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Abstract

Purpose The Sonic Hedgehog (Shh) pathway has been associated with a protective role after injury to the central nervous
system (CNS). We, therefore, investigated the effects of intrathecal Shh-administration in the subacute phase after thoracic
spinal cord injury (SCI) on secondary injury processes in rats.

Methods Twenty-one Wistar rats were subjected to thoracic clip-contusion/compression SCI at T9. Animals were randomized
into three treatment groups (Shh, Vehicle, Sham). Seven days after SCI, osmotic pumps were implanted for seven-day con-
tinuous intrathecal administration of Shh. Basso, Beattie and Bresnahan (BBB) score, Gridwalk test and bodyweight were
weekly assessed. Animals were sacrificed six weeks after SCI and immunohistological analyses were conducted. The results
were compared between groups and statistical analysis was performed (p < 0.05 was considered significant).

Results The intrathecal administration of Shh led to significantly increased polarization of macrophages toward the anti-
inflammatory M2-phenotype, significantly decreased T-lymphocytic invasion and significantly reduced resident microglia
six weeks after the injury. Reactive astrogliosis was also significantly reduced while changes in size of the posttraumatic cyst
as well as the overall macrophagic infiltration, although reduced, remained insignificant. Finally, with the administration
of Shh, gain of bodyweight (216.6 +3.65 g vs. 230.4+5.477 g; p=0.0111) and BBB score (8.2 +0.2 vs. 5.9+0.7 points;
p=0.0365) were significantly improved compared to untreated animals six weeks after SCI as well.

Conclusion Intrathecal Shh-administration showed neuroprotective effects with attenuated neuroinflammation, reduced
astrogliosis and improved functional recovery six weeks after severe contusion/compression SCI.
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Abbreviations SCI Spinal cord injury
ANOVA Analysis of variance SEM Standard error of the mean
BBB Basso, Beattie and Bresnahan Shh Sonic Hedgehog

CNS Central nervous system

PBS Phosphate-buffered saline

ROI Region of interest Introduction
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infiltration and polarization, invasion of T-lymphocytes,
microglial activation and reactive astrogliosis until chronic
postinjury stages [5, 6]. Experimental treatment strategies
aiming to attenuate such secondary injury processes and
thus to improve functional recovery after SCI have been the
focus of many preclinical studies, but the results have been
varying and translation into the clinical practice has been
proven to be difficult [4, 7]. As an alternative approach to
reduce the sequelae of SCI, the enhancement of existing
but limited endogenous mechanisms of neuroprotection and
repair has evolved into an intriguing concept [8, 9]. Hereby,
the secreted glycoprotein, Sonic hedgehog (Shh), which has
been intensively studied in the context of embryonic noto-
chord development has gained particular attention [10, 11]:
Shh is a multifunctional growth factor that exerts its vari-
ous functions through its binding with the smoothened and
patched transmembrane proteins [12, 13]. During embryo-
genesis of neural tissue, it promotes, among other things,
the differentiation of progenitor cells toward the neuronal
or oligodendrocyte lineage while inhibiting the astrocyte
lineage [14, 15]. Recently, ongoing mitogenic activity of
Shh during adulthood in response to neural tissue injuries
such as ischemia or trauma has been postulated [16, 17].
Moreover, the administration of exogenous Shh has led to
increased survival and proliferation of endogenous neural
and oligodendrocyte precursors in animal models of SCI,
potentially also improving functional recovery [18-20]. The
effects of Shh on the secondary injury processes after SCI
remain, however, largely unknown. In our current study,
we, therefore, aimed to assess the neuroprotective capacity
of intrathecally administered Shh for the attenuation of the
neuroinflammatory response, astrogliosis and cyst formation
after thoracic contusion/compression SCI in rats with pos-
sible implications for functional recovery.

Materials and methods
Animals, experimental groups and study design

A total of 21 female Wistar rats (160 g; Janvier Labs,
France) were randomly assigned to three treatment groups:
Group 1 (Shh; n=38), group 2 (Vehicle; n=28) and group 3
(Sham; n=35). Assignment for groups 1 and 2 took place
directly after SCI. For housing, 1815 cm? cages were used
with a 12-h light—dark cycle, a temperature of 26 °C, food
and water ad libitum and no possibility for self-training.
Weighing of the animals was performed daily. Neurological
function was assessed at baseline and weekly after SCI by
three independent observers until the end of the experiment.
Osmotic micropumps for the i.t. administration of Shh/Vehi-
cle were implanted seven days after SCI. The experiment
was terminated with the perfusion of all animals six weeks
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after SCI. All surgeries and outcome assessments were
blinded, and all experimental protocols were approved by
the Animal Care Committee of the federal government.

Surgical procedures

Animals were anesthetized with isoflurane (1.5-3%) and a
1:1 mixture of O, and N,O for all surgical procedures.

