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Abstract
Despite the experimental evidence pointing to a significant role of the Wnt family of proteins in physiological and patho-
logical rodent spinal cord functioning, its potential relevance in the healthy and traumatically injured human spinal cord 
as well as its therapeutic potential in spinal cord injury (SCI) are still poorly understood. To get further insight into these 
interesting issues, we first demonstrated by quantitative Real-Time PCR and simple immunohistochemistry that detectable 
mRNA expression of most Wnt components, as well as protein expression of all known Wnt receptors, can be found in the 
healthy human spinal cord, supporting its potential involvement in human spinal cord physiology. Moreover, evaluation of 
Frizzled (Fz) 1 expression by double immunohistochemistry showed that its spatio-temporal and cellular expression pattern 
in the traumatically injured human spinal cord is equivalent to that observed in a clinically relevant model of rat SCI and 
suggests its potential involvement in SCI progression/outcome. Accordingly, we found that long-term lentiviral-mediated 
overexpression of the Fz1 ligand Wnt1 after rat SCI improves motor functional recovery, increases myelin preservation and 
neuronal survival, and reduces early astroglial reactivity and NG2+ cell accumulation, highlighting the therapeutic potential 
of Wnt1 in this neuropathological situation.
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Introduction

Wnts are a highly complex and conserved family of secreted 
lipid-modified glycoproteins which exerts essential functions 
in development, adult homeostasis, and disease in multiple 

tissues and organs. To date, 19 Wnt ligands have been identi-
fied in mammals which are able to bind different receptors 
that can be classified into conventional Frizzled (Fz) recep-
tors (Fz1-10) and non-conventional receptors such as the 
receptor tyrosine kinase-like orphan receptor (Ror) 1 and 
2, Ryk, and protein tyrosine kinase 7 (PTK7). Moreover, 
different Wnt co-receptors [low-density lipoprotein recep-
tor protein (LRP) 5 and 6] and soluble modulators [Dick-
kopf (Dkk) 1–4, Wnt inhibitory factor 1 (Wif1), R-spondin 
1–4, and secreted Frizzled-related proteins (sFRP) 1–5] have 
been also identified. Finally, Wnt signaling pathways can 
be divided into canonical Wnt/β-catenin and non-canonical 
Wnt/Ca2+ and Wnt/planar cell polarity signaling pathways 
[1–3]. Specifically regarding the central nervous system 
(CNS), different studies performed in rodents have demon-
strated that, besides its crucial functions during CNS devel-
opment [4–7], the Wnt family of proteins is also involved 
in relevant aspects of CNS functioning during adulthood 
[8–13]. However, only a few studies have pointed to a poten-
tial role of this family of proteins in physiological adult 
human CNS activity, mostly by assessing the expression of 
a small selection of its components in the healthy human 
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brain and spinal cord. Specifically in the healthy adult 
human spinal cord, we have recently shown that specific Wnt 
ligands, receptors, co-receptors, and soluble modulators are 
expressed at the mRNA level in the ependymal region [14] 
and in the anterior horn [15]. However, the broad expression 
of the different components of the Wnt family of proteins 
at the mRNA and protein level in the healthy adult human 
spinal cord is currently unknown. As a consequence and to 
further ascertain the potential involvement of this family of 
proteins in physiological adult human spinal cord function-
ing, we first aimed to evaluate the mRNA expression of the 
different Wnt ligands, receptors, co-receptors, and soluble 
modulators, as well as the protein expression of all known 
conventional and non-conventional Wnt receptors, in the 
adult human spinal cord under physiological conditions.

Otherwise, during the last years, we and others have 
consistently demonstrated that the Wnt family of proteins 
also plays a relevant role in many different neuropatholo-
gies, including spinal cord injury (SCI) [16–22]. As it has 
been extensively reviewed [23, 24], SCI is a major neuro-
pathological condition characterized by a primary injury 
phase, which involves the initial mechanical damage, and 
a secondary injury phase, encompassing a wide range of 
cellular and molecular processes that generally lead to the 
affectation of initially spared tissue surrounding the injury 
site and, thus, to a worst histopathological and functional 
outcome. Unfortunately, despite the SCI-associated lifelong 
disabilities, the huge social and economic burden, and the 
significant improvement in our understanding of its patho-
physiology, there is no currently clinically accepted treat-
ment for this neuropathology [25–29]. Therefore, a great 
effort is being performed to better understand the molecular 
and cellular mechanisms that determine the injury progres-
sion and outcome and thus unveil new targets for therapeutic 
intervention.

In this context, we have previously shown that the expres-
sion of most Wnt ligands, receptors, co-receptors, and sol-
uble modulators was clearly dysregulated during the pro-
gression of SCI [30–33]. Moreover, different studies have 
demonstrated that specific components of the Wnt family of 
proteins as well as glycogen synthase kinase 3β (GSK-3β), 
which is a main element of the canonical Wnt/β-catenin 
signaling pathway [34], are involved in the regulation of 
at least axonal regeneration, astroglial and microglia/mac-
rophage reactivity, glial and fibrous scar formation, inflam-
matory response, cell death, motor cortex remapping, myelin 
preservation and/or remyelination, and the differentiation of 
endogenous neural precursors after SCI [35–48]. Further-
more, the administration or blockade of specific components 
of the Wnt family of proteins, as well as the modulation 
of the canonical Wnt/β-catenin signaling pathway, is able 
to improve functional recovery after SCI [35, 38, 40, 43, 
45–48]. Altogether, these observations strongly support 

that the modulation of the Wnt family of proteins might be 
a promising therapeutic approach to ameliorate the histo-
pathological and functional sequelae of SCI, although its 
therapeutic potential is still poorly understood.

Interestingly, previous studies have shown that the expres-
sion of Fz1 suffered significant variations in cultured CNS 
cells subjected to different insults [49, 50], as well as in 
a variety of neuropathologies in vivo [33, 51–56]. More 
importantly, several reports have pointed to a neuroprotec-
tive role of this receptor both in vitro [49, 57] and in vivo 
in animal models of brain ischemic stroke [55], Parkinson’s 
disease (PD) [49], and subarachnoid hemorrhage [56]. 
Accordingly, it has been shown that Wnt1, which is able 
to exert its functions through Fz1 [49, 56, 58–60], induces 
neuroprotection both in vitro in neuronal cultures subjected 
to different noxious stimuli and in vivo in different neuro-
pathologies such as PD, brain ischemia, and subarachnoid 
hemorrhage [49, 56, 61, 62], and that its neuroprotective 
function depends on the presence of Fz1 at least in PD [49] 
and subarachnoid hemorrhage [56]. However, despite the 
neuroprotective role of Fz1 and Wnt1 and the necessity of 
unveil new therapeutic targets for the treatment of SCI, the 
potential involvement of these molecules in the progression 
and outcome of this neuropathology is currently unexplored. 
Therefore, we here aimed to evaluate the spatio-temporal 
and cellular expression pattern of Fz1 in the traumatically 
injured human and rat spinal cord, as a first essential step 
to ascertain the potential relevance of this receptor in this 
neuropathological condition, as well as to determine the 
therapeutic potential of Wnt1 overexpression in a clinically 
relevant rat model of SCI.

Materials and methods

Production and titration of lentiviral vectors

Production of self-inactivating lentivirus was carried out 
following the method already described with several modi-
fications. Briefly, 293T cells were cultured in 0.1 µm filtered 
Dulbecco’s Modified Eagle Medium (DMEM) (41966-029, 
Gibco) supplemented with 100  IU/ml of penicillin and 
100 μg/ml of streptomycin (15070-083, Gibco), 10% of fetal 
bovine serum (10270, Gibco), 0.4% Tylosin (T3397, Sigma-
Aldrich), and 7.5 mM of HEPES buffer (15630-056, Gibco). 
When the culture reached 60% confluence, the transfer plas-
mid (15 µg) (see below for details), the packaging plasmid 
(5 µg) (psPAX2) (12260, Addgene), and the envelope plas-
mid containing the VSV-G gene (5 µg) (pMD2.G) (12259, 
Addgene) were added in a 2 M CaCl2 HEPES-buffered 
saline solution. Twenty-four hours later, lentiviral particles 
in the medium were concentrated by ultracentrifugation at 
31,500g for 2 h in a Beckman Coulter Optima L-100 XP 
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ultracentrifuge. The pellet containing the lentiviral particles 
was resuspended in phosphate-buffered saline (PBS) and 
stored in working aliquots at − 80 °C until use. The bicis-
tronic pWPI transfer plasmid (12254, Addgene) was used, 
as it allows for simultaneous expression of the transgene and 
GFP. Two different lentiviral vectors were generated: (1) 
one that only induces the expression of the green fluores-
cence protein (GFP) (LV-GFP) and (2) another that induces 
the expression of both GFP and Wnt1 (LV-Wnt1). For this 
purpose, the nucleotide sequence encoding Wnt1 (GenBank 
acc. no: NM_021279) was cloned into the pWPI plasmid by 
GeneScript Biotech Corporation. Lentiviral stock titration 
was carried out following the protocol already described 
with slight modifications [63, 64]. In summary, 70% con-
fluent B1a rat fibroblasts, cultured in the same medium 
described above, were transduced by incubation during 
24 h with decreasing doses of the lentiviral concentrate in 
DMEM. Seventy-two hours later, the percentage of GFP 
positive cells was quantified by flow cytometry (see “Flow 
cytometry” for details) and the lentiviral titer was calculated 
as transducing units per ml.

Evaluation of lentiviral vector generated 
to overexpress Wnt1

Cell culture and transduction

All experiments performed to evaluate the proper function-
ing of LV-Wnt1 were carried out in B1a cells. Cells were 
cultured, in DMEM supplemented with 10% of fetal bovine 
serum, 7.5 mM of HEPES buffer, 100 IU/ml of penicillin, 
and 100 μg/ml of streptomycin, in non-coated 24- or 6-well 
culture plates (140675, Nunc) depending on whether they 
were used for flow cytometry or quantitative Real-Time PCR 
(qRT-PCR) and western blot, respectively. Cell transduction 
with the corresponding lentiviral vector at the desired mul-
tiplicity of infection (MOI) (infectious particles/cells) was 
performed as described above.

