever changes of the KCC2 expression
in the injured motoneurons, than a distal, non-fatal axotomy. The aim of
the present study was to find out whether (1) ventral root avulsion in-
fluences the intracellular calcium level, EAAT-2 and KCC2 expression in
the affected spinal segments in a time dependent manner; (2) riluzole is
able to influence any of these changes after the injury even if the
damaged motoneurons have no opportunity to regenerate their axons.

2. Materials and methods
2.1. Statement of ethical approval

The experiments were carried out with the approval of the National
Food Chain Safety Office, Hungary regarding the care and use of animals
for experimental procedures (I./1569/2019). All the procedures were
carried out according to the Helsinki Declaration on Animal Rights.
Adequate care was taken to minimize pain and discomfort. Efforts were
made to minimize the number of animals used.

2.2. Surgical procedure

Altogether 48 Sprague-Dawley rats (weight at time of surgery:
220-250 g) were used in this study and divided in 2 experimental
groups. In control (surgery without treatment) the left L4-L5 ventral
roots were avulsed from the cord (AV group, n = 24). These animals
were injected with vehicle (PBS) only. In the other group (AV+RIL
group, n = 24) the same surgical procedure was performed the animals
were treated with riluzole for 2 weeks. The operated animals survived
for5, 7, 10, 16, 21 and 63 days (n = 4 in each group). All the operations
were carried out in deep ketamine-xylazine anesthesia (ketamine hy-
drochloride (Ketavet), 110 mg/kg body weight; xylazine (Rompun) 12
mg/kg body weight) with sterile precautions. To maintain the body
temperature at 37.0 + 0.5 °C, the rats were kept on a temperature-
controlled heating pad (Supertech Ltd.) during the surgery. Lam-
inectomy was performed at the level of T13-L1 vertebrae, the dura was
opened and the left L4 and L5 ventral roots were gently pulled out
leaving the dorsal roots intact. The spinal cord was covered with the
remaining dura, the wound was closed and the animals were allowed to
recover. Animals received meloxicam (Metacam; 0,5 mg/kg body
weight, Boehringer Ingelheim Vetmedica) for 3 days as postoperative
treatment.

2.3. Riluzole treatment

Animals in the AV+RIL group were treated with Riluzole (kind gift of
Tocris Cookson Ltd., 4 mg/kg) for 2 weeks. Riluzole treatment started
immediately after the surgery. The drug was injected intraperitoneally
daily for 1 week and then every second day for the next 1 week. This
treatment protocol was based on the successful riluzole treatment
described in our earlier paper (Gloviczki et al., 2017; Nogradi et al.,
2007; Pintér et al., 2010). The dose of riluzole was established from data
obtained from our earlier and other laboratories’ experiments (Maltese
et al., 2005; Nogradi and Vrbova, 2001; Schwartz and Fehlings, 2001).

2.4. Immunohistochemistry

Operated animals survived for 5, 7, 10, 16, 21 and 63 days and were
deeply re-anaesthetized as described above and perfused transcardially
with saline (0.9% NaCl) followed by 4% paraformaldehyde in 0.1 M
phosphate buffer (pH=7.4). The lumbar part of the spinal cords was
removed and kept in the same fixative for 24 h. The tissues were then
immersed in 30% sucrose solution in PBS. Parallel 25 pum-thick cryostat
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sections were cut on a Leica CM1850 cryostat (Leica) and mounted on
gelatinized slides.

The sections were preincubated in 3% bovine serum albumin (BSA,
Sigma-Aldrich) in PBS for 1 h at room temperature. Primary antibodies
were used to treat the sections overnight at 4 °C as follows: rabbit anti-
KCC2 (1:200; Merck-Millipore, 07-432), rabbit anti-pKCC2 (1:200,
Thermo Fisher Scientific, PA5-95678), mouse anti-beta(III)-tubulin
(TUBB3, 1:500; Abcam, ab7751), goat anti-ChAT (1:50, Sigma-
Aldrich, AB144P), rabbit anti-VAChT (1:200, Synaptic Systems, 139
103) and rabbit anti-EAAT-2 (1:500, Abcam, ab205248). After washing
in PBS (3 x5 min), the immune reaction was completed by goat anti-
rabbit AlexaFluor (AF) 488 (1:600, Thermo Fisher Scientific, A11008),
goat anti-rabbit AF 594 (1:600, Thermo Fisher Scientific, A-11012), goat
anti-rabbit AF 647 (1:600, Thermo Fisher Scientific, A27040), donkey
anti-rabbit AF 488 (1:600, Thermo Fisher Scientific, A21206), donkey
anti-mouse AF 594 (1:600, Thermo Fisher Scientific, A21203) or donkey
anti-goat AF 594 (1:600, Thermo Fisher Scientific, A11058). The sec-
tions were covered with Vectashield mounting medium (Vector Labo-
ratories). Negative controls for the secondary antibodies were
performed by omitting the primary antibodies.

Sections were photographed using an Olympus DP74 digital camera
and CellSens software (V1.18; 149 Olympus Ltd.) mounted on an
Olympus BX51 fluorescence microscope (objectives: 20 x0.50 NA; 40
x0.75 NA, Olympus Ltd.) and a compact confocal microscope (objec-
tive: 60 x1.35 NA; Olympus) with Fv10i software (V2.1; Olympus Ltd.).

2.5. Cell counts

The numbers of VAChT+ motoneurons in the ventral horn were
determined on every fifth cryostat section in the ventral horn of L4 and
L5 segments both at the injured and contralateral side. The number of
VAChT+ motoneurons in the injured ventral horn was divided by the
number of VAChT+ motoneuron in the uninjured contralateral ventral
horn and multiplied by 100. This calculation gave the rate of surviving
motoneuron after avulsion injury.

The KCC2-positive and KCC2-negative (evaluated after their KCC2
membrane positivity) motoneurons were analyzed at high magnifica-
tion. The motoneurons were identified in the affected ventral horns by
the typical large size, the location within the ventral horn and ChAT
immunostaining. The number of KCC2 membrane-positive motoneurons
was determined. This number was divided by the number of motoneu-
rons (summation of KCC2-negative + KCC2-positive motoneurons) of
injured ventral horns and multiplied by 100.