A contusion—compression model with a 28-g modified
aneurysm clip (Fehlings Laboratory, Canada) was used to
induce a thoracic SCI at the T9 level, similar to the cervi-
cal SCI previously described by our group [6, 21]. In short,
a laminectomy of T9 was performed, the clip was applied
around the spinal cord, snap shut, and sustained for 60 s in
all Shh and Vehicle animals (groups 1 and 2). Animals in the
Sham group (group 3) only received a laminectomy of T9.

Administration of Shh/Vehicle into the intrathecal space
was initiated seven days after SCI. To this end, a skip-lami-
nectomy of T11 was performed and a rat intrathecal micro-
catheter (Alzet, USA), connected to a subcutaneous osmotic
micropump (model 1007D; Alzet, USA), was subdurally
placed with its open tip upon the epicenter of the lesion.
The pumps had been filled with either 100 pl of Shh (50 ng/
ml; R&D Systems, USA [22];) or Vehicle (0.9% NaCl) and
had been subjected to a 2-h preloading cycle at room tem-
perature. After implantation, they continuously delivered
Shh/Vehicle into the intrathecal space for seven days in all
injured animals (group 1 and 2). Sham animals (group 3)
only received a skip-laminectomy of T11.

After both surgical procedures, analgesics (0.05 mg/kg
buprenorphine s.c.; Bayer, Germany and 2 mg/kg meloxi-
cam s.c.; Boehringer-Ingelheim, Germany) as well as fluids
(3-5 ml 0.9% NaCl s.c.) were administered for 3—5 days
and animals received extensive care, nutritional support and
antibiotic prophylaxis (4 mg/kg moxifloxacin p.o.; Alcon,
USA) for 7 days. If necessary, bladders were manually
expressed twice a day until the bladder reflexive function
had recovered.

Assessment of weight and neurological function

Animals were weighed with a digital platform scale and
daily bodyweight (in g) was recorded. The results were aver-
aged for the baseline (one value per animal) and for every
week after SCI (seven daily values per animal).

The Basso—Beattie—Bresnahan locomotor rating scale
(BBB) was used to evaluate the general hindlimb locomotion
recovery weekly over the course of the experiment. Hereby,
hindlimb movement, joint movement, stepping, coordina-
tion, trunk and tail position as well as weight support of rats
placed into an open field were evaluated for 4 min using a
rating scale with scores from 0 to 21 points [23].
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The Gridwalk test was additionally performed to assess
fine sensory motor coordination. To this end, animals were
placed on a I-m-long pathway of randomly placed metal
grids. The number of stepping errors defined as misplace-
ment of a hind limb not on but between the bars was counted
and averaged over four runs [24].

Animal perfusion and tissue processing

At the end of the experiment, six weeks after SCI, animals
were deeply anesthetized with isoflurane (5%) and transcar-
dially perfused with 50 ml 0.1 M cold phosphate-buffered
saline (PBS) followed by 150 ml paraformaldehyde (4% in
0.1 M PBS at pH 7.4). Spinal cords were removed, post-
fixed in 4% paraformaldehyde for 24 h and cryoprotected
in 30% sucrose for 48 h. Pieces with a length of 1 cm, cen-
tered around the lesion epicenter, were then dissected from
the spinal cord and placed into tissue embedding medium
(Sakura Finetek Europa B.V., Netherlands) on dry ice. Con-
secutive spinal cord cross sections (every 240 um) with a
thickness of 30 pum were cut with a cryostat (Leica Biosys-
tems, Germany), dried and stored at — 80 °C until further
processing.

Immunofluorescence staining

Spinal cord sections were blocked with a blocking solu-
tion containing 5% non-fat milk powder, 1% bovine serum
albumin and 0.3% Triton-X100 in 0.1 M PBS (all Sigma-
Aldrich, USA) for 1 h at room temperature. The following
primary antibodies, diluted in the same blocking solution,
were then added and incubated at 4 °C overnight: Anti-Ibal
(1:200; Novus Biologicals, USA) for macrophages, anti-
iNOS (1:100; Abcam, USA) for M1-macrophages, anti-
CD206(1:200; Bio-Rad, Germany) for M2-macrophages,
anti-TMEM119 (1:200; Abcam, USA) for microglia, anti-
CD3 (1:200; Bio-Rad, Germany) for T-Lymphocytes and
anti-GFAP (1:250; Abcam, USA) for astrocytes. Isotype
controls with non-specific immunoglobulin at the same
concentration were performed to ensure the specificity of
the antibodies (data not shown).

As secondary antibodies, Alexa Fluor 405 donkey anti-
goat (1:400; Abcam, USA), Alexa Fluor 557 donkey anti-
mouse (1:400; R&D Systems, USA) and Alexa Fluor 647
donkey anti-rabbit (1:400; Abcam, USA), diluted in blocking
solution without Triton-X100, were used and applied for
1 h at room temperature before covering the sections with
mounting medium.

