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Abstract Among the cellular processes that follow injury
to the central nervous system, glial scar formation is
thought to be one of the major factors that prevent regener-
ation. In regeneration-competent organisms, glial scar for-
mation has been a matter of controversy. We addressed this
issue by examining the glial population after spinal cord
injury in a model of regeneration competency, the knifefish
Apteronotus leptorhynchus. Analysis of spinal cord sec-
tions immunostained against the glial markers glial fibril-
lary acidic protein, vimentin, or chondroitin sulfate proteo-
glycan failed to produce any evidence for the formation of
a glial scar in the area of the lesion at post-injury survival
times ranging from 5 to 185 days. This result was inde-
pendent of the lesion paradigm applied—amputation of the
caudal part of the spinal cord or hemisection lesioning—
and similar after examination of transverse and longitudinal
sections. We hypothesize that the well-developed network
of radial glia in both the intact and the injured spinal cord
provides a support system for regeneration of tissue lost to
injury. This glial network is likely also involved in the gen-
eration of new cells, as indicated by the large subset of glial
fibrillary acidic protein-labeled glia that express the stem
cell marker Sox2.
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Introduction

Spinal cord injury (SCI) is a devastating condition in
non-regenerative organisms such as mammals. The ini-
tial lesion is characterized by local tissue disruption and
necrosis, followed within hours by secondary phenom-
ena, including ischemia, prolonged inflammation, and
glial scar formation (Dusart and Schwab 1994; Fitch
et al. 1999; Kwon et al. 2004). The glial scar creates an
inhibitory environment in which axonal growth cones
become dystrophic and retract, preventing successful
regeneration (Horn et al. 2008; Rolls et al. 2009; Yuan
and He 2013; Cregg et al. 2014). In stark contrast to
mammals, regeneration-competent organisms such as
teleost fish and urodele amphibians have the ability to
regrow nervous tissue after spinal cord transection and
even partial ablation [for reviews, see (Sirbulescu and
Zupanc 2011; Diaz Quiroz and Echeverri 2013; Lee-Liu
et al. 2013)]. In teleosts, apoptosis (rather than necrosis),
cell proliferation, and neuronal differentiation dominate
after injury, and numerous molecular factors that promote
regeneration have been identified in these organisms [for
reviews, see (Sirbulescu and Zupanc 2013; Zupanc and
Sirbulescu 2013)].

Reports vary on the extent of gliosis after central
nervous system (CNS) injury in regeneration-competent
vertebrates. Some studies have failed to find evidence
for the formation of a glial scar in response to CNS
lesions. For example, after application of stab wound
lesions to the telencephalon of elasmobranchs, no signif-
icant astroglial reaction was found in the area surround-
ing the wound, as indicated by the absence of glial fibril-
lary acidic protein (GFAP)-positive cells (Kdlman et al.
2013). Other studies have uncovered the development

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s00359-016-1089-9&domain=pdf

446

J Comp Physiol A (2016) 202:445-456

of an astrocytic response after CNS injuries. Follow-
ing complete transection of the spinal cord in zebrafish,
an astrocytic bridge is formed across the gap generated
through the lesion (Goldshmit et al. 2012). This bridge
is formed by astrocytes assuming an elongated bipolar
morphology, and supports axonal elongation across the
lesion site. By contrast, the glial scar found in mam-
mals is composed of a dense plexus of interdigitated
processes of glial cells with a stellate morphology that
prevents the ingrowth of axons [for review, see (Sofro-
niew and Vinters 2010)]. In yet other regeneration-
competent model systems, some form of glial scarring
appears to accompany CNS injuries, however without
impairing regeneration. In goldfish, reactive gliosis has
been reported in an early study (Bernstein and Bernstein
1969), and more recent investigations confirmed the for-
mation of a fibrous glial scar, containing collagen and
laminin, following a thoracic or cervical crush or tran-
section injury of the spinal cord (Takeda et al. 2007,
2015). In brown ghost knifefish, reactive gliosis has been
reported after cerebellar lesions in the form of hypertro-
phied and displaced GFAP-expressing astrocytes (Clint
and Zupanc 2001). In zebrafish, despite the possible
occurrence of gliosis, neuronal regeneration and axonal
regrowth through the fibrous glial scar can take place,
and are complemented by functional recovery of behav-
iors associated with motor neuron regeneration after
SCIs (Becker et al. 1997; Reimer et al. 2008).

