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The Ryk Receptor Is Expressed in Glial
and Fibronectin-Expressing Cells after Spinal Cord Injury
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Abstract

Wnt proteins play a critical role in central nervous system development and have been implicated in several neuro-
pathologies, including spinal cord injury (SCI). Ryk, an unconventional Wnt receptor, regulates axonal regeneration after
SCI, although its expression pattern in this neuropathology remains unclear. Therefore, we sought to define the spatio-
temporal and cellular pattern of Ryk expression after a contusive SCI in adult rats using quantitative reverse transcription
polymerase chain reaction (RT-PCR), Western blot, and immunohistochemical analysis. Under physiological conditions,
Ryk is expressed in neurons, astrocytes, and blood vessels, but not in oligodendrocytes, microglia, NG2™ glial precursor
cells, or axonal projections. Following SCI, we observed an increase in Ryk mRNA expression from 24 h post-injury until
7 days post-injury, whereas its protein levels were significantly augmented at 7 and 14 days post-injury. Moreover, the
spatial and cellular Ryk expression pattern was altered in the damaged tissue, where this receptor was observed in reactive
astrocytes and microglia/macrophages, NG2* glial precursors, fibronectin™ cells, oligodendrocytes, and axons. In con-
clusion, we demonstrate that Ryk is expressed in the unlesioned spinal cord and that, after SCI, its spatiotemporal and
cellular expression pattern changed dramatically, being expressed in cells involved in the spinal cord response to damage.
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Introduction

PINAL CORD INJURY (SCI) is a major central nervous system

(CNS) pathology with no currently accepted treatment. SCI
affects a significant proportion of the population and causes long-
term functional disability.! From a neuropathological point of
view, SCI progression can be separated into two main chronolog-
ical events, namely primary and secondary injury. Primary injury
involves the destruction of the spinal cord parenchyma through
direct mechanical trauma. This in turn induces secondary injury,
which is characterized by a wide range of complex and interrelated
cellular and molecular events that affect uninjured cells as well as
circuits that are located in the vicinity of the primary injury core.
Furthermore, the secondary injury significantly hinders axonal
growth, which represents one of the most significant obstacles to
functional recovery after a spinal cord lesion.> Therefore, to iden-
tify new therapeutic targets, a clear understanding of the molecular
processes that are characteristically associated with SCI is of the
utmost importance.

Whts are a well-characterized family of glycoproteins that play
prominent roles during neural development.*™ A growing body of
evidence suggests that Wnt signalling may be involved in ho-
meostasis and disease progression in adult tissues,®! " including the
spinal cord.'®'>'® Consistent with these findings, we have previ-

ously shown that most of Wnt ligands and inhibitors are expressed
in the adult spinal cord of rats and, following SCI, are differentially
induced with at least Wnt/f-catenin signalling activation in cells
that appear to be involved in glial scarring.'® Strategies seeking to
modulate Wnt-dependent signaling pathways have been shown to
be beneficial in different experimental models of CNS disor-
ders®'7? including SCI.'*'*2*

Ryk is a well-known unconventional Wnt receptor” that is
composed of a Wnt inhibitory factor 1 (WIF1)-like extracellular
domain that enables its interaction with different Wnt ligands. This
is in addition to an intracellular domain that is catalytically inac-
tive because of specific amino acid substitutions,?® although Ryk
receptor is known to transduce extracellular signals across the
plasma membrane through several mechanisms.?’ ' Much of what
is known about the function of Ryk in the CNS is derived from
developmental studies. During this period and among other func-
tions, Ryk acts as a chemorepulsive axon guidance receptor during
the establishment of major axon tracts, such as the corpus callosum
and the corticospinal tract (CST),**?* and is vital for the generation
of appropriate topographic maps of retinal ganglion cell axons.**

Given the developmental role of Ryk as an essential regulator of
axonal growth and the importance of this process in functional
recovery following SCI, several studies have investigated the po-
tential of this receptor to mediate axonal regeneration in
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experimental models of this neuropathological condition.'®'*

Blockage of Ryk activity, which is expressed by corticospinal
axons, via intrathecal administration of a Ryk-neutralizing anti-
body, resulted in a significant growth of axons in the CST and
enhanced functional recovery following SCL'®'* This strongly
suggests that Ryk influences the progression of SCI, and that
modulation of Ryk activity may improve functional recovery.
Despite these intriguing observations, its pattern of expres-
sion following SCI remains almost unknown, which limits our un-
derstanding of its functions in this neuropathological condition.
Therefore, we sought to evaluate the spatiotemporal and cellular
pattern of Ryk expression in the unlesioned and lesioned spinal cord.