Imaging analysis

All immunofluorescence staining images were captured
using a confocal laser microscope (LSM 700; Carl-Zeiss,

Germany) with the ZEN microscope software (ZEN 2010,
Carl Zeiss, Germany) at 10 X magnification in the 8-bit-for-
mat. Three wavelength channels (Alexa Fluor 405 nm, Alexa
Fluor 557 nm, Alexa Fluor 647 nm) were used.

Quantitative assessment of macrophagic infiltration
(Ibal™* cells), macrophagic polarization into the M1- (Ibal™/
iNOS™ cells) and the M2-phenotype (CD2061/iNOS™ cells),
T-lymphocytic invasion (CD3* cells) and microglial acti-
vation (TMEM119% cells) was performed in six randomly
selected Shh and Vehicle animals (groups 1 and 2) as well
as all Sham animals (group 3). To this end, a semiautomatic
cell-counting algorithm for ImageJ2 (National Institute
of Health; Bethesda, USA) was used on seven spinal cord
cross-sectional images per animal which had distinct dis-
tances to the lesion epicenter (0 pm, +240 pm, +480 pm
and + 720 pm): Briefly, the images were split into single
channels, a Gaussian-blur filter (Sigma: 10.00) was applied
to reduce background noise, and a selected region of interest
(ROI) was transformed into a binary image with the “Iso-
Data-thresholding” function. ROIs consisted of the entire
spinal cord without the cyst and the autofluorescence border
and their area (in um?) was additionally noted. Labeled cells
were then counted in the selected ROI with the “Analyze
Particles” function (with specific thresholds for each anti-
body). In case of co-labeling, binary images were recom-
bined using the “Image Calculator” function, and the co-
stained cells within the same ROI were counted. To reduce
the inclusion of artifacts, only structures with an area of
50-2000 um? were considered. The number of positively
stained or co-stained cells per ROI/cross section was pre-
sented as the cell density (cells/mm?) and the results were
averaged per animal and per group.

For quantitative assessment of astrogliosis, the immu-
nointensity of GFAP was measured on seven distinct spi-
nal cord cross-sectional images (0 um, +240 pm, +480 pm
and +720 pm from the lesion epicenter) in six randomly
selected Shh and Vehicle animals as well as all Sham ani-
mals. In short, images were split into single channels with
the ImageJ2 software, ROIs were drawn around the entire
spinal cord with exclusion of the cyst as well as the auto-
fluorescence border, and the “Measure” function was used
to output the integrated density (immunointensity) of the
GFAP staining. The results were averaged per animal and
per group.

The volume of a posttraumatic cyst was assessed on the
same seven GFAP-stained spinal cord cross sections in the
same six animals. To this end, ROIs were drawn around
the posttraumatic cystic cavity, the area was calculated by
applying the “Measure” function, multiplied by the section
thickness (30 um) and then averaged per animal and treat-
ment group. The results are given in mm?.

All quantitative imaging analyses were performed by two
independent investigators blinded to treatment groups. For
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qualitative assessment of tissue or cell morphology, addi-
tional images were obtained at 40 X magnification.

Statistical analysis

All the results are presented as mean =+ standard error of the
mean (SEM) per treatment group if not stated otherwise.
Shapiro—Wilk normality tests were performed prior to all
parametric analyses. For the statistical comparison of ani-
mal weight as well as BBB scores and Gridwalk test results
between groups and time points, repeated measure two-way
analyses of variance (ANOVAs) with Geisser—Greenhouse
correction followed by Tukey’s multiple comparison test
with individual variances computed for each comparison
were used. Means between multiple groups in the quantita-
tive imaging analyses were compared using either Welch
ANOVAs followed by Dunnett’s T3 multiple comparison
tests with individual variances computed for each com-
parison (normality test passed) or Kruskal-Wallis tests fol-
lowed by Dunn’s multiple comparison tests (normality test
failed). For the comparison of means between two groups, an
unpaired t-test with Welch’s correction was used. All statisti-
cal analyses were performed using the software Prism (Ver-
sion 7.0; GraphPad Software, USA) and p-values of p <0.05
were considered significant.

Fig. 1 Infiltration of macrophages into the spinal cord six weeks after
thoracic SCI. a Spinal cord cross section stained for Ibal (green), a
marker for macrophages (10X magnification). b Enlargement of the
red framed inset in (a); orange arrows depicting the cell morphology
(40 X magnification). ¢ Animals in the Vehicle group as well as in the
Shh group showed significantly more Ibal* macrophages compared
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Results
Macrophagic infiltration and polarization

To evaluate the inflammatory response after SCI, we quanti-
fied the infiltration of macrophages on spinal cord cross sec-
tions stained for the macrophagic marker Ibal (Fig. la+Db).
The thoracic contusion—compression SCI led to a significant
increase of Ibal™ macrophages in the spinal cord of Shh
animals (group 1; 10,532 +2163 cells/mm?; Fig. Ic) and
Vehicle animals (group 2; 8019 + 1478 cells/mm?; Fig. 1c)
compared to Sham animals (group 3; 617 + 135 cells/mm?;
p=0.0111 and p=0.0158, respectively; Fig. 1a) six weeks
after the injury. Although animals in the Vehicle group
showed the highest density of infiltrated macrophages, the
difference to Shh-treated animals remained insignificant
(p=0.7171). Thus, we concluded that while increased
macrophagic infiltration is present in the injured spinal
cord six weeks after thoracic contusion/compression SCI,
the i.t. administration of Shh is unable to modulate this
aspect of neuroinflammation.

