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Editorial on the Research Topic
Spinal cord development and neural regeneration

The spinal cord is essential for processing sensory information and motor function.
Following spinal cord injury (SCI), neuronal networks in animals are damaged and difficult
to repair. Limited endogenous neurogenesis and axon regeneration are observed, indicating
a failure of recapitulating the developmental processes. There have been several significant
developments in spinal cord development and regeneration studies in recent years. The cellular
and molecular mechanisms of circuit creation in the growing spinal cord, circuit repair after SCI,
and possible tactics for fostering neural plasticity after SCI are the focus of this Research Topic.

We were delighted to receive several papers from writers presenting their most recent
research findings on spinal cord growth and regeneration. A summary of the 10 accepted articles
is provided below.

Spinal cord regeneration

Boosting axonal growth potential is a challenge for spinal cord regeneration. Noristani et
al. demonstrated that targeting B-RAF and PTEN simultaneously efficiently promoted DC axon
growth in both the pre- and post-lesion states. Luo et al. showed that PDIA6 and spastin might
collaborate as critical mediators of nerve healing. Larval zebrafish have been used in spinal cord
injury because of their optical transparency, straightforward anatomy, and complex behavior.
Alper and Dorsky discussed the benefits of using larval zebrafish in research on spinal cord
regeneration, which could hasten the identification of new functions for genes and cell types
involved in spinal cord regeneration.

Spinal cord development

Understanding the mechanism of spinal cord development will provide important
knowledge for creating therapies and care plans for patients with spinal cord injuries and
other neurological conditions. Zheng et al. demonstrated that NEXMIF is crucial for spinal
motorneuron morphogenesis and that zebrafish swimming motility could be severely impaired
by NEXMIF loss. Using an effective zebrafish model, Sheng et al. revealed that sema6D
regulates spinal cord vascular patterning and motor neurons axon development. Oria et al.
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reported that premature astrogliosis and astrocytic activation were
seen in a spina bifida model, which seemed to involve upregulation
of the Notch-BMP signaling pathway.

Spinal cord-related disease models

We also received a few papers highly relevant to spinal cord
injury, e.g., pain. By inhibiting the expression of caspase-1 and
IL-1, Probenecid reduces inflammation. This, in turn, restores the
balance of immune cell subsets and has neuroprotective effects
in rats with spinal cord injury, according to research by Qi et
al. and Sun et al. showed that the STING-IFN-I pathway may
play a role in the development of neuropathic pain by increasing
PTPRD levels in the DRG after CCI. An exciting therapeutic
approach for the clinical management of neuropathic pain
without the danger of addiction may be represented by 7-BIA,
an inhibitor of PTPRD with anti-addiction properties. Liang
et al. discovered that several sagittal parameters were used to
alter the saggital balance for patients with degenerative kyphosis,
positioning the body. Wu et al. showed that Regenerative peripheral
nerve interfaces (RPNI) effectively prevented the formation
of neuromas.

We anticipate that the research on spinal cord development
and regeneration will gain greater attention as a result of this
Research Topic. We appreciate the reviewers work in ensuring
the collection’s high caliber. The authors who have contributed are
also thanked.
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Objective: To explore the relationship between different sagittal parameters and
identify the fitting formula of spino-pelvic parameters in patients with degenerative
kyphosis (DK).

Summary of Background: Sagittal balance is increasingly recognized as a predictor
of clinical outcomes in patients with DK, while the relationship between different sagittal
parameters in patients with DK remains unidentified.

Methods: A retrospective study with 279 participants was conducted. There were 168
DK patients which were divided into a sagittal balance group (SB:52 cases) and sagittal
imbalance (SIB:116 cases). Radiographic measurements included thoracolumbar
kyphosis (TLK), lumbar lordosis (LL), thoracic kyphosis (TK), pelvic incidence (Pl), and
pelvic tilt (PT). The correlations were analyzed between different sagittal parameters.

Results: There were significant differences between the SB and SIB groups in
terms of TLK, LL, PI-LL, PT, SVA, sacral slope (SS), and TK. For patients
with DK, the LL was correlated with PT and TK. The linear regression was
LL =22.76—-0.28 x PT 4+ 0.62 x TK. In the SB group, TK was the influencing factor for
LL and the linear regression analysis showed that LL = 33.57 + 0.33 x TK. While in the
SIB group, PT and TK were in synergistic effect with PI-LL, the linear regression analysis
showed that LL = 22.76—-0.28 x PT 4+ 0.62 x TK.

Conclusion: From the present study, we can see that LL has a significant correlation
with PT and TK in patients with DK, while in SB, the LL was only correlated with TK.
Therefore, the correction of LL in a different group should be calculated to avoid the
incidence of proximal junction kyphosis (PJK).

Keywords: degenerative kyphosis, lumbar lordosis, thoracolumbar kyphosis, pelvic incidence, pelvic tilt, sagittal
balance

Abbreviations: DK, degenerative kyphosis; DTLK, degenerative thoracolumbar kyphosis; DLLL, loss of lumbar lordosis; P1,
pelvic incidence; PT, pelvic tilt; SB; sagittal balance; SIB, sagittal imbalance; SVA, sagittal vertical axis.
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Sagittal Parameters in Degenerative Kyphosis

INTRODUCTION

The typical sagittal sequence of the spine and the balance status
of the lumbar-pelvis are the main factors for spinal kinematics
and energy expenditure. In a normal population, the structure
of the spine is closely related to biomechanics and forms a
unique “S-shaped” bend through bone adjustment (Roussouly
and Pinheiro-Franco, 2011; Diebo et al., 2015). Lumbar kyphosis
maintains a stable center of gravity in the area between the feet,
maximizing energy efficiency while minimizing the impact of
gravity on the joints, muscles, and ligaments with the “energy
cone” (Le Huec et al,, 2019). The ideal spino-pelvic sagittal
sequence describes the ideal dynamic matching of bones in the
sagittal position due to the interaction among various segments,
while the focal disorders or breaking of the balance will cause
sagittal deformity and a compensatory mechanism by other parts
in order to minimize the energy cost (Liu et al., 2020).

With the aging of the population, the number of patients
with degenerative kyphosis (DK) is gradually increasing by the
spinal degeneration of vertebral deformation, facet disorders,
disc aging, as well as osteophyte formation (Lee et al., 2011).
DK is mainly characterized by the decrease of lumbar lordosis
(LL) and/or the increase of thoracolumbar kyphosis (TLK) with
enlarged prevalence in the elderly accompanied with or without
neurological deficit. In cases of DK with either condition, the
proximal and distal levels of the spine and pelvis are compensated
accordingly to maintain a healthy state of balance. Once the
compensatory capacity is overloaded, it leads to an unbalanced
state (Schwab et al., 2012, 2013; Wu et al., 2014).

The spino-pelvic alignment has been quantified by a series
of parameters with uniformed theory. Dubousset et al. (2005)
proposed that the pelvis is the cornerstone of the sagittal sequence
of the spine, and the pelvic tilt (PT) established a possible
compensatory mechanism for spinal imbalance. Ginette Duval-
Beaupere defined the geometric meanings of pelvic incidence
(PI), PT, and sacral slope (SS): PI = PT + SS (Duval-Beaupere
et al,, 1992), and the pelvic incidence-lumbar lordosis (PI-LL)
<10° threshold was determined as the standard for spinal-pelvic
sagittal fitting (Schwab et al., 2010), which linked the relationship
between lumbo-pelvic matching.

Many studies have specifically discussed the correlation
among sagittal spinal parameters. Kim pointed out that the
loss of LL is the initial of spino-pelvic malalignment and the
key factor of compensation (Kim et al, 2014). Lafage et al.
(2016) proved that the compensatory mechanism of the spine
usually starts from the flexible segments with a broad range of
motion and gradually extends distally. The body compensates by
moving the center of gravity back and forth, beginning with the
traction of thoracic vertebrae, then regulated by pelvic rotation
and hip-knee flexion. Schwab et al. (2013) put forward the
correction formula LL = (PI + TK)/2 + 10 in adult spinal
deformity, which skillfully correlates more parameters to fit
the real sagittal sequence. However, the relationship among
sagittal spino-pelvic parameters and the influence of spino-pelvis
matching is seldom featured in patients with DK. Therefore, by
enrolling the patients with DK, the purpose of this study was to
explore the relationship among sagittal spino-pelvic parameters

and identify the fitting formula of spino-pelvic parameters by the
lumbo-pelvic balance status.

MATERIALS AND METHODS

Participants

A single-center retrospective study was performed in our
institution from June 2016 to June 2020. The patients with DK
of the whole spine were included, composed of the degenerative
thoracolumbar kyphosis (DTLK) or loss of LL. According to the
viewpoints of Schwab et al. (2007), PI-LL was a key parameter
for quantifying sagittal balance, where a matched condition was
PI-LL < =+ 10°. Hence, the series was divided into 2 groups,
sagittal balance (SB) group: | PI-LL| < 10° (Figure 1) and sagittal
imbalance (SIB) group: | PI-LL| > 10° (Figure 2; Lafage et al,,
2017). The participants from the two groups were selected with a
matching of 1:2 by propensity score matching. The protocol was
approved by the ethics committee and all participants have signed
the consent forms.

The inclusion criteria were (1) patients with TLK, loss of LL, or
both caused by degeneration; (2) whole-spine X-ray and lumbar
spine X-ray were completely obtained; and (3) an age of more
than 50 years for all participants. The exclusion criteria were
(1) patients sustaining coronary imbalance; (2) blurred images
of radiographs for measurement; (3) patients with idiopathic
scoliosis or other types of deformities; (4) patients with spine
tumors, infections, or spondylolisthesis; and (5) patients who had
undergone lumbar spine surgery before.

Radiological Parameters

Thoracolumbar kyphosis was the angle between the upper
endplate of T10 and the lower endplate of L2 and DTLK was
TLK >15° with degenerative factors; LL was the angle between
the upper endplate of L1 and the upper endplate of S1 and the loss
of LL was LL <25°. TK was the angle between the upper endplate
of T5 and the upper endplate of T12. The spino-pelvic parameters
contained PI-LL and PT in this study. PT was the angle between
the plumb line and the center of the femoral head to the midpoint
of the upper endplate of S1. PI was defined as the vertical line
passing through the midpoint of the upper endplate on S1, then
the second line connecting the midpoint of the upper endplate
on S1 and the femoral head and the angle between the second
line and vertical line. Sagittal vertical axis (SVA) was the axis. All
parameters were independently measured by two reviewers, and
the mean value was adopted.

Statistical Analysis

The dichotomy between SB and SIB groups were analyzed by
%2 test. An independent sample ¢-test was used for inter-group
measurement data. Pearson correlation analysis was used to
determine the relationship between LL, PI-LL, PT, and TK.
Multiple linear regression analysis was for determining the
influencing factors of PI-LL and LL. SPSS 22.0 (IBMC, Armonk,
NY, United States) the software for statistical analysis, and
P < 0.05 was statistically significant.

Frontiers in Molecular Neuroscience | www.frontiersin.org

March 2022 | Volume 15 | Article 847857


https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/molecular-neuroscience#articles

Liang et al.

Sagittal Parameters in Degenerative Kyphosis

FIGURE 1 | The radiological parameters measured on standard anterior-posterior and lateral whole spine X-ray of cases from the SB group. (A,B) In a 70-year-old
man, TK = 58, TLK = 26.1, LL = 56.1, Pl = 51, PT = 20.4. (C,D) In a 68-year-old woman, TK = 29.4, TLK = 15.2, LL = 35.3, Pl = 44.7, PT = 21.

Fl

RESULTS

Patient Clinical Characteristics

A total of 168 patients was included with 52 cases in the SB
group and 116 cases in the SIB group. There were no differences
between the subgroups in terms of gender (P = 0.555), age
(P = 0.686), and BMI (P = 0.278). Thirty-seven cases both had
TLK and loss of LL, and TLK was the majority (94.3%) in the
SB group in contrast with the group with unmatched PI-LL
(P < 0.001). There was a significant difference between the SB
and SIB groups in terms of TLK, LL, PI-LL, PT, SVA, SS, and TK
(P < 0.05) (Tables 1, 2).

Pearson Correlation Analysis

In the SB group, PI-LL was negatively related to LL (r = —0.492,
P < 0.001), and TK was positively related to PT (r = 0.440,
P =0.02) and LL (r = 0.370, P = 0.008). In the SIB group, PI-
LL was positively correlated to PT while negatively related to TK
and LL (P < 0.01). LL was correlated to PT (P = 0.037) and TK
(P < 0.001) (Table 3 and Figures 1, 2).

Multiple Linear Regression Analysis

In the SB group, the linear regression analysis showed
that TK was the influencing factor for PI-LL and LL (PI-
LL = 047 x PT—0.46 x TK and LL = 33.57 + 0.33 x TK).
While in the SIB group, PI-LL, PT, and TK were in synergistic

effect with PI-LL = 6.81 + 0.66 x PT—0.47 x TK and
LL = 18.2-0.26 x PT + 0.62 x TK. When integrating the
SB and SIB groups, PI-LL, PT, and TK were shown to be
synergistic parameters regardless of being in a matched and
unmatched group: PI-LL = 4.92 4 0.64 x PT—0.50 x TK and
LL = 22.76—0.28 x PT + 0.62 x TK (Table 4).

DISCUSSION

The sagittal spino-pelvic alignment has an important role in
maintaining the normal function of the spine and provides
explicit guidance for surgical reconstruction. The degenerative
progression of sagittal deformity of the spine consumes a lot
of energy for patients and may accelerate the progress of
other spinal degenerative diseases (Kim et al., 2014; Lee et al,,
2017). Therefore, many studies have attempted to explore and
quantify the correlation between spino-pelvic parameters to
provide clinical evidence. Schwab et al. (2010) quantified the
relationship between the pelvis and LL by PI minus LL, and
determined the PI-LL <10° as the standard threshold of spino-
pelvic match (Barrey et al,, 2007). Then, the team proposed
that LL exceeding PI is relatively appropriate in patients with
low PI according to the clinical practice, conversely, LL is
less than PI; and high TK also need a larger LL than the
theoretical value to compensate for thoracic kyphosis (TK),
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IFI

FIGURE 2 | The radiological parameters measured on standard anterior-posterior and lateral whole spine X-ray of cases from the SIB group. (A,B) In a 68-year-old
woman, TK = 16.4, TLK = 1.1, LL = 19.5, Pl = 63.4, PT = 39.9. (C,D) In a 72-year-old man, TK = 40.9, TLK = 40, LL = 72.2, P = 51.7, PT = 3.7.
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that is, LL = (PI 4+ TK)/2 (Le Huec et al,, 2015a). A later study
found that there is a correlation between parameters and age. In
the middle-aged population, the normal range of parameters is
different from that of young people. Lafage et al. (2017) believe
that elderly patients have more compensation, more serious
loss of LL and more anteversion, so they put forward an age-
related correction formula. Zhou et al. (2019) studied the sagittal
shape and sequence matching relationship of spino-pelvis in
normal middle-aged population, and pointed out that there were
great differences in pelvic parameters between China and foreign
countries: LL = 0.6PI 4- 0.4TK + 10.

The normal sequence of lumbar vertebrae is the basis for
the study of lumbar development and degenerative diseases and
the premise of reconstruction surgery. Mangione et al. (1997)
believe that to maintain a balanced posture with minimum energy
consumption, the best sequence of the lumbar spine depends
on the PI, while the definition of PT establishes a possible
compensatory mechanism for spinal imbalance and quantifies the
pelvic rotation around the femoral head. The sagittal alignment
was a morphology parameter that correlated with anatomy, and
the balance was a dynamic characteristic (Moal et al., 2015).
Spinal degeneration can involve any segment, and the loss of
LL is the main cause of sagittal sequence loss. PT, as a sensitive
parameter of spino-pelvic mismatch, is the main compensatory
mechanism. The continuous loss of lumbar kyphosis is usually
accompanied by an increase in pelvic rotation and TLK, resulting

in DK. For such patients, the compensation mechanism usually
starts from the flexible segments with a large range of movement
(Kim et al., 2014). With the pelvis as the cornerstone of spine,
the body always tried to maintain the whole spino-pelvic balance
through the interaction of various parts of the mechanical chain
of the spine and pelvis. In the past, many studies focused on
the regulation of the distal pelvis of the lumbar spine, and
the compensation mechanism of the proximal end has been
gradually quantified in recent years. In this study, the sagittal
plane parameters of these kinds of patients were statistically
analyzed, and it was concluded that the sagittal plane balance was
regulated and maintained by LL, PT, and TK.

Regarding the sagittal compensatory mechanism of DK,
Barrey et al. (2013) think that the severity of the imbalance
corresponds to three stages: the state of equilibrium, the

TABLE 1 | Basic information in matched and unmatched groups.

SB SIB P
Gender, M:F 19:33 37:79 0.555
Age, y 67.3+8.8 66.6 +£ 9.9 0.686
BMI, kg/m? 253+ 3.4 26.0+ 4.0 0.278
No. of increased TLK 50 78 <0.001
No. of decreased LL 3 74

BMI, body mass index; TLK, thoracolumbar kyphosis; LL, lumbar lordosis.
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TABLE 2 | Spino-pelvic parameters in matched and unmatched groups.

SB SIB P
TLK,° 2564 +£123 18.4+£156.2 0.004
LL,° 458 +£11.9 23.4 £20.8 <0.001
PI,° 46.5+10.4 446+ 121 0.325
PI-LL,° 0.7+£56.2 21.24+18.1 <0.001
PT,° 16.1 £ 6.6 23.5£10.7 <0.001
SVA, mm 25,7 +£27.2 56.4 £ 50.6 <0.001
K 34.9+13.8 21.2+156.9 <0.001
SS,° 30.5£10.0 211 £11.0 <0.001

TLK, thoracolumbar kyphosis; LL, lumbar lordosis; Pl, pelvic incidence; PT, pelvic
tilt; SVA, sagittal vertical axis; TK, thoracic kyphosis; SS, sacral slope.

TABLE 3 | Correlation analysis among PI-LL, PT, and TK in matched and
unmatched groups.

PI-LL PT TK
r P r P r P

SB PT 0.244 0.085

TK —0.258 0.071 0.440 0.002

LL —0.492 <0.001 0.222 0.117 0.370 0.008
SIB PT 0.699 <0.001

K —-0.622 <0.001 —-0.073 0.471

LL —0.801 <0.001 —0.303 0.001 0.634 <0.001
Total PT 0.700 <0.001

TK —0.564 <0.001 —0.094 0.255

LL -0.827 <0.001 —0.357 0.000 0.650 <0.001

PI, pelvic incidence; LL, lumbar lordosis; PT, pelvic tilt; TK, thoracic kyphosis.

TABLE 4 | Multiple linear regression analysis on LL in matched and
unmatched groups.

Coefficient Unstandardized Standardized T P
B SE Beta
SB (constant) 33.565 5.091 6.593 <0.001
PT 0.133 0.279 0.073 0.478 0.635
TK 0.291 0.133 0.333 2.186 0.034
SIB (constant)  18.200 4.147 4.389  <0.001
PT —0.476 0.136 —0.261 —3.508  0.001
TK 0.801 0.097 0.615 8.262  <0.001
Total  (constant) 22.756 3.444 6.607  <0.001
PT —0.563 0.117 —0.284 —-4.817  <0.001
TK 0.789 0.075 0.623 10.588  <0.001

LL, lumbar lordosis; PT, pelvic tilt; TK, thoracic kyphosis, SE, standard error.

balance under the compensatory mechanism, and the state of
imbalance. The influence of the loss of thoracolumbar and
lumbar curvature overall sagittal sequence is compensated and
helps to maintain sagittal balance. Once the deformity aggravates
and the compensation mechanism cannot maintain balance, the
state of decompensation will occur. According to the sagittal
parameters of the patient, Schwab et al. (2014) proposed that the
patient’s PT is greater than 20° and the patient’s pelvic rotation

is in the limit state, which cannot be compensated effectively,
and the patient is in a state of decompensation. Clinically, the
characteristic of the DK was the loss of LL and/or the increase
of TLK (Roussouly and Pinheiro-Franco, 2011). Knowing the
relationship between sagittal plane parameters in patients with
DK was of great importance, which could better evaluate the
patient and guide surgical treatment (Le Huec et al., 2015b).
Therefore, in this paper, we divided the DK patients into two
groups according to different PT: balance group and imbalance
group, and explored the relationship between different sagittal
parameters in different groups.