In light of the controversy surrounding the forma-
tion and nature of a glial scar after spinal cord lesions in
teleosts, in the present study we examined the cellular
response of glia to SCI in one of the best characterized
regeneration-competent model organisms, the brown ghost
knifefish [for reviews, see (Sirbulescu and Zupanc 2011,
2013; Zupanc and Sirbulescu 2013)]. By employing two
lesion paradigms—amputation of the caudal part of the
spinal cord, and spinal cord hemisection—we found no
evidence supporting the occurrence of glial scarring in this
species.

Materials and methods
Animals

A total of 40 brown ghost knifefish (Apteronotus lepto-
rhynchus; Gymnotiformes; Teleostei) with an average total
length of 125 mm (range: 86—160 mm) and an average body
mass of 5.3 g (range: 1.8-10.8 g) were used in this investi-
gation. The gonadosomatic index averaged 0.17 % (range:
0.07-0.32 %) in males, and 2.56 % (range: 0.80-7.52 %) in
females. Fish were supplied by tropical fish importers (East
Coast Tranship, Inc.) and housed in 40-300 L aquaria at
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temperatures of 26-28 °C and pH values of approximately
7.4, under a 12:12-h light/dark cycle.

Tissue sampling
Caudal amputation

Under general anesthesia with 2 % ethyl carbamate (ure-
thane; Fisher Scientific) in aquarium water and local anes-
thesia with 2 % lidocaine (Fisher Scientific), the caudal
peduncle was amputated, removing approximately 10 % of
the total body length of the fish.

Hemisection

The fish were anesthetized as described above, and 2-3
scales were removed from the lateral aspect of the caudal
peduncle, approximately 1.5-cm rostral from the tip of the
tail. A small incision was performed in the skin, exposing
the spine, and after removing the bone with fine tweezers,
the spinal cord was hemisectioned using fine iridectomy
SCissors.

Perfusion and tissue sectioning

After 0, 5, 7, 10, 20, 50, 100, or 185 days (n = 2-6 fish
per survival time), animals were deeply anesthetized using
ethyl 3-aminobenzoate methanesulfonate (MS-222; Sigma
Aldrich) dissolved in aquarium water, and perfused trans-
cardially with heparinized saline solution, followed by 2 %
freshly depolymerized paraformaldehyde (Fisher Scien-
tific) in 0.1 M phosphate buffer, pH 7.4, for 30 min. The
caudal-most 1 cm of the tail, including any regenerated tis-
sue, was removed and post-fixed in 2 % paraformaldehyde
for a minimum of 4 h, then cryoprotected overnight at 4 °C
in 1 M sucrose in phosphate-buffered saline (PBS). Trans-
verse and longitudinal sections were cut serially at a thick-
ness of 16 um, and mounted onto SuperFrost Plus Gold
slides (Fisher Scientific).

Immunohistochemistry

For immunohistochemical detection of antigens, sections
were dried in a desiccator for 90 min at room tempera-
ture (RT) and rehydrated through three changes of PBS
(pH 7.4). To permeabilize the tissue and block unspe-
cific binding sites, sections were treated for 1 h at RT
with PBS containing 1 % bovine serum albumin, 1 %
teleostean gelatin, 3 % normal sheep serum, and 0.3 %
Triton X-100 (all from Fisher Scientific). Sections were
then incubated overnight at 4 °C with one of the fol-
lowing primary antibodies, diluted in blocking solu-
tion: monoclonal mouse anti-GFAP (clone G-A-5; 1:50;
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Sigma Aldrich), polyclonal rabbit anti-GFAP (1:100;
Sigma Aldrich), monoclonal mouse anti-vimentin (clone
V9; 1:100; Sigma Aldrich), monoclonal mouse anti-
chondroitin sulfate (clone CS-56; 1:50; Abcam), and
polyclonal rabbit anti-Sox2 (1:50; Abcam). Unbound pri-
mary antibody was removed by 3 rinses for 5 min each
in PBS. Sections were further incubated for 30 min at RT
in blocking solution, as described above, except that nor-
mal goat serum was used instead of normal sheep serum.
Antigenic sites were visualized by incubating the sections
at RT for 90 min or at 4 °C overnight with the follow-
ing corresponding secondary antibodies, diluted in block-
ing solution: Alexa Fluor 488-conjugated goat anti-rabbit
IgG, Alexa Fluor 488-conjugated goat anti-mouse IgG,
Alexa Fluor 546-conjugated goat anti-rabbit IgG, Alexa
Fluor 546-conjugated goat anti-mouse IgG, Alexa Fluor
635-conjugated goat anti-mouse IgG (1:200; all from Life
Technologies), or Cy3-conjugated goat anti-rabbit IgG
(1:500; Jackson Immunoresearch). Sections were coun-
terstained by incubation with 2 ug/ml of 4/, 6-diamidino-
2-phenylindoledihydrochloride (DAPI; Sigma Aldrich) in
PBS for 3 min at RT. The sections were washed 3 times
for 7 min in PBS and embedded in polyvinyl alcohol con-
taining n-propyl gallate.