Methods
Animals, surgical procedures, and experimental design

A total of 51 male Wistar rats (3 months of age, ~300g) were
used in this study. To analyze Ryk spatiotemporal and cellular
expression pattern by quantitative reverse transcription polymerase
chain reaction (RT-qPCR), Western blot, and simple or double
immunohistochemistry, the animals were divided into an unle-
sioned control group (n=3 per technique) and lesioned experi-
mental groups that corresponded with the different time points
assessed (6 and 24 h post-injury [hpi] and at 3, 7, and 14 days post-
injury [dpi]; n=3 per time point and technique).

All of the experimental animal procedures were conducted ac-
cording to the European Union directives (2010/63/EU) and Na-
tional Institutes of Health (NIH) guidelines, and were approved by
the Bioethics Committee at The National Hospital of Paraplegics
(Toledo, Spain) (Permit numbers 51/2009 and 45/2008).

The contusive spinal cord lesions were induced as previously
described.'** Briefly, using intraperitoneal pentobarbital (40 mg/
kg) and xylacine (10 mg/kg) anesthesia and with the rats placed on a
thermal pad throughout the surgical process to maintain normo-
thermia, a laminectomy was performed at the level of T8. Subse-
quently, the injury was induced via a controlled moderate contusion
(200 kdynes) using an Infinite Horizon Spinal Cord Impactor
(Precision Systems and Instrumentation LLC, Fairfax, VA) and the
overlying muscle and skin were sutured. As previously reported,'?
the postoperative care included subcutaneous injection of bupre-
norphine at 24 hpi (Buprex, 0.03 mg/kg) and enrofloxacin (Baytril,
2.5 mg/kg) once daily until 5 dpi. Moreover, the lesioned animals
received subcutaneous injections of saline solution for the first 5 dpi
in decreasing doses from 5mL at 24 hpi to 1 mL at 5dpi. The
bladders were emptied twice daily until the lesioned animals
completely recovered normal bladder function.

Finally, to establish a homogeneous group in which the varia-
tions in the Ryk spatiotemporal and cellular expression pattern
were strictly caused by temporal changes after SCI, the 21 point
Open-Field Locomotor Basso-Beattie-Bresnahan (BBB) scale was
performed as previously described.® This test was performed by
two examiners who were blind to the experimental conditions. Only
those animals with a BBB score of 0-3 1 day after surgery and with
similar functional progress were included in the study (data not
shown).

mRNA isolation and RT-gPCR analysis

The animals used to quantify Ryk mRNA expression were
perfused intra-aortically with 150 mL of heparinized saline solu-
tion. The total mRNA was isolated using the RNeasy Lipid Tissue
Mini Kit (Qiagen, Madrid, Spain) from a 1cm long spinal cord
fragment containing the wound epicenter. The complementary
DNA (cDNA) synthesis and amplification, as well as the relative
quantification of Ryk mRNA and the endogenous control 18S
rRNA, were performed as described.'® The gene-specific primers
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used for Ryk ¢cDNA amplification were 5-CGAATAGCCCAGC
CAATCA-3" as forward and 5-CAACAGGCCATCACAGCA
AA-3" as reverse (GenBank accession number NM_080402.1). As
detailed in a previous report,?” the gene-specific primers used for
18S cDNA amplification were 5-CGGCTACCACATCCAAG
GAA-3’ as forward and 5-GCTGGAATTACCGGGCT-3’ as re-
verse (Genbank accession number NR_046237.1).

Western blot analysis

The animals used to quantify the amount of Ryk protein were
killed as described, and a 1 cm spinal cord fragment containing the
wound epicenter was homogenized in ice cold RIPA buffer (Sigma,
Steinheim, Germany) containing a protease inhibitor cocktail
(Roche, Mannheim, Germany). After the total protein concentra-
tion was determined using the Bradford protein method,*® Western
blot was performed following the protocol described in previous
reports'® using 100 pug of total protein per animal and a rabbit anti-
Ryk primary antibody (1:250) (Abgent, San Diego, CA). A mouse
anti-glyceraldehyde 3-phosphate dehydrogenase (GAPDH) pri-
mary antibody was used as a loading control as previously re-
ported,”® and densitometrical analysis was performed using the
Imagel software.

Simple and double immunohistochemistry

The animals used for histological analysis were killed by intra-
aortic perfusion with 150 mL of heparinized saline solution fol-
lowed by 1g/mL of 4% paraformaldehyde (Sigma, Steinheim,
Germany). The spinal cord was immediately removed, postfixed for
4h in the same fixative solution, cryoprotected by immersion in
30% sucrose for 48 h, frozen in Neg-50 frozen medium (Richard-
Allan Scientific, Kalamazoo, MI) using dry ice and stored at
—20°C. From each spinal cord fragment, parallel cryostat sections
(30 um) were obtained from a 3 cm stretch of spinal cord, 1.5cm
rostral and 1.5 cm caudal of the wound epicenter, and were then
mounted onto slides and stored at —20°C.