As the polarization of macrophages into different
phenotypes plays an important role during the inflam-
matory response, we additionally quantified the density
of pro-inflammatory M1-macrophages (Ibal*/iNOS™*
cells; Fig. 2a—d) and anti-inflammatory M2-macrophages
(CD206"/iNOS~ cells; Fig. 2f—j) in the perilesional spinal
cord tissue. While the density of M1-macrophages was
the highest in Vehicle animals (6169 + 1197 cells/mm?>;
Fig. 2e), treatment with Shh led to less M1-macrophages

C *p<0.05, Mean+SEM
**p<0.01, Mean+SEM
15000 = il
*
¢}
£
£ 10000 =
P -
]
(3]
- 5000 -
1]
=2
0 -
N4 ° <
O AN 2
& 3 =5

Sham animals (n=5-6/group; Welch ANOVA with Dunnett’s T3
multiple comparison test; p=0.0111 and p=0.0158, respectively).
Although less infiltration of macrophages was observed in the Shh
group compared to the Vehicle group, this difference remained insig-
nificant
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Fig.2 Polarization of macrophages into the pro-inflammatory M1-
and the anti-inflammatory M2-phenotype in the spinal cord six weeks
after thoracic SCI. a Spinal cord cross section stained for Ibal (red)
and iNOS (green; 10X magnification). b—d Enlargement of the red
framed inset in (a); colocalization of Ibal™ macrophages (red) with
the marker enzyme iNOS (green), indicating M1 polarized pro-
inflammatory macrophages (Ibal*/iNOS* cells; orange arrows;
40 x magnification). e Animals in the Vehicle group showed sig-
nificantly more pro-inflammatory M]1-macrophages compared to
the Sham group (p=0.0131), whereas the difference between Shh
and Sham animals remained insignificant (n=5-6/group; Welch
ANOVA with Dunnett’s T3 multiple comparison test). f Spinal cord

in the Shh group (3925 +945; Fig. 2e) without reaching a
statistically significant difference (p =0.4140). However,
Vehicle animals showed significantly more M 1-macrophages
compared to the uninjured Sham animals (441 + 114 cells/
mm>; p=0.0131; Fig. 2e) whereas the difference between
Shh animals and Sham animals remained insignificant
(»p=0.0569). Vice versa, the density of anti-inflammatory
M2-macrophages was the lowest in the Vehicle group, while
treatment with Shh resulted in significantly more M2-mac-
rophages in the Shh group (466 +49 vs. 876 + 56 cells/mm?;
p=0.0008; Fig. 2f). With 1172+ 1501 CD206*/iNOS~ cells/
mm? (Fig. 2f), the uninjured Sham animals showed a signifi-
cantly higher density of M2-macrophages compared to the

E **p<0.01, MeantSEM
%* %
8000 =
™«
£
£
~
& 6000 -
]
[
+
8 4000 4 I
Z
=
8 2000
0 =
g N <&
9 A 2>
\)
& 3 2
*p<0.05, Mean+SEM
J **%p<0.001, Mean+SEM
1500 = kot
nE *
E
2 1000
3] ——
n
o
z
o 500 =
o
N
fa)
o
o -
NG N
"\\0 %’Q
40

cross section stained for the macrophage mannose receptor CD206
(magenta) and iNOS (green; 10X magnification). g—i Enlargement of
the red framed inset in (f); missing colocalization of CD206" mac-
rophages (magenta) with iNOS (green), indicating M2 polarized anti-
inflammatory macrophages (CD206*/iNOS™ cells; orange arrows;
40 x magnification). j Animals in the Shh group showed significantly
less anti-inflammatory M2-macrophages compared to the Vehicle
group (p=0.0008), while no significant difference to the Sham group
could be observed. Vehicle animals on the other hand had signifi-
cantly less M2-macrophages compared to uninjured Sham animals
(p=0.0176; n=>5-6/group, Welch ANOVA with Dunnett’s T3 multi-
ple comparison test)

Vehicle animals (p =0.0176), but not compared to the Shh
animals (p =0.2943). These results demonstrated that the i.t.
administration of Shh is able to reduce the polarization of
macrophages toward the pro-inflammatory M1-phenotype,
but at the same time significantly increases their polariza-
tion toward the anti-inflammatory M2-phenotype six weeks
after SCIL.