Antibody controls

Previous studies in the CNS of A. leptorhynchus demon-
strated the specificity of the monoclonal mouse anti-GFAP
antibody, the monoclonal mouse anti-vimentin antibody
(Zupanc et al. 2012), and the rabbit anti-Sox2 antibody
(Traniello et al. 2014). Double immunolabeling experi-
ments using the monoclonal mouse anti-GFAP antibody
and polyclonal rabbit anti-GFAP antibody showed a com-
plete overlap of the labeling. For all antibodies used, nega-
tive controls, in which the primary antibody was omitted,
were included.

Microscopy

Images were acquired using a Zeiss Axioskop 20 epifluo-
rescence microscope equipped with 20x and 40x objec-
tives and an Axio-Cam MRc5 digital camera (both from
Carl Zeiss), or a Zeiss LSM 710 laser scanning micro-
scope (Carl Zeiss) equipped with 20x, 40x and 63x
objectives. Epifluorescence images were taken at a reso-
lution of 0.2 wm/pixel and an optical thickness of 16 pm
using AxioVision (Carl Zeiss). Since they showed very
high variability in fluorescence intensity when assessed
under standard imaging settings, individual images were
acquired at their automatically determined optimal expo-
sure times. These ranged from 0.5 to 33 s across all exam-
ined sections, indicating an overall high dynamic range.

Images were then linearly scaled using MATLAB (The
MathWorks, Inc.) to a typical exposure time of 4.0 s for
green fluorescence and 5.0 s for red fluorescence, result-
ing in effective dynamic ranges of 0-2040 and 0-2550,
respectively.

Confocal images were taken at a resolution of 0.2—
0.5 pwm/pixel and an optical thickness of 2-5 pm using Zen
(Carl Zeiss). Z-stacks were acquired at an offset of 0.9—
2.5 pm per slice, and a total number of 9-35 optical slices
per z-stack. For quantitative analysis, z-stacks were con-
verted to single images by applying a maximum intensity
projection, using ImageJ (National Institutes of Health). To
correct for differences in intensity due to variations in label
penetration and total optical thickness, confocal images
of longitudinal sections were linearly scaled to an average
background intensity of 90 (on a scale from 0 to 255) using
MATLAB. Briefly, low-intensity regions (i.e., tissue areas
without label) were identified through automatic image
thresholding, and overall background levels were approxi-
mated through morphological image reconstruction. Each
image was then rescaled such that the average background
intensity within the examined tissue equaled the selected
value (90). This scaling ensured that the strongest labeled
regions attained intensities close or equal to the maximum
(255) throughout all examined sections.

Image analysis

For all microscopy images, regions of interest—includ-
ing all spinal cord tissue but excluding the central canal—
were outlined manually using ImageJ. For longitudinal
sections, the region(s) of interest were divided into sub-
regions of approximately 50 pm x 50 pm using MAT-
LAB. To determine the positions of these sub-regions
on the caudo-rostral axis, the medial line of the spinal
cord was interpolated using a cubic spline, and the curve
length between the caudal end of the cord and the pro-
jection onto this spline of each sub-region centroid was
measured. For both transverse and longitudinal sections,
GFAP and vimentin immunolabelings within the regions
of interest were quantified in MATLAB using functions
from the Image Processing Toolbox. Briefly, background
levels were determined through image smoothing, fol-
lowed by morphological image opening and morpho-
logical image closing for the high-noise epifluorescence
images or, equivalently, watershed-based image seg-
mentation and morphological image reconstruction for
the low-noise confocal images. Pixels whose intensity
exceeded the background levels by more than a predefined
threshold, ranging between 5 and 150 as a function of
background intensity for the high-dynamic-range epifluo-
rescence images, and set to 20 for the standard-dynamic-
range confocal images, were marked as foreground.
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These threshold values were found to optimally distin-
guish between labeled and non-labeled structures during
preliminary data analysis and corresponding MATLAB
code development. The average immunolabeling density
was calculated as the cumulative intensity of foreground
pixels after background subtraction, divided by the total
number of pixels in the analyzed region. Correspondingly,
the average immunolabeling intensity was computed
as the average intensity of foreground pixels after back-
ground subtraction.