To determine the histological time course of Ryk expression, a
set of parallel sections from each animal was processed for simple
immunohistochemistry as previously detailed'? using a polyclonal
rabbit anti-Ryk primary antibody (1:50) (Abgent, AP7677a, San
Diego, CA) that has been generated against a peptide within amino
acids 150-200 of complete human Ryk protein sequence, and has
been positively used in previous reports.'**

To evaluate the cellular Ryk expression, double immunohisto-
chemistry was performed in a set of parallel sections for each animal
to visualize Ryk in astrocytes (glial fibrillary acidic protein [GFAP]),
neurons (neuronal nuclei [NeuN]), oligodendrocytes (adenomatous
polyposis coli [APC]), blood vessels (RECA1), axons (neurofilament
200 [NF200]), microglia/macrophages (ionized calcium binding
adaptor molecule 1 [Ibal]), glial progenitors (NG2) and fibronectin *
cells (fibronectin). Briefly, the sections were processed for Ryk im-
munohistochemistry as described, except that the nonspecific bind-
ing was blocked with TSA plus Blocking Reagent (Perkin Elmer,
Boston, MA), the rabbit anti-Ryk primary antibody was diluted
1:100, and the TSA plus Tetramethylrhodamine System (Perkin
Elmer, Boston, MA) was used to visualize the peroxidase reaction
product, according to the manufacturer’s instructions. The sections
were then processed following the protocol described in a previous
report,’ using the following primary antibodies: mouse anti-APC
(1:100) (Calbiochem, Darmstadt, Germany), mouse anti-NeuN
(1:250) (Chemicon, Temecula, CA), mouse anti-RECA1 (1:500)
(AbD Serotec, Oxford, UK), mouse anti-NF200 (1:1000) (Sigma,
Steinheim, Germany), rabbit anti-Ibal (1:500) (Wako, Osaka,
Japan), rabbit anti-GFAP (1:1000) (Dako, Glostrup, Denmark),
rabbit anti-fibronectin (1:500) (Sigma, Steinheim, Germany) and
rabbit anti-NG2 (1:500) (Chemicon, Temecula, CA).

The sections processed for simple immunohistochemistry were
examined on a BX61 Motorized Research Microscope (Olympus,
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Tokyo, Japan), while the double-labelled sections were analyzed
using both the BX61 Motorized Research Microscope (Olympus,
Tokyo, Japan) and a Leica TCS SP5 confocal microscope (Leica
Microsystems, Nussloch, Germany). For simple immunohistochem-
istry experiments, the sections processed without the primary anti-
body were used as controls. For double immunohistochemistry and
to detect putative cross-reactivity between both simple immu-
nohistochemistries, the sections were processed without the second
primary antibody and used as controls. A lack of nonspecific sec-
ondary antibody staining was observed in the immunohistochemical
controls (Fig. 1). On the other hand, the specificity of the anti-Ryk
primary antibody used to perform the present study has been previ-
ously ?roven in the embryonic nervous tissue of Ryk knockout
mice.** To further confirm the specificity of the anti-Ryk antibody
used in the present work, we have performed Ryk chromogen-based
immunohistochemisty by using a different anti-Ryk primary antibody
and following the same experimental protocol detailed previously for
simple immunohistochemistry. For this purpose, the antibody used
was a monoclonal mouse anti-Ryk that has been generated against a
peptide within amino acids 462475 of human Ryk (Abcam,
ab33519, Cambridge, UK) (1:25). In this case, the Ryk protein ex-
pression pattern was the same as that observed using the anti-Ryk
primary antibody purchased from Abgent, both in the uninjured
spinal cords and after SCI at all analyzed times post-injury (Fig. S1)
(see online supplementary material at http://www .liebertpub.com).

Statistical analysis

All values are expressed as the mean* SEM. Statistical com-
parisons of Ryk mRNA and protein expression between the groups
were performed using one-way ANOVA followed by the Tukey
post-hoc test to determine the individual differences between the
means. In all cases, p <0.05 was considered to be statistically sig-
nificant. All statistical analyses were performed using GraphPad
Prism (version 4.0).

Results
Ryk expression in the unlesioned spinal cord

We observed Ryk mRNA (Fig. 2A) and protein (Fig. 2B) ex-
pression in unlesioned spinal cords using RT-qPCR and Western
blot analysis, respectively.

Moreover, qualitative microscopic analysis of unlesioned spinal
cord sections processed for simple and double immunohistochem-
istry revealed Ryk protein expression in a variety of cell types (Fig.
3A-J) (see Fig. 1 for details about the immunohistochemical controls
performed). Ryk expression was detected in some neuronal cell
bodies, mainly in the ventral horns (Fig. 3B and C). Although neu-
rons at this location were more strongly labeled for Ryk than those in
other areas of the spinal cord, neuronal Ryk expression was detected
in neurons of all sizes and in all spinal cord laminae. Astroglia also
expressed Ryk but only in astrocytes that were located close to the
pial surface (Fig. 3D and E). Moreover, Ryk immunofluorescence
was detected in a few blood vessels (Fig. 3F and G), although
these blood vessels that expressed Ryk were randomly located in
different anatomical areas of both the white and gray matter. Finally,
in the unlesioned spinal cords, Ryk expression was not observed in
NG2" glial precursors (Fig. 3H), oligodendrocytes (Fig. 3I), quies-
cent microglial cells (Fig. 3J), or axons (Fig. 3K and L).

