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GRAPHICAL ABSTRACT
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HIGHTLIGHTS

e The volume fraction of reactive astrocytes and NG2 proteoglycans increased significantly
between day 3 and day 10 post injury in both ex vivo models.

e Exvivo spinal cultures can be used as a platform for studying glial scarring and potential
SCI treatments

e This culture system fulfilled the concept of replacement, reduction and refinement of
animal use in SCI research models.



ABSTRACT

Background: The use of animals to model spinal cord injury (SCI) requires extensive post-
operative care and can be expensive, which makes an alternative model extremely attractive. The
use of ex vivo slice cultures is an alternative way to study the pathophysiological changes that can
mimic in vivo conditions and support the 3Rs (replacement, reduction and refinement) of animal
use in SCI research models. New Method: In this study the presence of reactive astrocytes and
NG2 proteoglycans was investigated in two ex vivo models of SCI; stab injury and transection
injury. Stereological analysis to measure immunohistochemical staining was performed on the
scar and injury zones to detect astrocytes and the chondroitin sulphate proteoglycan NG2. Results:
The volume fraction (\VV) of reactive astrocytes and NG2 proteoglycans increased significantly
between day 3 and day 10 post injury in both ex vivo models. This data shows how ex vivo SCI
models are a useful research tool allowing reduction of research cost and time involved in carrying
out animal studies, as well as reducing the numbers of animals used. Comparison with Existing
Method: This is the first evidence of an ex vivo stab injury model of SCI and also the first
comparison of immunohistochemical staining for injury markers within stab injured and
transection injured ex vivo slice cultures. Conclusions: The use of organotypic slice culture
models provide a simple way to study the cellular consequences following SCI and they can also

be used as a platform for potential therapeutics regimes for the treatment of SCI.
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1 INTRODUCTION

Based on the mechanisms of human spinal cord injury (SCI), animal models have been established
and validated over many years (Kwon et al., 2004). These animal models of SCI can be classified
as contusion, compression, distraction, dislocation, transection and photochemical-induced injury
models (Cheriyan et al., 2014). However, the use of animals to model SCI requires extensive post-
operative care, time and involves the use of animals, all of which makes an alternative model
extremely attractive. The ex vivo slice culture system is a useful tool to maintain a 3-dimensional
structure containing neurons and glial cells that represents the in vivo environment rather than a 2-
dimensional in vitro system. Ex vivo cultures have been reported to maintain cytoarchitecture of
the tissue for up to 6 weeks in culture (Pandamooz et al., 2016). The ex vivo slice culture system
has been used to investigate of the glial-neuron interaction in 3-dimensional nigrostriatal systems
investigating dopamine loss (McCaughey-Chapman and Connor, 2017) and also in iron deposition
following neurodegenerative diseases (Healy et al., 2016). Ex vivo organotypic slice cultures have
also been used to investigate the effect of new drugs in patient-specific tumor tissue (Merz et al.,

2017; Parker et al., 2017).

Several organotypic spinal cord slice culture models have been developed in order to mimic
the in vivo SCI environment and to understand the biological response following injury (Morrison
et al., 1998). These ex vivo models include weight drop blunt injury (Krassioukov et al., 2002),
transection type injuries (Pinkernelle et al., 2013; Pohland et al., 2015; Weightman et al., 2014)
and chemical-induced injuries (Gerardo-Nava et al., 2014; Gerardo-Nava et al., 2013). A SCI
caused by a stab injury is a rare type of injury, resulting in partial or, in some cases, complete
transection of the spinal cord (O'Neill et al., 2004). A reproducible way to model a spinal cord

stab injury is to cut the corticospinal tract (CST) at the dorsal column of the spinal cord using a



sharp object (Suzuki et al., 2010). The stab injury of the dorsal CST results in loss of locomotion
of hind limbs and depending on the level of the injury, forelimbs can also be affected (McCaughey
et al., 2016; O'Neill et al., 2004). Transection injury of the spinal cord is rarely encountered in
clinical practice, however it is a very reproducible model of SCI used to investigate regeneration,
degeneration, neuroplasticity and tissue engineering applications. Full transection injury models
involve complete disconnection between caudal and rostral segments of the cord (Cheriyan et al.,

2014).