In our study, in the balance group, the LL was correlated
with TK. The formula was LL = 33.57 + 0.33 x TK. For
the DK patients with balance, the sagittal alignment was in a
compensatory state. Due to the degeneration of the spine, the
LL decreased. To keep the balance, the back-muscle system and
skeleton system cooperated with each other as a whole, which
makes the body stay in a balanced state (Liu et al., 2020). With the
decrease of the LL, the pelvic retroversion and the TK decreased,
which make the spine balanced. Through this study, we can see
that the LL was correlated with TK but not PT. Because for
such patients, the pelvis was in an adjustable state, the spine
starts the self-adjustment mechanism. The reduction of the TK
was to accommodate the decrease of LL, which can make the
patient stay balanced enough (Lamartina et al., 2012; Bassani
et al., 2019). Besides, the formula could provide a guideline of
the surgical treatment. The main purpose of the operation was to
restore the LL to alleviate the back pain in the treatment of the
balanced DK patients. Over restoration of the LL may result in
the enlargement of TK, which contributes to the high incidence
of proximal junction kyphosis (PJK), so the LL should be properly
restored to avoid the complication.

For the imbalance group, the LL was correlated with TK and
PT, the formula was LL = 18.2—0.26 x PT 4 0.62 x TK. For
such patients, the body was out of control for various reasons.
The reduction of the TK was not enough to make the patient
stay in balance and the pelvic adjustment mechanism activated.
Both try their best to put the whole body in an upright position.
The patient’s pelvic rotation is in a limited state, which cannot
be compensated effectively (Le Huec et al., 2011; Lee et al., 2011).
Therefore, for such patients, restoring the LL was not enough, and
correcting the pelvic rotation was also necessary. The methods of
the correction of pelvic rotation should be used in the treatment
of such patients.

The current research has several limitations. Firstly, it is a
retrospective study, which raises a concern about selection bias
and loss of follow-up. Secondly, we only concentrated on the
sagittal alignment of the patients, and coronal balance should be
further studied in the next framework. Eventually, the number of
cases in our study was relatively small. Larger case studies should
be conducted in the future.

CONCLUSION

For the patients with DK, the sagittal balance was adjusted by
different sagittal parameters, which positions the body. From the
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present study, we can see that the LL has a significant correlation
with PT and TK in patients with DK, especially in the SIB group.
So, the LL and pelvic rotation should both be of concern during
the correction. While in SB, the LL was only correlated with TK.
Over restoration of the LL may contribute to a high incidence of
PJK. Therefore, the correction of LL in different groups should be
calculated to avoid complication.
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Nexmif is mainly expressed in the central nervous system (CNS) and plays important
roles in cell migration, cell to cell and cell-matrix adhesion, and maintains normal
synaptic formation and function. Nevertheless, it is unclear how nexmif is linked to
motor neuron morphogenesis. Here, we provided in situ hybridization evidence that
nexmifa (zebrafish paralog) was localized to the brain and spinal cord and acted as a
vital regulator of motor neuron morphogenesis. Nexmifa deficiency in zebrafish larvae
generated abnormal primary motor neuron (PMN) development, including truncated
Cap axons and decreased branches in Cap axons. Importantly, RNA-sequencing
showed that nexmifa-depleted zebrafish embryos caused considerable CNS related
gene expression alterations. Differentially expressed genes (DEGs) were mainly
involved in axon guidance and several synaptic pathways, including glutamatergic,
GABAergic, dopaminergic, cholinergic, and serotonergic synapse pathways, according
to Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway annotation. In
particular, when compared with other pathways, DEGs were highest (84) in the axon
guidance pathway, according to Organismal Systems. Efnabb, bmpr2b, and sema6ba
were decreased markedly in nexmifa-depleted zebrafish embryos. Moreover, both
overexpression of efnabb MRNA and sematba mRNA could partially rescued motor
neurons morphogenesis. These observations supported nexmifa as regulating axon
morphogenesis of motor neurons in zebrafish. Taken together, nexmifa elicited crucial
roles during motor neuron development by regulating the morphology of neuronal axons.

Keywords: nexmifa, motor neuron, axon morphogenesis, efnaSb, sema6ba, zebrafish

INTRODUCTION

Motor neuron diseases (MNDs) are characterized by muscle weakness and/or spastic paralysis and
are an etiologically heterogeneous group of disorders resulting from motor neuron degeneration
(Babin et al., 2014). Thus, exploring mechanisms underpinning motor neuron development may
support and advance therapeutic strategies for MND.

The zebrafish model is a highly practical in vivo research tool for studying developmental
mechanisms, as their transparent embryos, at all developmental stages, are easy to image and
manipulate (Nozawa et al., 2017). In particular, the motor neurons of the spinal cord are excellent
in vivo systems for studying mechanisms controlling axon extension and synaptic formation
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(Babin et al., 2014). Growth cones at axon tips navigate
using environmental cues, therefore, axons constantly follow
stereotypical pathways to their targets and rarely deviate
(Hilario et al., 2010). Zebrafish contain two different type of
spinal motor neuron, i.e., primary motor neurons (PMNs) and
secondary motor neurons (SMNs), which are based on several
morphological features: soma shape, size, position, and axon
diameter (Myers, 1985; Myers et al.,, 1986). PMNs are further
divided into three groups: caudal primary motor neurons (Cap),
middle primary motor neurons (Mip), and rostral primary motor
neurons (Rop) in accordance with specific axonal pathways
and soma positions within the spinal cord (Myers et al., 1986;
Westerfield et al., 1986). Although the somata of the three
identifiable PMNs are localized at different positions in the spinal
cord, their axons travel to the myoseptum via a common exit
point; after leaving the spinal cord, PMNs extend their axons via
a common pathway to the horizontal myoseptum (Eisen et al.,
1986). Finally, Cap, Mip, and Rop neurons extend their axons
according to specific pathways to innervate dorsal, middle, and
ventral trunk musculature, respectively (Myers, 1985; Moreno
and Ribera, 2009). When compared with PMNs, SMNs are
localized more ventrally in the motor column, with typically
smaller somatas and thinner axons, which are born 5-6 h
later than PMNs (Myers et al., 1986). Because of this unique
stratification, PMNs are excellent cell systems for elucidating
motor axon guidance mechanisms (Beattie, 2000; Beattie et al.,
2002).

In vertebrates, motor neuron development is regulated by
many genes. For example, mecp2 knockdown in zebrafish
increases abnormal axonal branching of aps and decreases motor
activity (Nozawa et al, 2017). Incrps25 is co-expressed with
mnx] at the spinal cord and is essential for motor neuron
development, but neurons lacking Incrps25 result in Cap axon
truncation and abnormal branching, however, these defects are
rescued by olig2 overexpression (Gao et al., 2020). Similarly, HuD
mutants exhibit decreased motor axon branches, dramatically
fewer dendrites, and movement defects (Hao le et al.,, 2017).
Deleted or overexpressed colXIX causes stumpy-like Cap axon
defects (Hilario et al., 2010), whereas colXVIII knockdown
causes Cap axon stalling soon after exiting the spinal cord
(Schneider and Granato, 2006). Ccdc80-11 is implicated in motor
neuron axonal path-finding, however, loss-of-function does not
prevent PMN formation and axon projection, but leads to PMN
disorganization (Brusegan et al., 2012).

In our previous studies, we reported that insmla, kinesin-
12, and sox2 had key roles in motor neuron development (Xu
et al., 2014; Gong et al., 2017, 2020). For example, the zebrafish
insmla mutant showed motor neuron loss and defects in
PMN axons, including truncated length, excessive Cap branches,
and disorganized distances between adjacent Caps, which were
caused by the ectopic departure of motor axons from the spinal
cord. In sox2 mutant zebrafish, besides truncated length and
excessive Cap branches, defective PMNs also included changes in
axon morphology and reductions in Mips and Rops.

Nexmif (also called KIDLIA, KIAA2022, or Xpn) is a novel
gene localized to Xq13.2 (Gilbert et al., 2020). Cantagrel et al.
(2004) first reported the gene in two males with intellectual

disability. However, very little is known about nexmif. Previous
studies reported that nexmif mRNA was strongly expressed in
the cortex, hippocampus, cerebellum, and olfactory bulb (Allen
Institute for Brain Science, 2004; Cantagrel et al., 2009). At the
protein level, nexmif is specifically distributed in post-mitotic
neuron nuclei but not in glia. Strong protein expression is also
detected from the E17 developmental stage through adulthood in
mice (Gilbert and Man, 2016). Thus, nexmif may have key roles
in brain development.

In zebrafish, nexmif has two paralogs, nexmifa and nexmifb.
Protein homology indicates 34 and 42% identity to the human
protein, respectively. In humans, patients with nexmif mutations
present with moderate to severe intellectual impairment,
autism spectrum disorder (ASD), dystonia, intellectual disability,
epilepsy, microcephaly, and facial deformities (Van Maldergem
et al., 2013; de Lange et al., 2016). In animal models, nexmif
was shown to participate in neurite morphological development,
regulate cell migration, cell to cell and cell to matrix adhesion,
and maintain normal synaptic formation and function (Ishikawa
et al, 2012; Magome et al,, 2013; Gilbert et al, 2020). For
example, in the nexmif knockdown mouse, synapse density, spine
density, and the expression of synaptic related proteins, such as
AMPAR, PSD-95, and gephyrin were decreased. Also, immature
spines were increased, synaptic transmission functions were
defective, and mice exhibited ASD behaviors (Gilbert et al., 2020).
In other work, KIAA2022 (nexmif alias) knockdown markedly
suppressed neurite growth, including both dendrites and axons in
cultured rat hippocampal neurons (Van Maldergem et al., 2013).
Moreover, KIDLIA (nexmif alias) knockdown altered in vivo
neuron migration, reduced dendritic growth, and disorganized
apical dendrite projections in mouse layer II/III cortical neurons
(Gilbert and Man, 2016). Magome et al. (2013) found that
nexmif knockout inhibited cell migration by enhancing cell to
cell and cell to matrix adhesion mediated by N-cadherin and
B1- integrin in PC12 cells. However, no study has yet focused
on the effects of nexmif on spinal motor neurons. Evidentially,
nexmif deficiency leads to ASD behaviors, and 50-80% of patients
with ASD show motor dysfunction (Kaur et al., 2018), therefore,
we hypothesized nexmif exerted effects on the development of
spinal motor neurons.

To verify our hypothesis, we assessed nexmifa expression
using whole in situ hybridization (WISH) and reverse
transcription-polymerase  chain  reaction (RT-PCR) in
zebrafish. We then investigated nexmifa function during
PMN morphogenesis via knockdown and knockout strategies in
the Tg(mnx1:GFP)mI2 transgenic zebrafish line and investigated
possible molecular mechanisms.

MATERIALS AND METHODS

Zebrafish Lines and Breeding

Zebrafish embryos and adults were maintained in at the Zebrafish
Center of Nantong University in accordance with guidelines
outlined in previous studies (Xu et al., 2014; Gong et al., 2017,
2020). The transgenic zebrafish line, Tg(mnx1:GFP)ml2 and
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Tg(kdrl:EGFP) line have been described in the previous work
(Flanagan-Steet et al., 2005; Jin et al., 2005).

Cell Separation, RNA Isolation, Reverse
Transcription, Quantitative RT-PCR and

RT-PCR

At 72 h post-fertilization (hpf), we collected 300-
400 Tg(mnx1:GFP) zebrafish embryos and washed them
three times in phosphate-buffered saline with Tween 20 and
the same again in calcium-free Ringer’s solution. Embryos
were digested in 0.25% trypsin, then 10% fetal bovine serum
was added to terminate the reaction. The volume was filtered
through 100 and 40 pm filter membranes. Samples were
then analyzed by flow cytometry (BD, Franklin Lakes,
NJ, United States). Cells expressing GFP were identified
as positive cells. Total RNA was extracted from zebrafish
embryos and cells separated via flow cytometry by TRIzol
reagent according to manufacturer’s instructions (Invitrogen,
Waltham, MA, United States). Contamination was removed
by DNasel (Roche, Basel, Switzerland) and then 2 pg
total RNA was reversibly transcribed using a reverse first-
strand c¢DNA synthesis kit (Fermentas, Waltham, MA,
United States) and stored at —20°C. Quantitative RT-PCR
was performed using corresponding primers (Supplementary
Table S1) in a 20 wL final reaction volume with 10 pL
SYBR premix (Takara, Kyoto, Japan). Elongation factor la
was used as the internal control. All samples were analyzed
in triplicate. RT-PCR was performed using corresponding
primers (Supplementary Table S1) in a 50 pL final reaction
volume, with 25 pL 2 x Taq enzyme mix (Vazyme,
Nanjing, China). After amplification, 20 pL was taken for
gel electrophoresis and sequencing.

Whole in situ Hybridization

A 424-base pair (bp) cDNA fragment from a wild-type
embryo was amplified using nexmifa F1 and R1 primers
(Supplementary Table S1). Digoxigenin (DIG)-labeled sense and
antisense probes were synthesized using a linearized pGEM-
Teasy vector and sub-cloned with the nexmifa fragment by
in vitro transcription with a DIG-RNA labeling kit (Roche,
Basel, Switzerland). We collected zebrafish embryos at different
developmental stages (20, 48, 72, and 96 hpf), then fixed
them in 4% paraformaldehyde for 2 h at room temperature or
overnight at 4°C. They were then dehydrated through a series
of increasing methanol concentrations, and finally stored in
100% methanol at —20°C. WISH was performed as previously
described (Gong et al., 2020).

The sgRNA/Cas9 mRNA Synthesis and

Injection

Cas9 mRNA was generated by in vitro transcription with
the linearized pXT7-Cas9 plasmid as previously described
(Gong et al, 2017). sgRNAs were transcribed from the DNA
templates that amplified by PCR with a pT7 plasmid as the
template, a specific forward primer and a universal reverse
primer (Supplementary Table S1; Gong et al, 2017, 2020).

The transgenic zebrafish line Tg(mnx1:GFP)ml2 was naturally
mated to obtain embryos for microinjection. Then, 1-2 cell stage
zebrafish embryos were injected in a 2-3 pL solution containing
250 ng/pL Cas9 mRNA and 15 ng/pL sgRNA. At 24 hpf,
embryos were randomly sampled for genomic DNA extraction
according to previous methods to identify a founder. Mutant
sites were verified by comparison to the wild-type unaffected
sequences (chimerism). Chimeric zebrafish were mated with
wild-type fish to obtain F1 fish. After examine its genotype by
sequence, heterozygotic mutants were mated with Tg(mnx1:GFP)
transgenic fish to breed the F2 generation. At last, nexmifa+/+
and nexmifa—/— littermates were obtained by F2 in-cross
followed by fluorescence selection and PCR genotyping for the
following experiments (Gong et al., 2017).

Morpholino, mRNA Synthesis, and
Microinjection

The nexmifa splice-blocking Morpholino (MO) and the standard
control MO (Std MO) were synthesized by Gene Tools.
The sequences are: 5'-AAAATGGTAGGAGTTATAAATGAGT-
3’ and 5'-CCTCTTACCTCAGTTACAATTTATA-3, respectively.
MOs were diluted to 0.3 mM in RNase-free water, injected
into one-cell stage embryos, and then raised in E3 medium at
28.5°C to generate nexmifa knockdown embryos (morphants).
To perform rescue experiments, we generated nexmifa mRNA,
efna5b mRNA, and sema6ba mRNA in vitro. Briefly, we cloned
zebrafish nexmifa, efna5b, and sema6ba separately into PCS2™
vectors. Next, we linearized plasmids, then in vitro synthesized
mRNA using the nMESSAGE mMACHIN Kit (Ambion, Austin,
Texas, United States) according to manufacturer’s instructions.
Finally, we purified Capped mRNAs using the RNeasy Mini
Kit (Qiagen, Hilden, Germany). MOs or mRNAs were injected
into the yolk of one cell stage embryos using borosilicate
glass capillaries (Sarasota, Florida, United States) and a PV830
pneumatic picopump (Sarasota, Florida, United States).

The cDNA Library Preparation and RNA
Sequencing

We extracted total RNA from nexmifa morphants and wild-
type zebrafish at 72 hpf using TRIzol reagent (Invitrogen) and
calculated RNA integrity and purity by NanoDRop 2000 (Thermo
Fisher Scientific Inc., Waltham, MA, United States). Only high-
quality RNA samples (ODjs/280 = 1.8-2.2, RNA Integrity
Number > 8.0) were used to construct the sequencing library.
We next quantified and sequenced the final cDNA libraries using
the Illumina NovaSeq 6000 platform, with 2 x 150-bp pair-end
reads (Illumina, San Diego, CA, United States).

Locomotion Analysis of Zebrafish Larvae

To determine whether nexmifa deficiency impaired motility and
whether this impaired motility could be rescued by overexpress
the possible downstream gene, larva zebrafish at 7 days post-
fertilization (dpf) in different groups were placed into 24-well-
culture plates (one larva/well) and transferred to the Zebralab
Video-Track system (Zebrabox, Lyon, France). The unit was
equipped with a sealed opaque plastic box insulated from the
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environment, and an infrared filter and monochrome camera.
After 30 min adaptation, larval distances and average speeds were
recorded for 30 min.

Microscopy

After anesthetizing zebrafish embryos by tricaine (Sigma, Saint
Louis, Missouri, United States), they were embedded in 0.8%
low melting agarose and examined using a Leica TCS-SP5 LSM
confocal imaging system. Criteria for zebrafish embryos with
abnormal PMNs were as follows: firstly, Caps length or the

number of Caps branches per Imm was less than 70% of the
average of normal wild-type zebrafish. Secondly, PMNs abnormal
in more than two hemisegment in the spinal cord in one fish.
Otherwise, the embryo was normal. In situ hybridization images
were Captured on an Olympus stereomicroscope MVX10.

Statistical Analysis

Statistical data comparisons were performed using Student’s
t-test or one-way analysis of variance if the data follow a
normal distribution and variance between groups was uniform,

96 hpf

Marker ef-1a  mnx1 nexmifa F Marker ef-1a mnx1 nexmifa

FIGURE 1 | Nexmifa expression analysis in spinal cord and motor neurons. (A) At 20 hpf, in situ hybridization nexmifa signals are localized in brain and spinal cord
(lateral view). (A’) Partially magnified image of (A). (A”) The trunk transverse section of the embryo. (B) At 48 hpf, in situ hybridization nexmifa signals are localized in
the brain and spinal cord (lateral view). (B’) Partially magnified image of (B). (B”) Dorsal view of the brain. (C) At 72 hpf, in situ hybridization nexmifa signals are
localized in the brain and spinal cord (lateral view). (C’) Partially magnified image of (C). (C”) Dorsal view of the brain. (D) At 96 hpf, in situ hybridization nexmifa
signals are localized in the brain and spinal cord (lateral view). (D’) Partially magnified image of (D). (D”) Dorsal view of the brain. (E) RT-PCR results on mnx1-GFP
sorted cells. Nexmifa is expressed in selected neuron cells from the Tg (mnx1: EGFP) line. (F) The result of the RT-PCR on Kdrl-EGFP sorted cells. No signals of
nexmifa and mnx1 are detected in the GFP-positive cells sorted from the Tg(kdrl:EGFP) line.
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A CRISPR target site in nexmifa

GGTGCCCGAAGAAGAGGCGGCGG

B Mutation pattern of nexmifa-gRNA/cas9-injecting embryos

WT |GATGATGACTGGTGCCCGAAGAAGAGGCGGCGGTCCAATAGGAAGGACCCACC
GATGATGACTGGTGCCCGAAGAAGAGGGGGAAATAAGGCTAGAAGAGTTAAAATA

Mutant

€ Predicted protein sequences of F1 adult fish lines

W

g —

FIGURE 2 | Generation of the zebrafish nexmifa mutant using the CRISPR/Cas9 system. (A) Schematic showing the targeting site of the sgRNA in the third exon of
nexmifa. (B) Mutation pattern of nexmifa-gRNA/cas9-injected embryos. Red letters represent the sgRNA sequence. Blue letters represent the additional 159 bp
nucleotide sequence. (C) Schematic showing the predicted protein encoded by the mutated allele. Frameshift mutations resulted in truncated proteins. The gray

rectangle indicates the wrong coded amino acid sequences.