2.6. Confocal image and data analysis

Spinal cord sections were immunostained under identical conditions
and then imaged with a confocal microscope (FluoView® FV10i-W,
Olympus Ltd.). To quantify the immunohistochemical staining pattern,
1 um-thick serial optical sections were created with the 10x objective by
using 1.5x zoom. Intensity measurements were made (ImageJ, NIH)
from every fifth section from four different regions within the L4 and L5
segments: the lateral ventral horn (Ivh), the ventral funiculus (vf), the
medial ventral horn (mvh) and the region comprising laminae I-II of the
dorsal horn (dh). Mean pixel intensities at different survival times were
normalized to the uninjured contralateral side on the same section.

2.7. Sample preparation for dASTORM imaging

Before STORM imaging, the sample was incubated in STORM
switching buffer for 10 min at room temperature. After the incubation
phase the buffer was replaced with fresh medium and the sample was
covered with a glass #1.5 coverslip (WillCo Wells B.V.). To minimize the
thickness of the sample medium the microscope slide and the coverslip
were gently pushed together. This reduced distance ensured the proper
operating conditions of the Nikon Perfect Focus System. The sample was
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then sealed with a two-component silicone adhesive and placed on the
microscope stage.

2.8. Super-resolution imaging

All dSTORM super-resolution experiments were performed on a
custom-built inverted microscope based on a Nikon Eclipse Ti-E frame
under EPI illumination at an excitation wavelength of 647 nm (MPB
Communications Inc.: 647 nm, Pp,x=300 mW). The laser power,
controlled via an acousto-optic tuneable filter, was set to 4 kW/cm 2 on
the sample plane. Additional lasers operating at 405 nm (Nichia: 405
nm, 60 mW) and 561 nm (Cobolt Jive 561 nm, 300 mW) were used for
reactivation and reference measurements, respectively. Images were
captured by an Andor iXon3 897 BV EMCCD digital camera (512 x 512
pixels with a pixel size of 16 um). Frame stacks for dASTORM super-
resolution imaging were captured at a reduced image size (crop
mode), where only the central, 128 x 128 pixels region was selected.
However, the actual size of the cropped area changed from sample to
sample depending on the shape and size of the selected cells. Typically,
10,000 frames were captured with an exposure time of 30 ms. Reference
images with a full field of view were captured at low intensity when the
majority of fluorescent molecules were still active, and the overall
structure of the labelled sample could be visualized. Because of the
reduced volume, the switching buffer could provide ideal photochem-
ical conditions only for a limited period of time (~2 h). Whenever the
imaging process required more time, the switching buffer was replaced.
The captured and stored image stacks were evaluated and analysed by
the rainSTORM localization MATLAB software (Sinko et al., 2014). Lo-
calizations were filtered via their intensity, ellipticity and standard de-
viation values. Only the localizations with precisions of < 45 nm were
used to form the final image. The estimated mean precision of the
accepted localizations was around 20 nm. Drift introduced either by the
mechanical movement of the sample or thermal effects was analyzed
and reduced by means of a blind drift correction algorithm. Spatial co-
ordinates of the localized molecules were stored, and the final
super-resolved image was visualized. The multicolor merged images
were generated by ImageJ software.

2.9. Cluster analysis with density-based spatial clustering of applications
with noise

A density-based spatial clustering of applications with noise-based
(DBSCAN) cluster analysis module implemented into the rainSTORM
program was used for further quantitative evaluation. This algorithm
requires two input parameters: a minimum number of points that form a
cluster (N¢ore) and the maximum distance between two adjacent points
(¢). After the reconstruction of the high-resolution image, the user can
select a region using the box tracking tool, and set the two cluster
analysis parameters (Ncore, €). The program plots and saves data for
further evaluation and visualization. Larger areas (entire cells etc.) can
also be selected, but the code automatically segments them into smaller
regions to avoid computation failure. To eliminate the influence of non-
specific labeling and imprecise, out-of-focus localizations, the high-
resolution images were further filtered by keeping only the localiza-
tions with 25 nm precision. After thorough tests N¢q. and € were set to 5
and 25 nm, respectively. All together 307 cells were evaluated and three,
non-overlapping regions were selected and analysed with DBSCAN in
each cell. The retrieved cluster numbers were normalised to a 20 x 20
pixel, ie. to a 10.24 um? area in order to compare the results obtained for
the treated and untreated samples. From the 307 cells 180 had signal
also in their membranes, while the rest showed expression only in the
cytoplasm.

2.10. Membrane analysis with Image J

The 180 cells having KCC2 expression also in their membranes were
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analyzed by using the ImageJ program (NIH). The number of localiza-
tions in the selected membrane section was obtained as described below.
Identically sized areas taken from both the membrane and cytoplams
were used for analysis. As the next step, the difference between the mean
intensity obtained in the case of the area containing the membrane and
that of retrieved in the cytoplasm divided by two was calculated. This
division was necessary since in the case of the membrane only half of
analyzed area was inside the cell. Afterwards the mean intensity value
retrieved this way was multiplied by the area of the selection, which
gave a good estimate for the number of localizations in the analyzed
rectangle. Since the dimensions of the selected rectangle were known,
this value was normalized to length and thus the number of localizations
in the selected membrane section was obtained.

2.11. Animals and tissue preparation for electron microscopy

AV and AV+RIL animals were sacrificed on postoperative day 5 or 10
(n = 3 animals from each treatment/each time point). Under terminal
anesthesia, animals were transcardially perfused with 90 mM potassium
oxalate (Merck-Millipore; pH adjusted to 7.4 with KOH) followed by 3%
glutaraldehyde (Polysciences Inc.; pH adjusted to 7.4 with KOH) con-
taining 90 mM of potassium oxalate (pH 7.4). Tissue samples were
removed and fixed in the same fixative overnight (4 °C). Specimens were
then rinsed in 7.5% sucrose (Molar Chemicals Kft.) containing 90 mM of
potassium oxalate (pH 7.4), postfixed with 2% potassium pyroantimo-
nate (Merck) + 1% osmic acid (Sigma-Aldrich; pH adjusted to 7.4 with
acetic acid (Molar Chemicals Kft.) for 2 h (4 °C) as previously described
(Borgers, 1981; Borgers et al., 1977; Meszlényi et al., 2020). Next,
samples were rinsed in distilled water for 10 min, dehydrated in a
graded series of ethanol, treated with propylene oxide, and embedded in
Durcupan ACM epoxy resin (Sigma-Aldrich). Blocks were polymerized
for 48 h at 56 °C. Semithin (0.3 um) sections were cut from the blocks on
an Ultracut UCT (Leica) ultramicrotome, etched, and stained (Maxwell,
1978; Richardson et al., 1960). Next, ultrathin sections (50 nm) were cut
and mounted on single-hole formvar-coated copper grids, contrasted
with uranyl acetate (2% in 50% ethanol) and lead citrate (2% in DW all

A 5 days 16 days

AV

w AV+RIL

Dorsal horn
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from Electron Microscopy Sciences) (Reynolds, 1963; Wyffels, 2001).

