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Abstract: In vertebrates, neurotrophins and their receptors play a fundamental role in the central and
peripheral nervous systems. Several studies reported that each neurotrophin/receptor signalling
pathway can perform various functions during axon development, neuronal growth, and plasticity.
Previous investigations in some fish species have identified neurotrophins and their receptors in
the spinal cord under physiological conditions and after injuries, highlighting their potential role
during regeneration. In our study, for the first time, we used an excellent animal model, the zebrafish
(Danio rerio), to compare the mRNA localization patterns of neurotrophins and receptors in the spinal
cord. We quantified the levels of mRNA using qPCR, and identified the transcription pattern of each
neurotrophin/receptor pathway via in situ hybridization. Our data show that ngf/trka are the most
transcribed members in the adult zebrafish spinal cord.

Keywords: zebrafish; neurotrophin; neurotrophin-receptor TRK; spinal cord; aquatic animal model

1. Introduction

Neurotrophins and their receptors modulate different events in the central and pe-
ripheral nervous systems, such as neuronal survival, differentiation, plasticity, and axonal
growth. Neurotrophic factors and receptors have been found in different vertebrates. Nerve
growth factor (NGF) was the first member that was identified in detail [1–3]. NT4 was
first isolated from Xenopus laevis [4], and NT5 was first isolated from the rat [5,6]. In fish
species, previous studies showed that from two neurotrophin gene ancestors, a couple of
paralogues, BDNF–NT4/5 and NGF–NT3, originated for duplication following the split of
jawless fish, but before the split of cartilaginous fish from the common vertebrate lineage [7].
In parallel to this genome duplication event, in Osteichtyes (teleosts), also known as bony
fishes, NGF and NT 6/7 originated from a further duplication of an ancestral gene not
identified in other vertebrates [8–11]. Previous phylogenetic studies clearly show that NT4
and NT5 are orthologues [12]. NT6 and NT7 have been suggested to be paralogues [13],
probably resulting from the duplication of an ancestral NGF fish gene. Concerning the
receptors, they appear to be conserved in vertebrates, including mammals, with the sole
exception of lineage-specific duplications in teleost fishes [14], resulting in the presence of
five tyrosine protein kinase receptors Trka; Trkb; Trkb2; Trkc1; and Trkc2 [15,16].

As we mentioned above, neurotrophic factors and their receptors play several im-
portant roles in the brain and especially the spinal cord of different vertebrates [17,18].
In the spinal cord, neurotrophins and receptors can modulate repair after a traumatic
event [19,20]. Indeed, recent functional in vivo studies in mouse and rat models showed
that cell transplants [21], including engineered stem cells (that overexpress neurotrophins
and/or receptors), can affect the function of spinal neurons and circuits [22]. However,
further studies using emerging animal models, such as the zebrafish (Danio rerio), could
be useful to elucidate the specific mechanisms of this damage. The use of the zebrafish
model in scientific research leads many advantages, such as low costs, reduced use of
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spaces, and high fecundity. The anatomy of different organs and tissues is conserved
during vertebrate evolution; indeed, the zebrafish has become a popular animal model
for several fields of research: development biology, genetics, hematology, neuroscience,
cardiology, etc. [23]. The regenerative properties of the zebrafish (organs and tissues)
are a constantly fascinating subject of study for the scientific community to identify new
molecular pathways that could represent a potential alternative to understand how organs
can be restored when tissues and cells are damaged by diseases or traumatic events [24].
The zebrafish is an excellent model to study the anatomy as well as molecular and cel-
lular biology of the vertebrate spinal cord [25,26]. In detail, this model is widely used
to study the role of specific pathways in the spinal cord under physiological conditions
and after injuries [27–29]. The basic structure of the spinal cord in zebrafish (as in other
fish) resembles that of other vertebrates [30,31]. It runs dorsal and lengthwise to the fish
body in the neural canal of the vertebral column. In the transverse section of spinal cord,
two regions are clearly distinct, central and peripheral. In adult zebrafish, neurotrophins
and their receptors were extensively described in different tissues and organs: the brain,
kidney, ovary, testis, and the sensory and olfactory organs [32–41]. However, there are
no extensive studies regarding the specific identification and quantification of the mRNA
localization pattern of neurotrophins and their receptors in the adult zebrafish spinal cord.
Therefore, the aim of the present study is to gain insights into the anatomical localization
of neurotrophin and its Trk receptor transcripts in the spinal cord of the zebrafish, in order
to inspire further experimental investigations concerning spinal cord regeneration.