Invasion of T-lymphocytes
The presence of T-lymphocytes in the injured spinal cord

as a further aspect of neuroinflammation was assessed by
quantification of CD3" cells (Fig. 3a+b). The density of

@ Springer



1514

European Spine Journal (2021) 30:1509-1520

CD3* cells / mm?3

Fig. 3 Invasion of T-lymphocytes into the spinal cord six weeks after
thoracic SCI. a Spinal cord cross section stained for CD3 (green), a
marker for T-lymphocytes (10 X magnification). b Enlargement of the
red framed inset in (a); orange arrows depicting the cell morphology
(40 x magnification). ¢ Animals in the Shh group showed significantly
less CD3" T-lymphocytes compared to Vehicle animals (p=0.0433)

CD3* T-lymphocytes was found to be significantly lower
in uninjured Sham animals (group 3; 7762 +916 cells/
mm?; Fig. 3¢) compared to Vehicle animals (group 2;
23,648 + 2480 cells/mm?>; p=0.0026; Fig. 3a), but not com-
pared to Shh animals (group 1; 14,000 +2597 cells/mm?;
p=0.1623; Fig. 3c). Moreover, animals in the Shh group
showed significantly less T-lymphocytes then animals in the
Vehicle group (p =0.0433). We assumed that the i.t. admin-
istration of Shh significantly reduces T-lymphocytic invasion
of the injured tissue as part of the inflammatory response
six weeks after SCI.

Microglial activation

Activation of the microglia in the injured spinal cord was
measured on cross sections stained for the microglia marker
TMEM119 (Fig. 4a+b). Quantification of the density of
TMEM119* microglia cells showed a significant reduc-
tion in Shh animals (group 1) compared to Vehicle ani-
mals (group 2; 34,232 + 6466 vs. 54,551 +2098 cells/mm>;
p=0.0443; Fig. 4c). Animals in the Sham group (group
3), however, had the lowest density of microglia cells
(17,718 + 1039 cells/mm?; Fig. 4c) with a significant dif-
ference to the Vehicle (p <0.0001) but not to the Shh ani-
mals (p=0.1328). For this reason, we concluded that the
i.t. administration of Shh significantly attenuates the perile-
sional microglial activation six weeks after SCI.
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but no significant difference between Shh and uninjured Sham ani-
mals could be observed. Invasion of T-lymphocytes in the Vehicle
group was, however, significantly increased compared to the Sham
group (p=0.0026; n=>5-6/group, Welch ANOVA with Dunnett’s T3
multiple comparison test)

Reactive astrogliosis and cyst formation

The proliferation of GFAP-labelled astrocytes which are
involved in the regulation of neuroinflammation was meas-
ured as the immunointensity of GFAP on spinal cord cross
sections (Fig. 5a). GFAP immunointensity was hereby the
lowest in the uninjured Sham animals (group 3; 16 + 1.5;
Fig. 5b), but showed a significant increase in injured Vehi-
cle animals (group 2; 64 + 6; p <0.0001; Fig. 5b) as well as
injured Shh animals (group 1; 41 +2; p <0.0001; Fig. 5b).
More importantly, the immunointensity of GFAP was also
significantly higher in Vehicle animals compared to Shh
animals (p =0.0323). These results demonstrated that the
i.t. administration of Shh is able to significantly reduce
the reactive gliosis in the injured spinal cord six weeks
after SCI.

The formation of cystic cavities in the injured spinal
cord which act as a physical barrier for axonal regenera-
tion and sprouting was assessed on the same spinal cord
cross sections stained for GFAP. Such cystic cavities were
present in all injured Shh and Vehicle animals (Fig. 5a),
but they were generally smaller in the Shh group (group 1)
compared to the Vehicle group (group 2; 2.422 +0.3811
mm? vs. 2.92 +0.6347 mm?) without reaching a statisti-
cally significant difference (p =0.5200; Fig. 5¢). Thus, the
i.t. administration of Shh does not significantly affect the
formation of posttraumatic cysts six weeks after SCI.
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Fig.4 Activation of resident microglia in the spinal cord six weeks
after thoracic SCI. a Spinal cord cross section stained for TMEM119
(green), a marker for resident microglia (10X magnification). b
Enlargement of the red framed inset in (a); orange arrows depicting
the cell morphology (40 X magnification). ¢ Animals in the Shh group

Fig.5 Reactive astrogliosis and size of the posttraumatic cyst in the
spinal cord six weeks after thoracic SCI. a Spinal cord cross section
stained for GFAP (green), a marker for astrocytes, with a ROI (yel-
low) drawn around the intramedullary, posttraumatic cyst (10X mag-
nification). b The immunointensity of the GFAP-staining was lowest
in uninjured Sham animals and a significant increase in the reac-
tive astrogliosis in Vehicle animals but also Shh animals could be
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showed significantly less TMEM119* cells compared to Vehicle ani-
mals (p=0.0443). Activation of resident microglia was, however, the
lowest in Sham animals with a significant difference to the Vehicle
but not to the Shh animals (n =5-6/group; Welch ANOVA with Dun-
nett’s T3 multiple comparison test; p <0.0001)
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observed (n=5-6/group; Kruskal-Wallis tests with Dunn’s multiple
comparison test; both p <0.0001). With the administration of Shh in
the Shh group, reactive gliosis was significantly reduced compared
to the untreated Vehicle group (p=0.0323). ¢ Although cystic cavi-
ties in the injured spinal cord were smaller in Shh animals compared
to Vehicle animals, this difference remained insignificant (n=5-6/
group; unpaired t-test with Welch’s correction)
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Functional recovery