Flow cytometry

Flow cytometry was used to: (1) quantify the percentage 
of GFP positive cells during lentiviral stock titration and 
(2) assess total cell number, transduction efficiency (% of 
GFP positive transduced cells), and GFP intensity in non-
transduced B1a cells and after transduction with different 
MOIs (MOI 5, 10, 20, and 40) of LV-GFP. In all cases, B1a 
cells were detached using 0.25% trypsin–EDTA (25200-
056, Gibco), resuspended in PBS, and analyzed in an FACS 
Canto II Flow Cytometer (BD Biosciences). The existence 
of significant differences between groups and evaluated 
times post-transduction was assessed by two-way ANOVA 
followed by Bonferroni post hoc test using the GraphPad 

Prism 5.01 software. A value of p ≤ 0.05 was considered 
statistically significant.

qRT‑PCR

We used qRT-PCR to assess whether LV-Wnt1 induced the 
expression of the carried transgene at the mRNA level. Total 
RNA isolation, sample processing, and amplification of the 
complementary DNA (cDNA) corresponding to Wnt1 and 
18s, as endogenous control, were performed as we have pre-
viously described [30–33, 65]. Wnt1 cDNA amplification 
was carried out using 125 ng of total reverse transcribed 
RNA per sample and the following specific primers: for-
ward: 5′-CTT​CGG​CAA​GAT​CGT​CAA​CC-3′, reverse: 
5′-GCG​AAG​ATG​AAC​GCT​GTT​TCT-3′. All gene expres-
sion analyses were performed in duplicate for each sample 
and cycle threshold (Ct) values above 35 were considered as 
undetectable. The existence of statistically significant dif-
ferences between groups in ΔCt values was determined by 
one-way ANOVA followed by Bonferroni post hoc test using 
the GraphPad Prism 5.01 software. A value of p ≤ 0.05 was 
considered statistically significant.

Western blot

Western blot-based analysis was carried out to evaluate 
whether LV-Wnt1 efficiently induced Wnt1 protein overex-
pression, as well as to analyze whether overexpressed Wnt1 
properly functioned at the Wnt signaling level. Quantifi-
cation of Wnt1 and active β-catenin protein levels in cell 
lysates was performed following the experimental protocol 
that we have used in a previous report [50], using 50 µg of 
total protein per lane and the following primary and second-
ary antibodies: rabbit anti-Wnt1 (ab15251, Abcam) (1:500), 
mouse anti-active β-catenin (05-665, Millipore) (1:500), 
mouse anti-glyceraldehyde 3-phosphate dehydrogenase 
(ab8245, Abcam) (1:10,000), horseradish peroxidase (HRP)-
linked anti-mouse (31430, Pierce) (1:7000), and HRP-linked 
anti-rabbit (31460, Thermo Scientific) (1:5000). Evaluation 
of Wnt1 protein levels in conditioned medium was carried 
out following the same protocol, although in this case, 30 µl 
of conditioned medium were added in each lane and the 
bands were not normalized against a housekeeping protein. 
The existence of statistically significant differences between 
groups in normalized band densities was determined by one-
way ANOVA followed by Bonferroni post hoc test using 
the GraphPad Prism 5.01 software. A value of p ≤ 0.05 was 
considered statistically significant.

Preparation of conditioned medium

Conditioned medium was used to assess the correct secre-
tion of the overexpressed Wnt1 and to evaluate its proper 
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functionality at the Wnt signaling level. To generate the dif-
ferent conditioned mediums used, non-transduced B1a cells 
or transduced with LV-GFP or LV-Wnt1 were cultured as 
described above. The culture medium was maintained during 
72 h to ensure the accumulation of overexpressed Wnt1. The 
conditioned medium was then recovered, filtered through a 
0.2 µm filter to eliminate any potential cross-contaminating 
cell, and stored in working aliquots at − 20 °C until use.

Human samples

Donation of human spinal cord samples included a writ-
ten informed consent from donors while alive or from their 
families after death. Fresh-frozen and paraffin-embedded 
samples from donor individuals, deceased without clini-
cal or histopathological involvement of the spinal cord, 
were obtained from the BioB-HVS BioBank and were used 
as non-lesioned (NL) controls. Paraffin-embedded lesioned 
spinal cord samples were obtained from Dr. Michael Noren-
berg (Department of Pathology, Miller School of Medicine, 
University of Miami, USA) (see Table 1 for details about 
human samples). Data from donors and handling of samples 
were carried out after approval by the Clinical Research Eth-
ical Committee in Toledo (Permit number 76/2017, Spain) 
and in accordance with the Spanish law and International 
Guidelines (LOPD 15/1999; RD 1720/2007; Helsinki dec-
laration 2008).

Animals and surgical procedures

A total of 87 adult female Wistar rats were used (3 months; 
≃ 300 g). Animal housing and experimental procedures were 
carried out in accordance with the Spanish (Royal Decree 
53/2013) and the European Union (2010/63/EU) laws, and 
they were approved by the Bioethics Committee at The 

National Hospital of Paraplegics (Toledo, Spain) (Permit 
numbers 51/2009 and 45/2008). The spinal cord contusions 
were performed as we have described in previous reports 
[30–32, 65]. When required, the viral particles were intra-
parenchymatically injected immediately after the spinal cord 
contusion. Two different injection methods were initially 
tested. In the first one, one injection per rostro-caudal level 
(stereotaxic coordinates: 0 mm lateral and 1 mm depth) was 
performed in three rostro-caudal levels corresponding to the 
lesion epicenter, 1.5 mm rostral and 1.5 mm caudal. In the 
second one, two injections per rostro-caudal level (stere-
otaxic coordinates: 0.6/− 0.6 mm lateral and 1 mm depth) 
were performed in the same rostro-caudal levels detailed 
above. In both cases, a volume of 1 µl of vehicle alone (PBS) 
or containing 5 × 105 lentiviral particles were injected in 
each injection point at a rate of 0.5 μl/min using a 33G nee-
dle and a 10 μl Hamilton syringe attached to a microinjector 
(KDS-311, KD Scientific) and a stereotaxic device (Kopf). 
The needle was maintained during 4 further minutes in each 
injection point to minimize reflux of the solution. Based in 
the results obtained, the second injection method was used 
to evaluate the effects exerted by Wnt1 overexpression. The 
postoperative cares were the same that we have used in pre-
vious works [30–32, 65]. All efforts were done during the 
whole experimental process to minimize animal suffering.

qRT‑PCR

To analyze the mRNA expression of the different Wnt 
ligands, receptors, co-receptors, and soluble modulators, 
total mRNA was isolated from fresh-frozen human spi-
nal cord samples using the RNeasy Lipid Tissue Mini Kit 
(74804, Quiagen) following the manufacturer’s instructions. 
Reverse transcription of total mRNA was performed as pre-
viously described [30]. cDNA amplification was performed 

Table 1   Human samples

Case Tissue processing Cause of death/injury Gender Age Coded as Time post-SCI IHQ RT-qPCR

15A59 Fresh frozen/paraffin embedded Heart failure Male 81 Control – X X
15A9 Fresh frozen/paraffin embedded Multiorganic failure/septic shock Female 68 Control – X X
16A8 Fresh frozen/paraffin embedded Renal failure Male 44 Control – X X
15A58 Fresh frozen/paraffin embedded Hepatic failure Male 35 Control – X X
16A11 Fresh frozen Respiratory failure Female 63 Control – X X
15A12 Fresh frozen Cardiac surgery complication Female 68 Control – X
16A7 Fresh frozen Cardiorespiratory arrest Male 41 Control – X
218 Paraffin embedded Gunshot wound Male 26 Lesioned 1 day X
119 Paraffin embedded Altercation Male 37 Lesioned 2 days X
162 Paraffin embedded Fall Male 84 Lesioned 3 days X
176 Paraffin embedded Motor vehicle accident Male 73 Lesioned 3 days X
120 Paraffin embedded Motor vehicle accident Male 88 Lesioned 5 days X
206 Paraffin embedded Motor vehicle accident Male 16 Lesioned 5 days X
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using the same experimental protocol and customized 
TaqMan Low Density Arrays (Applied Biosystems), pre-
pared with TaqMan Assays (Applied Biosystems) prede-
signed and validated for humans, that we have described 
in a previous report [14], although in this case, 20.8 ng per 
well were used.

Histology

Tissue processing

Under anesthesia, those rats used to perform the different 
histological techniques were sacrificed by intraaortical 
perfusion with 1 mg/kg of 4% paraformaldehyde (P6148, 
Sigma-Aldrich). A 2 cm spinal cord stretch containing the 
lesion was extracted, postfixed during 4 h in the same fixa-
tive, cryoprotected by immersion in 30% sucrose (84100, 
Sigma-Aldrich) during 72  h, and frozen embedded in 
Neg-50 medium (6502, Richard-Allan Scientific). Frozen 
rat and human spinal cord samples were cut in a cryostat 
(HM560, Microm) to obtain parallel sections of 30 μm or 
10 µm thick, respectively, which were mounted on slides 
(J1800AMNZ, Thermo Scientific) and stored at − 20 °C 
until use. Paraffin-embedded human spinal cord samples 
were cut in a microtome to obtain 5 µm-thick sections, which 
were mounted on slides and stored at room temperature (RT) 
until use.

Immunohistochemistry

Chromogen-based simple immunohistochemistry was 
performed to: (1) analyze the protein expression of con-
ventional (Fz1-10) and non-conventional Wnt receptors 
(PTK7, Ryk and Ror1 and 2) as well as of the active phos-
phorylated form of LRP6 (pLRP6) in fresh-frozen human 
NL spinal cord samples, (2) evaluate the spatio-temporal 
expression pattern of Fz1 in the NL and lesioned rat spi-
nal cord, and (3) quantify by densitometrical analysis the 
potential variations induced by Wnt1 overexpression in 
the presence of astrocytes, microglia/macrophages, and 
NG2+ cells after rat SCI in sections processed for the vis-
ualization of glial fibrillary acidic protein (GFAP), ion-
ized calcium-binding adaptor molecule 1 (Iba1) and NG2, 
respectively. For this purpose, we used the same experi-
mental protocol that we have detailed in previous publi-
cations [30–32, 65], with slight modifications in human 
samples as, in this case, the spinal cord sections were 
fixed by immersion during 15 min at RT in 4% paraform-
aldehyde before starting the immunohistochemical proce-
dure. Fluorescence-based simple immunohistochemistry 
was performed, following the same experimental protocol 
that we have used in previous works [53], to evaluate 

the potential changes induced by Wnt1 overexpression 
in neuronal and oligodendroglial cell number as well as 
in the presence of 5-HT+ axons after rat SCI in sections 
processed for the visualization of neuronal nuclei (NeuN), 
adenomatous polyposis coli (APC), and 5-HT, respec-
tively. Fluorescence-based double immunohistochemistry 
was performed to evaluate the cellular protein expression 
pattern of Fz1 in the rat and human NL and lesioned spi-
nal cord. The experimental protocol used in rat samples 
has been conveniently detailed in previous works per-
formed by our group [31, 65]. The experimental proto-
col used in paraffin-embedded human samples included 
several modifications. Briefly, before starting the immu-
nohistochemical procedure, sections were deparaffinized 
by immersion in xylene and then in decreasing graded 
ethanol solutions. Subsequently, the sections were sub-
jected to antigen retrieval as previously described [66]. 
At the end of the experimental protocol and to reduce 
tissue autofluorescence, sections were incubated during 
5 min at RT in a solution of Sudan Black B (199664, 
Sigma-Aldrich) prepared as described elsewhere [67]. 
The different primary and secondary antibodies used for 
the distinct immunohistochemical procedures are listed in 
Table 2. To confirm a lack of undesired cross-reactivity, 
both sections processed without the primary antibodies 
and/or sections processed without the second primary 
antibody were used as controls. No non-specific staining 
was observed in any case. Finally, to ensure the specific-
ity of the primary antibody used to visualize Fz1, we 
pre-incubated this antibody, following the protocol previ-
ously described [15, 68], with its corresponding blocking 
peptide (ab260468, Abcam) with 20-fold weight/weight 
excess. As shown in the Online Resource 1, antibody pre-
adsorption completely abolished Fz1 immunostaining.