Ryk expression after moderate contusive
spinal cord damage

After SCI, we observed a significant increase in Ryk mRNA
expression at 24 hpi that remained elevated until 7 dpi when com-
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FIG. 1. Negative controls for simple and double immunohisto-
chemistry. (A;) A representative section taken from negative controls
lacking the primary antibody used for chromogen-based Ryk simple
immunohistochemical detection. (A,) A representative section from
the same rostro-caudal level processed for the chromogen-based Ryk
simple immunohistochemistry. The negative controls performed for
the double immunohistochemistry: By-B, shows a representative
section taken from the negative controls lacking both primary anti-
bodies, C;-C, shows a representative section taken from the negative
controls lacking the second primary antibody, and Dy-D, shows a
representative section processed for double immunohistochemistry.
Nonspecific staining was not observed in any of the negative controls.
Color image is available online at www .liebertpub.com/neu

pared with the unlesioned controls. However, at 14 dpi, no signif-
icant differences in Ryk mRNA expression were detected in
comparison with the unlesioned control animals (Fig. 2A). How-
ever, when we assessed whether these variations in the Ryk mRNA
expression pattern after SCI were reflected at the protein levels,
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FIG. 2. Temporal pattern of Ryk mRNA and protein expression
after spinal cord injury (SCI). (A) Ryk mRNA expression sig-
nificantly increased 24 h post-injury (hpi) and remained elevated
until 7 days post-injury (dpi). After 14 dpi, no significant differ-
ences were detected when compared with the unlesioned (NL)
controls. The data are presented as the mRNA levels from the
lesioned animals versus their NL controls. (B) Ryk protein levels
significantly increased at 7 dpi and remained elevated at 14 dpi
when compared with the NL controls. Data in B, are presented as
the percentage of Ryk protein levels in comparison with the NL
controls. By shows representative bands of Ryk protein both in the
NL spinal cords and at the different analyzed times post-SCI,
whereas B3 shows two representative Western blot lanes (the
numbers represent the molecular weights and the arrow points to
the band corresponding to Ryk protein) In all of the cases, the data
represent the mean+ SEM. **p<0.01; *p<0.05 versus NL con-
trol group.

Ryk protein expression increased significantly at 7 and 14 dpi when
compared with the unlesioned controls (Fig. 2B).

The spatial and cellular distribution of Ryk protein was also
qualitatively altered in the lesioned animals in areas that corre-
sponded to the site of impact. In contrast, no changes in the spatial
and cellular Ryk expression pattern were observed in regions that
were distant from the wound epicenter, in which a normal cy-
toarchitecture persisted. At 6-24hpi, Ryk immunolabeling was
restricted to the ring of spared tissue that surrounded the lesion
epicenter in areas that corresponded to the site of impact (Fig. 4A
and B). Although Ryk protein expression was still observed in some
astroglia, at these time points the presence of Ryk* astrocytes was
qualitatively increased. Moreover, these Ryk ™ astrocytes were not
only located close to the external limit of the spinal cord neural
parenchyma, as observed in the unlesioned controls, but they were
also found in areas that were separated from the pial surface
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(Fig. 4C). In addition, Ryk protein expression was detected in cell
types not observed in unlesioned controls such as few oligodendro-
cytes (Fig. 4D), NG2™" glial precursors (Fig. 4E), and fibronectin ™
cells (Fig. 4F), but not in microglia/macrophages (Fig. 4G). Fur-
thermore, at 624 hpi, several axons began to express Ryk in these
areas (Fig. 4H), whereas at 24 hpi axonal Ryk expression could be
also observed in several CST axons located in preserved spinal cord
levels that were located rostral to the site of impact (Fig. 41). In
contrast to the unlesioned animals, no Ryk immunofluorescence was
detected in the blood vessels in the lesion area, although in many
cases, Ryk™ cells were found to be closely associated with the
vasculature (Fig. 4)). No differences in the spatial and cellular Ryk
expression pattern were detected between dorsal and ventral regions.

At 3 dpi, the presence of Ryk ™ cells was still restricted to the ring
of spared tissue that surrounded the wound epicenter, particularly in
the areas that corresponded to the site of impact (Fig. 5A and B),
although Ryk expression was more evident as compared with the
previously evaluated times post-SCL. In these areas, Ryk was
similarly expressed by many activated astrocytes (Fig. 5C), and few
oligodendrocytes (Fig. 5D), NG2* glial precursors (Fig. 5SE), and
fibronectin® cells (Fig. 5F). In addition, Ryk expression was ob-
served in many activated microglia/macrophages (Fig. 5G) that
were characterized by a loss of cellular processes and the acquisi-
tion of an amoeboid morphology.*® Again, several Ryk™ axonal
projections were also found both in the ring of spared tissue that
surrounded the lesion epicenter (Fig. SH) and in CST axons located
in preserved spinal cord levels that were located rostral to the in-
jured tissue (Fig. SI). Similarly with the 624 hpi time point, no Ryk
expression was detected in the blood vessels at 3 dpi, although
Ryk™ cells were, in most cases, closely associated with them
(Fig. 5J).