2. Results
2.1. Experimental Design Outline for qPCR

For qPCR experiments, we first measured neurotrophin and receptor transcription
levels in the whole spinal cord of adult zebrafish (comparing with the whole brain as the
control). Next, we measured neurotrophin and receptor transcription levels by dividing
the spinal cord into five segments (from the first to the last vertebra), to verify if variations
in transcription levels were present in a specific region (Figure 1).

Figure 1. Schematic experimental design outline for qPCR. Whole adult zebrafish spinal cord and
five segments of adult zebrafish spinal cord were dissected and used for RNA extraction and qPCR.

2.2. Quantitative Analysis of Neurotrophin and Receptor Transcription Levels in Adult Zebrafish
Spinal Cord

To measure the transcription level of each gene for neurotrophins and their specific
receptors in the adult zebrafish spinal cord we used a qPCR experimental approach. First,
we analyzed the transcription levels of neurotrophic factors and receptors in the whole
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spinal cord (SC) and compared these with whole brain tissue (B) as the control. We found
that bdnf mRNA presents less expression in the spinal cord compared with the whole brain.
Ngf mRNA is highly expressed in the spinal cord compared with the brain, and it is the
most expressed transcript in the whole adult zebrafish spinal cord, compared to other
neurotrophic factors. Nt4/5 presented a low level of transcription in the spinal cord, and
nt6/7 was undetected in this tissue (Figure 2a). Concerning the five receptors, we found
that trka mRNA is enriched in the spinal cord compared with brain tissue, and it is the
most transcribed. Trkb1 and trkc1 present less expression in the spinal cord compared with
the brain. Trkb2 and trkc2 were undetected in the spinal cord (Figure 2b). Next, as we
mentioned above, we analyzed the neurotrophin and receptor transcription levels in five
sequential segments of the spinal cord, and we did not find many differences, except for
a slight variation of bdnf in the segments V1–5 (lower transcription level in this region)
(Supplementary Figure S1a,b). Our results confirmed that ngf and its receptor trka are the
most transcribed members in the adult zebrafish spinal cord.

Figure 2. qPCR analysis of neurotrophins and receptors in the whole adult zebrafish spinal cord
(SC) compared with the whole brain (B). (a) Ngf is the most transcribed member of neurotrophins,
followed by bdnf and nt3, more transcribed than nt4/5. Nt6/7 is undetectable. Statistical analysis
was completed using an unpaired t-test (n = 5 animals used). * p < 0.01; ** p < 0.001; *** p < 0.0001.
(b) qPCR analysis for five receptors of tyrosine kinase: trkA; trkb1; trkb2; trkc1; and trkc2. The receptor
trka is the most transcribed receptor compared with trkb1 and trkc1. Trkb2 and trkc2 are undetectable.
Statistical analysis was completed using an unpaired t-test, (n = 5 animals used). * p < 0.01; ** p < 0.001;
*** p < 0.0001.



Int. J. Mol. Sci. 2023, 24, 10953 4 of 16

2.3. Differential Transcription Pattern of Neurotrophins in Adult Zebrafish Spinal Cord

In order to identify the transcription pattern of neurotrophins except nt6/7 (unde-
tected) in adult zebrafish spinal cord, we performed fluorescence in situ hybridization on
transversal paraffin sections. We chose the region V17–21, since it is widely used to identify
morphological features of the adult spinal cord in regenerative studies in zebrafish [27,42].
We found that the ngf transcript is the most coherently transcribed compared to other
neurotrophins, using qPCR analysis (Figure 3a). Based on the morphological features
described by Stil and Drapeau [43], we identified several structures: dorsal horn (dh);
ventral horns (vh); white matter (wm); central canal (cc); Mauthner axons (ma); dorsal,
ventral, and medial longitudinal fasciculi (dlf, vlf, and mlf, respectively).

