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In a recent study, we showed that GABA and baclofen (a GABAB receptor agonist)
inhibit caspase activation and promote axon regeneration in descending neurons of
the sea lamprey brainstem after a complete spinal cord injury (Romaus-Sanjurjo et al.,
2018a). Now, we repeated these treatments and performed 2 independent Illumina
RNA-Sequencing studies in the brainstems of control and GABA or baclofen treated
animals. GABA treated larval sea lampreys with their controls were analyzed 29 days
after a complete spinal cord injury and baclofen treated larvae with their controls
9 days after the injury. One of the most significantly downregulated genes after both
treatments was a HES gene (HESB). HES proteins are transcription factors that are
key mediators of the Notch signaling pathway and gamma-secretase activity is crucial
for the activation of this pathway. So, based on the RNA-Seq results we subsequently
treated spinal cord injured larval sea lampreys with a novel gamma-secretase inhibitor
(PF-3804014). This treatment also reduced the expression of HESB in the brainstem and
significantly enhanced the regeneration of individually identifiable descending neurons
after a complete spinal cord injury. Our results show that gamma-secretase could be a
novel target to promote axon regeneration after nervous system injuries.

Keywords: notch, gamma-secretase, axon regeneration, GABA, baclofen, RNA-Seq, lamprey, spinal cord injury

INTRODUCTION

In mammals, including humans, spinal cord injury (SCI) is a devastating event that can lead to
permanent disability. The death of neurons that are not replaced after the injury and lack of axon
regeneration of axotomized neurons are two of the main causes of permanent neurological deficits
after SCI. In striking contrast to mammals, lampreys, as other basal vertebrates, are able to recover
locomotion spontaneously after a complete SCI (Rodicio and Barreiro-Iglesias, 2012; Romaus-
Sanjurjo et al., 2018b). During recovery from a complete SCI, lampreys are able to regenerate
approximately 50% of their brainstem descending neurons and this partial axonal regeneration
is needed for recovery (Davis and McClellan, 1994; Jacobs et al., 1997; Cornide-Petronio et al.,
2011; Parker, 2017). This offers an interesting vertebrate model to find new signaling pathways
responsible for neuronal survival and axon regeneration in descending neurons after SCI.
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In a recent study, we showed that endogenous GABA
promotes axon regeneration in descending neurons of lampreys
after a complete SCI, and that GABOB (a GABA analog)
and baclofen (a GABAB receptor agonist) treatments further
promoted axon regeneration (Romaus-Sanjurjo et al., 2018a,
2019). GABA and baclofen treatments also inhibited caspase
activation in giant individually identifiable descending neurons
following the complete SCI (Romaus-Sanjurjo et al., 2018a).
Here, we repeated the GABA and baclofen treatments and carried
out 2 independent Illumina RNA sequencing (RNA-Seq) studies
in the brainstems of control non-treated animals and treated
animals. The aim of these RNA-Seq studies was to obtain gene
expression data that could reveal secondary pathways modulated
by GABAergic signaling in injured neurons and identify new
signaling pathways that could be involved in the control of
neuronal survival and axon regeneration in lampreys.

As shown below, results from these RNA-Seq experiments
revealed changes in the expression of a HES gene. HES proteins
are key mediators of the Notch signaling pathway (Engler et al.,
2018). In the developing central nervous system, Notch signaling
is mainly known for its role in neurogenesis and neuronal
differentiation (see Imayoshi and Kageyama, 2011; Engler et al.,
2018; Sagner et al., 2018), a feature that is conserved in developing
lampreys (Lara-Ramirez et al., 2019). But, interestingly, a
recent study showed that Notch signaling also inhibits axon
regeneration in worms (El Bejjani and Hammarlund, 2012;
Po et al., 2012). Whether this is also the case in vertebrates
was not known. Here, we provide evidence showing that the
pharmacological inhibition of gamma-secretase promotes axon
regeneration after a complete SCI in lampreys.

MATERIALS AND METHODS

Animals, SCI and Drug Treatments
All experiments involving animals were approved by the
Bioethics Committee at the University of Santiago de Compostela
and the Conselleriìa do Medio Rural e do Mar of the Xunta de
Galicia (license reference JLPV/IId; Spain), and were performed
in accordance with European Union and Spanish guidelines
on animal care and experimentation. Animals were deeply
anesthetized with 0.1% MS-222 (Sigma, St Louis, MO) in lamprey
Ringer solution before all experimental procedures.

Mature and developmentally stable larval sea lampreys,
Petromyzon marinus L. (n = 149; between 100 and 120 mm in
body length, 5–7 years of age), were used in this study. Larval
lampreys were collected from the river Ulla (Galicia, north-
western Spain), with permission from the Xunta de Galicia, and
maintained in aerated freshwater aquaria at 15◦C with a bed
of river sediment until their use in experimental procedures.
Larval lampreys were randomly distributed between the different
experimental groups.

SCI surgical procedures and drug treatments with GABA
and baclofen were performed as previously described (Romaus-
Sanjurjo et al., 2018a; Figure 1). Briefly, the rostral spinal
cord was exposed from the dorsal midline at the level of the
5th gill. A complete spinal cord transection was performed

with Castroviejo scissors and the spinal cord cut ends were
visualized under the stereomicroscope. After SCI, animals were
returned to individual freshwater tanks. Each injured animal
was examined 24 h after surgery to confirm that there was no
movement caudal to the lesion site. The animals were allowed
to recover in individual freshwater tanks at 19.5◦C. GABA and
baclofen were applied in the water where the animals were left
after the SCI surgical procedures (GABA at a concentration of
500 µM and baclofen at a concentration of 125 µM). GABA
treated animals and their controls were processed for RNA
extraction 29 days post-lesion (dpl) [when spontaneous axon
regrowth begins to predominate Zhang et al. (2005); Figure 1].
Baclofen treated animals and their controls were processed
for RNA extraction 9 days post-lesion [at a time in which
caspase activation begins to be detected in injured neurons
(Barreiro-Iglesias and Shifman, 2012, 2015) and axon retraction
predominates Zhang et al., 2005; Figure 1].