Data analysis

For statistical analysis of immunolabeling with glial mark-
ers, the examined portion of the spinal cord was divided
along the caudo-rostral axis into 4-mm regions for trans-
verse sections and 200-pm regions for longitudinal sec-
tions. Region indices were assigned in a caudo-rostral

Vimentin

Vimentin

Fig. 1 Detection of GFAP and vimentin immunopositive fibers in
transverse spinal cord sections. a—¢ Confocal image showing GFAP
(a) and vimentin (b) immunoreactivity in a representative transverse
section collected from non-regenerated spinal cord. The overlay (c)
indicates that, while both markers are mostly co-expressed, glial cells
in certain areas express either vimentin or GFAP. The image repre-
sents a 2.3-um-thick optical section. a’~b’ Background levels (blue)
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manner, with region 0 being centered on the injury site,
regions with negative indices representing the regenerate,
and regions with positive indices denoting progressively
rostral levels of the non-regenerated spinal cord. Region
indices for intact spinal cord samples collected from non-
injured fish were assigned in a similar manner, with the
caudal-most region being aligned with, and receiving the
same index as, the caudal-most regenerate region at the
longest survival times. Hypothesis testing was conducted
using mixed-effects ANOVA models with type IV sum of
squares. The post-injury survival time and the spinal cord
region were included as between-subjects factors, while
fish index or section index were included as nested ran-
dom factors. For analysis of relative cell counts, a repeated
measures ANOVA model with type III sum of squares
was used. The experimental condition (tissue type and/or
survival time) was included as a between-subjects factor,
while cell type was included as a within-subjects factor. In

were determined through image smoothing followed by morpho-
logical image opening. Pixels whose intensity exceeded the back-
ground levels by more than a predefined threshold were marked as
foreground, and defined the immunolabeled fibers (white). Note that
through this procedure autofluorescent structures, such as large elec-
tromotor neurons (arrows), were successfully excluded. The central
canal is indicated by asterisk in each panel
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all cases, post hoc multiple comparisons were performed
using the Bonferroni method, and levels of statistical sig-
nificance were adjusted accordingly. All reported descrip-
tive statistics are estimated marginal means =+ standard
errors. All statistical analyses were conducted using SPSS
(IBM Corporation).

Results
Absence of gliosis after spinal cord amputation

In order to assess possible changes in expression of clas-
sical glial markers after injury, transverse spinal cord sec-
tions were immunolabeled against GFAP and vimentin.
Labeling patterns were examined in every fifth section of
the caudal-most 1 cm of the spinal cord at 0, 5, 10, 20,
50, and 100 days after caudal amputation (n = 3 fish per
time point). These tissue sections included the complete

regenerated part as well as a portion of the non-regenerated
tissue of the spinal cord. For statistical analysis, the exam-
ined sections were partitioned along the caudo-rostral axis
into 4-mm regions. The intensity of the staining and the
area of the central nervous tissue covered by immunoposi-
tive fibers were quantified in microscopy images as a meas-
ure of glial reactivity and hypertrophy (Fig. 1).

Analysis of the GFAP immunolabeling density did
not reveal any significant effect of survival time (Fs
166y = 057, p = 0.72), nor any significant interac-
tion between survival time and spinal cord region (Fq
285y = 1.58, p = 0.17). The analysis uncovered, how-
ever, a small, significant effect of spinal cord region (F .
663 = 3:45, p = 0.02, n? = 0.13). Post hoc multiple com-
parisons indicated that the average GFAP density was
significantly lower in the regenerated caudal region than
near the injury site (7.1 vs. 10.0, p = 0.03), suggesting a
reduced prevalence of mature glia in the newly generated
tissue. No significant differences in GFAP labeling density

Fig. 2 Quantification of GFAP 20 - v 00 days . 60 8 - v 00 days - 40
and vimentin immunolabeling 1 T r ] [
Wflﬂ}llm th.e claudacli—m(z;tf f1 cm 10 ] . I 30 4] T T I [ 20
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were observed between any of the other spinal cord regions
examined (p > 0.46), a pattern that was consistent across
all time points (Fig. 2). The average intensity of immuno-
labeled GFAP fibers did not vary significantly with either
survival time (F5 157) = 0.14, p = 0.98), spinal cord
region (F3 367 = 1.00, p = 0.40), or their interaction (F g
25.5) = 0.47, p = 0.88), suggesting that any observed differ-
ences in GFAP density arose from changes in the relative
area covered by fibers instead.