Figure 3. Fluorescence in situ hybridization for ngf in adult zebrafish spinal cord. (a) Ngf mRNA
distribution in adult zebrafish spinal cord (low magnification of transversal section). (b) Ngf mRNA
in dorsal horn (dh) region (high magnification). (c) Ngf mRNA in dorsal horn (dh) region, and cell
nuclei are labeled with DAPI (blue). (d) Ngf mRNA distributed around central canal (cc); in medial
longitudinal fasciculi (mlf) and Mauthner axons (ma). (e) Ngf mRNA distributed around central
canal (cc); in medial longitudinal fasciculi (mlf) and Mauthner axons (ma), and cell nuclei are labeled
with DAPI (blue). Scale bars: 100 µm (a); 50 µm (b–e).

In detail, ngf mRNA is predominantly localized in cells around the central canal, in the
dorsal and ventral horns, white matter, and Mauthner axons (Figure 3b–e). Bdnf is mainly
transcribed in the medial longitudinal fasciculi (Figure 4a,b) and dorsal horn (Figure 4c,d).
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We can appreciate the morphology of bdnf -transcribing cells using high magnification
(Figure 4e,f).

Figure 4. Fluorescence in situ hybridization for bdnf in adult zebrafish spinal cord. (a) Bdnf mRNA
distribution in adult zebrafish spinal cord (low magnification of transversal section). (b) Bdnf mRNA
in medial longitudinal fasciculi (mlf), high magnification. (c) Bdnf mRNA in dorsal horn (dh) region
(high magnification). (d) Bdnf mRNA in dorsal horn (dh) region, and cell nuclei are labeled with
DAPI (blue). (e) Bdnf mRNA localization in cells by high magnification. (f) Bdnf mRNA localization
in cells by high magnification, and cell nuclei are labeled with DAPI (blue). Scale bars: 100 µm (a);
50 µm (b–d); 25 µm (e,f).

Interestingly, nt3 mRNA is specifically transcribed in cells around the central canal
and white matter (Figure 5a–e).
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Figure 5. Fluorescence in situ hybridization for nt3 in adult zebrafish spinal cord. (a) Nt3 mRNA
distribution in adult zebrafish spinal cord (low magnification of transversal section). (b) Nt3 mRNA
in white matter (wm) region (high magnification) white arrow indicate the expressing cells. (c) Nt3
mRNA in white matter (wm) region, and cell nuclei are labeled with DAPI (blue). white arrow
indicate the expressing cells (d) Nt3 mRNA distributed in cells around central canal (cc); (e) Nt3
mRNA distributed around central canal (cc), and cell nuclei are labeled with DAPI (blue). Scale bars:
100 µm (a); 25 µm (b–e).

In contrast, nt4/5 mRNA is transcribed starting close to the central canal, sending
ipsilateral projection to the ventro–lateral edge of the spinal cord (Figure 6a,b), and in
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a few cells of the medial longitudinal fasciculi (Figure 6c,d). We can appreciate nt4/5
mRNA-transcribing cells in the basal part of ipsilateral bundles (Figure 6e,f).