At 7-14 dpi, the maximum presence of Ryk staining of all an-
alyzed times post-injury was observed. Moreover, Ryk ™ cells were
not only present in the ring of spared tissue that surrounded the
lesion epicenter (Fig. 6A and G) but were also found in the epi-
center of the lesion, where the most prominent Ryk im-
munolabeling was observed (Fig. 6A and B). Here, Ryk protein
expression was detected in almost all of the fibronectin ™ cells (Fig.
6C), in some NG2* glial precursors (Fig. 6D), and in the majority
of activated microglia/macrophages (Fig. 6E). Within the ring of
spared tissue that surrounded the wound epicenter, Ryk expression
was detected in many astrocytes (Fig. 6H), NG2* glial precursors
(Fig. 6]) and oligodendrocytes (Fig. 6J). Moreover, astroglial Ryk
expression in these areas was more prominent in the inner limit of
the astroglial scar (Fig. 6H). Interestingly, at these time points (7—
14 dpi), Ryk ™ astrocytes clearly exhibited morphological signs of
activation, demonstrating thicker and longer cellular processes and
increased GFAP immunostaining (Figs. 4C, 5C, and 6H).*' Finally,
the presence of Ryk™ axons was qualitatively increased as com-
pared with that observed at the previously evaluated time points, as
many axons expressing Ryk were detected not only in the ring of
spared tissue that surrounded the impact site (Fig. 6K) but also in
the lesion epicenter (Fig. 6F). Moreover, Ryk expression was still
observed in many CST axons in preserved spinal cord levels that
were located rostral to the injured regions (Fig. 6L). As previously
described, no Ryk expression was observed in the blood vessels,
although there was a close association between Ryk ™ cells and the
vasculature (Fig. 6M).

Previous reports have demonstrated extracellular fibronectin
deposition in the lesion epicenter after contusive SCL**~* For this
reason, we sought to evaluate by 14 dpi, when we observed that
fibronectin immunolabeling in the injured tissue was clearly



810
A(NL)
FG
| W=
y
L)
> - I ( ]
T |
| ° ° |
Sl sdellia
. L CHe
SR
*|
% Astrocyte | Endothelial cell
@® Neuron
F(NL) Ryk | (WIS - Ryl/RECA1

Rykllbal | K(NL)

J (NL)

FIG. 3.

GONZALEZ ET AL.

B(NL)

D(NL)

RykING2

RykINF200 | L (NL)

RykINF200

Immunohistochemical analysis of the spatial and cellular pattern of Ryk expression in unlesioned (NL) spinal cord. (A) A

schematic drawing showing Ryk protein expression in a representative transverse section of an NL spinal cord (the squares represent
areas where the micrographs were obtained). Ryk immunostaining was observed in neuronal nuclei (NeuN) ™ neuronal cell bodies, mainly
in the ventral horns (B and C), in glial fibrillary acidic protein (GFAP)™ astrocytes close to the pial surface (D and E), and in some blood
vessels in the white (F and G) and gray matter. No Ryk expression was observed in NG2* glial precursor cells (H), adenomatous
polyposis coli (APC)* oligodendrocytes (I) or Ibal * microglial cells (J) or neurofilament (NF)200™ axons (K and L; the discontinuous
white line in L delimits the corticospinal tract). Scale bars in B-L =20 ym. Color image is available online at www.liebertpub.com/neu

evident, whether Ryk was present in the fibronectin* cells or in the
extracellular fibronectin®™ scar by performing double immunohis-
tochemistry using antibodies against Ryk and fibronectin as well as
DAPI nuclear counterstaining. As is shown in Fig. 7, Ryk im-
munostaining colocalized with fibronectin* cells.

Finally, no neuronal Ryk protein expression was observed in the
lesioned areas at any of the time points studied, as no surviving
neurons were detected in these regions.