AGGCTAGTCCGTTATCAACTTGAAAAAGTGGCACCGAGTCGGTGCTTTTTTTCAA
GAGGCGGGTTTTAGAGCTAGAAATAGCAAGTTAAAATAAGGCTAGTCCGTTATCA

ACTTGAAAAAGTGGCACCGAGCGGCGGTCCAATAGGAAGGACCCACC(+159bp)

otherwise, Kruskal-Wallis H or Mann-Whitney U was used.
A p < 0.05 value was considered statistically significant. Statistical
analyses were performed in SPSS 21.0 software (SPSS, Armonk,
NY, United States).

RESULTS

Nexmifa Is Expressed in the Spinal Cord
and PMNSs of Zebrafish

To analyze nexmifa temporal and spatial expression patterns,
we performed WISH using a DIG-labeled nexmifa probe
at different times. Nexmifa was strongly expressed in the
central nervous system (CNS), including the brain and spinal
cord at 20, 48, 72, and 96 hpf. At 48 h, expression in the
brain and spinal cord was the highest, but then decreased
gradually (Figures 1A-D, A’-D’, A”-D"). To further assess if
nexmifa was expressed in motor neurons in the spinal cord,
we separated motor neurons from Tg(mnx1:GFP)ml2 cells
and extracted RNA, as Tg(mnx1:GFP)ml2 motor neurons
were GFP labeled. RT-PCR demonstrated that both mnx1 and
nexmifa were present in selected neuron cells (Figure 1E)
suggesting nexmifa was expressed in zebrafish motor neurons.
Moreover, we performed RT-PCRs on nexmifa-negative
tissue. The results showed that no nexmifa and mnx1 signal
were detected in the GFP-positive cells sorted from the

Tg(kdrl:EGFP) line (Figure 1F), in which endothelial cells were
labeled with GFP.

Nexmifa Loss Causes Motor Neurons

Defects

To explore if nexmifa regulated motor neuron morphogenesis
in the spinal cord, we established a nexmifa knockout in
Tg(mnx1:GFP)ml2 transgenic zebrafish (nexmifa mutant) to
characterize PMN morphology. The selected sgRNA-Cas9 system
effectively inserted a 159 bp frameshift mutation that prematurely
altered protein translation and produced a truncated protein
(Figure 2). There was no obvious difference in appearance
between the two groups of zebrafish in the bright field
(Supplementary Figure S1). In order to better understand the
morphological changes of motor neurons, firstly, we drew a
schematic for three different PMNs in one hemisegment in
the spinal cord (Figure 3A). Secondly, we observed abnormal
PMNs at 48 and 72 hpf under fluorescence microscope. We
found the abnormalities in nexmifa mutant included the loss
of Cap and/or Mip, motor neuron loss, reduced Cap length,
and abnormal Cap branches (Figure 3B). Statistical analyses
revealed the percentage of embryos with normal PMNs was lower
than controls (55.5% =+ 3.7% vs. 97% =+ 1.4%) at 48 hpf and
57.5% =+ 5.1% vs. 96% £ 1.9% at 72 hpf (Figure 3C). Cap
development was also restricted, e.g., the Cap length in axons in
nexmifa mutants was shorter than controls (103.8 um =4 29.3 um
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FIGURE 3 | Nexmifa affects motor neuron morphogenesis in nexmifa mutant zebrafish embryos. (A) The schematic for three different primary motoneurons (CaP,
MiP, and RoP) in fish. (B) Confocal imaging of primary motor neurons in control and nexmifa mutant groups at 48 and 72 hpf. Scale bar = 100 um (C) The
percentage of embryos with normal PMNs in control and nexmifa mutants at 48 hpf (n = 125 and 240, respectively) and 72 hpf (n = 132 and 235, respectively).
(D) Cap length in control and nexmifa mutants at 48 hpf (n = 20 and 31, respectively) and 72 hpf (n = 15 and 28, respectively). (E) Number of branches per 1 mm
Cap axon in control and nexmifa mutants at 48 hpf (n = 8 and 10, respectively) and 72 hpf (n = 9 and 12, respectively). Bar represent the mean + standard deviation
(SD). **p < 0.01.

vs. 173.5 pm =+ 10.6 pm) at 48 hpf. When embryos developed
to 72 hpf, mutant Cap lengths had grown, however, they
remained shorter than controls (130.8 wm =4 28.8 pwm vs.
203.8 pm = 13.7 wm) (Figure 3D). These observations indicated
that truncated axons had not completely recovered. In addition,
Cap branches were also abnormal between controls and mutants;
branch numbers were significantly lower in mutants than
controls (47 £ 11 vs. 160 = 17) at 48 hpf, and at 72 hpf, branches

were less than controls (95 & 21 vs. 175 = 19) and were more
disordered (Figure 3E).

To specifically confirm that motor neuron defects were caused
by nexmifa loss, we established a knockdown nexmifa fish
model by injecting a splice-blocking MO into one-cell stage
zebrafish embryos. At 72 hpf, post-nexmifa-MO injection, splice-
blocking MO effects were checked and quantitated by RT-
PCR, then confirmed by sequencing. MO-nexmifa generated a
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FIGURE 4 | Motor defects in nexmifa mutant zebrafish embryos at 7 dpf. (A) Thirty minutes of free movement trajectories of control and nexmifa mutants.
(B) Quantification of swimming distances of control and nexmifa mutants at 7 dpf per 5 min (n = 22 and 24, respectively). Each point represents the

larger alternatively spliced RT-PCR product [452 bp vs. 271 bp
(Control MO)] (Supplementary Figure S2B). After sequencing,
we confirmed that nexmifa-MO injection had caused intron
2 (181 bp) to be retained in nexmifa mRNA (Supplementary
Figure S2C), resulting in a reading frame shift to generate
successful nexmifa knockdown. We also investigated PMN
morphology in nexmifa-MO fish at 48 and 72 hpf; the results were
similar to those in nexmifa mutants. We also performed rescue
experiments by co-injecting nexmifa mRNA with nexmifa-
MO to confirm phenotypic changes induced by nexmifa-MO
injection. We observed that this strategy partly rescued abnormal
motor neuron (Supplementary Figure S3A). For example, the
percentage of normal embryos was recovered from 62.3% =+ 3.5%
to 75.5% =+ 4.0% at 48 hpf and 60.5% =+ 6.0% to 73.4% =+ 5.8%
at 72 hpf (Supplementary Figure S3B). Also Cap length was
recovered from 101.5 pum + 16.2 wm to 133.2 wm = 21.5 pm at
48 hpf and from 126.1 pm =+ 34.4 pwm to 175.6 pm =+ 25.6 um
at 72 hpf (Supplementary Figure S3C). The number of Cap
branches was also recovered from 57 + 12 vs. to 126 £ 29
at 48 hpf and from 88 + 21 to 119 £ 34 at 72 hpf,
and were less disordered than the nexmifa morphant group
(Supplementary Figure S3D).

Nexmifa Knockout Mutants Display
Impaired Motility

To investigate if motor neuron defects affected motor ability,
video-tracked swimming activities were performed for 30 min
at 7 dpf. As shown (Figure 4), movement trajectories in
nexmifa mutants were significantly decreased when compared
with controls (Figure 4A). The swimming distance per 5 min
decreased in nexmifa mutants when compared with controls
(Figure 4B), consistent with movement trajectories.

Transcriptomic Profiling of Nexmifa
Morphants and Control Zebrafish

To identify mechanisms where nexmifa may have affected motor
neuron morphogenesis, we performed RNA sequencing using
RNA samples from control and nexmifa morphant zebrafish at

72 hpf. We identified 6,556 differentially expressed genes (DEGs),
with 3,770 up-regulated and 2,786 down-regulated DEGs
between the two groups (fold change > 2 or < 0.5, p < 0.05)
(Figure 5A and Supplementary Table S2). According to Kyoto
Encyclopedia of Genes and Genomes (KEGG) annotations, many
DEGs were involved in axon guidance pathways and various
synaptic pathways. In particular, and according to Organismal
Systems, DEG numbers involved in axon guidance (84) were
the highest when compared with other groups (Figure 5B). We
also observed 45 down-regulated DEGs in the axon guidance
pathway (Figure 5C). Among these 45 DEGs, the top 3 genes
with the largest fold changes are efna5b, bmpr2b and semaé6ba.
To verify the reliability of RNA-seq, we not only further test the
expression of efna5b, bmpr2b and sema6ba but also test other
17 down-regulated DEGs randomly by qRT-PCR at 72 hpf. Then
we found the expression of the most genes including efna5b and
sema6ba were consistent with the RNA-seq results (Figure 6A).
Moreover, we test the expression of the above 20 genes between
Ctrl and nexmifa mutant by RT-PCR and gained the similar trend
change (Figure 6B).

Efna5b and Sema6ba Overexpression
Rescues the Motor Neuron Defects and
Impaired Motility in Nexmifa Mutant
Embryos

As the downregulation of efna5b and sema6ba in nexmifa loss
of function embryos, we hypothesized if nexmifa regulated
motor neurons in zebrafish by down-regulating efna5b and
sema6ba expression. To confirm this, we synthesized efna5b
and sema6ba mRNA in vitro, and injected molecules into the
yolk of a one-cell stage nexmifa mutant embryos. Then, we
found the relative mRNA expression of efna5b and sema6ba
were significantly up-regulated compared with nexmifa mutants
by qRT-PCR, which indicate the successful of overexpression
(Figures 7A-B). We observed nexmifa mutant embryos had
significantly reduced motor neuronal defects caused by nexmifa
loss (Figure 7C). Only 54.5% =+ 4.6% of embryos presented
normal PMNs in nexmifa mutants at 48 hpf, whereas this
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FIGURE 5 | Transcriptomics profiling in nexmifa morphant and wild-type zebrafish. (A) Volcano map showing DEGs in control and nexmifa morphants. Red and blue
spots represent up-regulated and down-regulated genes, respectively. (B) KEGG pathway annotation of DEGs in control and nexmifa morphants. (C) Heatmap
pathway differences between control and nexmifa morphants showing down-regulated genes in axon guidance.
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percentage increased to 73.3% =+ 7.9% after efna5b mRNA
injection and 76.7% =+ 7.9% after sema6ba mRNA injection
(Figure 7D). As shown (Figure 8A), the movement trajectory
was dramatically increased when the mutants were injected with
efna5b RNA or sema6ba RNA compared with that in the nexmifa
mutant at 7 dpf. Consistent with movement trajectory, the

swimming distances per 5 min was also dramatically increased
when the mutants were injected with efna5b RNA or sema6ba
RNA compared with that in the nexmifa mutant (Figure 8B). The
results demonstrated that efna5b and sema6ba overexpression
could rescue the motor neuron defects and impaired motility
which caused by loss of nexmifa.
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FIGURE 6 | The expression of 20 down-regulated DEGs. (A) Expression of 20
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non-significant. (B) Expression of 20 down-regulated DEGs between Ctrl and
nexmifa mutant by RT-PCR.

DISCUSSION

Previous studies demonstrated that nexmif was involved in
neurite morphological development, cell to cell and cell to
matrix adhesion, cell migration, and maintained normal synaptic
formation in neurons (Ishikawa et al., 2012; Magome et al., 2013;
Gilbert et al., 2020), however, little was known about nexmif
function in spinal motor neuron development. Additionally,
most studies have explored the in vitro effects of nexmif on
neurite morphology (Van Maldergem et al., 2013), but none
have done this in vivo. Here, our in vivo nexmifa expression
and deficiency phenotype data provided new insights on nexmifa
functions in regulating the morphogenesis of spinal motor
neuron in zebrafish.

In mouse brains, nexmif mRNA expression commences
as early as E10.5, increases throughout development and

peaking at P3, but continues at lower levels into adulthood
(Cantagrel et al., 2009; Ishikawa et al, 2012). Our WISH
data showed that almost all nexmifa was expressed in the
brain and spinal cord; expression was observed from 20 hpf,
whereas at 48 hpf, expression peaked and then gradually
decreased. These spatiotemporal expression patterns in zebrafish
were similar to mice. Furthermore, using flow cytometry,
we sorted motor neurons from the Tg(mnx1:GFP)ml2
transgenic zebrafish line as these motor neurons were
labeled by GFP. RT-PCR data showed that nexmifa was
highly expressed in GFP-positive cells, indicating that
nexmifa may directly regulate motor neuron development
in the spinal cord.

Embryo and larva motor neurons are similar in morphology
and projection patterns with respect to adult motor neurons.
All primary motoneurons are born between 9 and 16 hpf.
During PMN development, these cells extend their axons along
stereotyped pathways and develop branches to invade into
the myotome to form distributed neuromuscular synapses to
nerve musculature. At 48 hpf, the Cap somata are located
within a short distance of the ventral root, with axons
following a stereotyped pathway down the middle of the
segment, making a collateral or varicosity at the horizontal
septum. At the ventral edge of the musculature, each axon
turns dorsally and laterally grows along the rostral myoseptum
(Myers et al., 1986). At 72 hpf, exuberant branches are formed
and further invade into the myotome to form distributed
neuromuscular synapses (Liu and Westerfield, 1990; Downes
and Granato, 2004). To explore if nexmifa was involved in
the morphogenesis of motor neurons in the spinal cord, we
established knockout and knockdown fish models. Our data
showed that both models exhibited obvious motor neuron
loss and defects in PMN axons. Moreover, after coinjecting
nexmifa mRNA with nexmifa-MO, truncated Cap and disordered
branches were partly rescued. Thus, nexmifa helped regulate
axon morphology.

Motoneurons establish important connections between the
CNS and muscle. If they develop incorrectly, they cannot
form the required connections, resulting in movement
defects or paralysis (Hao le et al, 2017). Previous studies
showed several motor defects were related to abnormal
PMN development in zebrafish (Brusegan et al, 2012
Gong et al, 2017). In our study, impaired motility was
consistent with the motor neuron defects seen in nexmifa
knockout zebrafish.

Previous studies also showed that when motor neuron
dendrites are reduced, motoneurons receive less innervation,
leading to decreased activity (Gao et al., 2020; Zhu et al., 2021). As
swimming involves alternating side-muscle contractions caused
by alternating motor neuron activation, less active motor neurons
could lead to a reduction in alternating muscle contractions and
less distance moved (Hao le et al., 2017). Thus, we hypothesized
this impaired motility was due to a decreased number of
branches induced by nexmifa loss. Both musculature and motor
neuron are responsible for embryonic motility (Menelaou et al.,
2008), however, whether nexmifa affects muscle development
warrants further study.
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Many genes are involved in motor neuron development
via morphogenesis regulation (Dong et al., 2019; Koh et al,
2020). In this study, RNA-sequencing was performed on control
and nexmifa morphant embryos to explore nexmifa-mediated
morphogenesis mechanisms. Several DEGs were related to
CNS development, e.g., DEGs were involved in the axon
guidance pathway and various synapse pathways, consistent with
mouse data (Ishikawa et al., 2012; Gilbert et al., 2020). This
consistency not only indicated successful model establishment
(knockdown), but also demonstrated the conserved function
of nexmif. Of the 45 down regulated DEGs related to axon
guidance, efna5b, bmpr2b and sema6ba are the top three genes
with the largest fold changes. Using qRT-PCR at 72 hpf, we
found that expression of most DEGs including efna5b and
sema6ba were consistent with RNA-sequencing results, thereby
proving RNA-sequencing data reliability. Efna5b, or ephrin-A5b,
belongs to the family of epha, Eph receptor tyrosine kinases
and their cognate ligands. Ephrins are a important class of axon
guidance molecules (Lisabeth et al., 2013; Cayuso et al., 2015).
EphrinA6 drastically reduces BDNF-induced axon branching
(Poopalasundaram et al., 2011), whereas Caenorhabditis elegans
ephrin EFN-4 promotes primary neurite outgrowth in AIY
interneurons and D-class motor neurons (Schwieterman et al.,
2016). Sema6ba belongs to the semaphorins (Semas), another
large class of proteins that function throughout the nervous
system to guide axons. In Sema-2b loss-of-function embryos,
specific motor neuron and interneuron axon pathways display
guidance defects (Emerson et al, 2013). Sema5A was also
expressed in the myotome during the period of motor axon
outgrowth, the lack of sema5A in zebrafish result in delayed in
motor axon extension into the ventral myotome and aberrant
branching of these motor axons (Hilario et al, 2009). We
showed that nexmifa deficiency caused a significant decrease
in efna5b and sema6ba expression levels. Furthermore, efna5b
and sema6ba overexpression rescued the motor neuron defects
and inactive swimming behavior in nexmifa mutant embryos.
These data suggested that nexmifa regulated motor neuron
development, at least in part, by regulating efna5b and sema6ba
expression. In the future, we will perform dual-luciferase reporter
gene assays to confirm interactions between nexmifa and efna5b
and sema6ba.
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Vessels and nerves are closely associated in anatomy as well as functions. Accumulating
evidences have demonstrated that axon-guiding signals may affect endothelial cells
migration and path finding, which is crucial for the patterning of both the complex
vascular network and neural system. However, studies regarding the functional overlap
between vascular and neuronal orchestrating are still incomplete. Semaphorin6D
(SemaBD) belongs to the Semaphorin family and has been identified as an important
regulating factor in diverse biological processes. Its roles in vascular development are still
unclear. Here, we confirmed that sema6D is enriched in neural system and blood vessels
of zebrafish embryos by in situ hybridization. Then, the deficiency of sema6D caused
by specific antisense morpholino-oligonucleotides (MO) led to dramatic path finding
defects in both intersegmental vessels (ISVs) and primary motor neurons (PMNSs) of spinal
cord in zebrafish embryos. Furthermore, these defective phenotypes were confirmed
in FO generation of sema6D knockouts and rescue experiments by overexpression of
sema6bD mRNA in sema6D morphants. These data collectively indicate that sema6D
regulates zebrafish vascular patterning and motor neuronal axon growth in the spinal
cord, which might be of great therapeutical use to regulate vessel and nerve guidance in
the relevant diseases that affect both systems.

Keywords: endothelial cells, motor neuronal axon, guidance cues, path finding, zebrafish

INTRODUCTION

Vascular formation is an early and essential process during the development of vertebrate embryos
(Nikolova and Lammert, 2003). Vascular endothelial cells assemble into tubes and then couple into
an initial vascular pattern. The stereotypical wiring pattern of vessels is essential for its functions
and its abnormality is inextricably related to a wide range of diseases, including atherosclerosis,
hypertension, aneurysms, diabetic retinopathy, aneurysms, and tumor (Carmeliet, 2003). Although
studies on angiogenesis have made extraordinary progress, the detailed regulatory mechanisms
of vascular patterning remain to be fully explored (Patan, 2000; Makanya et al., 2009; Uccelli
et al., 2019). Vessels and nerves are closely associated in anatomy as well as functions. Increasing
reports have demonstrated that axon-guiding signals may affect endothelial cells migration and
path finding, which is crucial for the development of both the vascular and the nervous systems.
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However, studies regarding the functional overlap between
vascular and neuronal pathways are still limited and need
advanced research (Luo et al, 1993; Kolodkin and Tessier-
Lavigne, 2011).

Semaphorins that are expressed in most organs and tissues
were originally described as axon guidance in the hard wiring
of the nervous systems (Bussolino et al., 2006; Suchting et al.,
2006). However, increasing reports attested to the significance
of Semaphorinsin the development and regulation outside the
neuron system (Neufeld and Kessler, 2008; Capparuccia and
Tamagnone, 2009). Members of Semaphorins have been found
to regulate the cells motility during the development of nervous
(Sema3A, 3F, 4D, 6C, 7A), immune (Sema4D), reproductive
(Sema3), cancer (Sema3A, 4D) and vascular systems (Sema3A,
3E, 4D; Gherardi et al, 2004; Gu et al.,, 2005; Sakurai et al,,
2012; Acker et al, 2018; Elder et al, 2018; Ferreira et al,
2018). Semaphorins6D (Sema6D) is a member of Semaphorin
family and has been identified as an important regulating
factor in the development of the spinal cord, optic nerve,
heart, and tumor (Toyofuku et al., 2004a; Yazdani and Terman,
2006; Yoshida et al., 2006; Leslie et al., 2011; Peng et al,
2016). Additionally, Sema6D controls endothelial cell migration
during heart development, which may imply its potential role
in vascular development (Toyofuku et al., 2004a). However,
there is so far no data proving the pro-angiogenic effects of
Sema6D yet.