As a surrogate marker for functional recovery, we compared
the weight gain of the animals in the different treatment
groups over the course of the experiment. A continuous
weight gain could be observed in all animals which resulted
in a significant increase in the mean overall weight from
160.9+0.1917 g at baseline to 232.8 +4.449 g in week six
after SCI (p <0.0001). While the toll of the injury was illus-
trated by a significantly lower weight of Vehicle and Shh
animals (groups 2 and 1) compared to Sham animals (group
3) starting from week one until the end of the experiment, a
significant difference in bodyweight could also be observed
between animals in the Vehicle and the Shh group, favoring
the Shh-treated animals from week four after SCI onwards
(week 4: 195+3.306 g vs. 208.7+1.973 g, p=0.0111; week
5:208.9+3.805 g vs. 220.6+2.819 g, p=0.0341; week 6:
216.6 +3.65 g vs. 230.4+5.477 g, p=0.0111; Fig. 6a).
Hence, we concluded that the i.t. administration of Shh leads
to a significant gain of bodyweight in the later stages after
SCI, indicating better recovery.

To assess general locomotor recovery of the hindlimbs,
the 21-point BBB open field score was performed at baseline
prior to and weekly after SCI. While the maximum of 21
points was reached by all animals in the BBB at baseline,
the contusion/compression SCI at the T9 level had a devas-
tating effect on the hindlimb locomotion in Shh (group 1)
and Vehicle (group 2) animals during the first week after
injury, represented by mean BBB scores of 0.1429 +0.1429
and 0.125 +0.125 points, respectively (Fig. 6b). Despite this
high injury severity, BBB scores continuously improved in

A Animal weight B
**#2p<0.0001, Vehicie vs. Sham, Mean2SEM
**p<0.01, Vehicle vs. Sham, Mean2SEM
####,<0.0001, Shh vs. Sham, Meanz!
##0<0,01, Shh vs. Sham, MeansSEM
##440<0.0001, Shh vs. Vehicie, MeansSEM
+++0<0.001, Shhvs. Vehicie, MeanzSEM
301 ++p<001, Shhvs. Vehicke, MeanzsEM 21

~= Vehicle
Shh 15
=~ Sham

Weight (grams)

BBB Openfield Score

all injured animals over the course of the experiment and
reached a maximum of 8.214 +0.1844 points in the Shh
group and 5.938 +0.7161 in the Vehicle group six weeks
after SCI without plateauing, yet (Fig. 6b). Animals in the
Sham group (group 3) consistently achieved 21 points in
the BBB at every time point and the difference in hindlimb
locomotor function to Shh as well as Vehicle animals there-
fore remained significant until the end of the experiment
(data not shown). Animals in the Shh group achieved sig-
nificantly higher BBB scores compared to animals in the
Vehicle group from week three after SCI onwards (week 3:
2.714 +£0.3058 vs. 1.5+0.2835 points; p=0.0310; week 4:
4.357+0.4325 vs. 3.25+0.4725 points; p=0.0231; week
5:6.571+£0.2974 vs. 4.938 +0.6369 points; p =0.0498;
and week 6: 8.214 +0.1844 vs. 5938 +£0.7161 points;
p=0.0365; Fig. 6b). These results suggested that the i.t.
administration of Shh significantly improves locomotor
recovery of the hindlimbs in later stages after SCI showing
only its maximal effect by the end of the experiment. Despite
these positive effects of the Shh-treatment, functional recov-
ery during the first six weeks after the thoracic clip contu-
sion/compression injury was still very limited, and animals
were rarely able to bear their own weight (BBB score > 8).

Fine sensory and motor movements, as well as general
coordination, were further evaluated with the Gridwalk test
which was performed at baseline prior to and weekly after
SCI. While animals in the Sham group (group 3) exhibited
neither stepping errors at baseline, nor at any other time
point, the thoracic contusion/compression injury was so
severe that the Gridwalk test could not be performed during
the first week after SCI due to the inability of the injured

C Gridwalk Test
*#295<0.0001, Shh vs. Vehicle, MeantSEM 50
*p<0.05, Shh vs. Vehicle, Mean+SEM ~ Vehicle
- Shh
- Vehicle 40 - Sham
« Shh »
Sham g 30
w
Q
220
2]