Evaluation of transduction in vivo

The evaluation of the transduction efficiency after lentiviral 
injection in vivo was performed in: (1) a set of parallel lon-
gitudinal sections per animal from animals that were used 
to determine which of the injection methods initially tested 
induced a higher transduction in the lesioned areas and (2) 
a set of parallel transversal sections per animal from ani-
mals that were used to analyze the effects exerted by Wnt1 
overexpression. Briefly, after several washes in TBS, sec-
tions were incubated with DAPI (1:10,000) during 5 min 
at RT, washed in TB, and coverslipped using Immumount 
(9990402, Thermo Scientific). As sections from animals sac-
rificed at 126 days post-injury (dpi) displayed high levels of 
tissue autofluorescence that hindered the identification of 
transduced GFP+ cells, these sections were incubated with 
Sudan Black B as described above.
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Table 2   Primary and secondary antibodies used for immunohistochemistry

Tissue species Immunohistochemical method Antibody Reference Dilution

Rat Chromogen-based simple immunohistochemistry Rb anti-Fz1 ab71342, Abcam 1:250
Rb anti-Iba1 019-19741, Wako 1:1000
Mo anti-GFAP G3893, Sigma-Aldrich 1:1000
Rb anti-NG2 AB5320, Millipore 1:250
Biotinilated Go anti-Rb BA-1000, Vector 1:500
Biotinilated Ho anti-Mo BA-2001, Vector 1:500

Fluorescence-based simple immunohistochemistry Mo anti-APC OP80, Calbiochem 1:100
Rb anti-NeuN MABN140, Millipore 1:100
Rb anti-serotonin S5545, Sigma-Aldrich 1:500
Dylight 594-linked Go anti-Rb ab96897, Abcam 1:500
Dylight 594-linked Go anti-Mo ab96881, Abcam 1:500

Fluorescence-based double immunohistochemistry Rb anti-Fz1 ab71342, Abcam 1:50
Mo anti-GFAP G3893, Sigma-Aldrich 1:1000
Mo anti-NeuN MABN140, Millipore 1:100
Mo anti-APC OP80, Calbiochem 1:100
Mo anti-NF200 N0142, Sigma-Aldrich 1:2000
Mo anti-OX42 ab58457, Abcam 1:500
Mo anti-NG2 37-2700, Zymed 1:100
Mo anti-RECA1 MCA970GA, AbD Serotec 1:250
Dylight 594-linked Go anti-Rb ab96897, Abcam 1:500
Dylight 594-linked Go anti-Mo ab96881, Abcam 1:500

Human Chromogen-based simple immunohistochemistry Rb anti-Fz1 ab71342, Abcam 1:500
Rb anti-Fz2 ab94913, Abcam 1:500
Rb anti-Fz3 ab188974, Abcam 1:50
Rb anti-Fz4 ab83042, Abcam 1:1000
Rb anti-Fz5 ab75234, Abcam 1:500
Rb anti-Fz6 ab150545, Abcam 1:100
Rb anti-Fz7 ab64636, Abcam 1:1000
Rb anti-Fz8 ab75235, Abcam 1:50
Rb anti-Fz9 ab61430, Abcam 1:50
Rb anti-Fz10 ab83044, Abcam 1:500
Rb anti-Ryk AP7677a, Abgent 1:500
Rb anti-Ror1 AP7671d, Abgent 1:50
Rb anti-Ror2 AP7672d, Abgent 1:50
Mo anti-PTK7 400005754-M06, Abnova 1:500
Rb anti-pLRP6 (Ser 1490) 2568L, Cell Signaling 1:100
Biotinilated Go anti-Rb BA-1000, Vector 1:500
Biotinilated Ho anti-Mo BA-2001, Vector 1:500

Fluorescence-based double immunohistochemistry Rabbit anti-Fz1 ab71342, Abcam 1:100
Mo anti-GFAP G3893, Sigma-Aldrich 1:1000
Mo anti-CNPase SMI-91R, Covance 1:100
Mo anti-CD31 #3528, Cell Signaling 1:100
Mo Pan Neuronal Marker MAB2300, Millipore 1:50
Go anti-Iba1 ab5076, Abcam 1:100
Dylight 594-linked Go anti-Rb DI-1594, Vector 1:500
Dylight 488-linked Ho anti-Mo DI-2488, Vector 1:500
Alexa 488-linked Do anti-Go A11055, Invitrogen 1:1000
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Eriochrome cyanine

To assess whether Wnt1 overexpression induced variations 
in myelin preservation after SCI, we performed eriochrome 
cyanine (ECy) staining, in a set of parallel transversal sec-
tions per animal, following the protocol that we have used 
in previous publications [65].

Densitometrical analysis

Densitometrical analysis was performed in a set of paral-
lel transverse spinal cord sections per animal processed 
by Ecy staining and GFAP, Iba1, and NG2 chromogen-
based simple immunohistochemistries to evaluate the 
potential existence of variations in myelin preservation, 
and in the presence of astrocytes, microglia/macrophages, 
and NG2+ cells after SCI due to Wnt1 overexpression. 
For this purpose, composite 10 × images of complete 
sections corresponding to different rostro-caudal levels 
(see “Image acquisition” section for further details about 
the image acquisition process), that include the whole 
lesion, were analyzed using the Fiji software following 
the method that we have described in previous reports 
[65]. All images were obtained using the same acquisition 
settings. Briefly, sections were carefully delineated and 
a threshold was established according to the histological 
signal. The selected threshold was maintained in all ana-
lyzed sections at each evaluated time post-injury. Total 
and stained areas were calculated in each section. Ecy, 
GFAP, Iba1, and NG2-positive areas were normalized 
against total spinal cord area in each rostro-caudal level. 
Densitometrical analysis was also performed to evalu-
ate the presence of 5-HT axons in the lesioned rat spi-
nal cord as already described with minor variations [69]. 
Briefly, 20 × composite images from both ventral horns 
were obtained at two rostral levels (8.58 and 7.92 mm 
from the lesion epicenter) and at different caudal lev-
els per animal (2.64, 3.30, 3.96, 4.62, 5.28, 5.94, 6.60, 
7.26, 7.92, 8.58, and 9.24 mm from the lesion epicenter) 
(see “Image acquisition” section for further details about 
the image acquisition process). Subsequently, a square 
ROI (150 × 150 µm) was selected in the lower limit of 
the ventral horns and the area occupied by 5-HT axons in 
this region was quantified using the same threshold in all 
images. In each animal, the 5-HT+ area observed in the 
different caudal levels was normalized to the 5-HT+ area 
observed in the rostral levels. In all cases, the existence 
of significant differences between groups at each rostro-
caudal level was assessed by two-way ANOVA followed 
by Bonferroni post hoc test using the GraphPad Prism 
5.01 software. A value of p ≤ 0.05 was considered statisti-
cally significant.

Cell count

Automatized cell count was performed, using the Fiji soft-
ware, in a set of parallel transverse spinal cord sections per 
animal processed by APC and NeuN fluorescence-based 
simple immunohistochemistry to evaluate whether Wnt1 
overexpression induced changes in oligodendroglial and 
neuronal cell number after SCI. Composite 10 × images of 
complete sections corresponding to the evaluated rostro-
caudal levels were used (see “Image acquisition” section 
for further details about the image acquisition process). All 
images were obtained using the same acquisition settings. 
Briefly, spinal cord sections were carefully delineated and 
total section area was quantified. Subsequently, a restrictive 
threshold was established according to the histological sig-
nal in images showing APC, NeuN, or DAPI staining. The 
selected thresholds were maintained in all analyzed sections. 
After binarization, APC and NeuN images were merged with 
images showing the corresponding DAPI nuclear counter-
staining. The number of APC- or NeuN-positive particles 
containing a nucleus in their cytoplasm was calculated using 
the Analyze Particle tool of the Fiji software. Only those 
APC- or NeuN-positive particles that displayed a minimum 
size of 20 µm2 were counted to minimize the potential influ-
ence of the few oligodendroglial or neuronal projections 
that were stained. To determine the validity of this auto-
matic cell count method, randomly blind selected images 
were manually counted, and the data obtained using both 
methods showed an extremely high correlation degree. Cell 
number data were presented as APC- or NeuN-positive cells 
per mm2. The existence of significant differences between 
groups at each rostro-caudal level was assessed by two-tailed 
t test using the GraphPad Prism 5.01 software. A value of 
p ≤ 0.05 was considered statistically significant.