Figure 6. Fluorescence in situ hybridization for nt4/5 in adult zebrafish spinal cord. (a) Nt4/5 mRNA
distribution in adult zebrafish spinal cord (low magnification of transversal section). (b) Nt4/5 mRNA
around central canal region (high magnification). (c) Nt4/5 mRNA in medial longitudinal fasciculi
(mlf) region. (d) Nt4/5 mRNA in medial longitudinal fasciculi (mlf) region, and cell nuclei are labeled
with DAPI (blue). (e) Nt4/5 mRNA-transcribing cells in the basal part of ipsilateral bundles, high
magnification of the region in the white rectangle (relative to (a)). (f) Nt4/5 mRNA-transcribing cells
in the basal part of ipsilateral bundles and DAPI. White arrow in (c–f) indicate nt4 expressing cells.
Scale bars: 100 µm (a); 50 µm (b); 25 µm (c–f).
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2.4. Distribution of Neurotrophin Receptor Tyrosine Kinase mRNAs in Adult Zebrafish
Spinal Cord

Concerning the receptors, we found that trka mRNA is highly transcribed in the
adult zebrafish spinal cord; this result confirms the data we obtained with qPCR. Trka
mRNA is transcribed in the dorsal and ventral horns, and in cells around the central canal
(Figure 7a–e).

Figure 7. Fluorescence in situ hybridization for trka in adult zebrafish spinal cord. (a) Trka mRNA
distribution in adult zebrafish spinal cord (low magnification of transversal section). (b) Trka mRNA
in dorsal horn (dh) region (high magnification). (c) Trka mRNA in dorsal horn (dh) region, and cell
nuclei are labeled with DAPI (blue). (d) Trka mRNA distributed in ventral horn (vh). (e) Trka mRNA
distributed in ventral horn and cell nuclei are labeled with DAPI (blue). Scale bars: 100 µm (a);
50 µm (b–e).



Int. J. Mol. Sci. 2023, 24, 10953 9 of 16

Trkb1 mRNA is mainly transcribed in cells around the central canal and medial lon-
gitudinal fasciculi; a low transcription level is present in a few cells of the dorsal horn
(Figure 8a–d).

Figure 8. Fluorescence in situ hybridization for trkb1 in adult zebrafish spinal cord. (a) Trkb1 mRNA
distribution in adult zebrafish spinal cord (low magnification of transversal section). (b) Trkb1 mRNA
transcribed in cells around central canal (cc) and medial longitudinal fasciculi regions (mlf). (c) High
magnification of trkb1 mRNA-transcribed cells around central canal (cc) and medial longitudinal
fasciculi regions (mlf). (d) High magnification of trkb1 mRNA-transcribing cells, and cell nuclei are
labeled with DAPI (blue) around central canal (cc) and medial longitudinal fasciculi regions (mlf).
Scale bars: 100 µm (a); 50 µm (b); 25 µm (c,d).

Finally, trkc1 mRNA is specifically localized in cells that are very close to the central
canal and in a few cells in the ventral horn (Figure 9a–f).
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Figure 9. Fluorescence in situ hybridization for trkc1 in adult zebrafish spinal cord. (a) Trkc1 mRNA
distribution in adult zebrafish spinal cord (low magnification of transversal section). (b) Trkc1 mRNA
localized in cells very close to the central canal (cc). (c) High magnification of trkc1 mRNA localized in
cells very close to the central canal (cc). (d) High magnification of trkc1 mRNA localized in cells very
close to the central canal (cc), and cell nuclei are labeled with DAPI (blue). (e) High magnification of
trkc1 mRNA localized in cells in ventral horn (vh). (f) High magnification of trkc1 mRNA localized in
cells in ventral horn (vh), and cell nuclei are labeled with DAPI (blue). White arrow in (e,f) indicate
trkc1 expressing cells. Scale bars: 100 µm (a); 50 µm (b); 25 µm (c–f).