Zebrafish intersegmental vessels (ISVs) are an excellent
system to trace cell behavior and morphology in vivo by
expressing the fluorescent protein in transparent embryos
(Ellertsdottir et al, 2010). To further explore the function
of sema6D in vertebrate development, we investigated the
sequence homology, embryonic expression pattern, and function
of sema6D in zebrafish. The results present in this study have
shown that sema6D regulates zebrafish vascular patterning and
motor neuronal axon growth in spinal cord. The findings might
serve as a ground work for studying the molecular mechanism of
neurovascular communication, and might be of therapeutically
use to guide vessels and nerves in the relevant diseases that affect
both systems.

MATERIALS AND METHODS
Zebrafish Husbandry and Breeding

The study was conducted conforming to the local institutional
laws and the Chinese law for the protection of animals. All
adult zebrafish (Dario rerio) were maintained under standard
conditions in accordance with our previous protocols (Huang
et al,, 2013; Xu et al,, 2014). The AB/WT, Tg(kdrl:ras-mCherry)
and Tg(mnx1:EGFP) zebrafish used in this article have been
described previously (Nicoli et al, 2012; Jao et al, 2013).
Zebrafish embryos after 24 hpf were treated with 0.2 mM 1-
phenyl-2-thio-urea to prevent pigment formation.

Phylogenetic Analysis

The zebrafish sema6D protein sequences (NP_998164.3)
and  zebrafish  sema6dl  sequences (XP_005173705.1)
together with other nine species, including Bos taurus

(XP_024853302.1), Gallus gallus (XP_040562440.1), Homo
sapiens (XP_024305841.1), Mus musculus (XP_030105194.1),
Oryctolaguscuniculus (XP_017203544.1), Oryziaslatipes
(XP_011486693.1), Rattus norvegicus (XP_038960910.1),
Sus  scrofa  (XP_020951762.1), and Xenopus tropicalis
(XP_031753477.1) were got from NCBI and used for
phylogenetic analysis. The alignments of these sequences
were constructed by MEGA7and the phylogenetic tree was
constructed by ML.

RNA Isolation, Reverse Transcription (RT),
Polymerase Chain Reaction (PCR),
Quantitative RT-PCR, and RNA Probe

Transcription
Total RNA of zebrafish embryos at various stages was extracted
with TRizol according to the manufacturer’s instruction
(Invitrogen, Waltham, MA, USA) and genomic contaminations
were removed by DNasel. Quantity of isolated RNA was verified
using gel electrophoresis and Nanodrop, followed by ¢cDNA
synthesis using Transcriptor First Strand cDNA Synthesis Kit
(Roche), and then was stored at —20°C.

Primers for PCR were designed by the Primer Premier six
software and listed as following:

sema6D-QF: 5'-CCTCCTCCTATTCCTCTTCTGTT-3';

sema6D-QR: 5'-ACTACGGTGCGGTTCTTATGA-3;

efla-QF: 5'-GAGTTGTGCCGTACATCAG-3';

efla-QR: 5'-CGTGAGAGTACATGGTCATG-3'.

Quantitative RT-PCR was conducted in a total 20 L] reaction
volume with 10 pul SYBR premix (TTANGEN). The relative RNA
amounts were calculated with the comparative CT (2-DDCT)
method and normalized with elongation factor 1-alpha (efla) as
the reference. Whole-mount in situ hybridization (WISH) with
antisense RNA probes was synthesized as described previously
(Wang et al, 2016). The cDNA fragments used for sema6D
RNA probe transcription as templates were amplified using
the forward primer 5-CGACGGCTATCACTTCACTCT-3’and
reverse primer 5-TGGAACATTCTGACGGCTCTT-3. Then a
548bp sequence of serma6D was inserted into pGEM-T-easy
vector. Digxigenin (DIG)-labeled sense and antisense probes
were performed from the linearized pGEM-T-easy plasmids
using the DIG RNA Labeling Kit (Roche).

Whole Mount In situ Hybridization
Whole-mount in situ hybridization (WISH) was performed
according to our previous procedures (Huang et al, 2013).
Digoxigenin-labeled antisense probes were constructed as
described above. Zebrafish embryos without pigment at
different developmental stages were collected and fixed with
4% PFA overnight at 4°C. After incubated with the probe
overnight, an alkaline phosphatase-conjugated antibody against
digoxigenin and AP-substrate NBT/BCIP solution (Roche,
Switzerland) was used to detect the digoxigenin-labeled
RNA probe.

Morpholino and mRNA Injections
Splicing-blocking Morpholino (5- TGTGAGCTGAGTGAA
TGCAGACCT -3°) that was specific for sema6D gene was
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synthesized by Gene Tools. The Morpholino was diluted to
0.3 mM with RNase-free water. The single cell stage embryos
of Tg(kdrl:ras-mCherry) and Tg(mnx1:EGFP) zebrafish were
obtained for microinjections as described previously (Wanget al.,
2016). Then, the embryos were raised in E3 medium at 28.5°C for
following imaging.

sgRNA/Cas9 mRNA Synthesis and

Injections

Cas9 mRNA was obtained by in vitro transcription with
the linearized plasmid pXT7-Cas9 according to the procedure
previously described (Nakayama et al., 2013). The sema6D guide
RNA (gRNA; 5-GGCGTGGCAGAAGTAATGAGTGG-3’) was
designed and synthesized followed the previously reported
(Chang et al., 2013). Transgenic zebrafish lines Tg(kdrl:ras-
mCherry) and Tg(mnx1:EGFP) were natural mated to obtain
embryos for microinjection. One to two-cell stage zebrafish
embryos were injected with 2-3 nl of a solution containing
250 ng/pl Cas9 mRNA and 15 ng/pl sgRNA (Gong et al,
2017). At 72 hpf, 10 zebrafish embryos were randomly collected
and mixed for genomic DNA extraction according to the
previous methods (Gong et al, 2017). Then, the amplicons
from the genomic DNA were cloned into pGEM-T-easy vector
and after transformation, 50 clones were selected randomly
for sequencing. The inserted fragments were sequenced by
using the forward primer 5-CCTGTGCATATAGATTGTTG-
3’ and reverse primer 5-AAGTCTACAGACAGTAACG-3". The
mutation efficiency of Crispr-Cas9 was then calculated based on
the sequencing results (Wu et al., 2018).

Rescue Experiments

Full-length and truncated coding sequences of sema6D were
synthesized and inserted into PCS** vector as templates for
in vitro transcription. The mRNA synthesis was carried out
by using the mMESSAGEmMACHINESp6 Ultra Kit (Ambion)
and purified with the MEGAclearTM Transcription Clean-Up
Kit (Ambion) before the injection. Finally, 2 nl capped mRNA
was co-injected with serna6D Mo into one-cell stage embryos.
The flila:sema6D plasmid was constructed by LR recombination
as described in the LifetechMultiste Gateway Manual (Life
Technologies, Carls-bad, CA, USA). Then, the construct was
injected into one cell stage embryos of Tg(mnxI1:EGFP::kdrl:ras-
mcherry) zebrafish for tissue specific rescue experiments (1 ng per
embryo).

Microscopy and Statistical Analysis

After being anesthetized with tricaine, the zebrafish embryos
were mounted in 0.8% low melt agarose and then photographed
by Leica TCS-SP5 LSM confocal microscope. For the in situ
hybridization, Photographs were taken using an Olympus
stereomicroscope MVX10. Statistical analyses were performed by
one-way analysis of variance (ANOVA) and the Mann-Whitney
test. Statistical differences were considered significant for P-
values <0.05.

RESULTS

sema6D Gene Is Evolutionarily Conserved

in Vertebrates

To analyze the homology of zebrafish sema6D with other
homologous genes, the multiple alignments and phylogenetic
analyses of sema6D/sema6D] were performed with species
including Danio rerio, Bostaurus, Gallus gallus, Homo
sapiens, Musmusculus, Oryctolaguscuniculus, Oryziaslatipes,
Rattusnorvegicus, Sus scrofa, and Xenopus tropicalis. As shown in
Figures 1A,B, the sema6D proteins are significantly conserved
during evolution, especially for the sema domain, suggesting
their important functions. In addition, zebrafish sema6D was
clustered in a separate clade with Oryziaslatipes and was close
to Xenopus tropicalis in the phylogenetic tree constructed by
complete amino acid sequences of all the sema6D proteins above
(Figure 1C). Interestingly, the sema6DI, a sema6D isoform gene
in zebrafish, was clustered with sema6D from Oryziaslatipes,
suggesting it may not be functionally related to sema6D in
zebrafish.

Expression of sema6D Genes in Zebrafish
To explore the roles of semma6D during zebrafish embryonic
development, the expression level of sema6D was studied using
QRT-PCR and WISH. According to QRT-PCR results, sema6D
exhibited steady expression from 24 hpf to 96 hpf, with the
highest level at 72 hpf, followed by 96 hpf (Figure 2A). Then,
the spatial expression pattern of sema6D in early embryonic
development was further studied by WISH. From 24 hpf to
48 hpf, sema6D was mainly expressed in the nervous system
and also in the blood vessels (Figures 2B-D). Its expression in
the nervous system is much restricted to the brain and head
structures, being very weak in the spinal cord. Its expression
in the vascular system was mainly observed in the ISVs. To
further analyze the expression of sema6D in the zebrafish
vessels, the endothelial cells from Tg(flila:EGFP) were sorted for
RT-PCR (Figure 2E). The results showed that both flila and
sema6D were detected in the selected endothelial cells, which
was consistent with the previously reported single-cell RNA
sequencing data of zebrafish endothelial cells (Shi et al., 20205
Figure 2F; Supplementary Table S1). Besides, mef2aa, which
is specifically expressed in somite and heart, was chosen as a
negative control to validate the purity of selected cells (Lv et al.,
2017). The results showed that no mef2aa signals were detected
in the sorted EGFP-positive cells (Figure 2F). Taken together,
these results suggested that sema6D might participate in the
development of zebrafish vessels and nerves.

Deficiency of sema6D Caused
Developmental Defect of PMNs

Considering the significant expression of sema6D in
the zebrafish brain, it is rational to speculate it might
modulate the development of neural system. To validate the
hypothesis, specific morpholino antisense oligonucleotide
(serna6D-MO) was used to knockdown the expression
of sema4D in Tg(mnxI:EGFP) transgenic zebrafish.
The results of c¢DNA amplification provided evidence
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that the injection of sema6D-MO efficiently altered the
transcription pattern of sema6D (Supplementary Figure
S1). Themorphology of PMNs was examined by confocal
microscopy at 48 and 72 hpf. Although the morphant
zebrafish embryos grossly appeared normal, the deficiency
of sema6D caused dramatic developmental defects of
PMNs (Figure 3A). Compared with the controls, the
development of caudal primary motor neurons (Caps)

was significantly inhibited at 48 hpf, where the average
length of CaPs in the sema6D morphants was particularly
shorter than that of the control groups (Figure 3B). At
72 hpf, although the length of CaP in the morphants
were similar to the controls, the axonal trajectories of
PMNs were significantly misled and many of the truncated
axons in the sema6D deficient zebrafish could not recover
completely (Figure 3C). Moreover, the number of CaP
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branches in the morphants decreased obviously at 72 hpf
(Figure 3D). Taken together, these results suggest that
sema6D is required for the development and navigation
of neural networks.

Deficiency of sema6D Caused

Developmental Defects of Vascular Pattern
Since sema6D was found to express in zebrafish vessels, we
speculated that it might participate in the development of blood
vessel. To further explore the roles of sema6D in blood vessel
formation, the morphology of ISVs in sema6D knockdown
zebrafish was observed by confocal microscopy at different
stages. The results showed that the deficiency of sema6D resulted
in significant path finding defects of zebrafish ISVs, which was
consistent with observation in the development of motor neuron.
In control groups, ISVs grew from the dorsal aorta and reached
the dorsal roof in an orderly manner to form dorsal anastomotic
vessels (DLAV). In contrast, the ISVsin sema6D deficiency
zebrafish grew upwards halfway, then turned to connect with
adjacent ISVs disorderly, and could not form complete DLAV
(Figures 4A,B). In addition, a small number of ISVs which grew
only halfway or even less usually failed to cross the horizontal
myoseptum in the sema6D knockdown zebrafish (Figure 4C).
These results indicated that sema6D seems not necessary for the
initial stages of ISV's sprouting, but rather regulates the vascular
patterning.

Knockout of sema6D Caused Aberrant
Patterns of Both Nerves and Vascular
System

In order to confirm that sema6D is required for the development
of PMNs and ISVs, the CRISPR/Cas9 system was utilized
to knockout sema6D in Tg(mnx1:EGFP::kdrl:ras-mCherry)
transgenic zebrafish line. In order to ensure complete disruption
of functional proteins, the target sites near and downstream of
the translation start codon (ATG) of sema6D coding sequence
were selected for gRNAs design (Figure 5A). The editing
efficiency and the knockout patterns of the selected gRNA-Cas9
system were identified by sequencing (Figures 5B,C). It
was found that the phenotypes of PMNs and ISVs in the
FO generation of sema6D knockouts were consistent with the
deficient morphants by confocal imaging analysis (Figure 5D).
The PMNs were shorter and the axonal trajectories were
apparently misled in the FO knockouts (Figure 5E). Besides,
the disorganized vasculature was also observed (Figure 5F).
Furthermore, injection of sema6D gRNA without cas9 caused no
obvious developmental defects, confirming the phenotype was a
specific consequence of sema6D knockdown.

Overexpressing sema6D Partially Restored
the Defects of ISVs and PMNs in sema6D
Deficient Embryos

In order to confirm the defects of vascular and neuronal
development were specifically caused by sema6D deficiency,
the in vitro synthesized sema6D mRNA and sema6D-Mo were
co-injected into one cell stage zebrafish embryos. Confocal

imaging analysis revealed that the overexpression of sema6D
mRNA could greatly rescue the defective phenotypes of PMNs
and ISVs (Figures 6A-C) in sema6D deficient embryos.
In addition, single sema6D mRNA injection also caused
phenotypes of PMNs and ISVs, which are similar to those
in deficient morphant (Figures 6A-C). This result validated
that sema6D could regulate growing guidance of vessels and
neurons in zebrafish. To further investigate the consequences of
tissue specific rescue, sema6D was over-expressed in morphants
with the flila promoter. Comparing with the morphant,
embryos co-injected with sema6D-MO and flila:sema6D
plasmid exhibited rescue phenotypes (Figures 6D-F).
Taken together, these results suggested that endothelial-
derived sema6D were involved in both neural and vascular
development.

DISCUSSION

In this study, we found sema6D played a dual role in
regulating vascular and neuronal patterning for the first
time by using unique advantages of the zebrafish model.
First, detailed expression analysis confirmed that sema6D
is enriched in the neural system as well as blood vessels.
Then, the knockdown and knockout of sema6D disturbed the
pattern of both ISVs and PMNs, suggesting a requirement
for sema6D in guiding endothelial cells and neurons during
zebrafish embryonic development. Furthermore, overexpression
of sema6D in whole embryos and endothelial cells both
significantly relieved the aberrant phenotypes of vessels and
nerves in sema6D morphants, validating that endothelial-derived
sema6D is of great importance to the development and patterning
of embryonic nervous and vascular system in zebrafish.
Semaphoring signaling was initially recognized in guiding
axon growth (Chisholm and Tessier-Lavigne, 1999; Goodman
et al, 1999). However, recent studies have focused its roles
outside the neural system. Sema6D belongs to the semaphore in
family, which exerts its function in either cell-cell interaction or
a long distances manner by releasing its extracellular domains
(SEMA+PSI domains) from the cell surface as a secreted cytokine
(Toyofuku et al., 2004a,b; Peng et al, 2016). Thus, sema6D
may perform diverse important functions during development
processes. Furthermore, sema6D and its receptor Plexin-A1l were
found to promote endocardial cells migration during heart
development in combination with VEGFR?2, suggesting it may
function as a proangiogenic factor (Toyofuku et al., 2004a; Sun
et al.,, 2019). However, there is so far no data on the regulation
of vascular development by sema6D. Here, our WISH results
showed that sema6D was not only expressed in the nervous
system, but also in the ISVs, suggesting sema6D may participate
in the vascular development of zebrafish. Our knock-down study
provides first in vivo evidence supporting the expectation. The
deficiency of sema6D resulted in abnormal ISVs patterning
in zebrafish embryo. This result is consistent with previous
studies, which have suggested that the organization of vascular
system share various common guiding factors involved in nerves
network (Sakurai et al., 2012; Zhang et al., 2020). However, there
is another sema6D related gene in zebrafish, sema6DI, whose
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FIGURE 3 | Primary motor neuron morphogenesis defects in the sema6D knockout zebrafish. (A) Confocal imaging analysis of PMNs in control and sema6D
knockout groups at 48 and 72 hpf. (B) The statistical analysis of the length of each cap axon in the control and sema6D morphants at 48 and 72 hpf (n = 7). The
length of five cap axon was measured in each zebrafish and the average was used. Mann-Whitney test, P = 0.0012. Values with ** above the bars are significantly
different (P < 0.01). (C) The statistical analysis of the ratio of Caps across different segments in the control and sema6D morphants at 48 and 72 hpf (n = 8).
Mann-Whitney test, P = 0.0007. Values with *** above the bars are significantly different (P < 0.001). (D) The statistical analysis of the number of branches in one cap
axon in the control and sema6D morphants at 48 and 72 hpf. The number of branches in each cap axon was measured in five axon of each zebrafish and the
average was used. Mann-Whitney test, 48 hpf: P = 0.0017; 72 hpf: P = 0.0012. Values with ** above the bars are significantly different (P < 0.01).

function is unclear. Interestingly, our evolutionary analysis  but with other species, suggesting it may not be functionally
showed that sema6DI did not cluster with sema6D in zebrafish  related to sema6D in zebrafish. Furthermore, previous reports
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FIGURE 4 | Deficiency of sema6D caused aberrant vascular networks. (A) Confocal imaging analysis of ISVs in the control and sema6D-MO embryos at 48 and

72 hpf. (B) The statistical analysis of the ratio of vessels that span different segments in the control and sema6D morphants at 48 and 72 hpf (n = 7). About

9-12 ISVs were used for statistics per zebrafish. Mann-Whitney test, P = 0.0012. Values with ** above the bars are significantly different (P < 0.01). (C) The statistical
analysis of the ratio of shorter vessels in the control and sema6D morphants at 48 and 72 hpf (n = 7). About 9-12 ISVs were used for statistics per zebrafish.
Mann-Whitney test, 48 hpf: P = 0.0006; 72 hpf: P = 0.0012. Values with ** and *** above the bars are significantly different (P < 0.01 and P < 0.001, respectively).

have found that sema6DI was mainly expressed in the brain, lens,
vagal ganglion, and retinal ganglion cells, but not in the primary
motor neurons or the vascular system (Supplementary Table S1,
Ebert et al., 2012; Shi et al., 2020). It is rational to speculate there
is no redundant function between sema6D and sema6DI in PMNs

and ISVs development. Therefore, our data and previous studies
remind us that sema6D might contribute to the endothelial cell
formation and path finding.