Image acquisition

An DP71 camera (Olympus) attached to a BX61 Motorized 
Research Microscope (Olympus), a UPlanSApo 10 ×/0.40 
objective (Olympus), and the Visiopharm Integrator System 
acquisition software were used to obtain composite images 
of human spinal cord sections processed for the visualiza-
tion of the different Wnt receptors and co-receptors, and of 
rat spinal cord sections processed for the visualization of 
Fz1 by simple immunohistochemistry, myelin, APC, NeuN, 
NG2, GFAP, and Iba1. The same acquisition equipment and 
software was used to obtain high magnification images from 
human sections processed for the visualization of the dif-
ferent Wnt receptors and co-receptors, high magnification 
images from rat spinal cord sections processed for the visu-
alization of NG2, GFAP, and Iba1, as well as images from 
rat spinal cord sections processed for the visualization of 
serotonin, although, in these cases, a UPlanSApo 20 ×/0.75 
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objective (Olympus) was used. Composite images from trans-
versal rat spinal cord sections used to visualize the presence 
and distribution of GFP+ transduced cells were obtained in 
a TCS SP5 Resonant Scanner confocal microscope (Leica 
Microsystems) using a PL APO 20 ×/0.40 (Leica Microsys-
tems) and the Leica Application Suite X acquisition software. 
The same confocal microscope, software, and a PL APO 
40 ×/1.25–0.75 objective (Leica Microsystems) were used to 
obtain composite images from rat and human spinal cord sec-
tions used to determine the specificity of the antibody anti-
Fz1. High magnification images from transversal rat spinal 
cord sections used to visualize the presence and distribution 
of GFP+ transduced cells, as well as images from human and 
rat spinal cord sections used to evaluate the spatio-temporal 
and cellular expression pattern of Fz1 by fluorescence-based 
double immunohistochemistry, were obtained using a TCS 
SP5 confocal microscope (Leica Microsystems), the Leica 
Application Suite X acquisition software, and an HCX PL 
APO 40 ×/1.25–0.75 or an HCX PL APO 63 ×/1.4–0.6 objec-
tive. Finally, a DFC 350 FX camera (Leica Microsystems) 
attached to a DMI6000B microscope (Leica Microsystems), 
an HP PL FLUOTAR 10 ×/0.30 objective (Leica Microsys-
tems), and the Leica Application Suite X acquisition software 
were used to obtain images from longitudinal rat spinal cord 
sections used to evaluate the presence and distribution of 
GFP+ transduced cells. In all cases, images were obtained 
at RT (≃ 24 °C).

Functional evaluation

To evaluate whether Wnt1 overexpression induced varia-
tions in motor functional recovery, the 21-point Basso, Beat-
tie, and Bresnahan (BBB) open-field test was carried out at 
1, 3, 7, 14, 21, 28, 35, 49, 63, 77, 91, 105, and 119 dpi as 
previously described [65, 70]. The BBB analysis was per-
formed by two assessors who were blinded to the experimen-
tal groups and the consensus score taken. The existence of 
differences in motor functional recovery was further deter-
mined through the evaluation of different gait parameters 
using the CatWalk® gait analysis system (version 7.1, Nol-
dus) [71, 72] either before (to obtain pre-injury values) or 
at the end of the study (126 dpi). Only those animals that 
displayed a minimum BBB score of 10 (consistent stepping) 
after SCI were evaluated. A minimum of four runs per ani-
mal, performed at a consistent pace and containing at least 
three complete step cycles, were used in the analysis. Moreo-
ver, as the velocity is a critical factor influencing the dif-
ferent gait parameters [73], we first calculated the crossing 
velocity of the different runs as previously described [74]. 
To reduce the velocity-dependent variability, we determined 
the crossing velocityaverage of all acquired runs and only 

those included in a range between a 20% higher and lower to 
this average were used. The following gait parameters were 
evaluated: regularity index, frequency of Ab step patterns, 
hind paws base of support, print positions, hind paws stride 
length, hind paws duty cycle, hind paws swing duration, hind 
paws swing speed, and hind paws stand duration (see [71] for 
a full description of the different gait parameters evaluated). 
No left–right differences were observed in any of the gait 
parameters analyzed and, thus, the corresponding left and 
right values were averaged. Two-way ANOVA or one-way 
ANOVA following by Bonferroni post hoc test was used to 
determine the existence of significant differences between 
groups in data obtained from the BBB and Catwalk-based 
analysis, respectively. In both cases, the GraphPad Prism 
5.01 software was used and a value of p < 0.05 was consid-
ered statistically significant.

Results

Expression of the Wnt family of proteins 
in the healthy adult human spinal cord

We recently demonstrated that, in the healthy adult human 
spinal cord, specific components of the Wnt family of pro-
teins were expressed at the mRNA level in the ependymal 
region [14] and in the anterior horn [15]. However, the 
broad expression of the different components of the Wnt 
family of proteins at the mRNA and protein levels in the 
adult human spinal cord under physiological conditions is 
currently unknown. Hence, to further ascertain the poten-
tial relevance of the Wnt family of proteins in physiological 
adult human spinal cord functioning, we first analyzed the 
mRNA expression of the different Wnt ligands, receptors, 
co-receptors, and soluble modulators, as well as the protein 
expression of all known conventional and non-conventional 
Wnt receptors, in NL human spinal cord samples. Inter-
estingly, we found detectable mRNA expression levels of 
most Wnt ligands (Wnt2, 2b, 3, 4, 5a, 5b, 6, 7a, 7b, 8b, 9b, 
10a, 10b, 11, and 16) (Fig. 1a), receptors (Fz1-10, Ryk, 
PTK7, and Ror1 and 2) (Fig. 1b), co-receptors (LRP5 and 
6) (Fig. 1b), and soluble modulators (Dkk1-4, sFRP1-5, 
and Wif1) (n = 7, Table 1) (Fig. 1c), but not of Wnt1, 3a, 
8a and 9a. Moreover, immunohistochemical analysis of the 
different Wnt receptors showed that Fz1 (Fig. 2a–a2), 2 
(Fig. 2b–b2), 3 (Fig. 2c–c2), 4 (Fig. 2d–d2), 5 (Fig. 2e–e2), 
6 (Fig. 2f–f2), 7 (Fig. 2g–g2), 8 (Fig. 2h–h2), 9 (Fig. 3a–a2) 
and 10 (Fig. 3b–b2), Ror1 (Fig. 3c–c2) and 2 (Fig. 3d–d2), 
Ryk (Fig. 3e–e2) and PTK7 (Fig. 3f–f2) were expressed at 
the protein level with specific expression patterns in the 
adult human spinal cord under physiological conditions 
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Fig. 1   mRNA expression of the 
Wnt family of proteins in the 
healthy human spinal cord. This 
figure shows data obtained from 
the evaluation, by quantitative 
Real-Time PCR, of the mRNA 
expression of the different 
components of the Wnt family 
of proteins in the healthy human 
spinal cord (n = 7). As shown, 
we found detectable mRNA 
expression of most Wnt ligands 
(Wnt2, 2b, 3, 4, 5a, 5b, 6, 7a, 
7b, 8b, 9b, 10a, 10b, 11, and 16) 
(a), receptors [Frizzled (Fz)1–
10, receptor tyrosine kinase-like 
orphan receptor (Ror) 1 and 
2, protein tyrosine kinase 7 
(PTK7) and Ryk] (b), co-recep-
tors [low-density lipoprotein 
receptor protein (LRP) 5 and 
6] (b), and soluble modulators 
[Dickkopf (Dkk) 1–4, secreted 
Frizzled-related proteins (sFRP) 
1–5 and the Wnt inhibitory fac-
tor 1 (Wif1)] (c) in the human 
spinal cord under physiological 
conditions. Data are presented 
as the ratio between each gene 
of interest and 18s
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(n = 5, Table 1). Furthermore, we also found that pLRP6, 
which is an essential co-receptor for the activation of 
canonical Wnt/β-catenin signaling pathway [75], was also 
widely expressed at the protein level in the NL adult human 
spinal cord (Fig. 3g–g2).

Spatial and cellular expression pattern of Fz1 
in the NL and lesioned human spinal cord

Among the different Wnt receptors, it has been shown that 
Fz1 was expressed in the adult rodent CNS under physi-
ological conditions [14, 33, 49, 51–56, 76, 77] and that 
its expression suffered evident changes in different neu-
ropathologies, including SCI [33, 36, 51–56]. Moreover, 
several reports pointed to a neuroprotective role of this 
receptor both in vitro [49, 57] and in vivo [49, 55, 56]. 
However, there is a complete lack of information about 
the potential involvement of this receptor in the traumati-
cally injured human spinal cord. Therefore, and as a first 
essential step to shed light on the potential functions of 
this receptor in this neuropathological situation, we sub-
sequently evaluated the cellular expression pattern of Fz1 
in NL (n = 4; Table 1) and lesioned human spinal cord 
samples (n = 6; Table 1). We found that, in the NL human 
spinal cord, Fz1 was expressed in white matter astrocytes 
that were mainly located in areas near the pial surface 
(Fig. 4a, a1, a2), quiescent microglial cells (Fig. 4a, a3), 
axons (Fig. 4a, a4), blood vessels (Fig. 4a, a5), neurons 
(Fig. 4a, a6), and oligodendrocytes (Fig. 4a, a7). After 
injury, an increase in the presence of Fz1-expressing 
astroglial cells was observed surrounding the injured tis-
sue (Fig. 4b, b1), which was more evident at 5 dpi than 
at earlier times after SCI. Moreover, Fz1 expression was 
also detected in the injured areas in activated amoeboid 
microglia/macrophages (Fig. 4b, b2), axons (Fig. 4b, b3), 
and blood vessels (Fig. 4b, b4). Finally, Fz1-expressing 
neurons (Fig. 4b, b5) and oligodendrocytes (Fig. 4b, b6) 
were still present in non-injured areas near the affected 
regions. Overall, these observations strongly suggest that, 
besides its potential neuroprotective role, Fz1 may play a 
relevant role in different biological processes involved in 
the progression and outcome of SCI.