Analysis of the vimentin immunolabeling density
revealed no additional patterns (Fig. 2). Neither spinal
cord region nor survival time had any significant effect on
the labeling density (F(3 559, = 0.64, p = 0.60, and F5
215y = 0.32, p = 0.90, respectively), and the same was
true for their interaction (Fg 547 = 0.18, p = 0.99). As
for GFAP, the average intensity of vimentin fibers did not
vary significantly with spinal cord region (F 3 55, = 0.62,
p = 0.61), survival time (F5 145, = 0.11, p = 0.99), or their
interaction (F g 550, = 0.32, p = 0.96).

To further examine the expression of glial markers along
the caudo-rostral axis of the spinal cord, we analyzed lon-
gitudinal sections of intact and regenerating tissue, at 0, 20,
50, and 185 days after caudal amputation (n = 2-6 fish per
time point). Longitudinal sections were immunolabeled
against GFAP (Fig. 3a—) and vimentin (not shown); due
to the high degree of expression similarity between the two
markers, only the former was analyzed. GFAP labeling was
quantified in tissue samples extending up to 2.5 mm on
either side of the injury site, as well as in corresponding
samples collected from the caudal region of intact spinal
cords (Fig. 4). Sections were divided into a large number of
small, roughly 50 pm x 50 wm regions of interest, thereby
providing a 20-fold increase in caudo-rostral resolution as
compared to the previous analysis on transverse sections.
Results indicated that the average density of GFAP fibers
did not vary significantly within this caudo-rostral range
with either time point (Fy 195 = 1.80, p = 0.17), spinal
cord region (F 55 5159, = 0.72, p = 0.83), or their interac-
tion (F(sg 2319, = 0.89, p = 0.69), confirming our initial
findings. Similarly, there were no significant effects of
time point (F4 17,, = 0.30, p = 0.87), spinal cord region
(Fas, 2147y = 0.98, p = 0.51), or their interaction (Fsg
2368) = 1.00, p = 0.48) on GFAP labeling intensity. Since
this analysis also included the caudal intact spinal cord,
these results suggest that GFAP expression does not dif-
fer between regenerating and normally growing spinal cord
tissue.

A major inhibitory component of the glial scar in the
mammalian CNS 1is represented by chondroitin sulfate
proteoglycans (CSPGs), extracellular matrix molecules
secreted by reactive astrocytes at the site of the lesion (Yiu
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Fig. 3 Absence of gliosis at the injury site after caudal spinal cord »

amputation. Composite tiled confocal images showing GFAP labe-
ling in representative longitudinal sections collected immediately
after amputation (a), 20 days post-amputation (b), and 50 days post-
amputation (c). The spinal cord tissue, distinguished by its bright
immunoreactivity against GFAP (asterisk), is surrounded by other
types of tissue, some of which exhibit weak autofluorescence at
488 nm (diamond). a Maximum intensity projection of a series of 22
2.8-um-thick confocal optical sections spanning a total of 61.6 pm.
The image shows the distribution of GFAP-positive glia immediately
after injury. The site of amputation is indicated by arrow. The non-
regenerated tissue is to the right of the arrow. b Maximum intensity
projection of a series of 19 2.5-um-thick confocal optical sections
spanning a total of 47.1 um. At 20 days post-amputation, no vis-
ible increase in GFAP immunopositive fibers can be observed at the
injury site (arrow). At this time point, over 1.5 mm of the caudal
spinal cord has regenerated (left of the arrow). ¢ Maximum inten-
sity projection of a series of 30 2.5-um-thick optical sections span-
ning a total of 74.4 um. Similarly as at 20 days post-amputation,
at 50 days no increase in GFAP immunoreactivity is evident at the
injury site (arrow). d, e Magnified view of the spinal cord at the
lesion site (dashed line), immunostained against CSPG and GFAP, at
20 days (d) and 185 days (e) after caudal amputation. The intensity of
immunoreactivity against these two markers does not differ between
regenerated (left of dashed line) and non-regenerated (right of dashed
line) tissue, indicating the absence of local glial scar formation. Indi-
vidual channels are shown in the panels below (d’, d”, €/, e”). Images
are maximum intensity projections of series of 6 1.0-um-thick con-
focal optical sections spanning a total of 5.8 um (d, d’, d”), and 7
1.0-um-thick confocal optical sections spanning a total of 6.8 pm (e,
e, e//)

and He 2006). Here, we performed a qualitative immuno-
histochemical assessment of the changes in the expression
of CSPGs at the injury site and neighboring regions in the
A. leptorhynchus spinal cord at 0, 20, 50, and 185 days
after caudal amputation. Our analysis indicated no differ-
ences in the CSPG immunolabeling at or around the lesion,
at any time point examined (Figs. 3d—d”, e—e”). This result
was similar to the pattern observed after anti-GFAP immu-
nostaining, and therefore no further quantitative analysis
was carried out.