Although sema6D has been validated in regulating specific
axons projection as a guidance cue, its functional roles in
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FIGURE 5 | Knockout of sema6D caused both aberrant phenotypes in PMNs and ISVs. (A) Schematic diagram showing the targeting site of the gRNA on the
sema6D gene. Starting codon (ATG) site is indicated by arrow. (B) The statistics of the ratio of wildtype to mutant sequences (n = 50). (C) Knockout patterns of
sema6bD-gRNA/cas9-injecting embryos by sequencing. (D) Confocal imaging analysis of primary motor neurons and intersegmental vessels in control and the

FO generation of the injected Tg(mnx1:EGFP::kdrl:ras-mCherry) zebrafish at 48 hpf, blue arrowheads indicate aberrant PMN and ISV. (E) The statistical analysis of the
ratio of aberrant axonal projection of Caps (P = 0.0006) and short Caps (P = 0.0006) in the wild, FO knockouts, and cas9 negative control at 48 hpf (n = 7). About
9-11caps were used for statistics per zebrafish. Mann-Whitney test. Values with *** above the bars are significantly different (P < 0.001). (F) The statistical analysis of
the ratio of vessels that span different segments (P = 0.0006) and the ratio of proliferated vessels (P = 0.006) in the wild, FO knockouts, and cas9 negative control at
48 hpf (n = 7). About 9-12 ISVs were used for statistics per zebrafish. Mann-Whitney test. Values with *** above the bars are significantly different (P < 0.001).
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FIGURE 6 | Overexpressing sema6D partially restored the defects of PMNs and ISVs in sema6D-deficient embryos. (A) Confocal imaging analysis of PMNs and
ISVs in control, sema6D-MO, and sema6D-mRNA injected embryos at 48 hpf. Blue arrowheads indicate aberrant PMNs and ISVs. (B) The statistical analysis of the
ratio of aberrant axonal projection of Caps (P = 0.0006) and short Caps (P = 0.0006) in sema6D-MO, m-MO-+sema6D-mRNA, and sema6D-mRNA injected embryos
at 48 hpf (n = 7). About 9-11 caps were used for statistics per zebrafish. Mann-Whitney test. Values with *** above the bars are significantly different (P < 0.001). (C)
The statistical analysis of the ratio of vessel that span different segments (“**P = 0.0006; *P = 0.0291) and the ratio of ectopic vessels (P = 0.0006) in the
semabD-MO, m-MO+sema6D-mRNA, and sema6D-mRNA injected embryos at 48 hpf (n = 7). About 9-12 ISVs were used for statistics per zebrafish.
Mann-Whitney test. Values with *** above the bars are significantly different (P < 0.001). Value with “ns” above the bars indicated no significantly different. (D)
Confocal imaging analysis of PMNs and ISVs in control, sema6D morphants, and sema6D morphants with flila:sema6D plasmid at 48 hpf. (E) The statistical analysis
of the ratio of aberrant axonal projection of Caps (P = 0.0012) and the length of Caps (P = 0.0047) in the sema6D morphants and sema6D morphants with
flila:sema6D plasmid at 48 hpf (n = 7). About 9-11 caps were used for statistics per zebrafish. Mann-Whitney test. Values with ** above the bars are significantly
different (P < 0.01). (F) The statistical analysis of the ratio of vessels that span different segments (P = 0.0006) and the ratio of ectopic vessels (P = 0.0006) in the
sema6D morphants and sema6D morphants with flila:sema6D plasmid at 48 hpf (n = 7). About 9-12 ISVs were used for statistics per zebrafish. Mann-Whitney test.
Values with *** above the bars are significantly different (P < 0.001).
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animal motor neurons development remain unclear (Kimura
et al., 2007; Kuwajima et al, 2012; Key et al, 2013). Here,
our study demonstrated that sema6D is of great importance
to the development of embryonic motor neurons in zebrafish.
The deficiency of sema6D could lead to obvious motor neuron
defects, including the inhibition of Caps growth and reduced
branching of CaP axons. Meanwhile, the absence of sema6D
caused dramatic aberrant patterning of PMNs, suggesting
sema6D could regulate motor neurons path finding as a
guidance signal. Interestingly, the previous report and our
in situ hybridization results demonstrated that the expression
of sema6D was not significant in the spinal cord (Kucenas
et al, 2009). An important question is how does sema6D
participate in motor neurons especially Cap axon guidance?
From our results, the deficient phenotypes of PMNs are
not always accompanied by abnormal ISVs, indicating the
motor neurons defects are not the consequence of the
aberrant vascular patterning. Another hypothesis is that sema6D
acts as a guidance cue, which requires the receptors on
motor neurons. Accordingly, a recent report demonstrated
knockdown of plexin Al leads to axons defect in somites,
which is similar to our phenotypes (Dworschak et al., 2021).
Furthermore, previous study in mouse also showed that
developing embryonic but not mature adult blood vessels
expressed Plexin-Al andPlexin-Al injected led a significant
number of abnormal angiogenic spouts in zebrafish ISVs
(Jacob et al., 2016). Therefore, our data and previous studies
remind us that sema6D might contribute to the PMNs
and ISVs patterning by binding to plexin Al on motor
neurons as well as endothelial cells. To further explore the
relationship between the vascular and PMNs phenotypes, the
tissue-specific rescue experiments were performed. The results
showed that overexpressing sema6D in endothelial cells partially
rescued the deficient phenotypes in the morphants, indicating
endothelial-derived sema6D contributes to the development
and patterning of embryonic nervous and vascular systems in
zebrafish.

In summary, the present study identified the essential
and multifunctional roles of sema6D during the embryonic
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Protein Tyrosine Phosphatase
Receptor Type D Regulates
Neuropathic Pain After Nerve Injury
via the STING-IFN-I Pathway

Chengkuan Sun, Guangzhi Wu, Zhan Zhang, Rangjuan Cao* and Shusen Cui*

Department of Hand Surgery, China-Japan Union Hospital of Jilin University, Changchun, China

Neuropathic pain is usually caused by injury or dysfunction of the somatosensory
system, and medicine is a common way of treatment. Currently, there are still no
satisfactory drugs, like opioids and lidocaine, which carry a high risk of addiction.
Protein tyrosine phosphatase receptor type D (PTPRD) is a known therapeutic target in
addiction pathways and small molecule inhibitors targeting it, such as 7-butoxy illudalic
acid analog (7-BlIA), have recently been developed to tackle addition. PTPRD is also
upregulated in the dorsal root ganglion (DRG) in a rat model of neuropathic pain, but is
not yet clear whether PTPRD contributes to the development of neuropathic pain. Here,
we established a chronic constriction injury (CCIl) and evaluated PTPRD expression
and its association with neuropathic pain. PTPRD expression was found to gradually
increase after CCl in DRGs, and its expression was concomitant with the progressive
development of hypersensitivity as assessed by both mechanical and thermal stimuli.
Both PTPRD knockdown and administration of PTPRD inhibitor 7-BIA alleviated CCI-
induced neuropathic pain while upregulating STING and IFN-a in the DRG. Treatment
with H-151, a STING inhibitor, abolished the analgesic effects of PTPRD knockdown.
Taken together, our study suggests that increased levels of PTPRD in the DRG following
CCl are involved in the development of neuropathic pain via the STING-IFN-I pathway.
7-BIA, a small molecule inhibitor of PTPRD with anti-addiction effects, may represent
a novel and safe therapeutic strategy for the clinical management of neuropathic pain
without the risk of addiction.

Keywords: protein tyrosine phosphatase receptor type D, neuropathic pain, chronic constriction injury, stimulator
of interferon genes, type | interferon

INTRODUCTION

Neuropathic pain is a type of chronic pain caused by injury or dysfunction of the somatosensory
system and can dramatically influence the quality of the life of affected patients (Baron et al., 2010;
Cohen and Mao, 2014; Braden et al., 2020). Neuropathic pain is estimated to constitute a fifth
of all chronic pain cases (Fillingim et al., 2016; Bouhassira, 2019). Diabetes, nerve compression,
infection, or trauma, neuroma, and autoimmune diseases causing ectopic neural activity in the
dorsal root ganglion (DRG) or dorsal horn of the spinal cord may induce neuropathic pain (Cohen
and Mao, 2014; Wang et al., 2018; Dai et al,, 2020). A number of previous studies investigating
the mechanisms underlying neuropathic pain (Campbell and Meyer, 2006; Bannister et al., 2020)
indicated that the DRG plays a vital role in the progression of neuropathic pain in the peripheral
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nerve system (Berta et al., 2017). Following peripheral nerve
injury, a series of pathological changes involved in sensitization
of nociceptive pathways occur in the DRG, including activation
of ion channels, glial, and immune cells (Scholz and Woolf, 2007;
Yeh et al., 2020; Finnerup et al., 2021). Treatment of neuropathic
pain remains a challenge, as patients often only experience
insufficient pain relief. This might be due to a heterogeneity
of chronic neuropathic pain mechanisms. Additionally, some
patients prescribed opioids such as morphine exhibit severe side
effects, including drug addiction (Cooper et al., 2017). Therefore,
novel satisfactory treatment options for the clinical management
of neuropathic pain are urgently required.

Protein tyrosine phosphatase receptor type D (PTPRD), a
member of the leukocyte common antigen-related receptor
(LAR) family located on human chromosome 9, was first
discovered in 1990 (Krueger et al, 1990). PTPRD is a
transmembrane protein with extracellular immunoglobulin and
fibronectin domains and contributes to cell adhesion and
synaptic specificity (Pulido et al, 1995; Song et al., 2016).
Previous studies have shown that PTPRD may be involved
in several disorders of the central nervous system, including
Alzheimer’s disease, mood lability, restless legs syndrome, and
vulnerability to addiction (Wang and Bixby, 1999; Ensslen-
Craig and Brady-Kalnay, 2004; Vellieux and d’Ortho, 2020).
Inhibition of the phosphatase activity of PTPRD has previously
been shown to reduce addiction to cocaine (Uhl et al., 2018),
suggesting that PTPRD could represent a therapeutic target for
addiction disorders.

Interestingly, PTPRD is also significantly upregulated in
DRGs following chronic constriction injury (CCI) in rats (Cao
et al, 2019; Sun et al, 2020). CCI represents a classical
model for neuropathic pain, following which animals exhibit
hypersensitivity to mechanical and thermal stimuli (Decosterd
and Woolf, 2000; Challa, 2015; Gopalsamy et al., 2019; Guida
et al, 2020). Despite initial insights into an upregulation
of PTPRD in DRGs following CCI, the temporal dynamics
of expression changes and whether PTPRD was involved in
development and onset neuropathic pain remained unknown.
In this study, we found that PTPRD expression gradually
increased in DRG after CCI in mice, consistent with previous
reports in rats, and PTPRD upregulation coincided with the
onset of hypersensitivity. PTPRD inhibition using shRNA or
small molecule inhibitor 7-butoxy illudalic acid analog (7-BIA)
ameliorated neuropathic pain which suggested that PTPRD
played a key role in mediating neuropathic pain following nerve
injury. As PTPRD has previously been identified as a target for
addiction treatment, our study suggests that it may represent a
safe analgesic therapeutic strategy for the clinical management of
neuropathic pain with low addiction risk.

MATERIALS AND METHODS

Animals
All animal experiments were approved by the Institutional
Animal Care and Use Committee in Jilin University and complied

with relevant ethical guidelines. C57BL/6 male mice weighing 18-
20 g were purchased from the Animal Centre of Jilin University.
All mice were housed at 25°C in a humidity-controlled room
on a 12 h light-dark cycle with ad libitum to food and water.
Experiments were conducted on mice aged between 8 and
12 weeks old. Animals were randomly assigned to a treatment
group and were allowed to acclimatize to experimental conditions
for 3 days before the experiments.

Reagents and Drug Delivery

Our study used H-151 (10 nM, MedChemExpress, HY-112693)
and 7-BIA (10 or 20 mg/kg, MedChemExpress, HY-115496).
Both reagents (H-151, 7-BIA) were diluted in 10% DMSO and
90% corn oil. H-151 was administered via intrathecal injection.
All intrathecal injections were performed under brief anesthesia
induced by isoflurane. Briefly, a small area was shaved on the
back of the animal and a spinal puncture was carried out at L4-
L5 using a microsyringe needle to deliver a maximum of 10 pl
reagents into the subarachnoid space. A tail movement confirmed
a successful intrathecal injection. 7-BIA was administrated by
intraperitoneal injection.

Chronic Constriction Injury

The CCI neuropathic pain model was induced in 8- to 10-week-
old male C57 mice under isoflurane anesthesia, as previously
described (Bennett and Xie, 1988; Gopalsamy et al., 2019).
Briefly, the right thigh was shaved and sterilized with iodophor.
A transverse incision was made under the long head of the biceps
femoris and the sciatic nerve was exposed via blunt dissection.
Under a microscope, three ligatures (8-0 Prolene) were placed
around the sciatic nerve 1 mm apart from proximal to the
trifurcation. Ligatures were loosely tied to prevent an arrest of the
epineural blood flow. In the sham group, the same procedure was
performed without ligation of the sciatic nerve.

Behavioral Testing in Mice

All sensory behavioral testing in mice was performed between
9 am and 6 pm in an isolated experimental room maintained
at 21-25°C. Mice were placed in the experimental room at
least 3 day prior to baseline behavioral testing and all tests
were performed by the same experimenter who was blinded to
treatment. To assay mechanical sensitivity, the paw withdrawal
threshold (PWT) of the hind paw was recorded using a series
of von Frey filaments (from 0.16 to 2.0 g, Aesthesio, UGO) by
perpendicular stimulation of the central plantar surface of the
paw at resting state. A positive response was recorded if the paw
was sharply withdrawn. To test the 50% PWT, we used the up-
down method, as previously described (Michaelidou et al., 2013).
Typically, 0.16 g filaments do not elicit paw withdrawal in mice
and were used to test the paw withdrawal frequency (PWE).
Mice were repeatedly stimulated 10 times, in 1 min intervals
(Aesthesio, UGO).

To assay temperature sensitivity, thermal paw withdrawal
latency (PWL) was assessed using a hot plate (BIO-CHP-ER,
Bioseb). Briefly, the mice were placed on a 52°C metallic plate
surrounded by an acrylic container. A sensory response was
recorded by flinching, licking one of the hind paws, or jumping.
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The test was stopped if the paw was not withdrawn within 20 s.
The hot plate test was repeated three times for each mouse, with
at least 20 min intervals between each repetition.

Motor coordination was evaluated by rotarod testing (Panlab,
LE8505), as previously described (Bohlen et al., 2009). Rotarods
were accelerated from 4 to 40 rpm over 300 s. Over the course of
3 days, each mouse underwent three trials per day separated by
15 min intervals. The fall latency was recorded on the third day.

Lentiviral Transduction

Two different target shRNAs were designed using BLOCK-iT™
RNAi Designer and cloned into the lentiviral EGFP-
expressing PLL3.7 plasmid. The shRNA sequences were as
follows: shPTPRD1, 5-GGTTCAGATGACTCCGGTTAC-3';
shPTPRD2, 5-GGTTGAAAGCAAATGATAA-3'. For lentiviral
packaging, plasmids containing shRNAs (including shRNAs
against PTPRD and scrambled shRNA) were transfected into the
packaging cell line 293T with the packaging plasmid psPAX2
(#12260, Addgene) and the envelop plasmid pMD2.G (#12259,
Addgene) at a ratio of 4:3:1. Viruses were harvested 48 or 72 h
later by filtering cell lysates with 0.45 pm filters (Millipore)
followed by ultracentrifugation for 4 h at 25,000 rpm (Beckman
SW28 rotor) and resuspension in phosphate-buffered saline
(PBS, 50 wl). The efficiency of the two shRNAs in 293T cells
was tested using quantitative real-time PCR (qRT-PCR) and
Western blotting.

Dorsal Root Ganglion Injection

DRG injections were performed as previously described (Fischer
et al., 2011). L4 and L5 vertebrae were exposed by a 2 cm
longitudinal incision and blunt dissection of multifidus and
longissimus lumborum muscles. The processus accessorius and
parts of the left processus transversus were removed to expose
L4/L5 DRGs. The spinal column was fixed in a stereotaxic
frame and lentiviruses (300 nL for each DRG) were injected at
30 nL/min using a 36 G NanoFil needle on a NanoFil syringe,
controlled by a micropump (World Precision Instruments,
Sarasota, FL, United States).

Immunohistochemistry

Mice were deeply anesthetized with isoflurane and perfused
via injection of 20 mL PBS followed by 4% paraformaldehyde
(PFA) into the ascending aorta. After perfusion, L-L5 DRGs
were removed and fixed in the pre-cooled 4% PFA. DRG
samples were dehydrated in a 30% sucrose solution, and
12 pm transverse sections were cut using a cryostat microtome
(CM1950, Leica, Germany). After washing sections three times
in PBS, tissues were permeabilized in 1% Triton X-100 at
room temperature and blocked with 5% BSA in PBS containing
0.5% Tween 20 (PBS-T). Samples were incubated with the
following primary antibodies overnight at 4°C: rabbit anti-
PTPRD (1:200; Novus, NBP2-94767), rabbit anti-NeuN (1:100,
CST, D4G40), mouse anti-Tujl (1:1000, Abcam, 2G10), mouse
anti-S1008 (1:1000, Sigma, $2532), or mouse anti-GFAP (1:200,
Abmart, MB0345S). The following day, sections were washed
three times in PBS-T, and primary antibodies were visualized
using secondary antibodies labeled with Alexa-488 and Alexa-546

(1:800; Invitrogen). Fluorescence (DM4B, Leica, Germany) and
laser scanning confocal microscopes (A1HD25, Nikon, Japan)
were used to capture images.

Western Blotting

Mice were deeply anesthetized with isoflurane and L4-L5 DRGs
were dissected and placed in RIPA assay lysis buffer (C50008,
Sangon Biotech). Protein concentration was measured using a
bicinchoninic acid (BCA) assay (P0010, Beyotime Biotechnology,
China). Proteins were separated by 10% SDS-PAGE and
transferred onto PVDF membranes. PVDF membranes were
blocked for 90 min at room temperature using 5% BSA in TBS-T
and subsequently probed with the following primary antibodies
at 4°C overnight: rabbit anti-PTPRD (1:1000, Novus, NBP2-
94767), rabbit anti-STING (1:1000, CST, D2P2F), or mouse
anti-GAPDH (1:1000, TransGen Biotech). The membranes were
subsequently incubated with horseradish peroxidase (HRP)-
conjugated secondary antibodies (1:1000, Beyotime) for 120 min
at room temperature. Finally, images were acquired using a
GS800 Densitometer Scanner. The optical density of protein
bands was quantified using Image], with GAPDH used as the
loading control to normalize protein expression levels. Each
experiment was repeated three times.

Quantitative Real-Time PCR Analysis

Total RNA from L4 to L5 DRGs or cells was extracted using the
Eastep™ Super Total RNA Extraction Kit (LS1040, Promega),
and ¢cDNA was synthesized using the Tranc-Script One-Step
cDNA Synthesis SuperMix (AT311, TransGen Biotech, China).
Primers (shown in Supplementary Table 1) were synthesized by
Genewiz Biotech. For PCR reactions, the TB Green™ Premix
Ex Taq™ (RR420A, TaKaRa) mix was used. PCR reactions
were carried out on a Real-Time PCR System (CFX96, Bio-
Rad, United States), and the 2=2 2 €' method was used
to calculate relative mRNA expression. mRNA levels were
normalized to Gapdh.

Enzyme-Linked Immunosorbent Assay
Levels of inflammatory cytokines IL-6, IL-1p, TNF-a, IL-10,
and IFN-a in DRG tissues were determined by enzyme-linked
immunosorbent assay (ELISA) according to the manufacturer’s
instructions (Anoric Bio-technology Co., Ltd., Tianjin, China).
Absorbance at 450 nm was measured using a microplate
reader (Thermo Fisher K3, United States). Each experiment was
performed three times.

Statistical Analysis

Statistical analysis was performed using SPSS 21.0 for windows
(SPSS, Inc., Chicago, IL, United States). All data are presented
as mean + SEM. Behavioral data were analyzed using two-way
ANOVAs followed by post hoc Tukey’s tests to compare multiple
groups. Unpaired Student’s t-tests were used for comparisons
between two groups. All experiments were performed at
least three times independently. P-values less than 0.05 were
considered statistically significant. Asterisks correspond to the
following significance levels: *p < 0.05, **p < 0.01, ***p < 0.001.
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RESULTS

Protein Tyrosine Phosphatase Receptor
Type D Expression Is Increased in DRGs

After Chronic Constriction Injury

RNA sequencing (RNA-seq) experiments previously indicated
that PTPRD is upregulated in rat DRGs 14 days after CCI
(Zhou et al., 2017; Cao et al, 2019; Sun et al., 2020). To
confirm these findings in mice and further investigate the role of
PTPRD in neuropathic pain, we established a mouse CCI model
(Figure 1A). Behavioral testing confirmed that the hot plate
test PWL was decreased after CCI surgery, indicating that the
induction of the neuropathic pain model was successful. Likewise,
von Frey filament tests demonstrated that the PWT decreased,
while the PWF increased, from day 3 to day 21 after CCI
surgery (Figures 1B-D). The above behavioral results indicated a
successful induction of neuropathic pain in mice following CCI.