Spatio‑temporal and cellular expression pattern 
of Fz1 in the NL and lesioned rat spinal cord

We next analyzed the spatio-temporal and cellular expres-
sion pattern of Fz1 in the NL rat spinal cord and after contu-
sive SCI, to assess whether this animal model of SCI can be 
used to evaluate the potential beneficial effects derived from 
the modulation of this receptor. As observed in human spinal 
cord samples, in the NL rat spinal cord (n = 5), we found Fz1 
expression in neurons (Fig. 5, a1), axons (Fig. 5a, a2), oli-
godendrocytes (Fig. 5a, a3), white matter astrocytes located 
near the pial surface (Fig. 5a, a4), quiescent microglial cells 
(Fig. 5a, a5), NG2+ cells (Fig. 5a, a6), and blood vessels 
(Fig. 5a, a7). After SCI, at 6 (n = 5) and 24 h post-injury 
(n = 5), Fz1 expression was observed in oligodendrocytes 
(Fig. 5b, b1), axons (Fig. 5b, b2), astrocytes (Fig. 5b, b3), 
ramified microglia (Fig. 5b, b4), NG2+ cells (Fig. 5b, b5), 
and blood vessels (Fig. 5b, b6) in the affected areas. At 3 
(n = 5) and 7 dpi (n = 5), Fz1-expressing oligodendrocytes 
(Fig. 5, c1) and axons (Fig. 5c, c2) were still present in the 
injured tissue. We also found an evident increase in the pres-
ence of Fz1-expressing astrocytes (Fig. 5c, c4) and, to a 
lesser extent, NG2+ cells (Fig. 5c, c3) in areas surrounding 
the injury site. Moreover, the expression of Fz1 was nearly 
disappeared in activated amoeboid microglia/macrophages 
(Fig. 5c, c5) and lost in endothelial cells (Fig. 5c, c6) at 
these times post-injury. At 14 (n = 5) and 28 dpi (n = 5), Fz1 
expression in the injured tissue was still observed in oligo-
dendrocytes (Fig. 5, d1), axons (Fig. 5d, d2) and glial scar 
forming NG2+ cells (Fig. 5d, d3) and astrocytes (Fig. 5d, 
d4), but not in endothelial cells (Fig. 5d, d6). Again, weak 
or absent Fz1 immunostaining was observed in activated 
microglia/macrophages (Fig. 5d, d5), although in some 
cases, intense Fz1 immunolabeling was detected in intra-
cellular vesicular profiles in these cell types, probably due 
to the phagocytosis of Fz1-expressing cells. Finally, at all 
evaluated times post-injury neuronal Fz1 expression was 
observed in those regions where surviving neurons were 
still present. In summary, these observations demonstrate 
that the expression pattern of Fz1 the NL rat spinal cord and 
after SCI is extremely similar to that observed in the human.

Potential beneficial role of lentiviral‑mediated 
overexpression of Wnt1 after SCI

Different studies have demonstrated that Wnt1 is able to 
induce neuroprotection both in vitro [49, 51, 61, 78–80] and 
in vivo in animal models of PD, cerebral ischemia, and suba-
rachnoid hemorrhage [49, 56, 61], and that the neuroprotec-
tive role of Wnt1 depended on the presence of Fz1 at least 
in PD and subarachnoid hemorrhage [49, 56], in agreement 
with previous reports, demonstrating that Wnt1 is able to 
exert its functions through this Wnt receptor [49, 56, 58–60]. 

Fig. 2   Protein expression of Wnt receptors in the healthy human spi-
nal cord I. This figure shows representative images from the immu-
nohistochemical evaluation of the protein expression of Frizzled (Fz) 
1 (a, a1, a2), 2 (b, b1, b2), 3 (c, c1, c2), 4 (d, d1, d2), 5 (e, e1, e2), 6 (f, 
f1, f2), 7 (g, g1, g2), and 8 (h, h1, h2) in the healthy human spinal cord 
(n = 5). Squares in a–h indicate the areas shown in the corresponding 
higher magnification images. Scale bars in a–h = 2 mm; scale bars in 
a1–h2 = 100 µm

◂
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Therefore, we next aimed to evaluate the potential beneficial 
effects exerted by the lentiviral-mediated overexpression of 
Wnt1 in the traumatically injured rat spinal cord.

For this purpose and once we determined the proper 
functioning of the lentiviral vector generated to induce the 
expression of Wnt1 (see Online Resource 2 for details about 
the different experiments carried out) and the best injection 
method of the lentiviral particles in the lesioned spinal cord 
in vivo (see Online Resource 3 for details about the different 
experiments carried out), we performed two different groups 
to evaluate the potential beneficial role of Wnt1 overexpres-
sion in the traumatically injured spinal cord: (1) a control 
group composed by animals subjected to spinal cord contu-
sion and injected with LV-GFP and (2) a group composed 
by animals subjected to spinal cord contusion and injected 
with LV-Wnt1, which were sacrificed for histological evalu-
ation at 7 (LV-GFP group, n = 5; LV-Wnt1 group, n = 5), 14 
(LV-GFP group, n = 5; LV-Wnt1 group, n = 5), and 126 dpi 
(LV-GFP group, n = 10; LV-Wnt1 group, n = 7).

In agreement with the observations performed during 
the determination of the lentiviral injection method (Online 
Resource 3), cell transduction in these animals at 7 dpi was 
mostly observed in close relationship with the lesioned areas 
(Online Resource 4a–k). Briefly, transduced GFP+ cells 
were mainly observed in rostral and caudal levels adjacent 
to the lesion epicenter (Online Resource 4a, c, c1, h, h1, e, 
e1, j, and j1) and, to a lesser extent, in the lesioned dorsal 
columns at rostral and caudal levels distant from the lesion 
epicenter (Online Resource 4a, b, b1, g, g1, f, f1, k, and k1). 
Moreover, transduced GFP+ cells were also observed within 
the injured tissue and in the dorsal meninges in the lesion 
epicenter (Online Resource 4a, d, d1, i and i1). At 14 (Online 
Resource 5) and 126 dpi (Online Resource 6), the distribu-
tion of transduced GFP+ cells was almost exactly the same, 
although the presence of these cells in the lesion epicenter 
was lower at 14 dpi and nearly absent at 126 dpi.

Evaluation of motor functional recovery using the BBB 
open-field test showed that, when compared to the LV-GFP 
control group, animals injected with LV-Wnt1 displayed 
a non-significant increasing trend in the BBB score from 
21 dpi, which reached statistical significance at 91, 105, 
and 119 dpi (Fig. 6a). Accordingly, analysis of the BBB 

subscore showed that Wnt1 overexpression induced a signifi-
cant increase in this parameter at almost all evaluated times 
post-injury from 21 to 119 dpi (Fig. 6b). Moreover, when 
the different individual aspects of locomotion analyzed were 
evaluated separately (Online Resource 7a–e), we observed 
that those animals injected with LV-Wnt1 displayed sig-
nificantly higher values in critical aspects of locomotion 
such as coordination (Online Resource 7a), paw positions 
(Online Resource 7b), and tail position (Online Resource 
7c), as well as an evident non-significant increasing trend 
in stepping values (Online Resource 7d). Subsequently, we 
further analyzed the motor function by evaluating different 
gait parameters at 126 dpi in those animals which displayed 
consistent stepping (LV-GFP group, n = 3; LV-Wnt1 group, 
n = 5) using the CatWalk® gait analysis system. As shown 
and in agreement with the data obtained from the analysis 
of coordination (Online Resource 7a), Wnt1 overexpres-
sion induced a significant increment in the regularity index 
(Fig. 6c), while no differences were observed in the rest of 
gait parameters evaluated (Fig. 6d–k).

As a first step to assess the mechanisms that might be 
underlying the beneficial effects of Wnt1 overexpression in 
motor functional recovery after SCI, we subsequently ana-
lyzed the potential existence of differences in myelin pres-
ervation (Fig. 7). Although no differences between groups 
in this parameter were observed at 7 (Fig. 7a, a1, a2) and 
14 dpi (Fig. 7b, b1, b2), at 126 dpi, those animals injected 
with LV-Wnt1 displayed a significantly higher myelinated 
area in both rostral and caudal levels adjacent to the injury 
epicenter (Fig. 7c, c1–4) where, interestingly, we found the 
higher presence of transduced GFP+ cells. We next aimed to 
assess whether the increase in myelin preservation induced 
by Wnt1 overexpression at 126 dpi correlated with variations 
in the presence of oligodendroglial cells, since are the myeli-
nating cells in the CNS [81]. For this purpose, we counted 
the number of oligodendrocytes in the same rostro-caudal 
levels where the significant differences in myelin preserva-
tion were found. As shown (Fig. 8a, a1–4, a1.1–4.1), we did 
not find significant changes in oligodendroglial cell density 
in these rostro-caudal levels, indicating that the previously 
detailed variations in myelin preservation induced by Wnt1 
overexpression were not due to changes in the presence of 
oligodendroglial cells. Moreover and as previously stated, 
different reports have consistently pointed to a role of Wnt1 
in neuron survival in different experimental conditions [49, 
51, 61, 78–80], although its potential neuroprotective role 
after SCI is still unknown. To evaluate whether Wnt1 over-
expression induced neuroprotection in this neuropathologi-
cal condition, we quantified the neuronal cell number at 
126 dpi in the same rostro-caudal levels where Wnt1 over-
expression led to higher myelin preservation which, as previ-
ously detailed, correspond to those levels where the maxi-
mum cell transduction was found. As shown (Fig. 8b, b1–4, 

Fig. 3   Protein expression of Wnt receptors in the healthy human spi-
nal cord II. This figure shows representative images from the immu-
nohistochemical evaluation of the protein expression of Frizzled (Fz) 
9 (a, a1, a2) and 10 (b, b1, b2), receptor tyrosine kinase-like orphan 
receptor (Ror) 1 (c, c1, c2) and 2 (d, d1, d2), Ryk (e, e1, e2), protein 
tyrosine kinase 7 (PTK7) (f, f1, f2), and the phosphorylated active 
form of the low-density lipoprotein receptor protein 6 (pLRP6) (g, g1, 
g2) in the healthy human spinal cord (n = 5). Squares in a–g indicate 
the areas shown in the corresponding higher magnification images. 
Scale bars in a–g = 2 mm; scale bars in a1–g2 = 100 µm

◂
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Fig. 4   Expression pattern of Fz1 in the non-lesioned (NL) and 
injured human spinal cord. This figure shows representative images 
from the immunohistochemical evaluation of Frizzled (Fz) 1 expres-
sion in astrocytes [glial fibrillary acidic protein (GFAP)] (a, a1, a2, 
b, b1), microglia/macrophages [ionized calcium-binding adaptor mol-
ecule 1 (Iba1)] (a, a3, b, b2), axons (a, a4, b, b3), and neuronal somas 
(a, a6, b, b5) [Pan Neuronal Marker (PanNeur)], endothelial cells 

(CD31) (a, a5, b, b4) and oligodendrocytes [2′,3′-cyclic nucleotide-
3′-phosphodiesterase (CNPase)] (a, a7, b, b6) in the NL (n = 4) (a, 
a1–7) and traumatically injured human spinal cord (LES) (n = 6) (b, 
b1–6). a, b correspond to schematic drawings of prototypical NL and 
lesioned human spinal cord sections, respectively, indicating the 
approximate areas shown in the corresponding images. Scale bars in 
a1–7 and b1–6 = 100 µm; scale bars in image insets = 40 µm
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b1.1–4.1), those animals injected with LV-Wnt1 displayed 
a significantly higher neuronal density, clearly pointing to a 
neuroprotective role of this Wnt ligand after SCI.