Discussion

This study shows the pattern of Ryk receptor expression in the
unlesioned adult spinal cord, in neurons (mainly in the ventral
horns), astrocytes close to the pial surface, and blood vessels. Al-
though Ryk expression has been previously described in the de-
veloping spinal cord,*#®*7 its expression in the unlesioned adult
spinal cord was unclear. In this way, Ryk mRNA expression was
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Immunohistochemical analysis of the spatial and cellular expression of Ryk at 6-24 h post-injury (hpi). (A) A schematic

drawing showing Ryk protein in a representative transverse section corresponding to the level of impact in the lesioned spinal cord at 6—
24 hpi (the central dark gray area represents the wound epicenter and the squares represent areas where the micrographs were obtained).
Ryk immunolabeling was localized to the ring of spared tissue surrounding the wound epicenter (A and B). Cells that expressed Ryk
were identified as glial fibrillary acidic protein (GFAP)™* astrocytes (B and C), adenomatous polyposis coli (APC)™ oligodendrocytes (B
and D), NG2™ glial precursors (B and E), fibronectin™ cells (B and F) and neurofilament (NF)200* axons (B and H). Ryk expression in
NF200* axons was also observed in the corticospinal tract of preserved spinal cord levels that were rostral to the injured tissue (I, the
discontinuous white line delimits the corticospinal tract). No Ryk expression was observed in microglia/macrophages (G) or in blood
vessels (J). Scale bars in B-J =20 um. Color image is available online at www.liebertpub.com/neu

detected in the adult spinal cord by in situ hybridization (ISH),*® in
agreement with our results that showed Ryk mRNA expression
using RT-qPCR. However, previous reports were not able to detect
Ryk protein in the unlesioned adult spinal cord by immunohisto-
chemistry.'®'* Likewise, we found no evidence of Ryk im-

munolabeling in the unlesioned adult spinal cord using the same
protocol,'®'* most likely because of the low protein receptor levels.
The use of streptavidin or tyramide-based amplification systems
revealed Ryk immunopositivity in a wide range of cell types.
Consistent with these findings, we have also observed Ryk protein
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FIG. 5. Immunohistochemical analysis of the spatial and cellular expression of Ryk at 3 days post-injury (dpi). (A) A schematic drawing

showing Ryk protein in a representative transverse section corresponding to the level of impact in the lesioned spinal cord at 3 dpi (the central dark
gray area represents the wound epicenter and the squares represent areas where the micrographs were obtained). Ryk immunostaining was
observed at the ring of the spared tissue surrounding the wound epicenter (A and B) in glial fibrillary acidic protein (GFAP)* astrocytes (B and C),
adenomatous polyposis coli (APC) " oligodendrocytes (B and D), NG2* glial precursors (B and E), fibronectin™ cells (B and F), Ibal * microglia/
macrophages (B and G) and neurofilament (NF)200* axons (B and H). Ryk expression in NF200™ axons was also observed in the corticospinal
tract of preserved spinal cord levels that were rostral to the injured tissue (I, the discontinuous white line delimits the corticospinal tract). No Ryk
expression was observed in blood vessels (J). Scale bars in B-J =20 um. Color image is available online at www liebertpub.com/neu

expression in the unlesioned adult spinal cords using Western blot
analysis. Interestingly, the spatial and cellular distribution of Ryk
protein observed in this study was extremely similar to that reported
for its mRNA expression by ISH in adult spinal cord sections,
where Ryk mRNA has been found in gray matter cells displaying a
neuronal-like morphology as well as in white matter cells dis-
playing a glial-like morphology, predominantly in areas close to the

pial surface, and in vascular-like profiles.*® In addition and in
agreement with previous reports,'®!* we have found no evidence of
axonal Ryk protein expression in the uninjured adult spinal cord.
On the other hand, previous studies have demonstrated wide-
spread Ryk expression under physiological conditions in neuronal
and glial-like cells and in specific areas of the mature brain and
cerebellum.*® These observations together with our results strongly



RYK RECEPTOR EXPRESSION IN SPINAL CORD INJURY 813

A (7-14dpi) B (7-14dpi) Ryk
SPARED TISSUE
N

% Astrocyte W Fibronectin® cell
Oligodendrocyte Microglia

A Glial precursor Macrophage

Hl Axon

F (7-1adpi)  RykNF200 |(l T N

X
i ’ v
Sy .

J (7-14dpiy” Ry

FIG. 6. Immunohistochemical analysis of the spatial and cellular expression of Ryk at 7-14 days post-injury (dpi). (A) A schematic
drawing showing Ryk protein in a representative transverse section corresponding to the level of impact in the lesioned spinal cord at 7—
14 dpi (the central dark gray area represents the wound epicenter and the squares represent areas where the micrographs were obtained).
Although Ryk protein was expressed throughout the entire lesioned area (A), the expression was more prominent in areas corresponding to
the center of the lesion (A and B), where Ryk™ cells were identified as fibronectin™ cells (B and C), NG2* glial precursors (B and D),
Ibal ¥ microglia/macrophages (B and E) and neurofilament (NF)200™ axons (B and F). At the ring of spared tissue surrounding the wound
epicenter (A and G), Ryk expression was detected in glial fibrillary acidic protein (GFAP)* astrocytes (G and H), NG2* glial precursors
(G and I), adenomatous polyposis coli (APC)* oligodendrocytes (G and J) and axons (G and K). Ryk expression in NF200* axons was
also observed in the corticospinal tract of preserved spinal cord levels that were rostral to the injured tissue (L, the discontinuous white line
delimits the corticospinal tract). No Ryk expression was observed in blood vessels (M). Scale bars in B-M =20 yum. Color image is
available online at www.liebertpub.com/neu