2.12. Evaluation of the intracellular calcium level in the spinal cord motor
neurons

Ultrathin sections were examined in a JEM-1400Flash transmission
electron microscope (JEOL Ltd, Tokyo, Japan). Sections were screened
at low magnification (400-1000x) to identify the anatomical boundaries
and locate the motoneurons in the ventral horn. Ten images each rep-
resenting the cytoplasmic region were taken from 10 motor neurons in
each rat. Images were recorded as 16-bit grayscale images at an
instrumental magnification of 12000x with a Matataki Flash (JEOL)
2kX2k high-sensitivity scientific complementary metal-oxide-
semiconductor camera and saved in tagged image file format. The tis-
sue preparation method, regularly used in our laboratory (Obal et al.,
2006; Obal et al., 2019; Paizs et al., 2010), resulted in electron-dense
deposits (EDDs) due to the precipitation of tissue calcium by the
pyroantimonate-containing fixative. The relative volume of the EDDs
representing the calcium precipitates which was determined by point
counting methods (Mayhew, 1992), which was modified for these
unique structures and photographic conditions (Obal et al., 2006). The
pictures were analyzed with Image-Pro Plus image analysis software.
First, the tessellation of sampling points was superimposed on each
electron microscopic image, then sampling points hitting the perikaryal
profile of individual motor neurons in each image served as reference
areas and were counted. Sampling points hitting EDDs within the
reference areas were counted, and expressed as percentages compared to
the total number of sampling points superimposed on the reference area.
The corresponding counts obtained in the individual fields were sum-
med up throughout the series of the identified motor neurons in each
animal, and the appropriate ratios expressing the relative amount of
EDDs within these neurons were calculated for each animal. 10-10
motoneuronal cytoplasmic fields of view were analyzed in each animal
(n = 3/ group), resulting in 30 evaluated images (and 30 corresponding
motoneurons) in each experimental group. Furthermore, to validate the
presence of these calcium deposits and their morphological differences

Fig. 1. Analysis of KCC2 expression in the
dorsal horn of the L4-5 spinal segment from
5, to 63 days after the ventral root avulsion
injury. (A) Confocal images showing KCC2
immunostaining in the dorsal horn of the L4
spinal segment on the affected side. (B) Label-
ing intensity was measured in the dorsal horn
(dh, red-delineated area on the schematic
drawing). (C) Diagram showing the mean fluo-
rescence intensity in the dorsal horn of affected
side that was normalized to uninjured contra-
lateral side. KCC2 expression did not show any
significant difference at various time points
between the groups. vh: ventral horn, cc: cen-
tral canal; Scale bar: 100 ym.
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from ribosomes, energy-dispersive X-ray microanalysis was used. For
this method, non-contrasted sections were prepared and the EDDs and
ribosomes were examined in a transmission electron microscope oper-
ated at 120 kV, equipped with a Dry SD30GV SDD 30 mm2 X-ray de-
tector (JEOL Ltd, Tokyo, Japan). X-ray spectra were recorded in the
0-40 keV energy range for 100 s, and were analyzed by the Visual
Identification- and Thin Film Standardless Quantitative Analysis Pro-
grams of the JED-2300 Analysis Station (JEOL Ltd, Tokyo, Japan). The
spectra from EDDs represented the presence of calcium and antimony in
the appropriate energy range, while similar peaks were not visible if the
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2.13. Statistical analysis

All statistical analyses were performed with R software (version
3.6.2) with R Studio Integrated Development Environment (version
1.1.453) for Windows. Data are reported throughout the manuscript as
mean + S.E.M. Two-sample t-test or One-way ANOVA with LSD post-
hoc test was used to compare the group data. Relationships between
cytoplasmic KCC2 and membrane bound KCC2 expression was deter-
mined by the Pearson correlation coefficient. The p value is given in the
text and figure legends.