Reactive astrocytes are one of the cellular components of the glial scar (Buffo et al., 2008;
Silver and Miller, 2004; Yuan and He, 2013). Reactive astrocytes show increased expression of
intermediate filaments such as Glial Fibrillary Acidic Protein (GFAP), vimentin and nestin (Adams
and Gallo, 2018; Silver and Miller, 2004). This reactive astrogliosis contributes to the inhibition
of axonal regeneration and the glial scar also activates NG2-positive cells, consisting of
oligodendrocyte precursor cells (OPC), pericytes, non-myelinating Schwann cells, meningeal
cells, microglia and macrophages surrounding the lesion site (Adams and Gallo, 2018; Hesp et al.,

2017).

The aim of this study was to develop a reproducible ex vivo model of SCI that could be
used to study components of the glial scar (in particular reactive astrocytes and NG2, one of the
Chondroitin Sulphate Proteoglycans (CSPGs) upregulated after SCI). In this study, we examined
two ex vivo organotypic slice culture models of SCI: stab injury and transection injury. We tried
to mimic injury models in vivo by refining ex vivo organotypic spinal culture and evaluated these

in terms of the formation of glial scar following SCI.



2 MATERIALS AND METHODS

2.1 Animals

Sprague-Dawley rats (Charles River UK Ltd, Margate, UK) were used in this study. All housing
and surgical procedures carried out in this study were approval by the Animal Care Research Ethics
Committee at the National University of Ireland, Galway and conformed to European Union
Directive 2010/63. Postnatal day (P) 4 rat pups were sacrificed by anaesthesia with 5% Isoflurane
followed by decapitation using a guillotine (Stoelting Co, Germany). The bodies were kept in
sterile dishes on ice prior to spinal cord harvesting. Spinal cord isolation was performed in a class
Il biological safety cabinet under aseptic conditions. The skin was incised using a sterile blade
#10 (Swann-Morton, England) along the midline of the dorsum. A small transverse incision was
made on the sacral vertebrae. The spinal cords were flushed from the vertebral column using a
Iml syringe fitted with an 18G needle and filled with 1X ice-cold Phosphate Buffered Saline (PBS;
pH 7.4) (Kennedy et al., 2013). The spinal cords were suspended in ice-cold artificial
cerebrospinal fluid (aCSF; pH 7.4) composed of 126mM NaCl, 2.5mM KCI, 1.25mM
NaH2P0O4.H20, 2mM CaCl2.2H20, 2mM MgS04.7H20 and 10mM glucose. The meninges were
gently dissected away using sterile fine forceps in ice-cold sucrose aCSF under a stereomicroscope
(Wild Mz32, Switzerland). The intact spinal cords were cut into smaller chunks approximately 1
cm in length and transferred to sterile tissue chopper discs for spinal cord slicing. Spinal cords
were chopped on a tissue chopper and two different spinal cord injury models were carried out on
the spinal cords: stab injury and transection injury. All slice culture was performed in a class Il

biological safety cabinet under aseptic conditions.



2.2 Spinal cord stab injury model

Transverse sections of spinal cord were chopped at 350um thickness on the Mcllwain tissue
chopper (Mickle Laboratory Engineering Co. Ltd., USA) and tissue slices were pooled together in
a petri dish in aCSF. The tissue slices were then transferred to 30mm diameter cell culture inserts
(Merck Millipore, Germany) and cultured in 6 well trays (5 slices per insert). Slices were
maintained in spinal cord slice culture medium consisting of: 48% MEM, 25 mM Hepes, 25%
heat-inactivated horse serum, 2 mM glutamine, 1% Penicillin Streptomycin, 1% N-Acetyl L-
Cysteine and 25% Hanks Balanced Salt Solution (Sigma Aldrich, Ireland) at 37°C in a 5%
humidified CO> atmosphere. All media was changed every two days. After 4 days in culture, the
tissue slices were separated into a control (uninjured; 90 spinal cord tissue transverse slices) and
an injury group (90 spinal cord tissue transverse slices). A stab injury was created in the slices
within the injury group using a sterile 27G needle targeting the corticospinal tract of the slices
located within the dorsal white matter. The anatomical region of the rat CST/dorsal white matter
region was defined based on the proportion of white matter and gray matter in the transverse slices
observed using the stereomicroscope. Slices were fixed at 3 days and 10 days post injury with 4%

paraformaldehyde (PFA).