3. Discussion

In this study, we described the transcription pattern of neurotrophins and their specific
receptors in the adult zebrafish spinal cord. First, we quantified the transcription levels of
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neurotrophic factors and receptors using qPCR. Our data showed that ngf and its receptor
trka are the most transcribed members in the different regions of the adult zebrafish spinal
cord, similarly to the mammalian and chicken spinal cords [44,45]. In zebrafish, we found
that ngf and its receptor trka are more transcribed in cells around the central canal, and in
the ventral and dorsal horns. Under normal physiological conditions, in rat and human
tissue, Ngf and Trka mRNA levels are high in the dorsal root ganglia (DRG) as well as
in spinal cord [46–48]. However, in mice and human patients, after a traumatic spinal
cord injury or during the progression of several autoimmune and inflammatory diseases,
Ngf and Trka mRNA levels undergo a dramatic decrease in the spinal cord [49]. Indeed,
previous functional studies showed that the Ngf /Trka signaling pathway can play a crucial
role for the regeneration of sensory axons in the adult spinal cord [50]. Concerning the
neurotrophic factor bdnf, it is more transcribed in the dorsal horn and medial longitudinal
fasciculi. This localization pattern is similar to the expression pattern seen in mammals
(rat, mouse, and human), as reported in previous studies. Indeed, this neurotrophin is
highly expressed in the dorsal horn, where it is involved in the modulation of painful
stimuli [51,52]. This result confirms previous studies in other fish, as in the eel, in the
rostral spinal cord, large bdnf -positive cells were detected throughout the dorsal horn [53].
Interesting, in zebrafish, the trkb1 receptor is more transcribed in cells that are very close to
the central canal and medial longitudinal fasciculi (in this region motor neurons have been
identified). This result confirms previous observations in the rat spinal cord. In detail, the
authors showed that 20% of the TrkB-positive cell population in the ventral horn resided in
close proximity to motor neurons, and were classified as perineuronal [54].

In parallel to other neurotrophins, nt3 and nt4/5 in zebrafish were specifically tran-
scribed in two distinct regions. Nt3 was transcribed in large cells around the central canal.
In contrast, nt4/5 was transcribed starting close to the central canal and sending ipsilateral
projections to the ventrolateral edge of the spinal cord. In the mouse, cellular delivery of
NT3 promotes corticospinal axonal growth and partial functional recovery after spinal
cord injury [55]. Indeed, NT3 can be used to enable chronic-SCI repair and MR-DTI-based
mapping of lesion areas [56]. Relative to the role of NT4 in the spinal cord, previous studies
showed that, in synergy with BDNF, it could play a crucial role during axon regeneration
and motor neuron plasticity [57–59]. Finally, we showed the transcription pattern of the
trkc1 receptor, that is transcribed in specific large cells placed near the central canal. Very
close to this region, we found nt3 mRNA-transcribing cells, suggesting that this pathway
could be specifically involved in the survival of differentiated cells. Related to the unde-
tected mRNA transcription of neurotrophin nt6/7 and trkb2 and trkc2 receptors in the adult
zebrafish spinal cord, this result confirms previous data obtained during zebrafish embry-
onic development [60], which highlighted very low or undetected mRNA transcriptions of
neurotrophin nt6/7 and trkb2 and trkc2 receptors in the spinal cord at the larval stage.

4. Materials and Methods
4.1. Animals and Spinal Cord Dissection

The present study was conducted on adult males and females (1 year) of Danio rerio,
zebrafish, obtained from a local furnisher and recently analyzed for other purposes, as
described in our recently published study [36]. The animals were housed in a zebrafish
aquarium under standard photoperiod conditions (14 h light and 10 h dark) and tempera-
ture (28 ◦C). The zebrafish did not receive medical treatment prior or during the experience.
No deaths occurred in the aquarium before the animals were sacrificed for the experiments.
All procedures were approved by the Animal Care Committee and authorized by the Italian
Ministry of Health (protocol number 2/2020-PR). In detail, the fish were treated with a spe-
cific anesthetic (ethyl 3-aminobenzoate and methanesulfonate 0.1%, Sigma Chemicals Co.,
St. Louis, MO, USA), and the whole spinal cord or segments of it (five in total) were excised.
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4.2. RNA Extraction

To extract the total RNA, 5 brains and 5 whole spinal cords or segments (5 in total)
were pooled and dissociated using RLT buffer with the RNAse minikit (Qiagen, Frank-
furt, Germany). To obtain purified RNA, we followed the manufacturer’s protocol. This
procedure was repeated in three independent experiments (we used 15 animals in total).