Beside oligodendroglial and neuronal cells, NG2+ cells, 
astrocytes, and microglia/macrophages exert critical func-
tions that greatly determine the progression and outcome 
in this neuropathological situation [82–87]. Therefore, we 
subsequently evaluated whether Wnt1 overexpression led 
to changes in the injury-induced accumulation of NG2+ 
cells as well as in the astroglial and microglia/macrophage 
reactivity that take place in the injured areas after SCI. We 
found that, at 7 dpi, Wnt1 overexpression induced a sig-
nificant reduction in the accumulation of NG2+ cells in 
the lesion epicenter and the adjacent caudal levels (Fig. 9a, 
a1–2, a1.1–2.2), which was mainly observed in the exter-
nal ring of spared tissue. No differences in this parameter 
were detected at 14 (Fig. 9b, b1–2, b1.1–2.2) and 126 dpi 
(Fig. 9c, c1–2, c1.1–2.2). Similarly, those animals injected 
with LV-Wnt1 displayed a significant reduction in the pres-
ence of astroglial cells at 7 dpi in the lesion epicenter and 
the adjacent caudal levels (Fig. 10a, a1–2, a1.1–2.1), which 
also showed evident qualitative morphological altera-
tions such as a lower hypertrophy of their cell body and 
processes (Fig. 10a1–2, a1.1–2.1), clearly indicating that 
Wnt1 overexpression reduced the astroglial reactivity at this 
time post-injury. Again, no differences in these parameters 
were observed at 14 (Fig. 10b, b1–2, b1.1–2.1) and 126 dpi 
(Fig. 10c, c1–2, c1.1–2.1). Regarding the SCI-associated 
microglia/macrophage reactivity, we did not find differences 
between groups neither in the presence of these cell types 
in the lesioned areas nor in their morphology at any of the 
evaluated times post-injury (Fig. 11).

Finally, since the Wnt family of proteins is able to play 
a prominent role in axonal regeneration after SCI [88–90] 
and the great relevance of this biological process in the pro-
gression and outcome of this neuropathology [91, 92], we 
next aimed to evaluate whether Wnt1 overexpression led to 
changes in axonal preservation and/or regeneration in the 
traumatically injured rat spinal cord. For this purpose, we 
quantified the descending serotonergic innervation of the 
ventral horn motor regions caudally to the injury site at the 
end of the study (126 dpi), since the serotonergic system 
plays a major role in the recovery of motor function and is 
particularly affected after SCI [93]. As shown, (Fig. 12), no 
significant differences between groups were observed in the 
presence of serotonin (5-HT)+ axons in the ventral horns at 
any of the different levels analyzed.

Discussion

Over the last decade, a growing amount of studies have chal-
lenged the initial prevailing dogma that supported a lack 
of Wnt-related protein expression in the adult mammal 
spinal cord under physiological conditions. From the first 
experimental studies describing the absence of detection 
of all evaluated Wnt ligands and receptors in the healthy 
adult mice spinal cord [36], many different experimental 
works have found detectable physiological expression of 
almost all known Wnt ligands, conventional and non-con-
ventional receptors, co-receptors, and soluble modulators in 
the healthy mammal adult spinal cord from different animal 
species, at both mRNA and protein levels and using differ-
ent detection methods [14, 15, 30, 31, 33, 52, 53, 94–96]. 
Accordingly, different studies performed in rodents have 
shown that the Wnt family of proteins exerts major functions 
in the adult CNS, such as blood–brain barrier maintenance, 
synaptic plasticity and activity, neurogenesis, energy bal-
ance, memory regulation, and ependymal cell functioning 
[8–13]. However, up to date, only a few studies have sug-
gested its potential involvement in the physiological adult 
human CNS activity, mostly through the assessment of the 
expression of selected components of this family of proteins. 
More specifically, detectable mRNA expression of most 
components of the Wnt family of proteins [97, 98], as well as 
protein expression of at least Wnt1, 2, 5a and 7b, Fz9, LRP6, 
Ryk, Ror2, Dkk3, and Wif1 [98–104] have been found in 
the healthy adult human brain. Regarding the healthy adult 
human spinal cord, we have recently shown that specific 
Wnt ligands, conventional and non-conventional receptors, 
co-receptors, and soluble modulators are expressed at the 
mRNA level in the ependymal region [14] and in the ante-
rior horn [15]. To further complete this picture, we here 
found physiological mRNA expression of most Wnt ligands 
(Wnt2, 2b, 3, 4, 5a, 5b, 6, 7a, 7b, 8b, 9b, 10a, 10b, 11, and 
16), receptors (Fz1-10, Ryk, PTK7, and Ror1 and 2), co-
receptors (LRP5 and 6), and soluble modulators (Dkk1-
4, sFRP1-5, and Wif1) in adult NL human samples of the 
complete spinal cord. Moreover, we also demonstrate that 
all known Fz receptors (Fz1-10) and non-conventional Wnt 
receptors (Ryk, PTK7, Ror1 and 2), as well as pLRP6, which 
is an essential component for the induction of the canonical 
Wnt/β-catenin signaling pathway [75], are expressed at the 
protein level in the healthy adult human spinal cord with 
specific expression patterns. Overall, these observations 
strongly point to the involvement of the Wnt family of pro-
teins and its canonical signaling pathway in physiological 
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Fig. 5   Expression pattern of Fz1 in the non-lesioned (NL) and 
injured rat spinal cord. This figure shows representative images 
obtained from the evaluation by simple (a–d) and double immuno-
histochemistry (a1–d6) of the spatial and cellular expression of Friz-
zled (Fz) 1 in the NL rat spinal cord and after SCI at 6 and 24  h 
post-injury (hpi) and 3, 7, 14, and 28  days post-injury (dpi) (n = 5 
per group). Double immunohistochemistry was used to evaluate Fz1 
expression in neurons [neuronal nuclei (NeuN)] (a1) axons [neuro-
filament 200 (NF)] (a2, b2, c2, d2), oligodendrocytes [adenomatous 
polyposis coli (APC)] (a3, b1, c1, d1), astrocytes [glial fibrillary acidic 
protein (GFAP)] (a4, b3, c4, d4), microglia/macrophages (OX-42) 
(a5, b4, c5, d5), NG2+ cells (NG2) (a6, b5, c3, d3), and endothelial 
cells (RECA1) (a7, b6, c6, d6). Squares in a–d indicate the approxi-
mate areas shown in the corresponding images. Scale bars in a–
d = 500 µm; scale bars in a1–d6 = 40 µm

◂

adult human spinal cord functioning, although the specific 
functions of each component and elicited intracellular sign-
aling pathways are currently unknown and should be evalu-
ated in the future.

Among the different Fz receptors, it has been reported 
that Fz1 is expressed in the physiological adult rodent CNS 
[33, 49, 51–56, 76], while we and others have shown that the 
expression of this receptor suffered evident changes in cul-
tured CNS cells subjected to different noxious stimuli [49, 
50] as well as in different neuropathologies such as PD [51], 
amyotrophic lateral sclerosis [52–54], brain ischemic stroke 
[55], subarachnoid hemorrhage [56], and SCI [33, 36], sug-
gesting a potential role for this receptor in the pathological 
CNS response. Accordingly, several reports have pointed 
to a neuroprotective role of Fz1 both in vitro [49, 57] and 
in vivo in experimental models of PD [49], subarachnoid 
hemorrhage [56], and brain ischemic stroke [55]. Despite 
these interesting observations, the potential involvement of 
this receptor in the traumatically injured human spinal cord 
is currently unknown. As we show here, in the traumati-
cally injured human spinal cord, Fz1 is expressed in reac-
tive astroglial cells surrounding the injury site, in activated 
microglia/macrophages, axons, and blood vessels located 
in the affected tissue, and in neurons and oligodendrocytes 
located in areas adjacent to the injury site, which are thought 
to be affected by the secondary cell death after SCI. To our 
knowledge, these observations constitute the first experi-
mental evidence pointing to a potential role of this receptor 
in the traumatically injured human spinal cord and suggest 
that, besides its putative neuroprotective function, this recep-
tor may be involved in the pathological response of different 
cell types to SCI. Intriguingly, we have recently found that, 
in the traumatically injured mice spinal cord, Fz1 expression 
was observed in neurons and oligodendrocytes, but not in 
axons and reactive astrocytes and microglia/macrophages 
[33], pointing to the potential existence of between-species 
differences in the expression of different Wnt components in 

the damaged spinal cord, as we have suggested in previous 
works [30, 33]. Remarkably, we here also demonstrate that, 
after rat spinal cord contusion, the spatio-temporal and cel-
lular expression pattern of Fz1 is extremely similar to that 
observed in the human and, therefore, that this experimental 
model is suitable to evaluate the potential functions of this 
receptor in the progression and outcome of SCI.

In this line, different reports have demonstrated that Wnt1 
is able to exert its functions through Fz1 [49, 56, 58–60]. 
More importantly, Wnt1 is able to induce neuroprotection 
both in vitro [49, 51, 61, 78–80] and in vivo under neuro-
pathological conditions such as PD, subarachnoid hemor-
rhage and brain ischemia [49, 56, 61, 62], and its neuro-
protective role depends on the presence of Fz1 at least in 
PD [49] and subarachnoid hemorrhage [56]. Moreover, the 
administration or blockade of specific components of the 
Wnt family of proteins as well as the interaction with its 
associated signaling pathways is able to improve functional 
recovery after SCI [35, 38, 40, 43, 45–48, 105]. However, 
despite the neuroprotective role of Wnt1 and the promising 
therapeutic potential of the modulation of the Wnt family 
of proteins in SCI, the putative beneficial effects of Wnt1 
after SCI have not been evaluated so far. Interestingly, we 
and others have previously shown that, after SCI, the mRNA 
and protein expression of Wnt1 is acutely increased from 
6 h post-injury to 3dpi [30, 33, 106]. Accordingly, it has 
been recently demonstrated that, in the injured spinal cord, 
the amount of Wnt1-expressing cells is greatly increased 
in the affected areas at 2 dpi [107]. However, at later times 
post-injury, its expression levels returned to that observed in 
NL controls, suggesting that the loss of increased levels of 
Wnt1 may favor the secondary progression of the injury. In 
agreement, we here show that, after rat SCI, long-term over-
expression of Wnt1 led to a better motor functional recovery 
by improving different crucial aspects of locomotion, clearly 
supporting that inducing a sustained increase in Wnt1 levels 
during the progression of SCI might be used as a therapeu-
tic approach to ameliorate the functional deficits associated 
to this neuropathological condition and, by extrapolation, 
the therapeutic potential of modulating the Wnt family of 
proteins in SCI.