2.3 Spinal cord transection injury model

Longitudinal sections of spinal cord were chopped at 350um thickness on the tissue chopper. All
tissue slices were pooled together in a Petri dish. The spinal cord tissue slices were then transferred
to 30 mm diameter cell culture inserts (Merck Millipore, Germany). Two slices per insert were

cultured in 6 well trays containing 1ml spinal cord slice culture medium (see above). All media



was changed every two days. After 4 days in culture, the tissue slices were separated into a control
group (uninjured, 36 slices) and injured group (36 slices). A transection injury was performed on
the spinal cord slices within injured groups midway along the length of the tissue slices using two
sterile scalpel blades #10 (Swann-Morton, England) attached to a scalpel handle. These blades
were 460 um distance apart. Spinal cord slices were fixed with 4% PFA at day 3 and day 10 post

injury.

2.4 Tissue fixation and Immunohistochemistry

Spinal cord slices were fixed with 4% PFA in 1X PBS. On the day of tissue fixation the media
was removed from each well and replaced with 1X PBS. The spinal cord slices were fixed with
4% PFA for 24 hours at 4°C in 6 well trays. These slices were immunohistochemically stained for
markers of reactive astrocytes (GFAP) and the CSPG NG2. The spinal cord tissue slices were
washed in 1X PBS three times (5 mins per wash). The spinal cord tissue on the inserts was
transferred to 24 well trays by cutting the insert membrane into pieces small enough to fit inside
the 24 well tray wells. Immunohistochemical staining was performed on the tissue slices in the 24
well trays. For each antibody staining used in this study, 6 slices were used per control group and
9 slices per injured group per time point for each litter which relates to 12 pups per litter (n = 3
litters). To block nonspecific staining, the spinal cord slices were incubated with blocking buffer
(10% normal goat serum (NGS) in 1X PBS with 0.5% Tween-20) for 2 hrs at room temperature.
The blocking solution was replaced with primary antibody solution diluted in 1X PBS blocking
buffer overnight at 4°C. Primary antibodies used in this study were: polyclonal rabbit anti-GFAP

(Dako, Denmark; 1:100) and monoclonal mouse anti-NG2 (Merck Millipore, Germany; 1:200).



After 24 hours primary antibody incubation, the slices were washed with 1X PBS three times (5
mins per wash). The slices were then incubated with secondary antibodies for 2 hours at room
temperature. The secondary antibodies used in this study were: goat anti-rabbit Alexa Flour 594
(Invitrogen, UK; 1:200) and goat anti-mouse Alexa Flour 488 (Invitrogen, UK; 1:200). The slices
were washed with 1X PBS three times (5 mins per wash). To counter stain the cell nuclei, the
slices were incubated with 1 pg/ml 4’ 6,-diamidino-2-phenylindole (DAPI; ThermoFisher
Scientific) for 15 mins at room temperature. The slices were washed with 1X PBS three times (5
mins per wash) and were left in 1X PBS at 4°C until ready for imaging. A negative control was
carried out where the primary antibody was replaced with diluent buffer for the duration of the
primary antibody incubation and secondary antibody was added as per other staining (see

Supplementary figure 2).

2.5 Imaging

Tissue slices on Millipore inserts were inverted and placed into 35 mm glass bottom dishes
(WillCo Well BV, Netherlands). The slices were mounted in 1X PBS and imaged using an Andor
spinning disc confocal microscope (Andor Technology Ltd, UK). Confocal z-stack images were
captured 1um apart from the top to the bottom of the spinal cord slices using a 10X objective lens
(numerical aperture 0.3) and a 20X objective lens (numerical aperture 0.5). All imaging was

carried out using the same exposure time and emission gain for all the spinal cord slices.