PF-3804014 [a novel gamma-secretase inhibitor (Lanz et al.,
2010) that has been used in recent studies to inhibit Notch
signaling (e.g., Samon et al., 2012; Wu et al., 2017); Tocris
Bioscience, United Kingdom] treatment after a complete SCI (see
previous paragraph) was done as previously described for taurine
treatments (Sobrido-Cameán et al., 2019). In these experiments,
PF-3804014 was dissolved in lamprey Ringer solution (137 mM
NaCl, 2.9 mM KCl, 2.1 mM CaCl2, 2 mM HEPES; pH 7.4) at
a concentration of 5 mM, soaked in a small piece of Gelfoam
(Pfizer; New York, NY) and placed on top of the site of injury
at the time of spinal cord transection. Control animals went
through the same surgical procedures but were only treated
with Gelfoam soaked in lamprey Ringer. Axon regeneration was
assessed 11 weeks post-lesion (wpl) in control (n = 16) and PF-
3804014 (n = 21) treated animals using Neurobiotin (Vector,
Burlingame, CA) as a retrograde tracer as previously described
(Sobrido-Cameán et al., 2019). Briefly, at 11 wpl a second
complete spinal cord transection was performed 5 mm below
the site of the original transection and Neurobiotin (Vector) was
applied in the rostral end of the transected spinal cord with the
aid of a minute pin (#000). The animals were allowed to recover
for 1 week to allow transport of the tracer from the application
point to the neuronal soma of descending neurons. Since the
original SCI was a complete spinal cord transection, only neurons
whose axons regenerated at least 5 mm below the site of injury
were labeled by the tracer. The presence of Neurobiotin in whole-
mounted brains/spinal cords was detected using Avidin-D-FITC
conjugated (Vector; 1:500).

Imaging and Quantifications
A spectral confocal microscope (model TCS-SP2; Leica, Wetzlar,
Germany) was used to acquire images of the whole-mounted
brains/spinal cords. The identity of regenerated (Neurobiotin
labeled) and non-regenerated identifiable descending neurons
was determined for each brain. Giant descending neurons are
always identifiable by their know location and big size (Jacobs
et al., 1997) regardless of the presence of the tracer. Then, we
calculated the percentage of regenerated identifiable neurons per
animal and the total number of regenerated and non-regenerated
neurons for all animals in the control and treated groups.
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FIGURE 1 | Experimental design for the RNA-Seq experiments.

For axon quantification, we scanned the rostral spinal cord
(starting at the obex) using a 20x objective. Then, we traced a
horizontal line through the middle of the spinal cord confocal
stack (Figure 2A) using the Fiji software and manually quantified
the number of axons crossing this line. To avoid missing
overlapping axons we counted through the stack of optical
sections using the counting plugin in Fiji. Only the axons that
regenerate through the site of injury (ascending or descending)
are labeled with the tracer. Note that with this preparation, we can
only quantify the coarsest axons; therefore, it is likely that more
axons actually regenerated both in control and treated animals.
The experimenter was blinded during all quantifications.

Total RNA Isolation
After the GABA or baclofen treatment periods (29 days in the
GABA experiment and 9 days in the baclofen experiment) the
brainstems of control and treated larvae were dissected out and
immediately put in RNAlater (Ambion Inc., TX, United States)
(Figure 1). RNA extraction was performed using the RNeasy
mini kit (Qiagen, Germany) with DNase treatment following
the manufacturer’s instructions. Isolated RNAs were eluted in
nuclease free water. RNA quality and quantity were evaluated in
a Bioanalyzer (Bonsai Technologies, Spain) and in a NanoDrop R©

ND-1000 spectrophotometer (NanoDrop R© Technologies Inc.,
DE, United States). RNAs were stored at −80◦C until use for
RNA-Seq.

RNA Sequencing
In the GABA experiment, 3 GABA treated and 3 control samples
(each sample containing the RNA from 4 brainstems of 4 different
animals; n = 24 in total) were sent to the Wellcome Trust Centre
for Human Genetics (Oxford, United Kingdom) for library
preparation and sequencing. RNA quality was checked again
in a Bioanalyzer (Bonsai Technologies). All samples had RNA
integrity number (RIN) of >8 (RIN measures how degraded the
RNA is on a 0–10 scale, 10 being the least degraded). mRNA
sequencing libraries were prepared from poly dT selected mRNA
using the Illumina TrueSeq Stranded mRNA Library Preparation
kit according to the manufacturer’s protocol. The average insert
size of the libraries was approximately 300 bp. A different

barcode was used for each sample to enable demultiplexing of
the sequencing data. Sequencing was conducted on an Illumina
HiSeq 4000 as 150 bp paired-end reads, yielding 23.2 to 27.8
million reads per sample.

In the baclofen experiment, 5 baclofen treated and 5 control
samples (each sample containing the RNA of 8 brainstems of
8 different animals; n = 80 animals in total) were sent to
Edinburgh Genomics (Edinburg, United Kingdom) for library
preparation and sequencing. RNA quality was checked again
in a Bioanalyzer (Bonsai Technologies). All samples had RNA
integrity number (RIN) of >7.5. mRNA sequencing libraries
were prepared from poly dT selected mRNA using the Illumina
TrueSeq Stranded mRNA Library Preparation kit according
to the manufacturer’s protocol. The average insert size of the
libraries was approximately 300 bp. A different barcode was
used for each sample to enable demultiplexing of the sequencing
data. Sequencing was conducted on an Illumina NovaSeq S1
flowcell as 100 bp paired-end reads, yielding 26.8 to 37.6 million
reads per sample.