Otherwise, since myelin loss and/or subsequent endog-
enous remyelination are major features of SCI that greatly 
determines the impact on functional recovery [108, 109], 
we next aimed to evaluate whether the previously detailed 
improvement in motor functional recovery due to Wnt1 
overexpression was associated with changes in myelin 
preservation. In this regard, different reports have evalu-
ated the potential involvement of specific components of 
the Wnt family of proteins and the Wnt/β-catenin signaling 
pathway in CNS myelination and remyelination, showing 
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Fig. 6   Wnt1 overexpression in motor functional recovery after SCI. 
This figure shows the BBB score (a) and subscore (b) data obtained 
from the evaluation of motor functional recovery using the 21-point 
BBB open-field test, as well as data obtained from the analysis of rel-
evant gait parameters using the CatWalk® gait analysis system (c–k), 
in lesioned animals injected with a lentiviral vector that only induce 
the expression of the green fluorescence protein (GFP) (LV-GFP) or 
with a lentiviral vector that induce the expression of both GFP and 
Wnt1 (LV-Wnt1). The 21-point BBB open-field test was carried out 
at 1, 3, 7, 14, 21, 35, 49, 63, 77, 91, 105, and 119 days post-injury 
(dpi), and data obtained from all animals used to evaluate the effects 
exerted by Wnt1 overexpression, which were sacrificed at 7 (n = 5 per 
group), 14 (n = 5 per group), and 126 dpi (LV-GFP, n = 10; LV-Wnt1, 
n = 7), were included in the analysis. The analysis of the different gait 
parameters was performed either before injury [pre-injury (PI)] or 
at 126 dpi in animals displaying consistent stepping (LV-GFP, n = 3; 
LV-Wnt1, n = 5) (c–k). The existence of statistically significant differ-
ences between groups in a and b was assessed by two-way ANOVA, 
while, in c–k, one-way ANOVA was used. In both cases, Bonfer-
roni post hoc test was used. Data are presented as the mean ± SEM. 
*p < 0.05, **p < 0.01 and ***p < 0.001 vs. LV-GFP; ##p < 0.01 and 
###p < 0.001 vs. PI

◂

apparently disparate results and highlighting its complex 
role in physiological and pathological myelin generation in 
the CNS, which seems to depend on different aspects includ-
ing the pathological condition [6, 17, 110]. Specifically in 
SCI, it has been shown that Wnt3a administration as well 
as GSK-3β inhibition significantly reduced myelin loss [45, 
48]. Moreover, we found that, at 126 dpi, Wnt1 overexpres-
sion led to a prominent increase in the myelinated area in 
rostro-caudal spinal cord levels adjacent to the injury site, 
where we observed the major accumulation of transduced 
cells. However, we did not observe differences neither in 
the density of oligodendroglial cells nor in the presence of 
NG2+ cells in the same spinal cord levels and time post-
injury, suggesting that Wnt1 overexpression might promote 
the myelination capacity of oligodendroglial cells rather 
than influence oligodendroglial cell survival or the recruit-
ment and differentiation of oligodendrocyte precursor cells 
(OPCs). Accordingly, the only study that has previously 
assessed the potential role of Wnt1 in myelin formation 
showed that, in oligodendrocyte-enriched cultures, this Wnt 
ligand induced a robust increase in the expression of myelin 
proteolipid protein [111], which is the most abundant protein 
in CNS myelin and plays a major role in physiological and 
pathological myelin functions [112, 113].

On the other hand and as previously stated, different stud-
ies have pointed to a role of Wnt1 in neuronal survival. More 
specifically, Wnt1 administration in neuronal cell cultures 
reduced cell death after serum deprivation, oxygen–glu-
cose deprivation, or administration of 6-OHDA, MPP, or 
β-amyloid [49, 51, 61, 78–80]. In addition, the neuroprotec-
tive role of Wnt1 has been also addressed in vivo in rodent 

experimental models of PD [49, 62], subarachnoid hem-
orrhage [56], and brain ischemia [61]. In this regard, we 
found that those animals injected with LV-Wnt1 exhibited 
a higher neuronal density in rostral and caudal spinal cord 
levels adjacent to the injury site, which are susceptible to 
be affected by the extension of damage along the secondary 
stage after SCI and co-localize with those areas where we 
found a major accumulation of transduced cells and increase 
in myelin presence induced by Wnt1 overexpression. These 
results demonstrate that Wnt1 is able to promote neuron 
survival also in this neuropathological condition, further 
highlighting the neuroprotective potential of this Wnt ligand.

Another major hallmark of SCI is the proliferation and 
accumulation of NG2+ cells in and surrounding the injury 
site, where they exert a wide range of functions that greatly 
influence the progress and result of the injury [82, 83]. 
Remarkably, different reports have assessed the involve-
ment of specific components of the Wnt family of proteins 
as well as the Wnt/β-catenin signaling pathway in physi-
ological and pathological OPC recruitment, generation, 
and differentiation obtaining contradictory results [6]. 
Again, these likely conflicting results clearly indicate the 
complexity of the relationship between the Wnt family of 
proteins and OPC biology, since the effects observed seem 
to depend on the specific experimental context. Specifi-
cally after SCI, we have shown that the presence of NG2+ 
cells expressing different Wnt receptors is increased in 
the affected tissue [31, 32], suggesting the involvement 
of the Wnt family of proteins in the NG2+ cell response 
to this neuropathological situation. Accordingly, the dele-
tion of β-catenin in OPCs greatly reduced its prolifera-
tion and accumulation in the affected areas as well as the 
injury-induced morphological changes in these cells after 
SCI [39]. Moreover, we here show that Wnt1 is able to 
modulate the injury response of OPCs in the traumatically 
injured spinal cord, since Wnt1 overexpression led to a 
reduced accumulation of NG2+ cells at 7 dpi in the lesion 
site. This is somewhat surprising, since Wnt1 has been 
classically considered as a prototypical “canonical” Wnt 
ligand owing to its widely described capacity to activate 
the Wnt/β-catenin signaling pathway [12, 114], although an 
increasing number of studies have questioned this probably 
oversimplified point of view [78, 79, 115–117]. Finally, 
although the lack of effects in the presence of NG2+ cells 
at 14 and 126 dpi may indicate the existence of compen-
satory mechanisms, another plausible explanation is that 
the presence of transduced cells in spinal cord levels cor-
responding to the lesion epicenter was greatly reduced at 
14 dpi and nearly disappeared at 126 dpi.
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Fig. 7   Wnt1 overexpression in myelin preservation after SCI. 
This figure shows the data (a–c) and representative images (a1–c4) 
obtained from the quantification of myelin preservation in eriochrome 
cyanine staining (ECy) processed spinal cord sections from lesioned 
animals injected with a lentiviral vector that only induce the expres-
sion of the green fluorescence protein (GFP) (LV-GFP) (n = 10) or 
with a lentiviral vector that induce the expression of both GFP and 

Wnt1 (LV-Wnt1) (n = 7). Evaluation was performed at 7 (a, a1, a2), 
14 (b, b1, b2), and 126 (c, c1–4) days post-injury (dpi). Scale bars 
in a1–c4 = 500  µm. The existence of statistically significant differ-
ences between groups was assessed by two-way ANOVA followed 
by Bonferroni post hoc test. Data are presented as the mean ± SEM. 
*p < 0.05 and **p < 0.01 vs. LV-GFP
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Otherwise, after SCI, astroglial and microglial cells are 
rapidly activated in response to different injury-related stim-
uli and thus suffered dramatic morphological and functional 
changes, which allow them to exert both beneficial and det-
rimental functions by influencing a wide range of cellular 
and molecular processes that characterize and/or determine 
the progression and outcome of the injury [84–87, 118, 119]. 
Regarding the potential involvement of the Wnt family of 
proteins in the injury response of these cell types to SCI, 
previous in vitro experiments have shown that both astroglial 
and microglial cells express a wide range of Wnt receptors 
[50, 120], that its expression levels suffered evident varia-
tions after activation at least in astroglial cells [50], and that 
both cell types are able to respond to different Wnt ligands 
[50, 120–123]. In addition, specific components of this fam-
ily of proteins and/or its associated signaling pathways are 
able to modulate cell proliferation, glutamate uptake, and 
the expression of glutamate transporters, pro-inflammatory 
cytokines, trophic factors, and potassium and water channels 
in astroglial cells [50, 124–128], as well as to regulate cell 
proliferation and migration and the expression of a battery 
of inflammatory mediators in microglial cells [120–123], 
which are critical features of the astroglial and microglial 
response to SCI [86, 87, 129–134]. Moreover, Wnt3a or 
Wnt5a overexpression in the healthy spinal cord led to an 
injury-like reaction of astroglial and microglial cells [39], 
while, as we have previously shown, the expression of dif-
ferent Wnt receptors in these cell types suffered evident 
variations after SCI [31, 32]. Finally, β-catenin inhibition 
in NG2+ cells reduced astroglial scarring and microglia/
macrophage reactivity, while the inhibition of GSK-3β led 
to increased astroglial migration, earlier glial scar forma-
tion, and increased compaction of microglia/macrophage 
cells after SCI [39, 45]. Within this context, we here found 
that Wnt1 overexpression induced a significant reduction of 
astroglial reactivity in the lesion epicenter at 7 dpi by dimin-
ishing the accumulation of activated astroglial cells sur-
rounding the damaged tissue, which also showed a reduced 
hypertrophy of their cell soma and processes. Similarly to 
that observed in NG2+ cells, the reduction of the astroglial 
response due to Wnt1 overexpression was only observed at 
7 dpi but not at 14 and 126 dpi, which again may be due to 
the disappearance of transduced cells in the lesion epicenter 
at these times post-injury. On the contrary, we found that the 
overexpression of this Wnt ligand did not induce variations 

neither in microglia/macrophage accumulation in the dam-
aged areas nor in the injury-related morphological changes 
of these cell types at any of the evaluated times post-injury.