2.6 Stereological analysis
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Confocal images of each antigenic marker were examined using stereology to determine the
proportion of tissue/\VVv composed of immuno-positive cells using a simple point counting method
(Howard and Reed, 2004). A square point grid was placed randomly on the top of the images
using computer-generated grids and this grid was used to count the number of points hitting
immuno-positive cells. The Vv of immuno-positive cells was calculated by dividing the number
of grid intersections hitting immunoreactive cells by the total number of points hitting tissue. One
projected confocal image was examined per tissue slice. For uninjured tissue slices, stereological
analysis was performed on images captured away from the edge of the tissue slices. The spinal
cord slices from the injured group were examined into two zones of interest: injury zone (1Z) and
scar zone (SZ). 1Z was defined as the centre of the lesion site and SZ was defined as a distance of

100 pm from the edge of the lesion site.

2.7 Statistics

All data collected from stereological analysis was saved in Microsoft Excel 2013 (Microsoft
Office, USA). Statistical analysis was carried out using Minitab software (Minitab Incorporation,
USA). All the graphs were illustrated using Graphpad Prism software (Prism 7, USA). To test
for differences between the parameters examined a two-way Analysis of Variance (ANOVA) was
performed followed by post hoc Tukey’s test. All the statistical significance was set at probability
(p) value less than 0.05, 0.01 and 0.001. All the results were presented as mean + standard error

of the mean (SEM).

3 RESULTS
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The presence of GFAP, NG2 and DAPI-stained nuclei was examined in stab injured (single
confocal optical images) and transection injured slice cultures (projected confocal images) at day

3 and day 10 post injury at two locations: the 1Z and SZ.

3.1 Middle optical slices of confocal image stack show highest levels of cellular staining

following stab injury in ex vivo spinal cord slices

The 1Z was examined in single optical confocal images captured from the stab injured slice cultures
at day 3 (Figure 1A) and day 10 (Figure 1B) post injury. The Vv of GFAP, Vv of NG2-positive
cells and Vv DAPI stained nuclei in the Injury Zone (1Z) was shown to be highest in the middle
confocal optical slice taken from the stack of confocal images, confirming good penetration of the
antibodies into tissue slices (Figure 1C). Between day 3 and day 10 at the midway level there was
a significant increase in Vv GFAP-positive cells, NG2-positive cells and DAPI-stained nuclei
(p<0.001). The DAPI-stained cells were likely composed of GFAP/NG2-positive cells as these

cells increase by day 10 post injury (Figure 1C).

The SZ was also examined at day 3 and day 10 post injury (Figure 2A and 2B respectively)
to determine if there were any differences in the Vv of astrocytes and NG2-positive cells. At day
3 in the middle slices there were significantly less NG2-positive cells (p<0.001) in comparison to
the Vv GFAP-positive cells and DAPI stained nuclei (Figure 2C). However, at day 10 in the
midway level of confocal optical slices, there were no significant differences between Vv GFAP-
positive cells, NG2-positive cells and DAPI stained nuclei. Between day 3 and day 10 at the
midway level there was a significant increase in Vv GFAP-positive cells, NG2-positive cells and
DAPI-stained nuclei (p<0.001), indicating cell proliferation and/or migration between day 3 and

day 10.
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3.2 Increase in cell staining over time in transection injured ex vivo spinal cord slices

Projected stacks of confocal images showing transection injured slices of spinal cord were
examined at day 3 (Figure 3A) and day 10 (Figure 3B) post injury for markers of GFAP, NG2 and
DAPI stained nuclei in the 1Z of tissue slices. The distance between the two cut edges of spinal
cord was observed to decrease over time (Supplementary figure 1). In the IZ on day 3 and day 10,
there were no significant differences between Vv GFAP and Vv NG2 positive cells, although there
were considerably more DAPI stained cells present compared to these GFAP and NG2-positive
cells (Figure 3C). Between day 3 and 10, there was a significant increase in Vv GFAP-positive

cells and NG2-positive cells.