Quality Validation and Read Mapping
Between 23.2 and 37.6 million paired-end reads per sample were
obtained (individual figures are shown in Supplementary Table
S1). Sequencing quality was evaluated using FastQC. The quality
of the baclofen experiment was significantly better than that of
the GABA experiment (Supplementary Figure S1), non-etheless
the sequencing output of both experiments showed average base
qualities above 30 (reliability of the base call, the error probability
of a quality of 30 is 0.001), except for the very last bases of the right
reads of the GABA experiment (bases 141–150). Raw paired-end
FASTQ files were quality filtered using Fastp (Chen et al., 2018)
to remove leading or trailing bases with Phred quality scores <15
(‘-q 15’), reads with length <30 base pairs (‘-l 30’), polyG tails
(‘–trim_poly_g’) and trim adaptor sequences (detected by per-
read overlap, default). Significantly more reads were trimmed
from the GABA experiment, congruent with the sequence quality
assessment. The resulting trimmed FASTQ files were aligned
against the latest lamprey genome assembly (Pmar_germline
1.0) (Smith et al., 2018) using STAR (Dobin et al., 2013) in 2-
pass mapping mode (–twopassMode Basic) with the following
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FIGURE 2 | Changes in HESB expression in the brainstem of injured animals
after drug treatments. (A) Changes in the expression of HESB in the
brainstem of injured animals after GABA or baclofen treatments (RNA-Seq).
HESB gene expression is represented as read counts normalized by DESeq’s
median of ratios, and ** represents that the differences between the two
groups are significant with false discovery rate corrected p-values between
0.01 and 0.001. Note that results are not comparable between the 2
RNA-Seq experiments. (B) Change in the expression of HESB in the
brainstem of 1 wpl animals after the PF-3804014 treatment (qPCR). HESB
expression is represented as log2 fold change in comparison to the mean of
the controls, and * represents that the differences between the two groups are
significant with p-value between 0.05 and 0.01. For both A and B, boxplots
show the median, 25th and 75th percentiles, red dots represent the mean and
whiskers extend to the most extreme data point which is no more than 1.5
times the length of the box away from the box.

parameters: 10 maximum multiple alignments allowed per
read (–outFilterMultimapNmax 10), 10 maximum mismatches
per read pair (–outFilterMismatchNmax 10), minimum and
maximum intron lengths of 20 and 1 M bp, respectively
(–alignIntronMin 20; –alignIntronMax 1000000), maximum
distance of 1 Mb between mate reads (–alignMatesGapMax
1000000) and detection of chimeric sequences with a minimum
mapped length of 20 bp (–chimSegmentMin 20; –chimScoreMin
1). The percentage of unique mapped reads ranged between 60.2
to 73.7%, with multimapping reads representing 9.3 to 26.1% and
unaligned reads 13.1 to 18.1% (Supplementary Table S1).

Transcriptome Reconstruction and Gene
Expression
StringTie (Pertea et al., 2015) with default parameters
(fr-firststrand, ‘–rf ’) was used to construct the lamprey

transcriptome from our samples using the genome alignment
files. The resulting genome-guided transcriptome has 110,157
transcripts distributed in 57,134 genes. Transcript length ranged
from 80 to 73,302 bp, with an average of 2314 bp, N50 of
5,304 bp and N90 of 987 bp. FeatureCounts (Liao et al., 2014)
was used to quantify gene expression at the gene level with
the following parameters: fragments (paired-end reads) were
counted instead of individual reads (‘-p’), only fragments with
both ends mapped were considered (‘-B’), chimeric fragments
were not considered (‘-C’), and strand specified as reversely
stranded (‘-s 2’). Statistical analyses related to differential
expression were performed using R v.3.5.21. The output
matrix was input into the R/Bioconductor package DESeq2
(Love et al., 2014).

The Benjamini-Hochberg false discovery rate (FDR) was
applied, and transcripts with corrected P-values < 0.05 were
considered differentially expressed genes. Heatmaps were drawn
using the R package ‘gplots’ v.3.01.12. Pathway analyses were
performed using Reactome (Fabregat et al., 2018), converting all
non-human gene identifiers to their human equivalents.

RNA-Seq Data Records
Raw FASTQ files for all samples were uploaded to the NCBI
Sequence Read Archive (SRA), and are publicly available
under BioProject accession numbers PRJNA561093 (GABA)
and PRJNA561123 (Baclofen). The constructed transcriptome
is available in the NCBI Transcriptome Shotgun Assembly
(TSA) database under accession GHVE00000000. Read
counts for each transcript were deposited in NCBI Gene
Expression Omnibus (GEO) and are available under accession
number GSE137860.

qPCR Experiments After PF-3804014
Treatment
4 brainstems (n = 4 animals) from control 1 wpl vehicle treated
animals and 4 brainstems (n = 4 animals) from 1 wpl PF-
3804014 treated animals were processed for qPCR analyses of
HESB (GenBank accession number: MN833804) expression.
Specific primers for targeted genes were designed using
Primer3: HESB-forward AAAGCAAAGACGGGACAGGA,
HESB-reverse GATGTCCGCCTTCTCCAGTT, GAPDH-
forward CAGATTCGTCCAGCTCCGTT, GAPDH-reverse
CCATTGTGGAGCGGATGTCA. qPCR was performed on a
Stratagene Mx3005P thermocycler (Agilent Technologies) using
Brilliant III Ultra-Fast SYBR Green QPCR Master Mix in a final
volume of 12.5 µL following the manufacturer’s protocol with
1 µL of cDNA per reaction. Primer concentration was 300 nM
and each sample was run in duplicate. The cycling parameters
were: 50◦C for 2 min, 95◦C for 10 min, followed by 40 cycles
of amplification at 95◦C for 15 s and 60◦C for 1 min. After
amplification, a dissociation step was performed raising the
temperature from 65 to 95◦C to create a melting curve and
ensure the presence of a single amplification product. qPCR data
were obtained by the MxPro software (Agilent Technologies)

1http://www.R-project.org/
2https://cran.r-project.org/web/packages/gplots/index.html
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and quantification cycle values (Cq) calculated for each replicate
and then averaged to obtain the final Cq value. HESB Cq values
were normalized using the reference gene (GAPDH), and fold
changes were calculated for each sample using the average of the
controls as reference.

Statistical Analyses
Statistical analysis was carried out using Prism 6 (GraphPad
software, La Jolla, CA). Data were presented as mean ± SEM.
Normality of the data was determined by D’Agostino–Pearson
omnibus test and all data passed the normality test. A Student’s
t-test was used to determine significant differences in the qPCR
experiment and between control and PF-3804014 treated animals
(percentage of regenerated neurons per animal and number of
regenerated axons per animal). A Fisher’s exact test was used
to determine significant differences between control and PF-
3804014 treated animals (total number of regenerated neurons).