4.3. Reverse Transcriptase PCR

For reverse transcription into cDNA, 0.5 µg of total RNA was incubated with a buffer
mix and enzyme using the Superscript III First-Strand Synthesis System kit (Invitrogen,
Boston, MA, USA). In detail, 10 µL of the total volume was incubated for 10 min at 25 ◦C,
30 min at 50 ◦C, and 5 min at 85 ◦C. Next, the samples were treated with RNAse-H for
30 min at 37 ◦C.

4.4. Quantitative Real-Time PCR

Polymerase chain reaction (PCR) experimental procedures were performed using the
thermocycler with the MyiQ detector (Bio-Rad, Hercules, Dallas, TX, USA). We mixed
cDNA, specific forward and reverse primers, SYBR-Green (Bio-Rad), and RNase free water
according to the manufacturer’s protocol. The previous mix was incubated for 15 min at
95 ◦C, for 15 s at 95 ◦C for 40 cycles; for 30 s at 60 ◦C for 40 cycles; and for 30 s at 72 ◦C for
40 cycles. For the neurotrophins and receptors we used the following primers as shown in
Tables 1 and 2, respectively.

Table 1. Related to Figure 2a.

bdnf F: CGAGGAATAGACAAGCGGCA; R: ATCCGTATAAACCGCCAGCC
ngf F: GAGAAGACTACAAGCGAAT; R: CGACAACAATAAGGAGGAT
nt3 F: CCCATCAGTGCGCTCATC; R: TCCGAACTGTCCACCATG

nt4/5 F: GCTCCTCCTAGAACAGAG; R: CGTCCTGGATGCATCTTCT
nt6/7 F: GCATTTACAATGGCAGCCAG; R: CTTCTTGAGTGGTCACTGTC
gapdh F: GCTGGCATCTCCCTCAA R: TCAGCAACACGATGGCTG

Table 2. Related to Figure 2b.

trka F: GCATTTACAATGGCAGCCAG; R: CTTCTTGAGTGGTCACTGTC
trkb1 F: TCACCTATGGCAAGCAACCC R: CTTTGGGGCAAGTACGAGGT
trkb2 F: GAAGTTCTACTCGAATCTCAGG R: CCAGATGTTCTCACATGCAC
trkc1 F: CGGAAGTGGATTGGACAGTT; R: CATGAAGCCGTTATCGTCC
trkc2 F: CTCAAGCATCTTCCAGGGT R: GATCTGCCGTAGATTGCAG
gapdh F: GCTGGCATCTCCCTCAA R: TCAGCAACACGATGGCTG

The data indicate the fold change of transcript levels in the spinal cord (SC) compared
with the whole brain (B), using gapdh to normalize the absolute quantification, calculated
using 2−∆∆Ct. To confirm the correct amplification, we performed a melting curve analysis
and verified the PCR’s efficiency. Each qPCR experiment was performed using biological
triplicates. In the qPCR analyses, each n represents the average of biological triplicates from
a single experiment. The experiments were repeated at least three times. No difference in
transcription level between females and males was found.

4.5. Statistical Analysis

Statistical analysis was completed using the unpaired t-test. The software GraphPad
Prism version—9.4.1 (458) was used for all statistical analyses. * p < 0.01, ** p < 0.001, and
*** p < 0.0001 were considered statistically significant.

4.6. Synthesis of Riboprobes for Neurotrophins and Receptors (for In Situ Hybridization)

All digoxigenin (DIG)-labeled antisense riboprobes were generated using the protocol
described in our previous studies [36,61] In detail, we produced the following riboprobes:
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bdnf, ngf, nt3, nt4/5, trka, trkb1, and trkc1. No probe was produced for nt6/7, trkb2, and trkc2,
for they were undetected by qPCR. The primers that were used to amplify each insert for
the neurotrophins and receptors are shown in Tables 3 and 4, respectively.