Absence of gliosis after spinal cord hemisection

To assess whether the observed absence of a glial scar for-
mation was due to the type of SCI employed, an alterna-
tive experimental paradigm, lateral hemisection, was used
instead of amputation. At 7 days post-lesion, spinal cord
sections were immunolabeled against GFAP (Fig. 5) and
vimentin (not shown), and evaluated for glial scar forma-
tion. No increase in either the number of glial cells or the
area covered by glial processes, as indicated by the pattern
and intensity of GFAP immunolabeling, was observed at
the injury site, which was almost indistinguishable from the
neighboring regions of the spinal cord.
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Fig. 4 Quantification of GFAP immunolabeling in longitudinal sec-
tions through the regenerating and intact spinal cord. The average
immunolabeling density was determined in longitudinal sections (3—6
sections per time point) subdivided into 50 pm x 50 pwm regions of
interest (50-562 regions per section). Sections from injured fish were
aligned on the caudo-rostral axis such that O corresponded to the
injury site (arrows), whereas sections from intact fish were positioned
such that their caudal ends aligned with those of injured fish from
the longest survival time group. For statistical analysis, regions of
interest were grouped into 200-pwm bins (19-127 regions per bin per
time point). Dots represent the density measurements of individual
regions, pooled across fish. Overlaid traces are averages calculated
over 80-pm bins

Two distinct subpopulations of glial cells

To further characterize the glial cell population, tissue
sections were immunostained against GFAP and Sox2
in combination with DAPI counterstaining (Fig. 6a—
a’’). This experiment was prompted by the observa-
tion that part of the glial cells in the cerebellum of A.
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leptorhynchus exhibit stem-cell-like immunological
properties (Sirbulescu et al. 2015). In the present study,
the labeling pattern of immunostained cells was exam-
ined in intact tissue and at 20 days after amputation, in
both non-regenerated and regenerated parts of the spinal
cord. A total of 796-1520 cells were analyzed for each of
the three conditions: intact, non-regenerated, and regen-
erated (n = 3 sections per condition). Glial cells were
classified as either GFAP+/Sox2+4 or GFAP+/Sox2—
(Fig. 6b). Analysis of the relative numbers of glial cells
(normalized to DAPI) revealed a significant difference
between the overall proportions of these two subtypes
(F. 6 = 412, p < 0.001, n* = 0.87), but no effect of
experimental condition (Fo 6 = 3.25, p = 0.11), nor
any interaction between these two factors (F, 4 = 0.90,
p = 0.46). Across all three types of spinal cord tis-
sue examined, there were approximately twice as many
GFAP+/Sox2— glia (43-55 % of DAPI) than GFAP+/
Sox2+ glial cells (22-24 % of DAPI). Overall, 67-78 %
of all cells were glia, as identified by GFAP expression,
relative to the number of DAPI-stained nuclei. Only
29-36 % of these cells expressed Sox2, indicating that
only a fraction of glial cells have stem/progenitor cell
potential.

Discussion
Absence of gliosis after spinal cord injury

The present study showed no increase in the number or size
of GFAP+ or vimentin+ glial cells at the injury site after
spinal cord amputation or transection lesions in A. lepto-
rhynchus. Similarly, there was no increase in the expres-
sion of CSPGs by glial cells located at the injury site, in
agreement with previous reports from studies of regen-
erating zebrafish spinal cord (Becker and Becker 2007).
The absence of any significant alteration in the glial net-
work at the location of the injury supports the notion that
no glial scar formation occurs after spinal cord lesions in
this species. This result is in line with previous reports in
other regeneration-competent vertebrates, including chon-
drichthyans (Kédlman et al. 2013), teleosts (Hui et al. 2010;
Baumgart et al. 2012), and urodele amphibians (O’Hara
et al. 1992), where no reactive gliosis was observed after
CNS injuries.