RESULTS

RNA-Seq Differential Expression
Analyses
In previous work, we showed that both GABA and baclofen
promote axon regeneration after a complete SCI in lampreys
(Romaus-Sanjurjo et al., 2018a). Here, we aimed to identify new
genes involved in axon regeneration in lampreys that might
be regulated by GABAergic signaling. For this we carried out
2 independent RNA-Seq studies in the brainstems of injured
animals after GABA or baclofen treatments. 23 differentially
expressed genes were detected between GABA-treated and
control samples, and 82 differentially expressed genes between
baclofen-treated and control samples (Supplementary File 1). At
29 dpl, treatment with GABA induced mostly the downregulation
of genes compared to control animals (Supplementary File 1;
7 up-regulated and 16 down-regulated genes). The opposite
trend was seen at 9 dpl with baclofen, which induced the
upregulation of a higher number of genes (Supplementary
File 1; 63 upregulated and 18 downregulated genes). This
included changes in the expression of genes known to promote
axon regeneration, like the transcription factor KLF7 (increased
expression after baclofen treatment; see discussion).

A HES transcription factor [annotated as HESB in another
lamprey species Lampetra planeri (Lara-Ramirez et al., 2019)]
was the most significantly downregulated gene in response to
GABA (logFC = −0.47; Figure 2A, and Supplementary File 1);
and it was also one of the most significantly down-regulated genes
in response to baclofen (logFC = -0.44; Figure 2; Supplementary
File 1). The sea lamprey HESB transcript sequence was deposited
in GenBank under accession number MN833804. HES proteins
are key transcription factors in the Notch signaling pathway
(Ohtsuka et al., 1999). Concordantly, Reactome pathway analysis
revealed a significant enrichment of many pathways relating to
Notch signaling (FDR p-value < 0.05) amongst differentially
expressed genes after both treatments (see Supplementary File
2). This suggests that Notch signaling might play a crucial role in
axon regeneration in lampreys.

Pharmacological Inhibition of
Gamma-Secretase Promotes Axon
Regeneration After a Complete SCI
Gamma-secretase activity is crucial for the release of the Notch
intracellular domain (NICD) to activate the transcription of
target genes like the HES family of transcription factors (see
Fischer and Gessler, 2007). So, based on the RNA-Seq results
we decided to treat larval sea lampreys after a complete spinal
cord transection with the novel gamma-secretase inhibitor
PF-3804014. First, qPCR experiments showed that the PF-
3804014 treatment also caused a significant decrease in HESB
expression in the brainstem of spinal cord injured animals (1
wpl) as compared to vehicle treated controls (logFC = −0.45;
Student’s t-test, p = 0.0307; Figure 2B). At 11 wpl, the PF-
3804014 treatment significantly promoted axon regeneration of
individually identifiable descending neurons (Figure 3A; the
M1-3, I1-6, B1-B6, Mth, and Mth’ descending neurons) of
the sea lamprey (Figures 3B–D); both when looking at the
percentage of regenerated identifiable descending neurons per
animal (Student’s t-test, p = 0.0132; Figures 3B,C) or at the
total number of regenerated identifiable neurons (Fisher’s exact
test, p = 0.0032; Figures 3B,D). Moreover, the acute PF-3804014
treatment significantly increased the number of regenerated
axons (ascending or descending) in the spinal cord following a
complete SCI (Student’s t-test, p = 0.0134; Figures 3E,F). These
results show that inhibiting gamma-secretase activity acutely
after a complete spinal cord transection enhances true axon
regeneration in sea lamprey neurons.

DISCUSSION

Our 2 RNA-Seq studies in the brainstem of spinal cord injured
larval sea lampreys revealed a significant downregulation of a
HES transcription factor (HESB) and a significant enrichment
of the Notch signaling pathway after GABA and baclofen
treatments. The fact that this was detected in 2 independent
RNA-Seq studies carried out in different sequencing platforms,
using 2 different GABAergic drugs and at 2 different time
points after injury provided strong confidence on the possible
importance of this signaling pathway during regeneration.
Gamma-secretase activity is crucial for the release of NICD
to activate the transcription of target genes like the HES
family of transcription factors (see Fischer and Gessler, 2007).
Treatments with the gamma-secretase inhibitor PF-3804014 also
caused a significant decrease in the expression of HESB in
the brainstem and a significant increase in axon regeneration
after a complete SCI. Specifically, this treatment led to a
significant increase in the regeneration of individually identifiable
descending neurons of the lamprey brainstem. This is in
agreement with our previous results showing improved axon
regeneration after baclofen or GABOB treatments after SCI
in lampreys (Romaus-Sanjurjo et al., 2018a). So, the Notch
signaling pathway appears to be of crucial importance in
the regulation of axon regrowth after SCI in lampreys.
Our results also suggest that GABA signaling promotes
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FIGURE 3 | PF-3804014 promotes axon regeneration after a complete SCI. (A) Schematic drawing of a dorsal view of the sea lamprey brainstem showing the
location of giant individually identifiable descending neurons (modified from Sobrido-Cameán and Barreiro-Iglesias, 2018). The box marked “E” indicates the spinal
cord region shown in Panel E. The line used to count the number of regenerated axons in the spinal cord is also indicated. M, mesencephalon; R, rhombencephalon;
SC, spinal cord. (B) Photomicrographs of dorsal views of whole-mounted brains showing regenerated identifiable descending neurons, as identified by retrograde
tracer labeling, in control and PF-3804014 treated animals. Note the increased number of labeled (regenerated) identifiable neurons in PF-3804014 treated animals.
(C) Graph showing significant changes (asterisk) in the percentage of regenerated identifiable descending neurons per animal (controls: n = 16 animals; PF-3804014
treated: n = 21 animals) after the PF-3804014 treatment (control: 57,22 ± 4.132%; PF-3804014: 68.95 ± 2.354%). (D) Graph showing significant changes
(asterisks) in the total number of regenerated neurons after the PF-3804014 treatment (control: 292 neurons regenerated, 252 non-regenerated; PF-3804014: 444
neurons regenerated, 272 non-regenerated). (E) Photomicrographs of whole-mounted spinal cords showing regenerated axons, as identified by tracer labeling, in
control and PF-3804014 treated animals. Note the increased number of regenerated axons in PF-3804014 treated animals. The line used to count the number of
regenerated axons in the spinal cord is also indicated in white. (F) Graph showing significant changes (asterisk) in the number of regenerated axons per spinal cord
after the PF-3804014 treatment (control: 18 ± 1.588 axons, n = 15 animals; PF-3804014: 24.57 ± 1.955 axons, n = 14 animals). Rostral is up and scale bars
correspond to 100 µm.
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axon regeneration, at least partially, by inhibiting the Notch
signaling pathway.