We next evaluated which cells in the DRG expressed PTPRD
by co-staining sections from 7 days post CCI with PTPRD
and astrocyte marker GFAP, satellite glial cell marker S1008, or
neuronal marker Tuj1. This revealed that PTPRD was exclusively
expressed in DRG neurons (Figure 1E).

To investigate the temporal dynamics of PTPRD expression
in more detail, we conducted immunohistochemical staining on
sections collected before surgery (day 0) and on days 1, 3, 7, and
14 after CCI surgery. PTPRD exhibited only low expression in
the uninjured DRG (before surgery), but expression significantly
increased by day 7 and 14 after CCI (Figure 2A). We next
validated our immunohistochemistry results by Western blotting.
Western blotting indicated that PTPRD expression was slightly
elevated by day 3 and significantly increased by days 7 and 14
after CCI (Figures 2B,C). Importantly, the expression of PTPRD
in contralateral DRGs did not change and was maintained at basal
levels for each timepoint we evaluated (Figures 2D,E). These
results suggested a potential correlation between elevated PTPRD
protein levels and the onset of neuropathic pain.

Knockdown of Protein Tyrosine
Phosphatase Receptor Type D
Ameliorates Chronic Constriction

Injury-Induced Neuropathic Pain

To confirm whether PTPRD participated in the development
neuropathic pain following CCI, we generated lentiviruses
containing one of two PTPRD-targeting shRNAs (shPTPRD-
1 and shPTPRD-2) or a control shRNA (shCtrl). The
silencing efficiency of the two shPTPRDs was assessed by
qRT-PCR (Supplementary Figure 1A) and Western blotting
(Supplementary Figures 1B,C), and shPTPRD-2 was chosen
for subsequent experiments as it performed better. Viruses
containing shCtrl or shPTPRD-2 (shPTPRD in short hereafter)
were injected into L4-L5 DRGs. DRGs were isolated and stained
14 days after transfection, which revealed that the majority of
NeuN" DRG neurons were successfully transfected (Figure 3A).
qRT-PCR confirmed an in vivo PTPRD mRNA silencing
efficiency of 75.11 & 2.55% (Figure 3B). The silencing ability

of shPTPRD was further tested by Western blotting, which
showed a 46.83 £ 4.12% decrease in PTPRD protein levels
(Figures 3C,D). These results showed that the lentiviral shRNA
delivery successfully knocked down RNA and protein levels of
PTPRD in DRG tissues in vivo.

We next went on to assess the impact of PTPRD knockdown
on development of neuropathic pain. Fourteen days before CCI,
baseline performance (BL) in the von Frey and heat plate tests
was recorded, after which lentiviruses containing shRNAs were
administered. After injection, mice were allowed to recover for
14 days. Behavioral tests were then again conducted prior to
CCI surgery (day 0) or 1, 3, 5, 7, 14, and 21 days after surgery
(Figure 3E). shPTPRD did not influence mechanical or thermal
sensitivity prior to CCI, with animals showing similar PWT,
PWL, and PWF compared to shCtrl-injected animals 14 days
after lentiviral injection, which suggested that PTPRD did not
participate in modulating or inducing neuropathic pain under
physiological condition. In the shCtrl group, mechanical and
thermal hypersensitivity were observed as early as 1 day after
CCI and lasted for 21 days, when animals were sacrificed.
Conversely, PTPRD silencing significantly attenuated mechanical
and thermal hypersensitivity (Figures 3F-H). Knockdown
of PTPRD did not alter motor behaviors (Supplementary
Figure 2A). The above results suggested that upregulation of
PTPRD participated in the development of neuropathic pain
following CCI in mice.

Protein Tyrosine Phosphatase Receptor
Type D Knockdown Increases IFN-«
Levels in the Dorsal Root Ganglion After

Chronic Constriction Injury

We subsequently aimed to investigate the molecular mechanism
through which PTPRD contributed to the development of
neuropathic pain. Previous studies suggested that inflammation
and the balance of pro- and anti-inflammatory cytokines
play an important role in regulating neuropathic pain in
injured nerves (Xu et al, 2018; Zheng et al, 2019). We
hypothesized that the amelioration of neuropathic pain following
PTPRD knockdown in CCI mice was associated with changes
in neuroinflammation. To test this hypothesis, we evaluated
levels of multiple inflammatory cytokines 7 days after CCI
using ELISA (Figure 4A). DRG levels of IL-6, IL-1B, TNEF-
o, and IL-10 were not significantly altered following PTPRD
knockdown (Figures 4B-E). Conversely, levels of IFN-o were
significantly increased (Figure 4F) compared to shCtrl DRGs.
These results were confirmed by qRT-PCR (Figure 4G). Based
on this finding, we aimed to determine how PTPRD was
involved in the regulation of IFN-a expression in the DRG
after CCIL. Previous reports have described that mitochondrial
antiviral signaling protein (MAVs), acid-inducible gene I (RIG-
I), stimulator of interferon genes (STING), Toll-like receptor-
7 (TLR-7), and Toll/IL-1 receptor domain-containing adaptor
(TRIF) can promote the release of IFN-1. We therefore assessed
mRNA levels of these potential upstream regulators by qRT-
PCR and found that the expression of STING, but not MAVs,
RIG-1, TLR-7, or TRIF, was increased after PTPRD knockdown
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FIGURE 1 | Chronic constriction injury induces neuropathic pain and PTPRD is expressed in DRG neurons. (A) Schematic overview of the CCl-induced neuropathic
pain model. (B-D) Paw withdrawal latency (PWL), paw withdrawal threshold (PWT), and paw withdrawal frequency (PWF) before the surgery (BL) and 1, 3, 5, 7, 14,
and 21 days after CCIl. N = 6 mice per group, **p < 0.01, **p < 0.001. (E) Representative images of PTPRD co-staining with GFAP, S1008, or Tuj1 in DRG
sections 7 days after CCI. Scale bars, 100 um. Statistical comparisons were performed by two-way ANOVA with Tukey’s post hoc test (B-D).
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FIGURE 2 | Protein tyrosine phosphatase receptor type D expression levels are increased in the DRG after CCl. (A) Representative images of DRG sections stained
for PTPRD (red) and Tuj1 (green) in the indicated groups. Scale bars, 100 um. (B) Western blot of PTPRD levels in ipsilateral DRGs (L4-L5) at O, 1, 3, 7, and 14 days
after CCl. Each experiment was repeated three times. (C) Quantitative analysis of data in (B). N = 3, **p < 0.01, ***p < 0.001. (D) Western blot of PTPRD levels in
contralateral DRGs (L4-L5) at O, 1, 3, 7, and 14 days after CCIl. Each experiment was repeated three times. (E) Quantitative analysis of data in (D). N = 3, p > 0.05.
Statistical comparisons were performed by unpaired Student’s ¢-test (C,E).
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NeuN staining (red) 14 days after shPTPRD injection in the DRG. Scale bar, 100 wm. (B) gRT-PCR analysis of the relative expression of PTPRD in DRGs transfected
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FIGURE 4 | Protein tyrosine phosphatase receptor type D knockdown increases IFN-a and STING levels in the DRG after CCI. (A) Schedule of lentivirus
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analysis of data in (H). CCI + shPTPRD vs. CCl + shCtrl, N = 3, **p < 0.001. Statistical comparisons were performed by unpaired Student’s t-test (B=H,J).

(Figure 4H). Consistently, Western blotting also demonstrated
an enhanced protein expression of STING in shPTPRD DRGs
(Figures 4L,)).

Protein Tyrosine Phosphatase Receptor
Type D Regulates Chronic Constriction
Injury-Induced Neuropathic Pain via the
STING-IFN-I Pathway

To confirm whether the development of neuropathic pain
caused by PTPRD was mediated via the STING-IFN-I pathway,
we intrathecally administered animals with the STING-specific
palmitoylation inhibitor H-151 at 7 days after CCI, when
hypersensitivity had typically already improved in PTPRD
knockdown mice (Figure 5A). As early as 4 h after the injection,
the attenuation of hypersensitivity in shPTPRD animals was
reversed and no differences in PWT, PWL, and PWF were

observed between the control and shPTPRD + H-151 groups.
This effect lasted for 48 h (Figures 5B-D). Therefore, H-
151 administration disrupted the increased expression and
secretion of IFN-a (Figures 5E,F), suggesting that PTPRD
mediated neuropathic pain via the STING-IEN-I pathway in
mice following CCL

Protein Tyrosine Phosphatase Receptor
Type D Inhibitor 7-Butoxy llludalic Acid
Analog Alleviates Neuropathic Pain in

Mice Following Chronic Constriction

Injury

7-Butoxy illudalic acid analog is a small molecule drug recently
synthesized to specifically target PTPRD as part of addiction

therapy. Here, we investigated whether 7-BIA could also serve
as a treatment for neuropathic pain. Seven days after CCI
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surgery, we intraperitoneally (i.p.) administered 7-BIA at 10
and 20 mg/kg and performed behavioral testing at 1.5, 6, 24,
and 48 h after injection (Figure 6A). 7-BIA elicited a dose-
dependent analgesic effect in CCI mice as early as 1.5 h after
i.p. injection and lasted for 24 h, reducing both mechanical
and thermal sensitivity (Figures 6B-D). Additionally, 7-BIA
treatment resulted in increased DRG IFN-a levels after CCI
(Figure 6E) as well as significantly increased protein levels of
STING in the DRG (Figures 6F,G). Animals exhibited no changes
in motor coordination (Supplementary Figure 2B). Together,
these results suggested that PTPRD might be involved in the

development of neuropathic pain, and its specific small molecule
inhibitor 7-BIA could represent a novel and safe treatment for the
clinical management of neuropathic pain without addiction risk.

DISCUSSION

Previous studies have reported an involvement of PTPRD in
various central nervous system disorders, including addiction
(Baron et al,, 2010; Cohen and Mao, 2014), but there have
been few reports on the role of PTPRD in the peripheral
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nervous system. A previous RNA-seq study found a significant
upregulation of PTPRD 14 days after induction of a chronic pain
model in rats, but it remained unknown whether this change
in expression was biologically meaningful and whether PTPRD
contributed to chronic neuropathic pain. In the present study,
we found that PTPRD was typically located in the cytoplasm
of Tujl™ neurons in the DRG and confirmed a significant
upregulation of PTPRD after CCI. Concomitantly with increased
expression of PTPRD, we observed behavioral changes and found

an increased sensitivity to mechanical and thermal stimuli, which
suggested that PTPRD expression levels might be associated
with the development of neuropathic pain following CCI. To
confirm this hypothesis, we performed PTPRD knockdown
using shRNA (shPTPRD) or the small molecule inhibitor 7-BIA,
which revealed that a reduction of PTPRD levels following CCI
effectively ameliorated neuropathic pain. Further investigating
the mechanisms underlying the involvement of PTPRD in
neuropathic pain, we found that PTPRD regulated this process
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via the STING-IFN-I pathway. Baseline PWT, PWL, and PWF
levels were unaltered after PTPRD knockdown prior to CCIL, but
significantly increased (PWT, PWL) or reduced (PWF) after CCI
surgery following shPTPRD treatment. DRG expression levels
of PTPRD were low under physiological levels and therefore
a knockdown may have had little influence on physiological
function. Conversely, the analgesic effect was observed after
CCI when expression of PTPRD was significantly upregulated
and maintained at high levels. These results indicated that
PTPRD might not participate in the regulation of pain sensitivity
under physiological conditions, but instead was only involved in
regulation of neuropathic pain following injury. There are many
neuropathic pain models including surgical models like CCI,
chemical pain models, and inflammatory pain models. Here, we
investigated the role of PTPRD in the CCI-induced neuropathic
pain, as CCI exhibits a similar pathophysiologic mechanism with
carpal tunnel syndrome, which is the most common peripheral
nerve chronic compression disease. However, it will be necessary
to further test the function of PTPRD in other pain models in
the later study.

Previous studies have shown that the development of
neuropathic pain is closely related to neuroinflammation (Penas
and Navarro, 2018; Yi et al., 2021). The expression of TNF-q,
IL-6, and other pro-inflammatory factors in the DRG have been
found to be increased after peripheral nerve injury (Sommer
et al., 2018). Our results showed that IFN-a was significantly
increased in DRG after both PTPRD knockdown or 7-BIA
administration, while levels of IL-6, IL-1f, TNF-a, and IL-10
were not affected. IFN-a is a type I interferon which acts as
an anti-inflammatory factor. Donnelly et al. (2021) previously
found that intrathecal injection of IFN-a following CCI in mice
prevented mechanical and thermal hypersensitivity. While these
results indicated that PTPRD might regulate neuropathic pain via
IFN-a. PTPRD is a phosphatase that is not thought to directly
regulate the release of IFN-a. STING is a DNA receptor located
in the intracellular endoplasmic reticulum (Rodero and Crow,
2016; Kwon and Bakhoum, 2020; Shi et al., 2021) and is involved
in the regulation of IFN-u release in the DRG. Interestingly, the
STING-IEN-I pathway has previously been shown to be a classic
pathway involved in the regulation of neuropathic pain (Donnelly
et al, 2021). We found that the expression of STING was
significantly increased after either PTPRD knockdown or 7-BIA
treatment, and therefore reasoned that PTPRD may influence
IFN-a levels via STING. Further investigation of the relationship
between PTPRD and STING will be of critical importance.
PTPRD consists of an extracellular domain, a transmembrane
protein structure, and an intracellular domain. The intracellular
domain of PTPRD acts as a phosphatase which can lead to
dephosphorylation of factors such as STAT3, PDGFR@, and
TBK1, amongst others (Tonks, 2006). Intriguingly, STING and
TBK1 have been shown to form oligomers and STING can be
phosphorylated by TBK1 (Bai and Liu, 2019). Based on these
prior findings, we propose an indirect relationship between
PTPRD and STING, for instance via TBK1, but this will need to
be confirmed in future studies.

7-Butoxy illudalic acid analog is a small molecule drug
targeting PTPRD that specifically inhibits the intracellular

phosphatase activity of PTPRD (Uhl et al., 2018). Animal studies
have confirmed the safety of 7-BIA, demonstrating repeated
intraperitoneal injections were neither toxic nor addictive.
Previous studies have shown that treatment of 7-BIA may relieve
cocaine addiction in mice (Uhl et al,, 2018). In our study, 7-
BIA treatment significantly increased the PWT and PWL, while
reducing the PWF following CCI in mice and exhibited an
analgesic effect, consistent with results from PTPRD knockdown.
The results of our study suggest that 7-BIA may represent a
potential drug for the clinical management of neuropathic pain
without addiction risk.

CONCLUSION

In conclusion, we found a critical role for elevated DRG
PTPRD levels in the development of CCI-induced neuropathic
pain in mice. Our results suggest that PTPRD knockdown
improved neuropathic pain via the STING-IEN-I pathway.
A small molecule-specific inhibitor of PTPRD, 7-BIA, effectively
prevented hypersensitivity after CCI and may represent a novel
therapeutic agent for clinical management of neuropathic pain.
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Primary sensory axons in adult mammals fail to regenerate after spinal cord injury
(SCI), in part due to insufficient intrinsic growth potential. Robustly boosting their
growth potential continues to be a challenge. Previously, we showed that constitutive
activation of B-RAF (rapidly accelerated fibrosarcoma kinase) markedly promotes axon
regeneration after dorsal root and optic nerve injuries. The regrowth is further augmented
by supplemental deletion of PTEN (phosphatase and tensin homolog). Here, we
examined whether concurrent B-RAF activation and PTEN deletion promotes dorsal
column axon regeneration after SCI. Remarkably, genetically targeting B-RAF and PTEN
selectively in DRG neurons of adult mice enables many DC axons to enter, cross,
and grow beyond the lesion site after SCI; some axons reach ~2 mm rostral to the
lesion by 3 weeks post-injury. Co-targeting B-RAF and PTEN promotes more robust DC
regeneration than a pre-conditioning lesion, which additively enhances the regeneration
triggered by B-RAF/PTEN. We also found that post-injury targeting of B-RAF and PTEN
enhances DC axon regeneration. These results demonstrate that co-targeting B-RAF
and PTEN effectively enhances the intrinsic growth potential of DC axons after SCI
and therefore may help to develop a novel strategy to promote robust long-distance
regeneration of primary sensory axons.

Keywords: spinal cord injury, primary afferents, glial scar, DRG, dorsal column axons, sensory axon regeneration,
conditioning lesion

INTRODUCTION

Adult mammalian central nervous system (CNS) neurons fail to regenerate their axons after
spinal cord injury (SCI). This regeneration failure is due to extrinsic inhibitory cues and glial
scar formation that hinder axonal re-growth by imposing physical and chemical barriers [for
reviews see Silver and Miller (2004), Geoffroy and Zheng (2014)]. The lack of a sufficiently robust
intrinsic regenerative response also substantially contributes to the inability of adult CNS neurons
to regenerate their severed axons across and beyond the lesion site [for reviews see Mar et al. (2014),
He and Jin (2016), Curcio and Bradke (2018)].

The pseudounipolar sensory neurons within the dorsal root ganglia (DRG) project a peripheral
branch that innervates muscle, skin, and joints and a central branch [also referred to as dorsal
column (DC) axons] that transmits information to the spinal cord and brainstem. In adults, a
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lesion to the peripheral branch prior to a lesion to the central
branch, known as a pre-conditioning lesion, initiates an intrinsic
regenerative response that enhances limited regeneration of DC
axons (McQuarrie and Grafstein, 1973; Richardson and Issa,
1984; Richardson and Verge, 1986; Neumann and Woolf, 1999).

Studies over the past decade have identified several molecules
that regulate intrinsic regeneration, including: phosphatase and
tensin homolog (PTEN) (Park et al., 2008; Liu et al., 2010), rapidly
accelerated fibrosarcoma kinase (B-RAF) (O’Donovan et al,
2014), suppressor of cytokine signaling 3 (SOCS3) (Smith et al.,
2009), Kriippel-like factors (KLFs) (Moore et al., 2009; Blackmore
et al,, 2012), c-myc (Belin et al., 2015), SRY-Box Transcription
Factor 11 (Sox11) (Wang et al., 2015; Norsworthy et al., 2017),
and Lin28 (Wang et al., 2018; Nathan et al.,, 2020). However,
the limited efficacy with which these molecules promote DC
axon regeneration following SCI emphasizes the urgent need
to identify additional molecules that can powerfully stimulate
robust, lengthy axon re-growth.

B-RAF is critical for neurotrophin-induced sensory axon
outgrowth (Markus et al., 2002; Zhong et al., 2007). We
demonstrated previously that constitutive, selective activation of
B-RAF in adult DRG neurons enables their axons to regenerate
into the spinal cord in adult mice after dorsal root injury
(O’Donovan et al., 2014). B-RAF activation also enhances
regeneration of the optic nerves. Importantly, concomitant
B-RAF activation and PTEN deletion synergistically increases
regeneration of both optic nerve (O'Donovan et al., 2014) and
dorsal root (Kim, Noristani et al., in preparation). No studies have
yet examined the effects of concurrently targeting B-RAF and
PTEN on DC axon regeneration after SCI. Here we demonstrate
that simultaneous B-RAF activation and PTEN deletion enables
DC axons to regenerate up to 2,000 pum rostral to the lesion site
by 3 weeks post SCI. The extent of this regrowth is significantly
greater than that enabled by a pre-conditioning lesion, which,
however, additively enhances the regeneration stimulated by
B-RAF/PTEN. We also report that concomitant B-RAF activation
and PTEN deletion immediately after SCI promotes DC axon
regeneration. These results identify concurrent B-RAF activation
and PTEN deletion as a promising strategy to heighten intrinsic
regeneration of adult sensory neurons and to promote axon
regeneration after SCI.