/i/i 10

Baseline 1 2

Fig.6 Changes of bodyweight, general locomotor recovery and
coordination from baseline until six weeks after thoracic SCI. a Ani-
mals in the Sham group showed a significantly higher bodyweight
compared to Vehicle but also Shh animals starting from week one
after SCI until the end of the experiment. A significant difference in
bodyweight could also be observed between the lighter Vehicle ani-
mals and the heavier Shh animals in weeks four (p=0.0111), five
(p=0.0341) and six (p=0.0111) after SCI (n=5-8/group; repeated
measure two-way ANOVA with Geisser—Greenhouse correction fol-
lowed by Tukey’s multiple comparison test). b While hindlimb loco-
motion was drastically impaired in both, Vehicle and Shh animals,
during the first two weeks after SCI, the Shh group performed signifi-
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cantly better as the Vehicle group from week three after SCI onwards
(p=0.0310, p=0.0231, p=0.0498 and p=0.0365; n=>5-8/group;
repeated measure two-way ANOVA with Geisser—Greenhouse cor-
rection followed by Tukey’s multiple comparison test). ¢ Assessment
of fine sensory and motor movements as well as coordination with the
Gridwalk test revealed no significant differences between the Vehicle
and the Shh animals over the course of the experiment although the
number of stepping errors as lower in the Shh group compared to the
Vehicle group at week five and six after SCI (n=5-8/group; repeated
measure two-way ANOVA with Geisser—Greenhouse correction fol-
lowed by Tukey’s multiple comparison test)
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animals to move. At week two after SCI, animals in the Shh
group (group 1), as well as the Vehicle group (group 2),
were able to cross the Gridwalk, but they showed errors with
every single step (both 40+ 0 stepping errors/run; Fig. 6¢).
Thereafter, stepping errors tended to decrease in the injured
animals, and in week three after SCI, the Vehicle group
showed slightly fewer stepping errors compared to the Shh
group (25.83 £3.758 stepping errors/run vs. 28.58 £5.276
stepping errors/run; Fig. 6¢). While Vehicle and Shh animals
performed similarly at week four after SCI (25.38 +3.834
stepping errors/run vs. 24.96 +4.806 stepping errors/run),
stepping errors were less frequent in Shh animals compared
to Vehicle animals at week five after SCI (24.96 +4.806
stepping errors/run vs. 23.58 +4.404 stepping errors/run), as
well as at the end of the experiment (16.96 + 3.409 stepping
errors/run vs. 21.58 +4.245 stepping errors/run; Fig. 6c¢).
Despite the clear trend toward improved fine sensory and
motor movements in Shh-treated animals at weeks five and
six after SCI, no statistically significant differences could
be achieved. This led us to the assumption that an observa-
tion period of up to six weeks after SCI might be too short
to detect beneficial effects of the i.t. treatment with Shh on
improved sensory motor coordination.

Discussion

While the widely conserved Hedgehog pathway is primarily
involved in morphogenesis, neuronal guidance and angio-
genesis during embryonal development, it has also been
associated with vascular proliferation and regeneration in
adult tissues [25-27]. In the CNS, morphogenic events are
predominantly linked to Sonic Hedgehog (Shh) signaling,
whereby secreted Shh binds and inactivates the transmem-
brane receptor Patched-1 (Ptch-1) which then releases its
inhibitory effect on Smoothend (Smo) allowing the induc-
tion of target genes through the Gli family of transcription
factors [28, 29]. After injury to the adult CNS, an overex-
pression of Shh has been observed and it has been postulated
that Shh might play an essential role for gliogenesis and
neurogenesis, two important aspects of tissue repair [22, 30].
In the context of SCI, Shh has mainly been studied as an
exogenous factor to enhance proliferation and differentiation
of endogenous progenitor cells which are still present in the
adult spinal cord [31]. Bambakidis et al. were able to show
in several in vivo experiments that the administration of Shh
directly into the spinal cord or intravenously led to increased
proliferation of endogenous neuronal and oligodendrocyte
precursors after moderate contusion SCI in rats [18, 20, 22,
32]. Similarly, Lowry et al. observed increased proliferation
of endogenous oligodendrocyte lineage cells after contusion
as well as hemi-section SCI and long-term administration
of Shh via implanted biodegradable microspheres in mice

[19]. Thomas et al. on the other hand used multiple channel
bridges for lentiviral Shh-gene delivery to the injured tissue
after hemi-section SCI in mice and reported axon exten-
sion and remyelination by endogenous progenitor cells [33].
While a proliferative effect of exogenous Shh-administra-
tion on the endogenous progenitor cells in the spinal cord
after SCI, therefore, seems established, no data is currently
available on its impact on secondary injury processes in the
injured tissue such as the inflammatory response, astroglio-
sis and the formation of a posttraumatic cyst.