A previous study in Caenorhabditis elegans revealed that
Notch signaling inhibits axon regeneration in identifiable
neurons of this nematode (El Bejjani and Hammarlund, 2012).
Importantly, our findings extend these results to vertebrates
and the SCI situation. As in lampreys, treatments with a
gamma-secretase inhibitor (DAPT in their case) improved axon
regeneration in worms (El Bejjani and Hammarlund, 2012).
Interestingly, gamma-secretase activity had to be inhibited right
after injury in worms to improve regeneration (El Bejjani
and Hammarlund, 2012), which coincides with our results
using also early pharmacological inhibition in lampreys. In
C. elegans, genetic manipulations showed that Notch signaling
acts autonomously in the injured neuron to prevent growth
cone formation (El Bejjani and Hammarlund, 2012). Our current
data in lampreys analyzing whole brainstems (which include
descending neurons but also other types of neurons and glial
cells) in the RNA-Seq/qPCR experiments and pharmacological
inhibition (present results) does not allow us to differentiate
between direct or indirect effects of this signaling pathway
in the regeneration of descending neurons. In future work it
would be important to study if Notch signaling acts directly
on lamprey descending neurons during regeneration or if the
positive effects of gamma-secretase inhibition come through an
indirect mechanism.

Notch1 expression increases in the rodent spinal cord after SCI
(Yamamoto et al., 2001; Chen et al., 2005), and treating human
induced pluripotent stem cell-derived neural stem/progenitor
cells with a gamma-secretase inhibitor promoted axon growth
from these cells after transplantation to the injured spinal cord
of mice (Okubo et al., 2018). So, putting together previous
data in rodents and our results in lampreys we propose that
gamma-secretase could be an interesting target to promote
axon regeneration after SCI in mammalian models. Moreover,
gamma-secretase could also serve as a target to promote other
regenerative aspects, for example gamma-secretase inhibition
promotes stem cell proliferation and generation of new motor
neurons after SCI in zebrafish (Dias et al., 2012). Future
work should test the effects of gamma-secretase inhibition in
preclinical rodent models of SCI to evaluate both positive and
negative outcomes of this treatment.

Finally, it is important to mention that our 2 RNA-Seq
studies revealed significant changes in the expression of other
genes (see Supplementary File 1), which provides a resource for
future studies on the role of these genes during regeneration.
A comparison between the GABA and baclofen RNA-Seq
experiments reveals differences in the changes of gene expression
(see Supplementary File 1). This might be related to the different
time points of analysis (29 or 9 dpl) and due to a potential
influence of GABAA receptors during GABA treatment. Changes
in gene expression after SCI in lampreys have been also observed
even at later time points when looking at the expression of specific
genes like with the HDAC1 gene (Chen et al., 2016); therefore,
new RNA-Seq studies at different time points might reveal
more genes involved in the positive effects of GABA signaling.
Regarding a possible contribution of GABAA receptors, we have

recently shown that a muscimol (a GABAA agonist) treatment
inhibits caspase activation in identifiable descending neurons
of lampreys after a complete SCI (Sobrido-Cameán et al.,
2018), which supports the possibility of an influence of GABAA
receptors during the GABA treatment.

As an example of other genes, the baclofen treatment caused
a significant increase in the expression of 2 members of the
Krüppel-like family of transcription factors (KLFs): KLF7 and
KLF10. Changes in the expression of different KLFs (including
KLF7 and KLF10) were previously detected over the course of
recovery in an RNA-Seq study after SCI in lampreys (Herman
et al., 2018). Previous work in mammalian models has revealed
a differential implication of different KLFs in the control of
axon regeneration after different types of nervous system injuries
Moore et al., 2009 (for reviews see Moore and Goldberg,
2011; Moore et al., 2011). KLF7 promotes axon regeneration
in mammals (Blackmore et al., 2012; Wang et al., 2016), which
coincides well with our results revealing increased expression
of KLF7 after baclofen treatment in lampreys with a complete
SCI. As far as we are aware, the implication of KLF10 in axon
regeneration has not yet been elucidated. Our results open the
way to study the role of these or other genes in both neuronal
survival and axon regeneration after SCI.

DATA AVAILABILITY STATEMENT

Raw FASTQ files for all samples were uploaded to the NCBI
Sequence Read Archive (SRA), and are publicly available
under BioProject accession numbers PRJNA561093 (GABA)
and PRJNA561123 (Baclofen). The constructed transcriptome is
available in the NCBI Transcriptome Shotgun Assembly (TSA)
database under accession GHVE00000000. Read counts for each
transcript were deposited in NCBI Gene Expression Omnibus
(GEO) and are available under accession number GSE137860.

ETHICS STATEMENT

The animal study was reviewed and approved by the Bioethics
Committee of the University of Santiago de Compostela Santiago
de Compostela, A Coruña, Spain.

AUTHOR CONTRIBUTIONS

DS-C and DR-S performed the SCI surgeries, drug treatments
and brainstem dissections. VP-C performed the RNA extractions.
DR performed the bioinformatic analyses. LS, MR, and AB-I
supervised the study. MR and AB-I conceived the study. DR
and AB-I wrote the manuscript. All authors have approved the
final manuscript.