RESULTS

Concomitant B-RAF Activation and PTEN
Deletion Promotes Dorsal Column Axon
Regeneration Across the Spinal Cord

Lesion

To examine whether simultaneous B-RAF activation and
PTEN deletion enhances DC axon regeneration after SCI, we
used inducible transgenic mice expressing constitutively active
B-RAF with PTEN deletion selectively in dorsal root ganglia
(DRG) neurons: LSL-kaBRAF:PTEN'//:Brn3a-CreER'?:R26-
TdT (hereafter as kaBRAF/PTEN iTg). We used 6-weeks-old
kaBRAF/PTEN iTg and age-matched Brn3a-CreERT?-negative

littermates as controls (WT). To induce kaBRAF expression and
PTEN deletion, we administered tamoxifen for 5 consecutive
days, 2 weeks prior to SCI (Figure 1A). We visualized
ascending DC axons by microinjecting the recombinant self-
complementary Adeno-Associated Virus serotype 2 expressing
enhanced green fluorescent protein (scAAV2-eGFP) into the
lumbar level (L) 4 and L5 DRGs. Recently, we have shown
that AAV2-eGFP injections in the DRG predominantly label
proprioceptive and mechanoreceptive axons (Zhai et al., 2021).
Using GFAP immunostaining, we first assessed the lesion area
in all sagittal sections with DC axons. The lesion area ranged
between 0.093-0.192 mm? in WT and 0.028-0.172 mm? in
kaBRAF/PTEN iTg mice (Figure 1B), suggesting that our SCI
model produced relatively wide lesions. Mice with unusually
enlarged or narrow lesion areas were excluded from the analysis.
The lesion width at the injury epicenter ranged between 145-
230 pm in WT and 100-220 pwm in kaBRAF/PTEN iTg mice.
Quantification of lesion area showed no significant differences
between WT and kaBRAF/PTEN iTg groups (Figure 1B).
We then determined the total number of regenerating DC
axons at specific distances rostral to the lesion epicenter
using a consecutive series of GFP and GFAP overlay images
(Figures 1C,D and Supplementary Figure 1).

In WT mice most DC axons stopped at the astroglial border
caudal to the injury site with very few axons growing over the
astrocytic bridge and then abruptly stopping within 200 pm
of the lesion epicenter (Figure 1C). DC axons in WT mice
displayed characteristic dieback from the lesion epicenter, and
individual axons had several retraction bulbs that appeared
as bulbous swellings in their axonal tips (Figures 1C,C’). In
all WT mice examined, DC axons failed to reach the rostral
border of the lesion (Figure 1C”) or extend rostrally across the
astroglial border (Figure 1C"”). Remarkably, in kaBRAF/PTEN
iTg mice numerous DC axons crossed the caudal astroglial
border and penetrated the lesion epicenter (Figure 1D). In most
kaBRAF/PTEN iTg mice, regenerating DC axons that entered
the lesion epicenter appeared preferentially to grow on the
surface of the spinal cord (Figure 2D). Regenerating DC axons
extending along the spinal cord surface frequently penetrated
the CNS parenchyma rostral to the lesion site (Figure 2D"”).
In a few kaBRAF/PTEN iTg mice, dramatic rostral growth was
also found across the astroglial border (Figures 1D”,D’”). DC
axons in the kaBRAF/PTEN iTg group exhibited a characteristic
regenerative morphology with tortuous trajectories (Figure 1D).
Most DC axonal tips in kaBRAF/PTEN iTg mice were thin
and continuous with the axonal shaft resembling growth cones
(Figures 1D’-D’”). Quantification revealed a significant increase
in regenerating DC axons > 2,000 pm rostral to the lesion
site in kaBRAF/PTEN iTg mice compared to the WT group
(Figure 1E). Using GFAP immunostaining, we next specifically
examined regenerating DC axons within the CNS parenchyma.
Around two-thirds of regenerating DC axons in kaBRAF/PTEN
iTg mice appeared within the CNS parenchyma i.e., the area with
GFAP-positive astrocytes, while the remaining regenerating DC
axons projected along the spinal cord surface. Quantification of
regenerating DC axons within the CNS parenchyma confirmed
a significant increase > 2,000 pm across the lesion epicenter in
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FIGURE 1 | Concomitant B-RAF activation and PTEN deletion promotes DC axon regeneration. (A) Schematic diagram showing the experimental timeline. Two
weeks after the first tamoxifen gavage WT and kaBRAF/PTEN iTg mice underwent dorsal SCI and scAAV2-eGFP injection into the right lumbar (L) 4 and L5 DRGs to
label regenerating DC axons. (B) Quantitative analysis of the lesion area after dorsal SCI in kaBRAF/PTEN iTg versus WT mice. (C-C’”’) Representative images of a
WT mouse spinal cord showing most DC axons stopping at the caudal astroglial border of the injury site and very few growing along the astrocytic bridge that also
terminates ~200 pm from the lesion epicenter. * Indicates lesion epicenter. (D-D’”’) Representative images of a kaBRAF/PTEN iTg mouse spinal cord showing
increased DC axon regeneration. Many regenerating DC axons penetrate the lesion epicenter; several extend directly across the rostral astroglial border of the injury
site. * Indicates lesion epicenter. (E) Quantitative analysis of total numbers of regenerated DC axons in kaBRAF/PTEN iTg versus WT mice. DC axon regeneration is
significantly greater in kaBRAF/PTEN iTg mice at multiple distances measured from the lesion epicenter: =250 wm: *P = 0.0133, df = 10; O pm: ***P = 0.0009,

df =10; 250 pm: ****P < 0.0001, df = 10; 500 pm: ***P < 0.0001, df = 10; 750 um: ***P < 0.0001, df = 10; 1,000 um: ***P < 0.0001, df = 10; 1,250 pm:
%P =(0.0003, df = 10; 1,500 pm: **P = 0.0029, df = 10; 1,750 pm: **P = 0.0037, df = 10; 2,000 wm: **P = 0.0081, df = 10; two-way ANOVA with repeated
measures. ~75% of regenerating DC axons in kaBRAF/PTEN iTg mice enter the CNS parenchyma (the area with GFAP-positive astrocytes); the remaining 25%
grow along the spinal cord surface. [(E) patterned] Quantitative comparison of DC axons regenerated into CNS parenchyma in kaBRAF/PTEN iTg versus WT mice.
Regenerating DC axons within CNS parenchyma are significantly increased at several distances rostral to the SCI in kaBRAF/PTEN iTg mice. 250 pm:

P < 0.0001, df = 10; 500 um: ***P < 0.0001, df = 10; 750 um: ***P < 0.0001, df = 10; 1,000 um: ****P < 0.0001, df = 10; 1,250 um: ***P = 0.0004,

df =10; 1,500 pwm: ***P = 0.0003, df = 10; 1,750 pum: **P = 0.0034, df = 10; 2,000 pm: **P = 0.0053, df = 10; two-way ANOVA with repeated measures. n = 5
(WT), and 7 (kaBRAF/PTEN iTg). Scale bars, 250 um (C,D), 50 um (C’-C’”,D’-D"").
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kaBRAF/PTEN iTg mice compared to the WT group (Figure 1E).
Therefore, concomitant B-RAF activation and PTEN deletion
powerfully promotes regeneration of DC axons, enabling them to
extend up to ~2 mm beyond the lesion within 3 weeks after SCI.

Concomitant B-RAF Activation and PTEN
Deletion Enhances DC Axon
Regeneration More Effectively Than a
Pre-conditioning Lesion

It is firmly established that sciatic nerve injury enhances
the regenerative capacity of adult DRG neurons following
a subsequent injury of DC axons. This injury is known
as a “pre-conditioning” lesion (Richardson and Issa, 1984;
Richardson and Verge, 1986). To compare the extent of
DC axon regeneration between kaBRAF/PTEN iTg mice and
mice with a pre-conditioning lesion, we crushed the right
sciatic nerve of another group of WT mice 10 days before
SCI (Figure 2A). The lesion area in pre-conditioning mice
ranged between 0.06-0.137 mm? and was not significantly
different from that in kaBRAF/PTEN iTg mice (Figure 2B).
Like kaBRAF/PTEN iTg mice, all mice examined in the pre-
conditioning group showed numerous DC axons that crossed
the caudal astroglial border and entered the lesion epicenter.
However, they rarely penetrated across the rostral border of the
lesion (Figure 2C"). In contrast, axons frequently penetrated
the rostral border and extended rostrally in kaBRAF/PTEN iTg
mice (Figures 2D”,D’”). In addition, more numerous axons
extended rostrally along the spinal cord surface in kaBRAF/PTEN
iTg mice than in pre-conditioning mice (Figures 2C”,D"”).
Regenerating DC axons preferentially extended rostrally along
the spinal cord surface in both groups, but more frequently
penetrated the CNS parenchyma in kaBRAF/PTEN iTg mice
(Figures 2C"”,D’""). Axon quantification revealed no significant
difference in regenerating DC axon numbers within the lesion
epicenter between kaBRAF/PTEN iTg and the pre-conditioning
group (Figure 2E). Importantly, kaBRAF/PTEN iTg mice showed
a significant increase in regenerating DC axons between 250-
2,000 pm across the lesion site compared to the pre-conditioning
group. Quantification of regenerating DC axons within the CNS
parenchyma also confirmed a significant increase between 250—
2,000 pm across the lesion epicenter in kaBRAF/PTEN iTg mice
compared to the pre-conditioning group (Figure 2E).

Supplemental Pre-conditioning Lesion
Enhances Further the Stimulatory Effect
of Concomitant B-RAF Activation and
PTEN Deletion

To determine whether there is an additive effect of concurrent
B-RAF activation and PTEN deletion with pre-conditioning
lesion, we crushed the right sciatic nerves at 10 days before SCI
in another group of kaBRAF/PTEN iTg mice (kaBRAF/PTEN
iTg + Pre-Conditioning, Figure 3A). The lesion area in
kaBRAF/PTEN iTg + Pre-Conditioning mice ranged between
0.079-0.116 mm? and was not significantly different compared
to kaBRAF/PTEN iTg mice (Figure 3B). Notably, in contrast
to mice with kaBRAF/PTEN iTg or pre-conditioning alone,

all kaBRAF/PTEN iTg + Pre-Conditioning mice showed lesion
epicenters that were densely populated by numerous DC
axons that crossed the astroglial border caudal to the lesion
site (Figures 3C’,D’). Although most axons extended along
the spinal cord surface, more axons penetrated the rostral
astroglial border in kaBRAF/PTEN iTg + Pre-Conditioning mice
than in the kaBRAF/PTEN iTg group (Figures 3C”,D”). The
number of regenerating DC axons extending rostrally along
the spinal cord surface was also higher in the kaBRAF/PTEN
iTg + Pre-Conditioning group than in kaBRAF/PTEN iTg
mice and these axons often penetrated the CNS parenchyma
(Figures 3C"”,D’”"). Axon quantification revealed a significant
increase in DC axon number at 250 pwm caudal to the
lesion and within the lesion epicenter in the kaBRAF/PTEN
iTg + Pre-Conditioning group compared to the kaBRAF/PTEN
iTg group (Figure 3E). However, there was no statistically
significant increase in the number of regenerating DC axons
rostral to the lesion, perhaps because of the great variability
among mice (Figure 3E). Similarly, quantification of DC axons
within the CNS parenchyma showed no statistically significant
difference between kaBRAF/PTEN iTg + Pre-Conditioning
and kaBRAF/PTEN iTg groups (Figure 3E). We interpret
these results to suggest that a pre-conditioning lesion has an
additive role on the stimulatory effect of B-RAF activation
and PTEN deletion, resulting in more extensive DC axon
regrowth. However, most axons preferentially extended along
the spinal cord, rather than directly penetrating the rostral
border of the lesion.

Co-targeting B-RAF and PTEN
Immediately After SCI Promotes DC
Axon Regeneration

To model a clinically relevant setting more closely, we
next examined whether concomitant B-RAF activation
and PTEN deletion immediately post-SCI can promote DC
axon regeneration.

To specifically activate B-RAF and delete PTEN in sensory
neurons, we injected scAAV2-Cre unilaterally into the L4 and
L5 DRGs in LSL-kaBRAF:PTEN///:R26-TdT transgenic mice
that carry floxed alleles for kaBRAF with PTEN (hereafter
as kaBRAF/PTEN/TdTom™/*). This transgenic line also
expresses Rosa 26-TdTomato (R26-TdT) upon Cre-mediated
recombination, which enables identification of fluorescent
DC axons. We used R26-TdT (hereafter as TdTom™/T)
mice as control.

We first confirmed the efficiency of scAAV2-Cre-mediated
recombination and transfection using TdTom™/* mice
(Supplementary Figure 2). Single unilateral microinjection of
scAAV2-Cre into L4 and L5 DRGs resulted in high TdTom
expression in transfected neuron somata (Supplementary
Figure 2A) and DC axons (Figure 4C), confirming effective Cre-
mediated recombination. To examine transfection efficiency,
we co-stained microinjected DRGs with a mature neuronal
marker (NeuN) and found that 63.6% (1,351/2,123, n = 3 mice,
6 DRGs) of sensory neurons were transfected (Supplementary
Figures 2A,B). We further characterized scAAV2-Cre-
labeled DRG neuron subtypes using immunohistochemistry
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FIGURE 2 | Concomitant B-RAF activation and PTEN deletion enhances DC axon regeneration more effectively than a pre-conditioning lesion. (A) Schematic
diagram showing the experimental timeline. Four days after the first tamoxifen gavage one group of WT mice underwent right sciatic nerve crush (pre-conditioning
lesion). WT mice with a pre-conditioning lesion and kaBRAF/PTEN iTg mice without pre-conditioning lesion underwent dorsal SCI and scAAV2-eGFP injection into
the right L4 and L5 DRGs to label regenerating DC axons 2 weeks after the first tamoxifen gavage. (B) Quantitative analysis of the SCI lesion area in kaBRAF/PTEN
iTg group versus pre-conditioning group. (C-C’”") Representative images of a pre-conditioning mouse spinal cord showing regenerating DC axons reaching the
lesion epicenter with a few terminating just rostral to the lesion site. * Indicates lesion epicenter. (D-D’”’) Representative images of a kaBRAF/PTEN iTg mouse spinal
cord showing robust DC axon regeneration. Many regenerating DC axons penetrate the lesion epicenter and extend long distances rostral to the lesion site.

* Indicates lesion epicenter. (E) Quantitative comparison of regenerated DC axons in kaBRAF/PTEN iTg mice versus WT pre-conditioning lesion group. Significantly
greater DC axon regeneration is evident at multiple distances rostral to the lesion in kaBRAF/PTEN iTg mice. 250 pm: ***P = 0.0004, df = 10; 500 um:

P < 0.0001, df = 10; 750 pm:****P < 0.0001, df = 10; 1,000 pm: ***P < 0.0001, df = 10; 1,250 pwm: ***P = 0.0005, df = 10; 1,500 pm: **P = 0.0035,

df =10; 1,750 wm: **P = 0.005, df = 10; 2,000 pm: **P = 0.0100, df = 10; two-way ANOVA with repeated measures. [(E) patterned] Quantitative analysis of
regenerated DC axons in CNS parenchyma rostral to the injury site in kaBRAF/PTEN iTg mice versus WT pre-conditioning lesion group. Significantly increased DC
axon regeneration is evident at multiple distances up to 2,000 um rostral to the lesion in kaBRAF/PTEN iTg mice. 250 pm: ***P = 0.0008, df = 10; 500 pm:

%P =0.0001, df = 10; 750 pm: **P < 0.0001, df = 10; 1,000 pm: ***P < 0.0001, df = 10; 1,250 pm: **P = 0.0006, df = 10; 1,500 um: ***P = 0.0004,

df =10; 1,750 wm: **P = 0.0054, df = 10; 2,000 wm: **P = 0.0071, df = 10; two-way ANOVA with repeated measures. n = 5 (pre-conditioning), and 7
(kaBRAF/PTEN iTg). Scale bars, 250 um (C,D), 50 um (C’-C’”,D’-D’""), ns, not significant.
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FIGURE 3 | Additive effect of pre-conditioning lesion and concomitant B-RAF activation and PTEN deletion in promoting DC axon regeneration. (A) Schematic
diagram showing the experimental timeline. Four days after the first tamoxifen gavage a group of kaBRAF/PTEN iTg mice underwent right sciatic nerve crush
(kaBRAF/PTEN iTg + Pre-Conditioning). Both kaBRAF/PTEN iTg + Pre-Conditioning and kaBRAF/PTEN iTg mice then underwent dorsal SCI and scAAV2-eGFP
injection into the right L4 and L5 DRGs to label regenerating DC axons 2 weeks after the first tamoxifen gavage. (B) Quantitative analysis of the lesion area after SCI
in kaBRAF/PTEN iTg versus kaBRAF/PTEN iTg + Pre-Conditioning mice. (C-D’”’) Representative images of two kaBRAF/PTEN iTg + Pre-Conditioning lesion mouse
spinal cords showing a large number of regenerating DC axons immediately caudal to the lesion and numerous axons within the lesion epicenter. * Indicates lesion
epicenter. (E) Quantitative comparison of regenerated DC axons in kaBRAF/PTEN iTg group versus kaBRAF/PTEN iTg + Pre-Conditioning lesion group. Significantly
increased DC axon regeneration is evident at 250 um caudal to the lesion in the combined group (**P = 0.0037, df = 10), and at the lesion epicenter (O wm:

P < 0.001, df = 10). Two-way ANOVA with repeated measures. n = 7 (kaBRAF/PTEN iTg) and 5 (kaBRAF/PTEN iTg + Pre-Conditioning). [(E) patterned]
Quantitative comparison of regenerated DC axons within the CNS parenchyma rostral to the SCI in kaBRAF/PTEN iTg versus kaBRAF/PTEN iTg + Pre-Conditioning
group. Scale bars, 250 um (C,D), 50 wm (C’-C’”,D’-D’”’), ns, not significant.

(Supplementary Figures 2A,C). TdTom™ DRG neurons transfects large-diameter sensory neurons. Single unilateral

represented 80.4% (1132/1408) of large-diameter NF' neurons,
39.6% (349/881) of CGRP™ peptidergic neurons, and 14.9%
(126/848) of IB4™ non-peptidergic neurons (Supplementary
Figure 2C), suggesting that scAAV2-Cre predominantly

microinjection of scAAV2-Cre into kaBRAF/PTEN/TdTom™/*
mice DRGs also downregulated PTEN protein expression in
sensory neurons, further confirming efficient Cre-mediated
recombination (Supplementary Figure 2D).
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FIGURE 4 | Co-targeting of B-RAF and PTEN immediately after SCI promotes DC axon regeneration. (A) Schematic diagram showing the experimental timeline.
Immediately following dorsal SCI scAAV2-Cre was injected into the right L4 and L5 DRGs to induce B-RAF activation and PTEN deletion in
LSL-kaBRAF:PTEN'/T:R26-TdT mice. scAAV2-Cre induction is also used to label regenerating DC axons via TdTomato expression upon Cre-mediated
recombination in experimental (LSL-kaBRAF:PTEN'/f:R26-TdT) and control (R26-TdT) mice. (B) Quantitative analysis of the SCl lesion area in
LSL-kaBRAF:PTEN'/T:R26-TdT versus R26-TdT mice. (C-C”"") Representative images of a R26-TdT mouse spinal cord showing lack of DC axon regeneration
within the lesion epicenter. Most axons stop at the caudal astroglial border of the injury site and rarely penetrate the lesion epicenter. * Indicates lesion epicenter.
(D-D"") Representative images of an LSL-kaBRAF:PTEN'/f:R26-TdT mouse spinal cord showing increased DC axon regeneration. Some regenerating DC axons
penetrate the lesion epicenter, and a few extend directly across the rostral astroglial border of the injury site. * Indicates lesion epicenter. (E) Quantitative comparison
of regenerated DC axons in LSL-kaBRAF:PTEN/f:R26-TdT versus R26-TdT mice. Significantly increased DC axon regeneration is evident at the lesion epicenter
(0O pm: ***P < 0.0001, df = 9). Two-way ANOVA with repeated measures. [(E) patterned] Quantitative comparison of regenerated DC axons within CNS
parenchyma rostral to the DC crush in LSL-kaBRAF:PTEN'/":R26-TdT versus R26-TdT mice. Regenerating DC axons are significantly more numerous in
LSL-kaBRAF:PTEN'/T:R26-TdT mice at distances > 1,000 um rostral to the lesion. 125 pm: **P = 0.0082, df = 9; 250 uwm: **P = 0.0079, df = 9; 375 um:

*P =0.0046, df = 9; 500 pm: **P = 0.0019, df = 9; 750 pm: *P = 0.0058, df = 9; 1,000 um: **P = 0.0075, df = 9; two-way ANOVA with repeated measures.
n =5 (R26-TdT), and 6 (LSL-kaBRAF:PTEN'/f:R26-TdT). Scale bars, 500 um (C,C’,D,D’), 50 pm (C’-C””,D”-D""), ns, not significant.
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We then injected scAAV2-Cre into the L4 and L5
DRGs immediately after SCI in TdTom™*/* control and
kaBRAF/PTEN/TdTom™*/* mice (Figure 4A). The lesion
area ranged between 0.056-0.120 mm? in TdTom™/* control
and 0.067-0.168 mm? in kaBRAF/PTEN/TdTom™/* mice
(Figure 4B). Quantification of the lesion size showed

no differences in lesion area between TdTom™/* and
kaBRAF/PTEN/TdTom™/* groups (Figure 4B). At 3 weeks
after SCI in TdTom™*/* mice, most DC axons stopped at the
astroglial border caudal to the injury site. DC axons were
rarely observed in the lesion epicenter (Figures 4C-C’). Most
DC axons in TdTom™/* animals displayed characteristic
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dieback from the lesion site and individual axons had several
retraction bulbs (Figure 4C”). In all TdTom™/* mice examined,
DC axons failed to extend a notable distance rostrally across
the astroglial border (Figures 4C”,C"”). Remarkably, in
kaBRAF/PTEN/TdTom™/+ animals many DC axons penetrated
the lesion epicenter and several axons extended considerable
distances rostrally over 1,000 pwm (Figures 4D-D"”). Individual
DC axons in kaBRAF/PTEN/TdTom™/* mice exhibited
a distinctive regenerative morphology, including tortuous
trajectories (Figure 4D””). Quantification of DC axons revealed
a significant increase in regenerating DC axons at the lesion
epicenter in kaBRAF/PTEN/TdTom™/* mice compared to the
TdTom™/* group (Figure 4E). Rostral to the lesion, around 50%
of regenerating DC axons in kaBRAF/PTEN/TdTom™/* mice
entered the CNS parenchyma (Figure 4D””). Quantification
of regenerating DC axons in the CNS parenchyma showed a
significant increase in axons that grew more than 1,000 pm
across the lesion epicenter in kaBRAF/PTEN/TdTom™/* mice
compared to the TdTom™/* group (Figure 4E). Altogether,
these results demonstrate that scAAV2-Cre predominantly labels
large-diameter sensory neurons and that concomitant B-RAF
and PTEN targeting immediately post-SCI enhances DC axon
regeneration, although it is less vigorous compared to animals
that were transduced 2 weeks before injury.