The SZ of transection injured spinal cord slices was examined at day 3 and day 10 (Figure
4A and 4B respectively). On day 3, there was significantly higher Vv of GFAP-positive cells
compared with NG2-positive cells (Figure 4C). An increase in all cellular staining was observed

between day 3 and day 10 post injury (Figure 4C).

4 DISCUSSION

The use of ex vivo models of SCI allows researchers to mimic injury models in vivo. Ex vivo
models support the 3R’s concept of replacement, reduction and refinement of animal use in SCI
research. The examination of cellular changes in the spinal cord slice cultures allows real time
study of the interaction of heterogeneous populations of cell types. The cell populations are
maintained within ex vivo slice cultures with 3-dimensional connections between neurons and

supporting cells (Doussau et al., 2017). The cellular architecture is preserved and one can
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investigate treatment strategies in 3-dimensional microenvironments. However, there are
limitations in the slice culture model as there is no circulating blood and therefore a limited ability
to examine immune responses. The accumulation of microglia/macrophages occurs at the edges
of slices due to damage caused by the dissection and tissue chopping procedures (Fernandez-Zafra
et al., 2017). We optimised our culture protocol by delaying any treatment until day 4 to avoid
immune cell involvement from the tissue harvest procedure. In this study, two ex vivo slice culture
models of SCI were examined (stab injury and transection injury) and the expression of GFAP-
positive astrocytes and NG2-positive cells was observed in the SZ and 1Z. Postnatal animals were
chosen in these experiments as they have better morphology, increased survival and more stable
susceptibility in lesion models compared to adult slices (Humpel, 2015). Although transection
injuries have been examined in ex vivo spinal cord slices (Pinkernelle et al., 2013; Pohland et al.,
2015; Weightman et al., 2014), to the best of our knowledge this is the first report on ex vivo spinal

cord stab injury.

In the stab injury the Vv of each cell marker was measured in confocal optical slices at top,
midway through and bottom of the confocal image stacks. As expected, the GFAP and NG2 were
expressed at all levels of confocal optical slices (top, midway and bottom). The majority of
staining was observed at the midway level in the stab injury model (Figure 1C), therefore it was
decided to use projected series of confocal images for further analysis when we progressed on to
the transection model. The Vv of GFAP-positive cells and NG2-positive cells appeared to account
for the majority of DAPI stained nuclei present in the 1Z (Figure 1C). This suggests that the cells
residing in the 1Z and cells migrating to the IZ may be astrocytes, reactive astrocytes, NG2-
expressing cells as well as other cell types responding to the injury. The increase in GFAP

expression observed here between 3 and 10 days was also observed in previous studies of slice
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cultures (Pohland et al., 2015) and in vivo studies (Donnelly et al., 2012; Moon et al., 2000).
Increased expression of NG2 was also observed over time here, which concurs with the study of
Jones et al. who reported that NG2 is upregulated between 24 hours and 3 days after injury in

animal studies, peaking at 7 days post injury (Jones et al., 2002).

The Vv of cellular staining observed in the transection injury model showed a similar
pattern of GFAP and NG2 expression in the SZ of transected spinal cord slices at day 3 and 10
(Figure 4C). The Vv of GFAP and NG2 increased as reported previously in slice cultures (Pohland
et al., 2015) and in an in vivo model of transection injury (Moon et al., 2000). Resident SZ cell
proliferation and migration from adjacent regions into the SZ may account for the increase in
GFAP-positive cells, NG2-positive cells and DAPI stained nuclei in the transection lesion gap by

day 10 (Figure 3C).