Table 3. Related to Figures 3–6.

bdnf F: ATAGTAACGAACAGGATGG R: GCTCAGTCATGGGAGTCC

ngf F: CACAGGAGATCTACGC R: CGTGGAAAAACCCAACTC

nt3 F: TGGTTACCTTTATTACGATC R: CCACCATTTTTCACGTCC

nt4/5 F: CAGAGAAGATGCATCCAGG R: CGTTTCCTGACACGCG

Table 4. Related to Figures 7–9.

trka F: ATAGTAACGAACAGGATGG R: GCTCAGTCATGGGAGTCC

trkb1 F: AGAGATGTGTACAGCACC R: CATTGTTTGAGAGCTGATACC

trkc1 F: CACTGAGAGCATCTCTATG R: CACGTTGTTCATCCCGAC

After amplification by PCR, each insert was cloned in ZeroBlunt or TOPO-TA vectors
(Invitrogen). Next, we performed the transformation into thermocompetent cells. After ap-
plying heat shock, the bacteria were plated onto Luria–Bertani (LB) agar plates containing
the appropriate antibiotic (respectively ampicillin or kanamycin) to select only the trans-
formed cells. The bacteria transformants were screened, and the white colonies containing
the insert were then grown. In detail, the white bacterial colonies were picked and inocu-
lated in LB medium containing the specific antibiotic plates. The bacteria were grown for
16 h in an orbital rotator at 37 ◦C. Next, we purified DNA plasmid from the contaminations,
which were removed using the Quick Plasmid Miniprep Kit (Invitrogen, Boston, MA, USA).
We confirmed the antisense and sense orientation using sequencing, and the plasmids
were linearized by the appropriate restriction enzymes. We performed in vitro transcrip-
tion, using T7 polymerase (Roche-Diagnostic) and SP6 polymerase (Roche-Diagnostic,
Barrington, IL, USA), with DIG-RNA Labelling Mix (Roche Diagnostic, Indianapolis, IN,
USA). Finally, all riboprobes were purified using Nucleo Spin RNA Clean-up columns. We
also checked the reaction specificity by hybridizing the sense and antisense riboprobes on
adjacent sections.

4.7. In Situ Hybridization

The spinal cords were dissected and fixed overnight at 4 ◦C in 4% PBS/Paraformaldeyde,
and processed for paraffin embedding. All of the paraffin sections (7 µm) were deparaffinized
using ultraclear, and rehydrated through a series of graded ethanol (100–30%). They were
washed in PBS–NaCl (0.85%) and post-fixed for 20 min in PBS–PFA 4%. The spinal cord
sections were rinsed in PBS and treated for 10 min at room temperature with proteinase K
(2 mg/mL) diluted in PBS. All of the sections were then rinsed as follows: 20 min in 4%
PBS-PAF, 10 min in PBS, and 10 min in standard saline citrate (SSC 2x). The sections were
incubated overnight at 63 ◦C in a moist chamber with the probes (1.5 µg/mL) diluted in
hybridization buffer, as carried out in previous studies. Finally, the sections were incubated
with anti-DIG POD antibody (Roche) at a 1:200 dilution in the above blocking solution
overnight at RT. The next day, the sections were washed 4 × 20 min in 1× maleic acid
buffer, 4 × 10 min in PBS, and incubated for 1 h in Perkin Elmer amplification diluent
buffer. For the reaction, we diluted Tyramide Signal Amplification (TSA plus, Perkin Elmer,
Waltham, MA, USA) 1:100 in amplification buffer and Alexa Fluor 488 reagent (Alexa Fluor
488 Tyramide Reagent, Invitrogen) after washing each section three times for 10 min, and
then observed them with an epifluorescence microscope (Olympus, equipped with a DP71
digital camera), or a confocal microscope Leica SP2. The images were processed with either
the Olympus (Cell) Zeiss (AxioVision4) or Leica (LCS Lite) software V-10.
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