FUNDING

Grant sponsors: FEDER/Ministerio de Ciencia, Innovación
y Universidades – Agencia Estatal de Investigación (Grant

Frontiers in Cell and Developmental Biology | www.frontiersin.org 7 March 2020 | Volume 8 | Article 173

https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


fcell-08-00173 March 20, 2020 Time: 14:55 # 8

Sobrido-Cameán et al. Gamma-Secretase Inhibition After Spinal Injury

number: BFU-2017-87079-P) and the Xunta de Galicia (Grant
number: ED431C 2018/28). DR was supported by the BBSRC
Institute Strategic Programme Grants to the Roslin Institute
(BB/P013732/1, BB/P013740/1, and BB/P013759/1).

ACKNOWLEDGMENTS

We thank the staff of the Ximonde Biological Station for
providing lampreys used in this study and Dr. Mercedes

Rivas Cascallar for confocal microscope facilities and help. We
acknowledge the support of the Centro de Supercomputación de
Galicia (CESGA, Spain) in the completion of this work.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fcell.2020.00173/
full#supplementary-material

REFERENCES
Barreiro-Iglesias, A., and Shifman, M. I. (2012). Use of fluorochrome-labeled

inhibitors of caspases to detect neuronal apoptosis in the whole-mounted
lamprey brain after spinal cord injury. Enzyme Res. 2012:835731. doi: 10.1155/
2012/835731

Barreiro-Iglesias, A., and Shifman, M. I. (2015). Detection of activated caspase-8
in injured spinal axons by using fluorochrome-labeled inhibitors of caspases
(FLICA). Methods Mol. Biol. 1254, 329–339. doi: 10.1007/978-1-4939-21
52-2_23

Blackmore, M. G., Wang, Z., Lerch, J. K., Motti, D., Zhang, Y. P., Shields, C. B.,
et al. (2012). Krüppel-like Factor 7 engineered for transcriptional activation
promotes axon regeneration in the adult corticospinal tract. Proc. Natl. Acad.
Sci. U.S.A. 109, 7517–7522. doi: 10.1073/pnas.1120684109

Chen, J., Laramore, C., and Shifman, M. I. (2016). Differential expression of
HDACs and KATs in high and low regeneration capacity neurons during spinal
cord regeneration. Exp. Neurol. 280, 50–59. doi: 10.1016/j.expneurol.2016.04.
001

Chen, J., Leong, S. Y., and Schachner, M. (2005). Differential expression of cell
fate determinants in neurons and glial cells of adult mouse spinal cord after
compression injury. Eur. J. Neurosci. 22, 1895–1906. doi: 10.1111/j.1460-9568.
2005.04348.x

Chen, S., Zhou, Y., Chen, Y., and Gu, J. (2018). fastp: an ultra-fast all-in-one FASTQ
preprocessor. Bioinformatics 34, i884–i890. doi: 10.1093/bioinformatics/bty560

Cornide-Petronio, M. E., Ruiz, M. S., Barreiro-Iglesias, A., and Rodicio, M. C.
(2011). Spontaneous regeneration of the serotonergic descending innervation
in the sea lamprey after spinal cord injury. J. Neurotrauma 28, 2535–2540.
doi: 10.1089/neu.2011.1766

Davis, G. R. Jr., and McClellan, A. D. (1994). Long distance axonal regeneration
of identified lamprey reticulospinal neurons. Exp. Neurol. 127, 94–105. doi:
10.1006/exnr.1994.1083

Dias, T. B., Yang, Y. J., Ogai, K., Becker, T., and Becker, C. G. (2012). Notch
signaling controls generation of motor neurons in the lesioned spinal cord of
adult zebrafish. J. Neurosci. 32, 3245–3252. doi: 10.1523/JNEUROSCI.6398-11.
2012

Dobin, A., Davis, C. A., Schlesinger, F., Drenkow, J., Zaleski, C., Jha, S., et al.
(2013). STAR: ultrafast universal RNA-seq aligner. Bioinformatics 29, 15–21.
doi: 10.1093/bioinformatics/bts635

El Bejjani, R., and Hammarlund, M. (2012). Notch signaling inhibits
axon regeneration. Neuron 73, 268–278. doi: 10.1016/j.neuron.2011.
11.017

Engler, A., Zhang, R., and Taylor, V. (2018). Notch and neurogenesis. Adv. Exp.
Med. Biol. 1066, 223–234. doi: 10.1007/978-3-319-89512-3_11

Fabregat, A., Korninger, F., Viteri, G., Sidiropoulos, K., Marín-García, P., Ping,
P., et al. (2018). Reactome graph database: efficient access to complex
pathway data. PLoS Comput. Biol. 14:e1005968. doi: 10.1371/journal.pcbi.100
5968

Fischer, A., and Gessler, M. (2007). Delta-notch–and then? protein interactions and
proposed modes of repression by Hes and Hey bHLH factors. Nucleic Acids Res.
35, 4583–4596. doi: 10.1093/nar/gkm477

Herman, P. E., Papatheodorou, A., Bryant, S. A., Waterbury, C. K. M., Herdy,
J. R., Arcese, A. A., et al. (2018). Highly conserved molecular pathways,
including Wnt signaling, promote functional recovery from spinal cord injury
in lampreys. Sci. Rep. 8:742. doi: 10.1038/s41598-017-18757-1

Imayoshi, I., and Kageyama, R. (2011). The role of notch signaling in adult
neurogenesis. Mol. Neurobiol. 44, 7–12. doi: 10.1007/s12035-011-8186-0

Jacobs, A. J., Swain, G. P., Snedeker, J. A., Pijak, D. S., Gladstone, L. J., and Selzer,
M. E. (1997). Recovery of neurofilament expression selectively in regenerating
reticulospinal neurons. J. Neurosci. 17, 5206–5220. doi: 10.1523/jneurosci.17-
13-05206.1997

Lanz, T. A., Wood, K. M., Richter, K. E., Nolan, C. E., Becker, S. L., Pozdnyakov,
N., et al. (2010). Pharmacodynamics and pharmacokinetics of the gamma-
secretase inhibitor PF-3084014. J. Pharmacol. Exp. Ther. 334, 269–277. doi:
10.1124/jpet.110.167379