suggest Ryk involvement in physiological events in adult CNS cells, and astrocytes close to the pial surface in the unlesioned adult
activity, in addition to its previously described functions during spinal cord clearly requires further study, especially when it has
CNS developmental stages.?”*!~3* Because the function of Ryk in  been recently demonstrated that most Wnt ligands and its modu-
the mature CNS remains completely unknown, understanding the lators are expressed in the unlesioned spinal cord,'® and that the
biological relevance of Ryk expression in neurons, endothelial ~ Wnt family of proteins is involved in different CNS physiological
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FIG. 7. Ryk is expressed in fibronectin® cells. This figure shows representative images obtained from sections corresponding to the
impact site processed for the visualization of Ryk, fibronectin, and DAPI nuclear counterstaining. The images were captured in lesioned
animals at 14 days post-injury (dpi). The white square in the upper image highlights the area selected to obtain the different confocal z
planes shown in the lower micrographs. In the lower images, the arrow points to a cluster of cells co-expressing Ryk and fibronectin,
while the arrowhead points to a single cell showing Ryk and fibronectin immunostaining that clearly surround its nucleus. Scale
bars =20 um. Color image is available online at www.liebertpub.com/neu

functions during maturity, such as the modulation of blood—brain
barrier permeability,** neurogenesis,” dendritic arborization, and
synaptic function and maintenance.’

We also found that Ryk mRNA and protein expression levels
increased significantly after SCI, when compared with unlesioned
spinal cords. Specifically, Ryk mRNA expression was upregulated
by an ~ 1.5-fold change from 24 hpi until 7 dpi, when Ryk mRNA
levels began to decrease. Instead, Ryk protein levels did not in-
crease until 7 dpi, and remained elevated until 14 dpi. The delay
observed between the Ryk mRNA and protein expression may
imply the existence of post-transcriptional regulatory mechanisms
or differences between the half-life of Ryk mRNA and protein.
Moreover, the spatial and cellular expression pattern of Ryk protein
was also dramatically altered following SCI. Although there are
little data regarding the expression of Ryk in the lesioned spinal
cord, Ryk expression has been previously described in regenerating
CST axons after spinal cord hemisection'* or contusion,'® which is
consistent with its role in regulating axon regeneration in vitro'%?
and in vivo.'®' In accordance with these observations, our results
demonstrated that from 24 h to 14 days after spinal cord contusion
in rats, Ryk was expressed in CST axons that were located in
preserved spinal cord levels that were rostral to the injured tissue.
Moreover, and at the same times post-injury, we observed that Ryk
was expressed in many axonal projections that were located in the
ring of spared tissue that surrounded the lesion epicenter, whereas

at 7 and 14 dpi, Ryk ™ axons were also found in the lesion epicenter.
Interestingly, although some conflicting results have been ob-
tained,>® different studies have consistently supported the inability
of regenerating CST axons to enter into the injury site in different
models of spinal cord injury such as contusion'®' and dorsal
hemisection.>>>° Altogether, these observations raise the possi-
bility that axonal Ryk expression might not be restricted to CST
axons and, therefore, that axons belonging to different tracts might
be able to express this receptor after SCI. Nevertheless, it should be
noted that in the injury model used to perform the present study,
few CST axons were observed caudally to the lesion site, clearly
indicating that several CST axons were spared after the induction of
the damage.

Strikingly, we demonstrated that Ryk is also expressed exten-
sively in fibronectin™ and glial cells after moderate contusive
spinal cord damage, including reactive astrocytes, microglia/mac-
rophages, and, to a lesser extent, oligodendrocytes and NG2™* glial
precursors, reaching maximum levels of Ryk protein expression at
7-14 dpi.

These observations acquire a higher relevance when the critical
involvement of these cell types in the progression of SCI is taken
into account. For example, microglia/macrophage reactivity is of
the utmost importance, as activated microglia/macrophages are
involved in many pivotal processes, such as cellular debris
phagocytosis, antigen presentation, cellular trophic support, and the
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production of a wide range of inflammatory mediators.*>>” Con-
sistent with this idea, modulation of microglia/macrophage reactivity
has been shown to significantly improve lesion outcome after SCI.3®
Although there are no available data regarding the potential func-
tions of Ryk in microglia/macrophage reactivity, it should be noted
that recent reports have suggested the involvement of the Wnt family
of proteins in this cellular process. More specifically, Wnt5 and
Whnt3a have been found to exert a pro-inflammatory action in acti-
vated peripheral macrophages®®* and cultured microglial cells,*®
respectively, by increasing their production of different pro-inflam-
matory molecules such as cytokines and chemokines. Moreover,
different Wnt ligands are able to trigger microglial proliferation
in vitro.®* In this context, our observation that, after SCI, only acti-
vated microglia/macrophages but not quiescent microglial cells ex-
pressed Ryk, strongly points to a possible function of this receptor in
microglia/macrophage reactivity.