areas of interest were the ribosomes (Fig. S1).
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Fig. 2. Analysis of KCC2 expression in injured ventral lumbar spinal cord from 5 to 63 days after the ventral root avulsion injury. (A) Confocal images
showing KCC2 immunostaining in the ventral horn (vh) of the L4 spinal segment on the affected side. (B) Labeling intensity was measured in the injured medial
ventral horn (green circle, mvh), in the injured lateral ventral horn (blue circle, Ivh) and in the ventral funiculus (purple circle, vf). (C) Mean fluorescence intensity
was normalized to the uninjured contralateral side. KCC2 expression did not show any significant difference in medial grey matter. (D) Mean fluorescence intensity of
KCC2 immunoreactivity showed a decrease from 10 days in the ventral horn and returned at day 63. Note that at days 10 and 16 it can be seen a significant difference
between the groups. (E) Confocal images showing KCC2 immunostaining in the surrounding white matter of the L4 spinal segment at day 5 (E1, E2), at day 16 (E3,
E4) and at day 63 (E5, E6) on the affected side. (F) Mean fluorescence intensity was normalized to the uninjured contralateral side. KCC2 immunoreactivity showed a
decrease from 10 days and partly returned at day 63. dh: dorsal horn, cc: central canal; Two-sample t-test: * p < 0.05. at day 10 and 16 between AV vs. AV+RIL in D;
One-way ANOVA with LSD post-hoc test: # p < 0.01 among AV 5 days, vs. AV 10, 16 and 21 days and * * p < 0.01 among AV+RIL 5 days vs. AV+RIL 10, 16 and 21
days in D; One-way ANOVA with LSD post-hoc test: # p < 0.01 among AV 5 days, vs. AV 16, 21 and 63 days and * * p < 0.01 among AV+RIL 5 days vs. AV+RIL 16,
21 and 63 days in F; Dashed lines indicate the border of grey matter and white matter. Scale bar in A: 50 um and in E: 100 pm.
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Fig. 3. Immunohistochemical localization of the VAChT and KCC2 in the injured motoneurons from 5, to 63 days after the injury. (A) Fluorescence image
showing VAChT immunostaining in the contralateral ventral horn of the L4 spinal segment (red square on the schematic drawing). (B) Fluorescence images showing
transverse sections of ventral horn from L4 spinal cord segment. (C) Bar graph displays the percentages of surviving (VAChT-positive) motoneurons compared to
uninjured contralateral motoneuron numbers. Note the large numbers of surviving cells in the ventral horn in riluzole treated animal (AV+RIL group) 16 and 63 days
after the injury. (D) KCC2 and ChAT immunostaining in the injured motoneurons at 5 days (D1; AV group), (D2; AV+RIL group), 16 days (D3; AV group), (D4;
AV+RIL group) and 63 days (D5; AV group), (D6; AV+RIL group) after the injury. (E) Diagram displays the temporal changes of KCC2 expression in the membrane of
ChAT-positive motoneurons. Expression of KCC2 decreased or disappeared in the membrane of vast majority of motoneurons on days 10, 16 and 21. Arrows show
motoneurons in the injured ventral horns. dh: dorsal horn, cc: central canal, vh: ventral horn; Two-sample t-test: * p < 0.05 between AV vs AV+RIL at day 16, 21 and
63 in C; Two-sample t-test: * p < 0.05 between AV vs AV+RIL on day 7 and One-way ANOVA with LSD post-hoc test: # p < 0.01 among AV 5 days, vs. AV 10, 16 and
21 days and * * p < 0.01 among AV+RIL 5 days vs. AV+RIL 10, 16 and 21 days in E; Scale bar in A and B: 100 pm; in D1: 20 pym.

3. Results

3.1. Expression of KCC2 in the dorsal horn of the affected side after

ventral root avulsion injury

In order to investigate the possible regional differences in KCC2
expression, we performed KCC2 immunohistochemistry at the L4 -L5

spinal level from 5 days to 63 days after L4-L5 ventral root avulsion.
KCC2 labeling was analyzed and quantified in the dorsal spinal cord in
the AV and the AV+4RIL groups. At all experimental time points, the in-
tensity of the labeling was normalized to that of the uninjured contra-
lateral side. In the dorsal horn of the affected side, no visible difference of
the immunostaining pattern as observed between the different groups
(Fig. 1A). The KCC2 labeling was relatively stable at all time points.
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Fig. 4. dSTORM imaging and cluster analysis of injured motoneurons. Single optical confocal sections showing the KCC2 staining in motoneuron membranes of
intact (A1), on day 5 (A2), on day 16 (A3) and on day 63 (A4) after the injury in both groups. (B) dSTORM images display organization and distributed pattern of
KCC2 in intact and (C) injured motoneurons at different time points at nanoscale resolution in both groups. (D and E) Diagrams show the temporal changes of the
number of clusters of KCC2 in the cytoplasm of motoneurons. (F-H) Diagrams showing the number of localizations in the membrane of injured motoneurons cor-
responding to KCC2 protein in the AV and AV+RIL group. (I and J) The number of localizations of KCC2 positively correlated with the number of clusters in the
cytoplasm. Large arrows show the KCC2 staining in the membrane in A, B and C. Small arrows display KCC2 staining in the cytoplasm in A, B and C. One-way ANOVA
with LSD post-hoc test: * * p < 0.01 among AV 7 and 10 days vs. AV 16, 21 and 63 days, AV+RIL 10 days vs. AV+RIL 5, 7 and 63 days, AV+RIL 16 and 21 days vs.
AV4RIL 63 days in D, Two-sample t-test: * ** p < 0.001 between AV 5 days vs. AV+RIL 5 days, AV 10 days vs. AV+RIL 10 days, AV 16 days vs. AV4+RIL 16 days and
AV 63 days vs. AV+RIL 63 days in E; One-way ANOVA with LSD post-hoc test: * p < 0.05 among AV 5 days vs. AV 7, 10, 21 and 63 days, * * p < 0.01 among AV 16
daysvs. AV7,10, 21 and 63 days in F, * p < 0.05 among AV+RIL 5, 7 and 10 days vs. AV+RIL 16, 21 and 63 days, * ** p < 0.001 among AV+RIL 16 days vs. AV4-RIL
21 and 63 days in G, Two-sample t-test: * p < 0.05 between AV 5 days vs AV+RIL 5 days and AV 10 days vs. AV+RIL 10 days in H. Pearson correlation coefficient (r)

can be seen in I and J. Scale bar in A: 10 um; in B and C: 1 um.

The quantitative analysis of the mean fluorescence in dorsal horn
(AV and AV+RIL groups) revealed no significant expression pattern
changes between the groups (Fig. 1B, C). The intensity slightly
decreased, but remained stable at the time investigated.

3.2. Reduced expression of KCC2 in the ventral lumbar spinal cord

A dense and uniform KCC2 expression was found in both groups
throughout the affected ventral horn 5 and 7 days after the injury. In
contrast to the early time points, a weak staining was observed on days
10 and 16 in the injured ventral horn of both groups. The staining in-
tensity started to increase on day 21 and returned to baseline intensity
on day 63 (Fig. 2A). Next, we measured the mean fluorescence intensity
of KCC2 expression in both lateral and medial compartments of the
ventral horn at all examined time points (Fig. 2B-D). The expression of
KCC2 only slightly decreased in the medial ventral horn and remained
relatively stable in AV and AV+RIL groups (Fig. 2C). In contrast, a trend
towards a reduction from day 7 to day 16 was observed in lateral ventral
horn then a slight increase was observed at day 21 in both groups
(Fig. 2D). Staining intensity was significantly stronger in the AV+RIL
group on days 10 and 16 (p < 0.05 at day 10 and p < 0. 05 at day 16)
compared to AV group. The weakest expression of KCC2 in the lvh was
measured at day 16 in both groups. It then returned and was stable at
day 63 in both groups (Fig. 2D).