Lara-Ramirez, R., Pérez-González, C., Anselmi, C., Patthey, C., and Shimeld,
S. M. A. (2019). Notch-regulated proliferative stem cell zone in the developing
spinal cord is an ancestral vertebrate trait. Development 146:dev166595. doi:
10.1242/dev.166595

Liao, Y., Smyth, G. K., and Shi, W. (2014). featureCounts: an efficient
general purpose program for assigning sequence reads to genomic features.
Bioinformatics 30, 923–930. doi: 10.1093/bioinformatics/btt656

Love, M. I., Huber, W., and Anders, S. (2014). Moderated estimation of fold
change and dispersion for RNA-seq data with DESeq2. Genome Biol. 15:550.
doi: 10.1186/s13059-014-0550-8

Moore, D. L., Apara, A., and Goldberg, J. L. (2011). Krüppel-like transcription
factors in the nervous system: novel players in neurite outgrowth and axon
regeneration. Mol. Cell Neurosci. 47, 233–243. doi: 10.1016/j.mcn.2011.05.005

Moore, D. L., Blackmore, M. G., Hu, Y., Kaestner, K. H., Bixby, J. L., Lemmon, V. P.,
et al. (2009). KLF family members regulate intrinsic axon regeneration ability.
Science 326, 298–301. doi: 10.1126/science.1175737

Moore, D. L., and Goldberg, J. L. (2011). Multiple transcription factor families
regulate axon growth and regeneration. Dev. Neurobiol. 71, 1186–1211. doi:
10.1002/dneu.20934

Ohtsuka, T., Ishibashi, M., Gradwohl, G., Nakanishi, S., Guillemot, F., and
Kageyama, R. (1999). Hes1 and Hes5 as notch effectors in mammalian neuronal
differentiation. EMBO J. 18, 2196–2207. doi: 10.1093/emboj/18.8.2196

Okubo, T., Nagoshi, N., Kohyama, J., Tsuji, O., Shinozaki, M., Shibata, S.,
et al. (2018). Treatment with a gamma-secretase inhibitor promotes
functional recovery in human IPSC- derived transplants for chronic spinal
cord injury. Stem Cell Rep. 11, 1416–1432. doi: 10.1016/j.stemcr.2018.
10.022

Parker, D. (2017). The lesioned spinal cord is a “new” spinal cord: evidence from
functional changes after spinal injury in lamprey. Front. Neural Circuits 11:84.
doi: 10.3389/fncir.2017.00084

Pertea, M., Pertea, G. M., Antonescu, C. M., Chang, T. C., Mendell, J. T.,
and Salzberg, S. L. (2015). StringTie enables improved reconstruction of a
transcriptome from RNA-seq reads. Nat. Biotechnol. 33, 290–295. doi: 10.1038/
nbt.3122

Po, M. D., Calarco, J. A., and Zhen, M. (2012). Releasing the inner inhibition for
axon regeneration. Neuron 73, 207–209. doi: 10.1016/j.neuron.2012.01.002

Rodicio, M. C., and Barreiro-Iglesias, A. (2012). Lampreys as an animal model in
regeneration studies after spinal cord injury. Rev. Neurol. 55, 157–166.

Romaus-Sanjurjo, D., Ledo-García, R., Fernández-López, B., Hanslik, K., Morgan,
J. R., Barreiro-Iglesias, A., et al. (2018a). GABA promotes survival and axonal
regeneration in identifiable descending neurons after spinal cord injury in larval
lampreys. Cell Death Dis. 9:663.

Romaus-Sanjurjo, D., Rodicio, M. C., and Barreiro-Iglesias, A. (2019). Gamma-
aminobutyric acid (GABA) promotes recovery from spinal cord injury in

Frontiers in Cell and Developmental Biology | www.frontiersin.org 8 March 2020 | Volume 8 | Article 173

https://www.frontiersin.org/articles/10.3389/fcell.2020.00173/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fcell.2020.00173/full#supplementary-material
https://doi.org/10.1155/2012/835731
https://doi.org/10.1155/2012/835731
https://doi.org/10.1007/978-1-4939-2152-2_23
https://doi.org/10.1007/978-1-4939-2152-2_23
https://doi.org/10.1073/pnas.1120684109
https://doi.org/10.1016/j.expneurol.2016.04.001
https://doi.org/10.1016/j.expneurol.2016.04.001
https://doi.org/10.1111/j.1460-9568.2005.04348.x
https://doi.org/10.1111/j.1460-9568.2005.04348.x
https://doi.org/10.1093/bioinformatics/bty560
https://doi.org/10.1089/neu.2011.1766
https://doi.org/10.1006/exnr.1994.1083
https://doi.org/10.1006/exnr.1994.1083
https://doi.org/10.1523/JNEUROSCI.6398-11.2012
https://doi.org/10.1523/JNEUROSCI.6398-11.2012
https://doi.org/10.1093/bioinformatics/bts635
https://doi.org/10.1016/j.neuron.2011.11.017
https://doi.org/10.1016/j.neuron.2011.11.017
https://doi.org/10.1007/978-3-319-89512-3_11
https://doi.org/10.1371/journal.pcbi.1005968
https://doi.org/10.1371/journal.pcbi.1005968
https://doi.org/10.1093/nar/gkm477
https://doi.org/10.1038/s41598-017-18757-1
https://doi.org/10.1007/s12035-011-8186-0
https://doi.org/10.1523/jneurosci.17-13-05206.1997
https://doi.org/10.1523/jneurosci.17-13-05206.1997
https://doi.org/10.1124/jpet.110.167379
https://doi.org/10.1124/jpet.110.167379
https://doi.org/10.1242/dev.166595
https://doi.org/10.1242/dev.166595
https://doi.org/10.1093/bioinformatics/btt656
https://doi.org/10.1186/s13059-014-0550-8
https://doi.org/10.1016/j.mcn.2011.05.005
https://doi.org/10.1126/science.1175737
https://doi.org/10.1002/dneu.20934
https://doi.org/10.1002/dneu.20934
https://doi.org/10.1093/emboj/18.8.2196
https://doi.org/10.1016/j.stemcr.2018.10.022
https://doi.org/10.1016/j.stemcr.2018.10.022
https://doi.org/10.3389/fncir.2017.00084
https://doi.org/10.1038/nbt.3122
https://doi.org/10.1038/nbt.3122
https://doi.org/10.1016/j.neuron.2012.01.002
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


fcell-08-00173 March 20, 2020 Time: 14:55 # 9

Sobrido-Cameán et al. Gamma-Secretase Inhibition After Spinal Injury

lampreys: role of GABA receptors and perspective on the translation to
mammals. Neural Regen. Res. 14, 1695–1696.