In our current study, we have used a severe contusion/
compression model to induce a thoracic SCI in rats which
was associated with severe impairment of the neurologic
function and is considered closely simulating the clinical
reality of human SCI [21, 34, 35]. Seven days after the
injury, we have then initiated continuous administration
of exogenous Shh into the subdural space over the lesion
epicenter via an osmotic micropump for another seven
days. The starting point of the Shh-administration in the
subacute phase after SCI was thereby chosen due to sev-
eral considerations: Firstly, we expected a higher potential
of the neuroregenerative effects of the Shh signaling after
the acute postinjury phase with its contusion, blood—spinal
cord barrier disintegration and edema formation. Secondly,
our strategy of intrathecal Shh-application required a second
surgery which could not be performed early after SCI due
to the reduced state of the animals and the increased risk of
perioperative morbidity and complications. Thirdly, we had
to optimize our intervention for possible translation into the
clinical practice, requiring a stabilized situation and enough
time to overcome logistical challenges [36]. The duration
of the Shh-administration was subject to the protein’s rapid
clearance from the CNS as well its short-lived effects on a
cellular level which require prolonged application with a
constant concentration [19, 37]. Six weeks after SCI, we
observed significantly improved functional recovery in
Shh-treated animals. More importantly, we assessed effects
of Shh on secondary injury processes and could show that
the polarization of macrophages toward the anti-inflam-
matory M2-phenotye, the level of T-lymphocytic invasion
of the injured tissue as well as the perilesional microglial
response, all part of the inflammatory changes after SCI,
were significantly improved. In addition, reactive astroglio-
sis in the injured spinal cord was significantly reduced with
Shh-treatment.

The association between astrocytes and the Shh-pathway
has been investigated by several researchers and it has been
postulated that astrocytes have the ability to produce Shh as
a response to CNS injury, which in turn reduces the glio-
genic response and increases the proliferation of, e.g., oli-
godendrocytes [16, 19]. For that reason, we assume that the
administration of exogenous Shh into the perilesional tissue
might have increased this determination of glial cells away
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from astrocytic proliferation, thus resulting in reduced reac-
tive gliosis after Shh-treatment in our study [38]. Another
effect of exogenous Shh might have been the overexpression
of Netrin 1 by the CNS endothelium, a protein that is criti-
cal for stabilizing the blood-brain barrier (BBB) and limit-
ing immune cell infiltration after CNS injury [39]. Already
under homeostatic conditions, astrocyte-secreted Shh has
been shown to induce Netrin 1 expression which in turn
upregulates the presence of tight- and adherents junction
molecules in the BBB, limiting immune cell infiltration
[40]. An explanation for the reduced number of migrated
T-lymphocytes and macrophages after Shh-administration
in our study, therefore, could be the Shh-mediated stabi-
lization of the blood—spinal cord barrier via Netrin 1. On
the other hand, Shh has been identified as a macrophage
chemoattractant during the immune response in other tis-
sues such as the gut [41], somehow contradicting our results
of reduced infiltration of macrophages in the spinal cord.
However, we could additionally show an effect of Shh on the
polarization of macrophages toward the anti-inflammatory
M2-phenotype, and furthermore, treatment with Shh had
also decreased the number of TMEM119* resident microglia
cells in our experiment, suggesting further Shh-mediated
inflammatory processes in the CNS that are not yet fully
understood [42].

Despite the severity of the contusion/compression model
used in our experiment, we were able to show a signifi-
cant difference in functional recovery six weeks after SCI
between Shh and Vehicle animals. To our knowledge, such a
considerable impact of a treatment with Shh has rarely been
observed in the context of SCI in the literature, although
less severe injury models have often been used. The attenu-
ated inflammatory response and the reduced astrogliosis
we observed might have contributed to the success of the
Shh-treatment in our study. However, additional effects of
Shh in the injured spinal cord likely have played an even
greater role for functional recovery: Shh has been linked to
improved remyelination [16, 33], bFGF and VEGF expres-
sion [43], axonal sprouting [19] and synaptic plasticity [44].
All those pleiotropic actions, induced by a single protein,
make Shh an excellent candidate for the treatment of a com-
plex disease such as SCI, which likely requires combina-
torial approaches [45]. Especially due to its simultaneous
impact on secondary injury processes and cellular prolifera-
tion, Shh should be further assessed as a valuable adjunct to
stem cell transplantation after SCI.

Conclusion
In our current study, the continuous, intrathecal administra-

tion of exogenous Shh for seven days after thoracic severe
contusion/compression SCI led to long-lasting attenuation
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of the inflammatory response with significantly increased
polarization of macrophages toward the anti-inflammatory
M2-phenotype, significantly decreased T-lymphocytic inva-
sion and significantly reduced resident microglia six weeks
after the injury. With the Shh-treatment, reactive astrogliosis
was also significantly reduced in this chronic stage of SCI
while changes in size of the posttraumatic cyst as well as the
overall macrophagic infiltration, although reduced, remained
insignificant. With the administration of exogenous Shh,
functional recovery, measured by gain of bodyweight as well
as changes in the BBB score, was significantly improved
in the later stages after SCI as well. While Shh has mostly
been associated with proliferation of endogenous progenitor
cells after SCI, we provide novel data on its effect as a neu-
roprotective agent on secondary injury processes. Given its
pleiotropic properties, Shh seems to be a valid candidate for
the treatment of a complex disease such as SCI and should
be further assessed in future studies.
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