The labeled processes in both the grey and white matter are likely
dendrites since KCC2 is not expressed in axons(Hiibner et al., 2001; Stil
et al., 2009). These dendrites in the white matter were densely labeled
too, and could be followed towards the edge of the spinal cord on day 5
after the injury in both groups. Similarly, a strikingly different immu-
nostaining pattern was observed between the different time points in the
ventral funiculus (Fig. 2E). The most noteworthy feature of the labeling
on day 5 was the presence of labeled processes in all directions into the
ventral funiculus (Fig. 2E1 and E2). Only a faint labeling was observed
in the ventral funiculus on day 16 (Fig. 2E3 and E4). In contrast, pro-
cesses were labeled by KCC2 antibody and appeared to reach the edge of
the spinal cord in the ventral funiculus on day 63 but the labeling in-
tensity was not as strong as on day 5 (Fig. 2E5 and E6).

The fluorescence intensity of KCC2 labeling was quantified at each
time point. The KCC2 expression was stable on days 5 and 7 after the
injury in both groups, whereas a significant reduction was observed on
days 16 and 21 (p < 0.01 among AV 5 days, vs. AV 16 and 21 days;
p < 0.01 among AV+RIL 5 days vs. AV+RIL 16 and 21 days) after the
injury. KCC2 intensity reached a relatively higher value on day 63 in both
groups but was significantly weaker than earlier time points (p < 0.01
AV 5 days vs. AV 63 days and p < 0.01 AV+RIL 5 days vs. AV+RIL 63
days). No significant difference was observed in staining intensity be-
tween the AV and AV+RIL groups at the examined time points (Fig. 2 F).

3.3. Alteration of KCC2 expression in the close vicinity of the
motoneurons

Our earlier study has shown that riluzole was able to rescue the vast
majority of injured motoneurons after L4 ventral root avulsion (Nogradi

et al.,, 2007). VAChT immunohistochemistry was performed to detect
the motoneurons in the injured and contralateral intact ventral horns
(Fig. 3A and B). The morphological characteristics of the motoneurons
were well preserved in the riluzole-treated group. In contrast, vast ma-
jority of the motoneurons in the AV group was not already found on day
63 after avulsion injury (Fig. 3B). Motoneurons were counted on the
injured and contralateral sides of the ventral horn of the AV and AV+RIL
groups from 5 to 63 days. Accordingly, the proportions of
VAChT+ motoneurons on the operated side were similar in AV and
AVHRIL groups 5 and 7 days after the injury. The proportion of
VAChT+ motoneurons started to decrease in both groups from day 10
onwards, but significantly more motoneurons were missing in the AV
group as compared to the AV+RIL group animals (Fig. 3C, at day 16
p < 0.01 between AV vs AV+RIL; at day 21 p < 0.01 between AV vs
AV+RIL; at day 63 p < 0.01 between AV vs AV+RIL).

In the light of these results, we next investigated the KCC2 expression
in the injured motoneurons. Co-labeling of KCC2 (in the cell membrane)
with ChAT showed that the ratio of KCC2-expressing ChAT-positive
motoneurons dramatically dropped by day 10 after avulsion injury in
both experimental groups and remained low on the postoperative day
16, too (Fig. 3D and E). This marked drop of KCC2 was improved by the
postoperative day 21 and restored to near normal level by day 63
(Fig. 3D and E).

The quantitative analysis of KCC2 membrane expression in the
injured motoneurons revealed that significantly higher number of mo-
toneurons expressed KCC2 in the plasma membrane on day 7 in the
AVHRIL group (p < 0.05) compared to the AR group (Fig. 3E). In
contrast, low number of motoneurons expressed KCC2 in their mem-
brane at later time points (p < 0.01. AV 5 days vs. AV 10, 16 and 21 days
andp < 0.01 AV+RIL 5 days vs. AV4-RIL 10, 16 and 21 days). On day 63,
the membrane-bound expression of KCC2 recovered in the motoneurons
of both groups.

Recent studies suggested that phosphorylation of KCC2 residues
enhances its transporter function (Blaesse et al., 2009; Kahle et al.,
2008). Accordingly, we have performed pKKC2 (phosphorylated form of
KCC2) and ChAT double labelling to determine the ratio of
ChAT-positive motoneurons that expressed pKCC2 in the perikaryal
membrane. Surprisingly, no difference was found in the pKCC2
expression pattern of injured and riluzole-treated motoneurons as
compared with that of the KCC2 membrane expression (see Fig. 3E and
Fig. S2). It should be noted, however, that pKCC2 expression was not
ubiquitous in intact motoneurons, approximately 65% of them was
positive for pKCC2 (Fig. S2B and D). This ratio was maintained in the
affected motor pools of both AV and AV+RIL animals (Fig.S2D).

3.4. Cluster analysis of KCC2 in the cytoplasm of injured motoneurons

The KCC2 immunolabeling in confocal images appeared as a uniform
band in the motoneuron membrane on the intact side of the spinal cord.
On day 5 following injury the damaged motoneurons maintained their
strong membrane staining in both groups (Fig. 4A1-2), but the mem-
brane labeling became discontinuous by day 16 after injury with a
marked return of staining intensity several weeks later (Fig. 4A3-4).
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KCC2-positive labeling was also observed in the cytoplasm of moto-
neurons with varying intensity in both groups.