Romaus-Sanjurjo, D., Valle-Maroto, S. M., Barreiro-Iglesias, A., Fernández-López,
B., and Rodicio, M. C. (2018b). Anatomical recovery of the GABAergic system
after a complete spinal cord injury in lampreys. Neuropharmacology 131,
389–402. doi: 10.1016/j.neuropharm.2018.01.006

Sagner, A., Gaber, Z. B., Delile, J., Kong, J. H., Rousso, D. L., Pearson, C. A., et al.
(2018). Olig2 and Hes regulatory dynamics during motor neuron differentiation
revealed by single cell transcriptomics. PLoS Biol. 16:e2003127. doi: 10.1371/
journal.pbio.2003127

Samon, J. B., Castillo-Martin, M., Hadler, M., Ambesi-Impiobato, A., Paietta, E.,
Racevskis, J., et al. (2012). Preclinical analysis of the γ-secretase inhibitor PF-
03084014 in combination with glucocorticoids in T-cell acute lymphoblastic
leukemia. Mol. Cancer Ther. 11, 1565–1575. doi: 10.1158/1535-7163.mct-11-
0938

Smith, J. J., Timoshevskaya, N., Ye, C., Holt, C., Keinath, M. C., Parker, H. J., et al.
(2018). The sea lamprey germline genome provides insights into programmed
genome rearrangement and vertebrate evolution. Nat. Genet. 50, 270–277. doi:
10.1038/s41588-017-0036-1

Sobrido-Cameán, D., and Barreiro-Iglesias, A. (2018). Role of caspase-8 and Fas in
cell death after spinal cord injury. Front. Mol. Neurosci. 11:101. doi: 10.3389/
fnmol.2018.00101

Sobrido-Cameán, D., Fernández-López, B., Pereiro, N., Lafuente, A.,
Rodicio, M. C., and Barreiro-Iglesias, A. (2019). Taurine promotes axonal
regeneration after a complete spinal cord injury in lampreys. J. Neurotrauma
(in press). doi: 10.1089/neu.2019.6604

Sobrido-Cameán, D., Rodicio, M. C., and Barreiro-Iglesias, A. (2018). Data
on the effect of a muscimol treatment in caspase activation in descending

neurons of lampreys after a complete spinal cord injury. Data Brief 21,
2037–2041.

Wang, Y., Li, W. Y., Sun, P., Jin, Z. S., Liu, G. B., Deng, L. X., et al. (2016). Sciatic
nerve regeneration in KLF7-transfected acellular nerve allografts. Neurol. Res.
38, 242–254. doi: 10.1080/01616412.2015.1105584

Wu, C. X., Xu, A., Zhang, C. C., Olson, P., Chen, L., Lee, T. K., et al. (2017). Notch
inhibitor PF-03084014 inhibits hepatocellular carcinoma growth and metastasis
via suppression of cancer stemness due to reduced activation of Notch1-Stat3.
Mol. Cancer Ther. 16, 1531–1543.

Yamamoto, S., Nagao, M., Sugimori, M., Kosako, H., Nakatomi, H., Yamamoto, N.,
et al. (2001). Transcription factor expression and Notch-dependent regulation
of neural progenitors in the adult rat spinal cord. J. Neurosci. 21, 9814–9823.
doi: 10.1523/JNEUROSCI.21-24-09814.2001

Zhang, G., Jin, L. Q., Sul, J. Y., Haydon, P. G., and Selzer, M. E. (2005). Live
imaging of regenerating lamprey spinal axons. Neurorehabil. Neural Repair 19,
46–57.

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2020 Sobrido-Cameán, Robledo, Romaus-Sanjurjo, Pérez-Cedrón,
Sánchez, Rodicio and Barreiro-Iglesias. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
author(s) and the copyright owner(s) are credited and that the original publication
in this journal is cited, in accordance with accepted academic practice. No use,
distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Cell and Developmental Biology | www.frontiersin.org 9 March 2020 | Volume 8 | Article 173

https://doi.org/10.1016/j.neuropharm.2018.01.006
https://doi.org/10.1371/journal.pbio.2003127
https://doi.org/10.1371/journal.pbio.2003127
https://doi.org/10.1158/1535-7163.mct-11-0938
https://doi.org/10.1158/1535-7163.mct-11-0938
https://doi.org/10.1038/s41588-017-0036-1
https://doi.org/10.1038/s41588-017-0036-1
https://doi.org/10.3389/fnmol.2018.00101
https://doi.org/10.3389/fnmol.2018.00101
https://doi.org/10.1089/neu.2019.6604
https://doi.org/10.1080/01616412.2015.1105584
https://doi.org/10.1523/JNEUROSCI.21-24-09814.2001
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

	Inhibition of Gamma-Secretase Promotes Axon Regeneration After a Complete Spinal Cord Injury
	Introduction
	Materials and Methods
	Animals, SCI and Drug Treatments
	Imaging and Quantifications
	Total RNA Isolation
	RNA Sequencing
	Quality Validation and Read Mapping
	Transcriptome Reconstruction and Gene Expression
	RNA-Seq Data Records
	qPCR Experiments After PF-3804014 Treatment
	Statistical Analyses

	Results
	RNA-Seq Differential Expression Analyses
	Pharmacological Inhibition of Gamma-Secretase Promotes Axon Regeneration After a Complete SCI

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