The present observations are in contrast to the pro-
nounced glial hypertrophy observed after cerebellar stab
lesions in A. leptorhynchus (Clint and Zupanc 2001). In
the corpus cerebelli, one subdivision of the teleostean cer-
ebellum, the density of GFAP+ fibers strongly increased
8 days after the application of the lesion, and remained
elevated for at least 100 days after the injury, particularly
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Fig.5 Absence of gliosis at the injury site after spinal cord hemi-
section. a, b Longitudinal horizontal section through the spinal cord
7 days after the lesion. a The differential interference contrast (DIC)
image indicates the site of the injury (between the two arrows), char-
acterized by the absence of myocytes dextrally to the spinal cord. Dif-
ferentiated myocytes are clearly evident caudally (*), rostrally (**),

in the molecular layer. The contrasting results between this
study and the present investigation may be due to funda-
mental differences in the cytoarchitecture of the different
regions of the CNS, with the intact spinal cord being much
richer in GFAP+ glial fibers than the molecular layer of
the corpus cerebelli. The astrocytic meshwork induced by
lesions in the cerebellum is thought to provide support in
the regeneration of the cerebellar tissue, particularly to
guide newly generated cells from neurogenic niches to the
site of the injury (Clint and Zupanc 2001). It is possible
that the spinal cord of A. leptorhynchus already contains
a sufficiently well-developed glial network that can sup-
port regeneration, while in the corpus cerebelli such a net-
work needs to be formed through hypertrophy or cellular
proliferation.

The type of lesion paradigm does not alter the glial
response

To examine whether the observed absence of glial scar-
ring in the spinal cord depends on the injury paradigm
employed, a hemisection lesion was applied to one fish,
and sections through the lesion site were compared with

and sinistrally (¥**) to this site. b No hypertrophied GFAP-immuno-
positive glial cells are visible at the injury site. Images are maximum
intensity projections of series of 13 0.9-um-thick confocal optical
sections spanning a total of 12.3 um (a), and 16 0.9-um-thick confo-
cal optical sections spanning a total of 13.5 um (b)

sections obtained after amputation of the caudal portion of
the spinal cord. The hemisection paradigm leaves degener-
ating tissue at the injury site, and might, therefore, elicit a
more pronounced glial response. However, no increase in
glial immunoreactivity was observed after either type of
lesion. This finding confirms that the absence of a glial scar
in the spinal cord of A. leptorhynchus is independent of the
injury paradigm used.

However, this notion does not apply universally to the
CNS of regeneration-competent organisms. In the telen-
cephalon of zebrafish, the presence or absence of gliosis
depends on the modality through which the injury was
induced. Strong glial cell reactivity was observed when a
stab wound injury was performed through the skull (Mirz
et al. 2011; Kishimoto et al. 2012). By contrast, no glial
reaction or scarring was reported after lesioning via the
nostrils (Kroehne et al. 2011; Baumgart et al. 2012). After
application of the latter lesion paradigm, the injury affects
almost half of the telencephalic hemisphere, but does not
damage the ventricular zone (where many of the adult
stem/progenitor cells of the telencephalon are located) or
‘contaminate’ the brain parenchyma with other types of tis-
sue or cerebrospinal fluid.
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Fig. 6 Subpopulations of glial
cells in the spinal cord. a—a”
Confocal images illustrating
two distinct subtypes of GFAP+
cells in the intact spinal cord.
While one of these subpopula-
tions co-expresses Sox2 in the
nucleus (arrows), the majority
of the GFAP-immunopositive
glia do not express this stem
cell marker (arrow with cross).
A number of cells shown in the
section do not express either
GFAP or Sox2 (arrowheads).
The image represents a maxi-
mum intensity projection of a
z-stack of 34 1.1-um-thick con-
focal optical sections spanning a
total of 36.7 um. b Quantitative
analysis of the two glial popula-
tions in the intact spinal cord,
as well as non-regenerated and
regenerated parts of the spinal
cord at 20 days after amputation
(3 sections per condition). No
significant differences in the
relative numbers of the GFAP+/
Sox24 and GFAP+/Sox2—
glial populations were observed
between the three experimental
conditions. Error bars represent
SEMs
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The nature of astrocytes is critical for scar formation ependymoradial, rather than stellate, parenchymal astro-
and central nervous system regeneration cytes. Interestingly, even in non-regenerating organisms