To investigate the dynamics of KCC2 expression in the injured mo-
toneurons the dSTORM technique of super resolution microscopy was
applied. Detailed KCC2 organization pattern was observed in dSTORM
images both in the cytoplasm and membrane of intact and injured mo-
toneurons at various time points in different experimental groups
(Fig. 4B and C, Fig. S3). KCC2 was found to aggregate into dense ho-
mogeneous clusters without clear boundaries in the cytoplasm of intact
and injured motoneurons (Fig. 4B and C, Fig. S3). In order to investigate
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Fig. 5. Distribution of EDDs, representing
the presence and amount of calcium in the
cell body of injured motoneurons. Repre-
sentative images obtained from perikaryal of
injured motoneurons 5 and 10 days after injury
in both groups (A). Perikaryal view of intact
motoneurons is shown from the contralateral
intact side (B). Quantitative analysis of changes
of the EDDs in intact and injured motoneurons.
Note the effect of riluzole treatment on the
amount of calcium in the mitochondria of
injured motoneurons 5 days after injury (C).
One-way ANOVA with LSD post-hoc test: * *
indicates p < 0.01 between intact (contralateral
intact side) group vs. AV group at 5 days, #
refers to p < 0.05 between AV group 5 days vs.
AV4RIL group 5 days; Red arrows indicate
small clusters of EDDs. n.s. =no significant
difference between intact vs. AV group 5 days
and AV 5days vs. AV+RIL 5 days group in
cytoplasmic calcium level; Mit
= mitochondrium; Scale bars: 500 nm.

mitochondrial
calcium
cytoplasmic
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days 10 days

possible differences in cytoplasmic KCC2 expression, we quantified the
number of KCC2 + clusters in the cytoplasm of injured motoneurons.
The quantitative analysis of the KCC2 cluster expression dynamics
revealed a significant increase of the clusters on days 7 and 10 followed
by a sudden drop on day 16 in the AV group. After this time point a
relatively low cluster number was observed in this group until day 63
(Fig. 4D). In contrast, animals who receive riluzole treatment showed
high cytoplasmic cluster numbers on days 5 and 7, followed by a similar
drop on day 10 and continuous recovery of cluster formation afterwards
(Fig. 4D). Fig. 4E compares the dynamics of cluster deterioration and



K. Pajer et al.

reorganization in the AV and AV+RIL groups. The cluster density in
AV+RIL group was significantly higher on days 5, 16 and 63 compared
with the AV group suggesting a better compensatory mechanism in the
early phase after injury and faster and more complete recovery of KCC2
cluster densities (Fig. 4E). In contrast, significantly decreased number of
clusters could be detected at day 10 after injury in the riluzole treated
group compared to AV group (Fig. 4E).

3.5. Analysis of KCC2 expression in the membrane of injured
motoneurons

In the light of above results, we next investigated the issue of the
KCC2 expression in the membrane of injured motoneurons. Only those
motoneurons were analyzed which possessed KCC2 immunoreactivity in
the membrane. A marked increase was followed by a sudden decline of
number of localizations in the membrane of injured motoneurons of AV
group in the first 16 days after the injury (Fig. 4 F). The statistical
analysis showed that a significant trend towards an increase of KCC2
expression was observed from the fifth day to the tenth day (p < 0.05;
n=13onday5,n =19 onday7,n =9onday 10, r = 0.390; Pearson’s
correlation). Considering all time points, significantly lower number of
localizations could be detected on days 5 and 16 after the injury. In
contrast, riluzole treatment continuously and remarkably induced a
decrease of the number of localizations for 16 days after injury (Fig. 4 G,
p <0.05;n=232o0nday 5, n=18 on day 7, n = 18 on day 10, n = 8§,
r = 0.217; Pearson’s correlation). It is notable that a significant increase
of number of localizations could be observed on days 21 and 63
(Fig. 4 G). Significantly higher number of localizations was detected on
day 5 in the AV+RIL group compared with the AV group (Fig. 4H). The
number of localizations of KCC2 was, however, significantly lower 10

10 days

7 days

5 days
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days after the injury in the AV+RIL group compared with the AV group
(Fig. 4H).

We hypothesized that there may be a link between the cytoplasmic
and membrane expressions of KCC2. Indeed, we found that the data
cumulated form all time points were positively correlated regardless
(Fig. 41 and J, AV group: p < 0.05; n = 72, r = 0.390; AV-+RIL group:
p <0.05 n=108, r=0.283; Pearson’s correlation). These results
suggest that translocation of KCC2 to the somatic membrane of injured
motoneurons increased when the level of cytoplasmic KCC2 was
elevated.

3.6. Quantitative analysis of intracellular calcium levels in spinal cord
motoneurons

Motoneurons in the affected L4-5 segments were analyzed by elec-
tron microscopy 5 and 10 days after the injury (Fig. 5). Qualitative
electron microscopic examination of spinal cords from both experi-
mental groups revealed mildly (in AV+RIL animals) and severely (AV
animals) swollen mitochondria in injured motoneurons 5 days after the
injury relative to intact motoneurons (Fig. 5A and B). Closer inspection
showed an increased number of EDDs in the mitochondria in the spinal
cords in the AV group, compared to intact or treated animals (AV+RIL
group), at 5 days after the injury, which suggests the presence of an
increased amount of Ca®" in the mitochondria of untreated animals (AV
group 5 days). The slight swelling of mitochondria ceased at day 10 after
the injury in the treated group (AV+RIL group 10 days; Fig. 5A), while
disruption of mitochondrial integrity, e.g. broken mitochondrial outer
membranes was noticed in motoneurons of the untreated group (AV
group 10 days; Fig. 5A). Next, we quantitatively analyzed the intracel-
lular calcium level in the injured and intact motoneurons. Intracellular
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Fig. 6. EAAT-2 expression in injured ventral horn. (A) Reduced EAAT-2 densities are shown in the L4 spinal segment of AV and AV+RIL animals. (B) Labeling
intensity was measured in the injured medial ventral horn (green circle, mvh) and in the injured lateral ventral horn (blue circle, Ivh). (C) Mean fluorescence intensity
of EAAT-2 immunoreactivity showed a reduction on day 10 after the injury in the medial grey matter of ventral horn in both groups. Note the significant difference
between the groups on day 10. (D) Mean fluorescence intensity decreased significantly on day 10 and 16 after injury in the lateral grey matter of ventral horn in AV
animals compared to AV+RIL animals. Dashed line shows the borderline between the white and grey matter. Two-sample t-test: * p < 0.05 between AV 10 days vs.
AV+RIL 10 days in C and * p < 0.05 between AV 10 days vs. AV+RIL 10 days and AV 16 days vs. AV+RIL 16 days in D; abbreviations: gm = grey matter, wm = white
matter; Asterisk indicates decreased EAAT-2 expression in the grey matter in A. Scale bar in A: 100 pm.
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calcium level was expressed as an area occupied by the EDDs relative to
the cytoplasmic/mitochondrial region of motoneurons. The quantitative
evaluation revealed that avulsion of the ventral root resulted in a sig-
nificant increase of mitochondrial calcium levels compared to the intact
side 5 days after the injury in AV group (p < 0.01; Fig. 5C). Riluzole
treatment could successfully prevent this increase (p < 0.05 between AV
group 5 days vs. AV+RIL group 5 days). Ten days after the injury no
significant increase could be detected on the injured side, thus the
previously observed positive effect of riluzole treatment was no longer
significant. It should be noted, that although mitochondria appeared
very swollen 5 days after injury accompanied by strong accumulation of
EDDs in them, their final disintegration was obvious only by day 10 after
injury.