In addition, astroglial reactivity is another major hallmark of SCI
as, among other functions, activated astrocytes are involved in the
maintenance of extracellular medium homeostasis, the cellular
metabolic and trophic support, the production of many pro- and
anti-inflammatory molecules, and the isolation of injured and un-
injured nervous tissue by forming the glial scar which, in turn, is
one of the most important handicaps in axonal regeneration after
SCL*""6%% Interestingly, we showed here that most reactive as-
trocytes expressed Ryk, mainly those located in close relation to the
damaged spinal cord parenchyma and at the last evaluated times
post-injury (7-14 dpi). These observations suggest that, after SCI,
reactive astrocytes are not mere Wnt producers,'® but also are target
cells for Wnt ligands, suggesting that the Wnt family of proteins
may play a modulatory role in the different processes of spinal cord
tissue response to injury that are mediated or modulated by astro-
glial reactivity.

Another pivotal process in SCI is the migration, proliferation,
and differentiation of the slow-dividing NG2* glial precursors that
are present in the nervous parenchyma, which attempt to replace
those cells that have been lost because of injury progression.%”%®
However, the gliogenic environment of the damaged tissue may
favor the differentiation of these cells into astrocytes and not oli-
godendrocytes, therefore enhancing glial scar formation and pos-
sibly exerting a deleterious effect.®” Noticeably, activation of the
canonical Wnt-signaling pathway was able to delay the differen-
tiation of oligodendrocyte progenitors during development and
remyelination in an experimental model of adult spinal cord de-
myelination.®®® Moreover, activation of Ryk in neural precursor
cells during CNS development induces their differentiation into
neurons, while suppressing their differentiation into oligodendro-
cytes.”® In this regard, we demonstrate here that NG2™* glial pre-
cursors located in the injury site expressed the Wnt receptor Ryk,
supporting a role for this receptor in the response to injury of this
cell type.

In addition, our results show that the Ryk receptor is also expressed
in those oligodendrocytes present in the ring of spared tissue that
surrounded the injury epicenter, which are thought to be affected
because of secondary injury progression.” In this way, a major cause
of the functional and histopathological deficits associated with SCI is
the secondary death of oligodendrocytes.? Although currently there
are no data regarding Ryk functions in oligodendroglial cell death, it
should be noted that several reports have shown that, after a CNS
injury, the Wnt family of proteins is able to modulate cell survival in
other neural cell types, such as neurons.%*

Finally, an interesting point of discussion derives from the
presence of fibronectin™ cells in the lesion epicenter. Several re-
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ports have demonstrated the presence of fibronectin in the injury
core, even in non-penetrating injuries where meningeal fibroblast
invasion and proliferation are minimal.**~** Different sources have
been proposed for this fibronectin® scar, including vascular ex-
travasation of plasma fibronectin.***> However, this intriguing is-
sue has not been completely explored as, for example, there are
meningeal-like cells that surround the blood vessels in the CNS, but
the extent to which they participate in CNS injuries is not yet
clear.”! Moreover, it has been shown that there is an increase in the
perivascular cells expressing fibroblast markers after a contusive
injury to the rat spinal cord.”® In addition, a recent study demon-
strated the existence of perivascular cells, namely pericytes, which,
after a spinal cord hemisection in mice, invaded the injury core,
expressed fibronectin, and heavily influenced scar formation.”
These findings suggest that fibronectin™ cells invading the lesion
epicenter may not only come from the meninges, even in SCI
models that do not spare the meningeal layer. Furthermore, the
arachnoid and pia mater, also named leptomeninges, are tightly
associated with the vessels, and penetrate deeply into the CNS
parenchyma.”® Interestingly, we showed here that Ryk was ex-
pressed in almost all fibronectin™ cells that were located in the
lesion epicenter.

Conclusion

In conclusion, the data presented in this study demonstrate that
Ryk is expressed by various cell types and at different locations in
the unlesioned spinal cord, suggesting a role for Ryk in the spinal
cord under physiological conditions. Moreover, after contusive
SCI, we demonstrated that Ryk expression was increased, and that
its spatial and cellular expression pattern suffered evident alter-
ations in the lesioned parenchyma, where Ryk expression was
observed in axons, reactive astrocytes and microglia/macrophages,
NG2™ glial precursors, oligodendrocytes, and fibronectin™ cells.
Taken together, these findings strongly suggest that, beyond its
well-known role in axonal regeneration after SCI, this receptor may
be involved in other pivotal cellular events that characterize the
development of spinal cord insults. Further studies are needed to
ascertain the function of Ryk in adult neurons and endothelial cells,
understand the consequences of switching Ryk expression from
these cells to glial meningeal and inflammatory cells during SCI
and examine the potential biological relevance of modulating Ryk
activity during SCI progression.
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