In summary, both of the models of SCI presented here have fulfilled the 3R’s concept of
replacement, reduction and refinement of animal use in SCI research models. Each model
generated a consistent, easily reproducible and graded injury that represents SCI pathology. The
use of stab injury ex vivo is the reproducible way to model a spinal cord injury with cut at the
particular dorsal corticospinal tract. The transection ex vivo model showed the ability to study the
transection gap and expression of different cell types that may help to incorporate strategies to
promote axonal outgrowth following SCI ex vivo. These ex vivo models are useful as a platform

for studying glial scarring and potential SCI treatment.
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Figure captions

Figure 1: 1Z of stab injured ex vivo spinal cord slices. Photomicrographs show single optical
confocal images of GFAP (i), NG2 (ii) and DAPI (iii) at the top level of a confocal image stack at
day 3 (A) and day 10 (B) post stab injury. White asterisk, * =1Z; Dashed lines separate the region
of interest examined: 1Z. Scale bar = 100 um. (C) Graph shows the proportion of GFAP, NG2 and
DAPI in the IZ of injured slices within the IZ at top, midway-point and bottom of confocal image
stacks. Mean £ SEM. *p < 0.001 significant increase from day 3 group. oo = significantly different
to top and bottom confocal images. T = significantly different to DAPI at that level. The mean
differences were analysed using Two-way ANOVA. n=1 litter (12 pups) which relates to 45 slices

per control group per time-point and 45 slices per injured group per time-point.

Figure 2: SZ of stab injured ex vivo spinal cord slices. Photomicrographs show single optical
confocal images of GFAP (i), NG2 (ii) and DAPI (iii) at the top level of a confocal image stack at
day 3 (A) and day 10 (B) post stab injury. White asterisk, * =SZ; Dashed lines separate the region
of interest examined: 1Z. Scale bar = 100 um. (C) Graph shows the proportion of GFAP, NG2 and
DAPI in the SZ of injured slices at top, midway-point and bottom of confocal image stacks. Mean
+ SEM. *=p< 0.01 significant increase from day 3. oo = significantly different to top and bottom
confocal images. = significantly different to DAPI at day 3 time point at that level. The mean
differences were analysed using Two-way ANOVA. n=1 litter (12 pups) which relates to 45 slices

per control group per time-point and 45 slices per injured group per time-point.

19



Figure 3: 1Z of transection injured ex vivo spinal cord slices. Photomicrographs show single
optical confocal images of of GFAP (i), NG2 (ii), and DAPI (iii) at day 3 (A) and day 10 (B) post
injury. White asterisk, * =I1Z; Scale bar = 200 um. (C) Graph show the proportion of tissue
composed of GFAP, NG2 and DAPI stained cells in the IZ of transection injured slices. Mean +
SEM. p< 0.01, *=p< 0.001 significant increase from day 3. = significantly different to DAPL
The mean differences were analysed using Two-way ANOVA. n=1 litter (12 pups) which relates

to 45 slices per control group per time-point and 45 slices per injured group per time-point.

Figure 4: SZ of transection injured ex vivo spinal cord slices. Photomicrographs show single
optical confocal images of GFAP (i), NG2 (ii), and DAPI (iii) at day 3 (A) and day 10 (B) post
transection injury. White asterisk, * = SZ; Dashed lines separate the region of interest examined:
SZ. Scale bar=200 pum. (C) Graph shows the proportion of tissue composed of GFAP, NG2 and
DAPI in the SZ of transection injured slices. Mean £ SEM.*=p< 0.001 significant increase from
day 3. The mean differences were analysed using Two-way ANOVA. n=1 litter (12 pups) which

relates to 45 slices per control group per time-point and 45 slices per injured group per time-point.

Supplementary figure 1: Transection gap distance in ex vivo transection injured spinal cord
slices. Photomicrographs show representative phase contrast images of transection injured spinal
cord slices at day 3 (Ai) and day 10 (Aii) after transection injury. Scale bar = 500 um. Graph
shows transected gap distance at day 3 and day 10 (B). Mean = SEM. The mean differences were
analysed using Two-way ANOVA. n=1 litter (12 pups) which relates to 45 slices per control group

per time-point and 45 slices per injured group per time-point.
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Supplementary figure 2: Immunohistochemical staining negative control sample image.
Photomicrograph show representative single optical confocal images of transection injured spinal
cord slice used as a negative control in immunohistochemical staining. Blue nuclei are stained
with DAPI. White asterisk, * = 1Z; Dashed lines separate the region of interest examined. Scale

bar=100 pm.
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Figure 3
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Figure 4
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Supplementary figure 2
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