3.7. Riluzole treatment partially restores the EAAT-2 expression in
injured ventral horn

It is well known that EAAT-2 is a pivotal contributor to neuro-
degeneration due to controlling balance between glutamate uptake and
release in CNS (Ling et al., 2019). Therefore, we next investigated the
expression of EAAT-2 in the injured ventral horn from 5 days up to 63
days after the avulsion injury in both animal groups. The labeling was
dense throughout the ventral horn on day 5 but the staining intensity
decreased on day 10 and returned broadly to basic level on day 21 after
injury in both groups (Fig. 6A).

The quantitative analysis of mean fluorescence signal revealed that
the EAAT-2 down-regulation in the riluzole-treated animals was
considerably milder than in the controls. This restoring effect was more
pronounced in the medial ventral horn compared with the lateral one
(ventrolateral compartment of the ventral horn; Fig. 6 A, C and D).
Expression of EAAT-2 was only minimally decreased in the medial
ventral horn of the AV+RIL animals, but significant difference was
detected only on day 10 between the treated and control groups
(Fig. 6 C). In the lateral ventral horn the EAAT-2 expression markedly
decreased on day 10 in both groups (Fig. 6D) but significantly higher
reductions were measurable in AV animals compared with AV+RIL an-
imals. In the AV+RIL group, expression of EAAT2 was restored on day
16, however, in the AV group it occurred more slowly (Fig. 6D).

4. Discussion

In the present study, we used a unilateral ventral root avulsion injury
model to determine how axotomy of the axons of motoneurons close to
the cell body at the L4-L5 spinal levels alters the processes leading to
excitotoxicity including disturbed KCC2 and EAAT-2 expression as well
as motoneuronal Ca?* regulation in the affected segments. We showed
here for the first time that a unilateral lumbar ventral root avulsion
injury induced severe changes in the expression of ion/glutamate
transporter molecules accompanied by mitochondrial Ca®" accumula-
tion. Moreover, riluzole treatment was able to positively modulate these
changes, leading to improved motoneuron survival.

Ventral root avulsion injury typically occurs at the CNS-PNS inter-
face, close to the cell body of the affected motoneurons, resulting in the
death of the vast majority of motoneurons in the affected spinal segment
(Gloviczki et al., 2017; Nogradi and Vrbova, 2001; Pajer et al., 2014;
Pajer et al., 2015). The injured motoneurons do not die instantaneously:
after a latency period of 10 days a dramatic drop in the number of
surviving motoneurons can be observed suggesting a marked vulnera-
bility of the damaged cells to glutamate excitotoxicity (Koliatsos et al.,
1994; Nogradi et al., 2007; Van Den Bosch and Robberecht, 2000;
Vandenberghe et al., 2000). The increased neuronal activity may reduce
membrane clustering of KCC2 and thus Cl™ export (Chamma et al.,
2013). This effect involves activation of NMDA receptors and subse-
quent Ca?" influx, leading to de-phosphorylation of KCC2 Ser940 and
calpain-dependent cleavage of the C-terminal domain of KCC2
(Chamma et al., 2013). Motoneurons can be successfully rescued by
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reducing glutamate excitotoxicity with riluzole treatment (Gloviczki
etal., 2017; Nogradi et al., 2007). It is an intriguing question whether a
potent molecule such as riluzole, that acts through blocking voltage
activated Na* and Ca®" and activating K+ channels and inhibits pre-
synaptic glutamate release, is able to modulate the recovery of KCC2
expression in injured motoneurons. In fact, our confocal image analysis
showed a significant decrease of KCC2 expression in the membranes of
injured motoneurons between days 10 and 21 regardless of riluzole
treatment following ventral root avulsion. On the other hand, the small,
but significant difference in overall KCC2 expression detected between
riluzole-treated and untreated specimens on postoperative days 10 and
has likely derived from dendrites. It can be argued that the time course
of KCC2 removal from the dendrites is slower in riluzole-treated ani-
mals. Indeed, the differential stability of dendritic versus somatic KCC2
in axotomized motoneurons has already been proposed by Akhter et al.
(2019).

The results of confocal microscopy investigation of KCC2 expression
in injured motoneurons were partly confirmed by dSTORM analysis.
Super-resolution imaging provided a more detailed visualization of the
cytoplasmic and membrane expression pattern of KCC2. While there was
a continuous decrease in the membrane expression of KCC2 from day 5
to day 16 in the motoneurons of the riluzole-treated animals, a consid-
erable increase followed by a sudden decrease could be observed in the
cords of the untreated group. These results may suggest that decreased
excitotoxicity by riluzole influences the membrane expression pattern of
KCC2. These differential changes may be explained on a theoretical
basis, supposing that either the existing KCC2 protein and transcript
reserves are transiently mobilized until the gene expression is
completely blocked at later time points, or a breakdown of
KCC2 + clusters occurs in the membrane. As these interpretations are
only theoretical at present, further studies are required to elucidate the
exact mechanisms behind these complex and diverse phenomena found
with a variety of methods. However, it should be considered that
dSTORM analysis of individual sets of motoneurons leads to mapping of
KCC2 expression alterations in a diverse set of motoneurons in the
injured cords, as some motoneurons may survive the ventral root injury
without treatment while other injured motoneurons remain non-
responsive to riluzole treatment and die eventually. This is particu-
larly true for spinal cords up to 10 days after injury, when it cannot be
decided which motoneuron will die or survive at a later time point
(Nogradi et al., 2007).