Vertebrates that are able to

with predominantly ependymoradial glia, such as che-
successfully regenerate  lonian reptiles, a similar absence of reactive gliosis has

after CNS injuries generally share a preponderance of  been observed following stab lesions to the telencenphalon
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(Kalmén et al. 2013). In A. leptorhynchus, like in most
teleosts, radial glia represent the only astrocytic cell type
observed in the different areas of the brain analyzed thus
far (Zupanc et al. 2012; Sirbulescu et al. 2014, 2015), and
likely throughout the entire CNS, including the spinal cord.
A well-developed network of glia extends throughout the
spinal cord parenchyma, between the central canal and the
pial surface, showing a morphology similar to the syncy-
tium described in the pacemaker nucleus located in the
brain stem of this species (Sirbulescu et al. 2014; Zupanc
et al. 2014). It is likely that, as demonstrated in other tele-
osts, glial cells act as a supporting network for the regener-
ative process, but successful spinal cord regeneration in this
system does not necessarily require hypertrophy of existing
glia or addition of new glia through cellular proliferation.

Gliosis as a mechanism of central nervous system
regeneration

While the glial scar that forms after CNS injury in mam-
mals has mostly been described as a major inhibitor of
axonal regrowth, there are substantial data supporting the
beneficial roles of the scar tissue [for review, see (Rolls
et al. 2009)]. The glial scar has important functions in the
process of healing, by sealing off the injury site, scaveng-
ing excess glutamate and potassium ions, providing trophic
and metabolic support for the surviving neurons, and even
regulating the ensuing immune response. Nevertheless, the
production of inhibitory molecules by astrocytes within the
glial scar makes this structure a complex barrier to regen-
eration in mammals (Yiu and He 2006; Fitch and Silver
2008).

By contrast, in most studies of regeneration-competent
vertebrates in which gliosis has been reported after CNS
injuries, the dense glial network appears to support, rather
than inhibit, axonal and neuronal regeneration (Clint and
Zupanc 2001; Zupanc and Clint 2003; Hui et al. 2010).
Moreover, any glial proliferative or hypertrophic response
appears relatively late, often several days after the lesion,
when most visible damage to the tissue has already been
repaired. In teleost species, it has been reported that
GFAP+ glial processes accompany regenerating axons,
rather than forming any delimitating scar tissue (Nona and
Stafford 1995; Goldshmit et al. 2012; Takeda et al. 2015). A
similar phenomenon has been observed in A. leptorhynchus
during caudal spinal cord regeneration after amputation,
where GFAP+ glia appear to accompany the caudal-most
axons that grow into the newly formed tissue (RFS, unpub-
lished observations). In the present study, we observed no
scar formation or gliosis at the lesion site. These results
further endorse the notion that radial glia have a supportive

function for axonal and de novo neuronal regeneration in
teleost fish and may actively participate in the regenerative
process.

Radial glia as stem/progenitor cells

The experiments in which we employed immunostain-
ing against both GFAP and Sox2 revealed two subpopula-
tions of GFAP+ glial cells: one that co-expresses Sox2,
and a second one that lacks immunoreactivity against this
stem cell marker. Quantitative analysis has demonstrated
that approximately two-thirds of the GFAP+ glia do not
express Sox2, whereas the remaining third exhibits such
stem-cell-like characteristics. Similar observations, that
only part of the GFAP+ glia co-express Sox2, have been
made in various brain regions of A. leptorhynchus (Sir-
bulescu et al. 2014, 2015). The existence of these two sub-
populations opens the possibility that they may be differen-
tially affected by trauma. However, the present study shows
that SCI does not affect either the size of the GFAP+ glial
population or the numbers of its two subpopulations. This
finding is remarkable because it not only underscores the
notion that no glial scar is formed after injury, but also
indicates that the number of radial glia-like stem/progeni-
tor cells does not change after trauma. Since there is a dra-
matic increase in cell proliferation in response to SCI (Sir-
bulescu et al. 2009), we hypothesize that most of the stem/
progenitor cells with radial glia-like identity are quiescent
in the intact spinal cord and become activated by injury.

Perspectives

The present study addressed the question of whether a glial
scar is formed after amputation and hemisection injuries
applied to the spinal cord of A. leptorhynchus. Contrary
to our expectations, we did not observe any increase in
the expression of typical gliosis markers, such as GFAP,
vimentin, and CSPGs, at the site of the lesion. We hypoth-
esize that the dense radial glial network already present
in the spinal cord of this species acts as a necessary and
sufficient supporting system for spontaneous nervous tis-
sue repair. It will be imperative to further investigate in
future studies the precise role of radial glia in spinal cord
regeneration.
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