Besides, the injury-associated axonal degeneration and 
regeneration are among the most relevant processes deter-
mining the loss of motor and sensory function after SCI [91, 
92, 135, 136]. Noticeably, mounting evidence has pointed to 
a crucial role of the Wnt family of proteins in the regulation 
of axon preservation and/or regeneration after SCI [89, 90, 
137], since it has been demonstrated that at least Ryk, Wnt3a 
and 4, sFRP2, Wif1, Dkk1, and the Wnt/β-catenin signaling 
pathway are involved in the modulation of these biological 
processes in the traumatically injured spinal cord [35–38, 
41–43, 47, 48, 105]. To our knowledge, only one study has 
assessed the potential involvement of Wnt1 in axon growth 
[138]. In this work, Liu and collaborators showed that, dur-
ing development, Wnt1 and Wnt5a are expressed in an ante-
rior-high/posterior-low gradient in the mouse spinal cord, 
in those areas where descending corticospinal (CST) axon 
growth and at the proper time period when this develop-
mental process occurs. Moreover, the authors demonstrated 
that Wnt1- or Wnt5a-transfected cells inhibit neurite out-
growth from neonatal motor cortex explants, an effect that 
is abolished by blocking antibodies against the Ryk receptor, 
which is expressed in developing CST axons. Finally, the 
administration of anti-Ryk antibodies in vivo reduced the 
developmental growth of CST axons posterior to the site 
of injection. Altogether, these observations indicated that 
Wnt1 could act as a potent repellent factor for CST axon 
growth during development. Moreover, a subsequent study 
from the same group showed that, after SCI, increased Wnt1 
and Wnt5a expression was found surrounding the injury 
site, while Ryk expression was reinduced in the damaged 
CST axons [36]. Furthermore, this work also showed that 
the in vivo administration of a blocking antibody against 
Ryk increased CST axon regeneration after SCI, suggest-
ing that the previously detailed Wnt axon guidance system 
during development also governs axonal regeneration in the 
injured spinal cord. In this regard, we here show that, after 
SCI, Wnt1 overexpression did not induce any variation in 
the preservation and/or regeneration of the descending sero-
tonergic axons, which play a major role in the recovery of 
motor function locomotion and are particularly affected in 
SCI [93]. This interesting observation suggests that Wnt1 
might play different roles depending on the specific axonal 



4652	 P. González et al.

1 3



4653Frizzled 1 and Wnt1 as new potential therapeutic targets in the traumatically injured spinal…

1 3

Fig. 8   Wnt1 overexpression in oligodendroglial and neuronal cell 
number after SCI. This figure shows the data and representative 
images obtained from the quantification of oligodendroglial (a–a4.1) 
and neuronal (b–b4.1) cell number in spinal cord sections, processed 
for the immunohistochemical visualization of adenomatous polyposis 
coli (APC) or neuronal nuclei (NeuN), from lesioned animals injected 
with a lentiviral vector that only induce the expression of the green 
fluorescence protein (GFP) (LV-GFP) (n = 10) or with a lentiviral 
vector that induce the expression of both GFP and Wnt1 (LV-Wnt1) 
(n = 7). The analysis was performed at 126 days post-injury (dpi) in 
spinal cord levels where the significant differences in myelin preser-
vation were observed (2.64, 1.98, − 1.32, and − 1.98  mm from epi-
center). Squares in a1–4 and b1–4 indicate the areas shown in the cor-
responding images. Scale bars in a1–4 and b1–4 = 500 µm; scale bars in 
a1.1–4.1 and b1.1–4.1 = 100 µm. The existence of statistically significant 
differences between groups in each analyzed rostro-caudal level was 
assessed by two-tailed t test. Data are presented as the mean ± SEM. 
*p < 0.05 vs. LV-GFP

◂

tract, as it has been demonstrated for other Wnt ligands such 
as Wnt5a, which repels CST and dopaminergic but attracts 
serotonergic axons [139]. Noticeably, serotonergic axons dis-
play and enhanced ability to regenerate or sprout after injury, 
probably due to the differential expression of at least dis-
tinct receptors, proteases, and integrins, which allow them to 
overcome the inhibitory environment for axonal regeneration 
in the damaged tissue [140]. Interestingly, the functions elic-
ited by Wnt ligands, even at the axonal level, greatly depend 
on the receptor which is activated. For instance, it has been 
shown that Ryk, which mediated the previously detailed 
inhibitory effect of Wnt1 on CST development in vitro, is 
able to induce either axon repulsion or growth in response 
to Wnt5a depending on whether it acts in combination or not 
with Fz receptors [141]. Therefore, the differential expres-
sion of Wnt receptors in each specific axonal tract might 
underlie the discrepancies between our observations in sero-
tonergic axons and those performed in the CST, although 
this hypothesis should be evaluated in future studies. Finally, 
although the previously detailed potential role of Wnt1 as a 
repellent of CST regeneration after SCI could be in appar-
ent contrast with the improvement in the motor functional 
recovery that we found in the present study, it should be 

first noted that different studies have shown that CST injury 
and/or regeneration have little or no influence on unskilled 
locomotor function in rodents [142]. In this way, since the 
motor functional tests that we have used evaluate unskilled 
overground locomotion, it is plausible that the potential del-
eterious effect of Wnt1 in CST regeneration would not or 
minimally influence the improvement of motor functional 
recovery observed. Moreover, it also should be noted that 
Wnt1 overexpression induced a significant increase in mye-
lin preservation and neuroprotection after SCI, and that these 
beneficial effects may compensate the potential deleterious 
role of Wnt1 in CST regeneration.

Overall, our body of results provides for a solid proof 
of concept supporting that intraparenchyma expression of 
Wnt1 from the acute stage after SCI might be a clinically 
promising therapy. Besides, based on the spatio-temporal 
and cellular pattern of Fz1 in this neuropathological condi-
tion, the second major finding of our study is the identifica-
tion of this receptor as a potential direct therapeutic target. 
In this regard and accordingly to the different reports dem-
onstrating that Wnt1 is able to act through Fz1 [49, 58–60], 
we strongly consider that this receptor may be mediating the 
effects exerted by Wnt1 overexpression after SCI. However, 
since several works have shown that Wnt1 is able to act 
through other Wnt receptors [138, 143], we cannot conclude 
it and, thus, this interesting hypothesis should be evaluated 
in the following studies. Finally, it should be noted that Wnt 
therapies are largely limited by their short half-life [144] and 
that the use of lentiviral vectors, although constitutes a con-
sistent experimental approach to evaluate the effects elicited 
by a sustained expression of a Wnt ligand, also has major 
limitations such as the impossibility to determine neither 
the optimum dose nor the therapeutic window. Therefore, 
future research should focus on the development of novel 
therapeutic strategies addressed to overcome these limita-
tions and optimize the different parameters necessary to pave 
for a clinically feasible Wnt1 and, by extension, other Wnt-
related therapeutic design.



4654	 P. González et al.

1 3

Fig. 9   Wnt1 overexpression in NG2 immunoreactivity after SCI. 
This figure shows the data (a–c) and representative images (a1–c2) 
obtained from the quantification of the area occupied by NG2 immu-
noreactivity in spinal cord sections from lesioned animals injected 
with a lentiviral vector that only induce the expression of the green 
fluorescence protein (GFP) (LV-GFP) (n = 10) or with a lentiviral 
vector that induce the expression of both GFP and Wnt1 (LV-Wnt1) 
(n = 7). Evaluation was performed at 7 (a, a1–2 and a1.1–2.2), 14 (b, 

b1–2 and b1.1–2.2), and 126 (c, c1–2 and c1.1–2.2) days post-injury (dpi). 
Squares in a1–c2 indicate the areas shown in the corresponding 
images. Scale bars in a1–c2 = 500 µm; scale bars in a1.1–c2.2 = 40 µm. 
The existence of statistically significant differences between groups 
was assessed by two-way ANOVA followed by Bonferroni post hoc 
test. Data are presented as the mean ± SEM. *p < 0.05 and **p < 0.01 
vs. LV-GFP
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Fig. 10   Wnt1 overexpression in astroglial reactivity after SCI. 
This figure shows the data (a–c) and representative images (a1–c2) 
obtained from the quantification of the area occupied by glial fibril-
lary acidic protein (GFAP) immunoreactivity in spinal cord sections 
from lesioned animals injected with a lentiviral vector that only 
induce the expression of the green fluorescence protein (GFP) (LV-
GFP) (n = 10) or with a lentiviral vector that induce the expression 
of both GFP and Wnt1 (LV-Wnt1) (n = 7). Evaluation was performed 

at 7 (a, a1–2 and a1.1–2.1), 14 (b, b1–2 and b1.1–2.1), and 126 (c, c1–2 and 
c1.1–2.1) days post-injury (dpi). Squares in a1–c2 indicate the areas 
shown in the corresponding images. Scale bars in a1–c2 = 500  µm; 
scale bars in a1.1–c2.1 = 40  µm. The existence of statistically signifi-
cant differences between groups was assessed by two-way ANOVA 
followed by Bonferroni post hoc test. Data are presented as the 
mean ± SEM. *p < 0.05 vs. LV-GFP
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Fig. 11   Wnt1 overexpression in microglia/macrophage reactivity 
after SCI. This figure shows the data (a–c) and representative images 
(a1–c2) obtained from the quantification of the area occupied by ion-
ized calcium-binding adaptor molecule 1 (Iba1) immunoreactivity in 
spinal cord sections from lesioned animals injected with a lentiviral 
vector that only induce the expression of the green fluorescence pro-
tein (GFP) (LV-GFP) (n = 10) or with a lentiviral vector that induce 

the expression of both GFP and Wnt1 (LV-Wnt1) (n = 7). Evalua-
tion was performed at 7 (a, a1–2 and a1.1–2.2), 14 (b, b1–2 and b1.1–2.2), 
and 126 (c, c1–2 and c1.1–2.2) days post-injury (dpi). Scale bars in a1–
c2 = 500 µm; scale bars in a1.1–c2.2 = 40 µm. The existence of statisti-
cally significant differences between groups was assessed by two-way 
ANOVA followed by Bonferroni post hoc test. Data are presented as 
the mean ± SEM
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Fig. 12   Wnt1 overexpression in motor serotonergic innervation 
after SCI. This figure shows the data (a) and representative images 
(b–d1) obtained from the densitometrical quantification of the area 
occupied by serotonin (5-HT) immunoreactivity in spinal cord sec-
tions from lesioned animals injected with a lentiviral vector that only 
induce the expression of the green fluorescence protein (GFP) (LV-
GFP) (n = 10) or with a lentiviral vector that induce the expression of 
both GFP and Wnt1 (LV-Wnt1) (n = 7). The analysis was carried out 

at 126 days post-injury (dpi) in the ventral horns of spinal cord sec-
tions corresponding to different spinal cord levels caudal to the injury 
site. Squares in b–d indicate the areas shown in the corresponding 
images. Scale bars in b–d = 150 µm; scale bars in b1–d1 = 40 µm. The 
existence of statistically significant differences between groups was 
assessed by two-way ANOVA followed by Bonferroni post hoc test. 
Data are presented as the mean ± SEM
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