It is well known that nerve injury results in increased NMDAR ac-
tivity leading to Ca?" influx, and a subsequent increase in intracellular
Ca?* concentrations (Jaiswal, 2014). The activity-dependent degrada-
tion of plasma membrane expression of KCC2 requires a Ca?"-dependent
signaling pathway that mediates functional activity of KCC2 (Kim et al.,
2011). It could be hypothesized that an increase in intracellular Ca®*
level is directly associated with a decrease in KCC2 expression. How-
ever, increased intracellular Ca%* density could be observed only in the
untreated injured group at 5 days after the injury. Our electron micro-
scopic investigations of electron-dense Ca?" deposits provided clearcut
evidence that most of the intracellularly accumulated Ca®* localized to
the mitochondria and led to the morphological and functional disorga-
nization of these organelles and eventually to motoneuron death in the
untreated AV animals. In contrast, in riluzole-treated motoneurons the
intracellular/mitochondrial density of Ca>" deposits were s similar to
that of the contralateral intact motoneurons. This finding suggests that
KCC2 expression levels in injured motoneurons were not directly
influenced by elevated Ca?* levels, but other, Ca?*-independent
signaling pathways may have been acting in these motoneurons. The
regulation of KCC2 activity is mediated by numerous signaling pathways
including trophic factors, phosphorylation, Zn>* and direct interaction
with other proteins (Chorin et al., 2011; Rivera et al., 2004; Shulga et al.,
2012; Watanabe et al., 2009). Therefore, further studies are required to
analyze the potential signaling pathways regarding the functional
regulation of KCC2 following motoneuron injury.
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Other interesting finding of this study was the expression pattern
changes of EAAT-2 in the injured ventral horn. EAAT-2 is expressed in
astrocytes (Allritz et al., 2010; Karki et al., 2014) and is responsible for
the clearance of glutamate from the extracellular space thus facilitating
glutamate uptake from the synaptic cleft (Allritz et al., 2010; Prydz
et al., 2017). The down-regulation of EAAT-2 expression is associated
with the pathogenesis of certain neurological disorders, eg. ALS (Hin-
deya Gebreyesus and Gebrehiwot Gebremichael, 2020). A considerable
number of modulators (EGF, cAMP, PACAP, TGF-B, TNF-a, ceftriaxone,
estrogen and neuronal soluble factors) reportedly modulate the
expression of EAAT-2 via various signaling pathways (Todd and Har-
dingham, 2020).

The intriguing question remains, whether the results presented in
this study can be aligned with the previous literature data concerning
expression changes of KCC2 following cranial or peripheral nerve in-
juries with a possible restoration of nerve function. It has to be noted
that while avulsion injury of one or more ventral roots leads to the death
of the majority of affected motoneurons, injury of a peripheral nerve
applied far away from the cell body of the motoneuron induces only a
temporary minor degeneration of these neurons. Moreover, recovery of
function is likely in the affected motoneurons if their axons are given a
chance to regenerate in the peripheral or cranial nerves. Earlier studies
have shown that injury followed by a coaptation of the murine vagus
(Kim et al., 2018) or hypoglossal (Tatetsu et al., 2012) nerves induces
marked downregulation of KCC2 expression on postoperative days 7 and
14 with an incomplete recovery of expression by day 28. On the other
hand, sciatic crush injury resulted in a considerable decrease of
membrane-bound KCC2 expression paralled by immunohistochemically
detectable internalization of KCC2 in the cytoplasm of wild-type mouse
lumbar motoneurons by day 7 postoperatively (Modol et al., 2014).
These results suggest that there are similar molecular mechanisms acting
in motoneurons affected by both the avulsion and peripheral nerve in-
juries, although the reversibility and outcome of the pathological pro-
cesses are strikingly different in the two models. Unfortunately,
differences in the methodological approaches applied in the present and
previous studies do not allow very strict comparison of these data.

Although the main focus of the present study was placed on the
ventral horn and motoneurons, one may have expected minor changes in
KCC2 immunoreactivity in the dorsal horn. Interestingly, our data
showed that avulsion of the L4-L5 motor roots did not significantly alter
the expression of KCC2 in the superficial posterior grey matter layers
(laminae I-II). A depolarizing shift in Cl” reversal potential reportedly
occurred in lamina I neurons due to a reduction in KCC2 expression in
these cells following peripheral nerve injury. Moreover, decreased
expression of KCC2 in spinal cord dorsal horn neurons proved to be a
major contributor to neuropathic pain (Coull et al., 2003). Along this
line, previous studies provided evidence that a unilateral L5 ventral root
transection in rats was sufficient to induce hyperalgesia (Obata et al.,
2004; Sheth et al., 2002). Unilateral ventral root avulsion at the L6-S1
spinal levels induced allodynia in rats accompanied by inflammatory
changes in the dorsal horn regions, suggesting that activated microglia
may have altered neuronal excitability after such injury (Bigbee et al.,
2017). According to our data it can be hypothesized that hyperalgesia or
allodynia after ventral root avulsion may develop without significant
changes of KCC expression levels in the dorsal horn and thus other
factors may be responsible for the pathological somatosensory
perception.

5. Conclusion

Our results suggest that the damaged motoneurons were actively
down-regulating KCC2 from their membranes and riluzole had no
considerable effect on this process. However, the decreased excitotox-
icity induced by riluzole, or the recovery process due to the rescue of a
large sum of motoneurons had some effect on the dynamic of KCC2
expression pattern changes in the injured motoneurons. These findings
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suggest that excitotoxicity and KCC2 expression are not linked processes
in the pathomechanism of motoneuron damage and consequent cell
death after ventral root avulsion injury. Accordingly, it appears obvious
from our results that continuous KCC2 expression in the membranes of
injured motoneurons is not essential for motoneuron survival. These
findings suggest that ventral root avulsion-induced motoneuron death is
not due to the dislocation of KCC2 from the membrane, but this change
appears to be an inevitable consequence of the injury, no matter whether
it occurs proximally or distally from the cell body. On the other hand,
riluzole-treated damaged motoneurons were able to preserve their cal-
cium buffering capacity and thus prevent pathological processes
induced by abnormal calcium levels. For this reason, it can rather be
hypothesized that a bidirectional crosstalk develops between astrocytes
and damaged neurons, which favorably affects EAAT-2 expression in
astrocytes.
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