DISCUSSION

Dorsal column crush causes complete destruction of the dorsal
spinal cord parenchyma and totally disrupts ascending DC axons
(Zhang et al., 1996). In line with earlier studies (Inman and
Steward, 2003; Cafferty et al.,, 2004), we observed only a few
DC axons approaching and entering the site of injury in WT
mice (Figure 1C). In contrast, mice with concomitant B-RAF
activation and PTEN deletion either before or immediately after
SCI demonstrated many more axons regenerating into the lesion
and densely populating its epicenter. Although most of these
regenerating axons preferentially grew along the surface of the
spinal cord, many extended directly across and beyond the lesion,
and some even reached distances greater than 2,000 pm rostral to
the lesion by 3 weeks after SCI. These observations demonstrate
that co-targeting B-RAF and PTEN powerfully enhances the
intrinsic capacity of DC axons to regenerate after SCI.

Previous studies reported limited efficacy in promoting DC
axon regeneration after SCI through targeting single (Seijffers
et al., 2007; Bareyre et al, 2011; Yu et al,, 2011; Wang et al,
2015, 2017) or multiple (Bomze et al., 2001; Fagoe et al., 2015)
intrinsic pro-regenerative pathways. For instance, constitutive
overexpression of activating transcription factor 3 (Atf3) failed
to promote DC axon regeneration 4 weeks following thoracic
10 (T10) dorsal hemisection in mouse (Seijffers et al., 2007).
Similarly, pre-injury overexpression of signal transducer and
activator of transcription 3 (Stat3) increased DC axon sprouting
at 2 days post-lesion but did not enhance their regeneration
at 10 days after cervical dorsal hemisection in mice (Bareyre
et al,, 2011). Pre-injury overexpression of KIf7 (Wang et al,
2017) or SoxI11 (Wang et al., 2015) reduced DC axonal dieback

without inducing regenerative growth up to 8 weeks after
cervical 5 (C5) dorsal hemisection in mice. Comparable results
have been reported for rat. In one recent example, pre-injury
overexpression of the proto-oncogene Myc prevented DC axon
retraction but failed to promote their rostral outgrowth by
4 weeks after T9 dorsal hemisection (Shin et al., 2021). Equally,
pre-injury overexpression of DNA binding 2 (Id2) enabled DC
axons to reach the injury site without extending beyond the
lesion epicenter by 2 weeks following T10 dorsal hemisection
in mice (Yu et al., 2011). Constitutive neuronal overexpression
of two growth cone proteins (GAP-43 and CAP-23) triggered
DC axon regeneration over 5 mm into the sciatic nerve grafted
within the lesion site by 4 months following cervico-thoracic
dorsal hemisection in mice (Bomze et al., 2001). Notably, neither
GAP-43 nor CAP-23 overexpression alone could promote DC
axon regeneration into a graft (Bomze et al., 2001). However,
simultaneous pre-injury overexpression of four transcription
factors (Atf3, c-Jun, Stat3, and Smadl) failed to enhance DC
axon regeneration 4 weeks after C4 dorsal hemisection in rats
(Fagoe et al., 2015).

Pre-injury overexpression of CREB promoted DC axon
regeneration into the lesion site by 4 weeks after T6-T7 dorsal
hemisection in rats (Gao et al., 2004). Similarly, overexpression
of BMP4 either before injury or immediately post-SCI triggered
DC axon regeneration into the lesion epicenter but not rostral
to the lesion by 4 weeks after T8 dorsal hemisection in mice
(Parikh et al., 2011). Equally, enforced a9 integrin expression
immediately post-SCI stimulated DC axon regeneration into the
lesion epicenter by 6 weeks following C5/C6 dorsal column crush
in rats (Andrews et al., 2009).

Among the multiple axon growth repressors identified to date,
only GSK3p has been targeted to enhance DC axon regeneration
after SCI. Constitutive complete or partial GSK3p deletion
promoted DC regeneration that extended within the lesion
site by 5 weeks after T9/T10 dorsal hemisection in mice (Liz
et al., 2014). Co-deleting two intrinsic axon growth repressors,
SOCS3 and PTEN, induced modest peripheral sensory axon
regeneration after sciatic nerve crush in mice (Gallaher and
Steward, 2018); whether this strategy will enhance DC axon
regeneration after SCI is unknown.

Other studies targeting extrinsic inhibitors (Shields et al.,
2008; Lee et al., 2010) and intrinsic and extrinsic molecules in
combination (Wang et al., 2017) also reported promoting DC
axon regeneration after SCI with moderate efficacy. Sustained
chondroitinase ABC (ChABC) release within the lesion site
blocked chondroitin sulfate proteoglycans (CSPGs)-mediated
inhibition and prevented DC axonal dieback but failed to
promote their rostral re-growth at 6 weeks after T10 dorsal
hemisection in rats (Lee et al, 2010). Intrathecal ChABC
injection mildly enhanced DC axon regeneration toward the
lesion site, but only a few axons extended rostrally at 5 weeks after
C3 dorsal hemisection in rats (Shields et al., 2008). Combined
intraparenchymal ChABC injection and KIf7 overexpression
stimulated DC axon regeneration toward the lesion site without
enhancing their regenerative growth within or across the lesion
site by 8 weeks after C4/C5 dorsal hemisection in mice
(Wang et al., 2017). Concomitant ChABC and neurotrophin-3
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treatments induced DC axon extension beyond 500 pm rostral
to the lesion at 6 weeks following T10 dorsal over-hemisection in
rats (Lee et al., 2010). Our observation that DC axons regenerate
farther than 2,000 pwm rostral to a bilateral dorsal column
crush injury by 3 weeks highlights the increased potency of
concomitantly targeting B-RAF and PTEN, although differences
in injury models may also contribute to these differences.

Although we did not examine the extent of DC regeneration
elicited by individually activating B-RAF or deleting PTEN,
we examined them in the context of DR injury. We found
that B-RAF activation, but not PTEN deletion, enables DR
axons to regenerate into the spinal cord, and that supplemental
PTEN deletion markedly enhances B-RAF elicited regeneration
(O’Donovan et al,, 2014; Kim, Noristani et al., in preparation).
These findings suggest that B-RAF activation enhances growth
potential of DRG neurons more strongly than PTEN deletion,
and that this individual effect can be augmented further by
supplemental PTEN deletion. Based on these findings, we
surmise that PTEN deletion alone would modestly increase DC
regeneration and that B-RAF activation alone would produce
a stronger increase, which would be substantially boosted by
combined PTEN deletion.

Multiple studies reported additive or synergistic increases
in CNS regeneration by simultaneous targeting of growth
promoters or inhibitors. Synergistic increase in optic nerve
regeneration has been reported with SOCS3/KIf4 co-deletion
(Qin et al., 2013), PTEN/SOCS3 co-deletion (Sun et al., 2011),
SOCS3 deletion with ciliary neurotrophic factor (CNTF) (Smith
et al, 2009), PTEN deletion with cAMP and zymosan (de
Lima et al., 2012), and PTEN deletion with cAMP and CNTF
(Yungher et al., 2015). Synergistic increases in corticospinal
tract regeneration have also been observed with PTEN deletion
combined with hyper-interleukin-6 overexpression (Leibinger
et al,, 2021), and with co-expression of insulin like growth
factor 1 and osteopontin (Liu et al, 2017). The effects of
these combinatorial approaches on DC regeneration have
yet to be tested.

The mechanisms by which B-RAF activation with PTEN
deletion powerfully and synergistically promotes DC axon
regeneration remain unclear. A recent transcriptomic study
combining data from several independent laboratories has
provided a comprehensive list of regeneration- associated genes
(RAGs) that are responsible for sensory axon regeneration
after pre-conditioning lesion (Chandran et al., 2016). In silico
examination of this list did not implicate a downstream mediator
of B-RAF as a RAG, including Braf, Mapkl, Map3k2, Map2k1,
Crebl, and Rps6kal (Chandran et al, 2016). Downstream
mediators of PTEN, including Rps6, Rps6kbl, and Mtor were
also not identified as RAGs, suggesting that pre-conditioning
lesion and B-RAF/PTEN co-targeting depend on distinct
underlying mechanisms. In addition, as mentioned earlier,
enforced expression of multiple identified RAGs (Sox11, Atf3,
Jun, Stat3, and Smadl) in sensory neurons either individually
(Seijffers et al., 2007; Bareyre et al., 2011; Wang et al., 2015) or
in combination (Fagoe et al., 2015) did not promote robust DC
axon regeneration after SCI, suggesting that different molecules
are responsible. Furthermore, our findings that concomitant

B-RAF and PTEN targeting induces significantly greater DC
axon regeneration than a pre-conditioning lesion (Figure 2),
and that a supplemental pre-conditioning lesion has an additive,
rather than a synergic, effect on B-RAF/PTEN-mediated DC
axon regeneration (Figure 3), provide additional evidence that
their underlying mechanisms are likely to differ. Consistent
with this notion, pre-conditioning injury in kaBRAF/PTEN iTg
animals increased DC axon regeneration in the same region
as in WT mice: within and 250 wm caudal to the lesion.
Therefore, it remains an important challenge to identify growth-
promoting pathways or downstream signaling effectors that are
uniquely activated upon concomitant B-RAF activation and
PTEN deletion in the injured sensory neurons. These studies
may reveal novel signaling pathways or effectors that drive the
remarkable synergistic effect of concomitant B-RAF and PTEN
targeting on DC axon regeneration.

MATERIALS AND METHODS

Animals

All procedures, including animal care and maintenance,
complied with the National Institute of Health guidelines
regarding the care and use of experimental animals and were
approved by the Institutional Animal Care and Use Committee
of Temple University, Philadelphia, PA, United States. Male and
female mice, aged 6 weeks and weighing over 20 g, were used in all
experiments and were maintained on the C57/BL6 background.
LSL-kaBRAF:PTEN'// :brn3a-CreERT?:R26-TdT (kaBRAF/PTEN
iTg) transgenic lines were kindly provided by Jian Zhong (Cornell
University). The LSL-kaBRAF and Brn3a-CreER'? deleter mouse
lines were generated and genotyped as described previously
(Eng et al, 2001; O’Donovan et al., 2014). Cre-negative (LSL-
kaBRAF:PTEN) mice from the same litter were used as control
(WT). Transgenic Rosa26(R26)-TdT mice were purchased from
the Jackson Laboratory (Stock # 007914).

Genotyping

Genotyping was performed by polymerase chain reaction
(PCR) using the following primer pairs: Braf = 5'-
GCCCAGGCTCTTTATGAGAA-3 (common forward),
5-AGTCAATCATCC ACAGAGACCT-3" (reverse, mutant
allele), 5GCTTGGCTGGACGTAAACTC-3' (reverse, wildtype
allele), Rosa26 = 5-AAGGGAGCTGCAGTGGAGTA-3'
(forward, wildtype allele), 5'-CCGAAAATCTGTGGGAAGTC-
3" (reverse, wildtype), 5'-GGCATTAAAGCAGCATATCC-3'

(reverse, mutant allele), 5-CTGTTCCTGTACGGCATGG-
3 (forward, mutant allele), Brn3aCre = 5'-
CGCGGACTTTGCGAGTGTTTTGTGGA-3' (forward),
5-GTGAAACAGCATTGCTGTCACTT-3 (reverse),
Pten = 5-CAAGCACTCTGCGAACTGAG-3' (forward),

and 5-AAGTTTTTGAAGGCAAGATGC-3' (reverse).

Tamoxifen Administration

A 10 mg/ml tamoxifen solution was prepared in 10:1 sunflower
0il:100% ethanol. 50 pl tamoxifen (10 mg/ml) was given via
oral gavage for five consecutive days, 2 weeks prior to injury.
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To account for the possible effects of tamoxifen, we also applied
the same tamoxifen administration paradigm to WT and pre-
conditioning groups.

Surgical Procedure

Two weeks following the first tamoxifen gavage, mice underwent
dorsal column injury. They were anesthetized by intraperitoneal
(i.p.) injection of ketamine (8 mg/kg), and xylazine (120 mg/kg).
Supplements were given during the surgical procedure as needed.
Small animal hair clippers (Oster Professional Products) were
used to remove the hair overlying the surgical site. A 2-3 cm
incision was made in the skin overlying the thoracic region, the
spinal musculature was reflected, and the T10-T11 spinal cord
segments were exposed by laminectomy. The cavity made by
the laminectomy was continuously perfused with warm sterile
Ringer’s solution. Lidocaine (2%) was added dropwise (~2-3
drops) to the exposed spinal cord region. The dorsal part of
the spinal cord was completely crushed for 2 s with a modified
#5 forceps (Dumont, Fine Science Tools, Inc., Foster City, CA,
United States). The 4-5 mm of the forceps adjacent to the
tip were thinned to a width of 0.1 mm. The spinal dura and
the dorsal spinal vein remained intact after crushing. For pre-
conditioning lesion, the right sciatic nerve was crushed 10 days
prior to the SCI, as we described previously (Di Maio et al., 2011).
Following SCI, a piece of biosynthetic membrane (Biobrane,
UDL Laboratories, Inc., Sugarland, TX, United States) was placed
over the injured site. Muscles were then sutured with sterile 5-0
sutures (Ethicon, Cincinnati, OH, United States), and the midline
incision closed with wound clips (Fine Science Tools, Inc., Foster
City, CA, United States).

Adeno-Associated Virus Vector Injection

Recombinant  self-complementary adeno-associated  virus
serotype 2 expressing enhanced green fluorescent protein under
the control of a CMV-enhanced chicken p-actin (CAG) promoter
(scAAV2-eGFP, Vector Biolabs, catalog #7072, 1 x 10'* genomic
copy/ml) was used to label regenerating DC axons. We also used
scCAAV?2 carrying Cre (scAAV2-Cre, 1 x 102 genomic copy/ml
kindly provided by George M. Smith, Temple University) to
transduce DRG neurons in LSL-kaBRAF:PTEN'/f:R26-TdT
and R26-TdT mice. Immediately after SCI, the right L4 and L5
DRGs were exposed, and the mice were placed in a stereotaxic
holder with spinal cord clamps (STS-A, Narishige Group, Tokyo,
Japan). Either scAAV2-eGFP or scAAV2-Cre was microinjected
using a micropipette pulled to a diameter of 0.05 mm and
a nanoinjector (World Precision Instruments, Inc., Sarasota,
FL, United States). For each injection, the micropipette was
introduced 0.5 mm into the DRGs, and 1 pl of the virus was
injected over a 10 min period (100 nl/min). The glass needle was
left in place for three additional min following each injection to
allow adequate virus diffusion within the DRGs. Following virus
injection, a piece of biosynthetic membrane (Biobrane, UDL
Laboratories, Inc., Sugarland, TX, United States) was placed over
the exposed spinal cord and dura to minimize scar formation.
The musculature was closed with 5-0 sterile silk sutures (Ethicon)
and the skin with wound clips (Fine Science Tools, Inc., Foster
City, CA, United States). To avoid dehydration, mice were

given subcutaneous injections of lactated Ringer’s solution and
kept on a heating pad until fully recovered from anesthesia.
Buprenorphine (0.05 mg/kg) was given intramuscularly for 2
consecutive days after SCI.

Immunohistochemistry, Fluorescence,
and Confocal Microscopy

Three weeks following SCI and virus injection, the mice
were anesthetized with a lethal dose of 10% Euthasol (Virbac,
Westlake, TX, United States) in 0.9% saline and perfused
transcardially with 4% paraformaldehyde (PFA) in PBS. The
spinal cord containing injected DRs was dissected out, post-
fixed in 4% PFA for 2 additional hours and stored in 30%
sucrose in 1 x PBS, pH 7.4, overnight at 4°C for cryoprotection.
Tissues were frozen-embedded in cryoprotectant medium (M-
1 Embedding Matrix, Thermo Fisher Scientific, Waltham, MA,
United States) in isomethylbutane at —80°C. Serial sagittal
spinal cord sections (20 pl) were cut using a cryostat (Leica
Microsystems, Wetzlar, Germany) and collected directly onto
Superfrost Plus glass slides. To ensure the absence of spared
DC axons, we examined all spinal cord and sagittal sections
and confirmed that there were no GFPT or TdTom™ axons
over 4 mm rostral to the lesion site (data not shown). For
immunolabeling, sections were rehydrated by rinsing in three
changes, 10 min each, of 1 x PBS, incubated in 0.1 M glycine
in 1 x PBS for 15 min, and subsequently blocked in 0.2%
Triton X-100, 2% bovine serum albumin (BSA) in 1 x PBS
for 15 min. Sections were incubated with primary antibodies
overnight at 4°C, washed with 2% BSA in PBS three times,
10 min each, and incubated with secondary antibodies for 1 hr.
Primary antibodies were used at the following concentrations
for immunohistochemistry: rabbit anti-CGRP (1:1,000, Peninsula
Labs, Burlingame, CA, United States, T-4032), mouse anti
SMI312 (1:1,000, Biolegend, San Diego, CA, United States,
83790), chicken anti-GFP (1:1,000, Avés Labs Inc., Tigard, OR,
United States, 1020), rabbit anti-GFAP (1:500, Dako, Santa Clara,
CA, United States, Z0334), mouse anti-GFAP (1:500, Sigma-
Aldrich, Burlington, MA, United States, G3893), mouse anti
NeuN (1:1,000, MilliporeSigma, Burlington, MA, United States,
MAB377), rabbit anti red fluorescent protein (1:5,000, Rockland,
Limerick, PA, United States, 600-401-379), and rabbit anti-
PTEN (1:200, Cell Signaling, Danvers, MA, United States, 9559).
Secondary antibodies used were Alexa Fluor 647 goat anti-mouse
IgG1 (1:400, Molecular Probes, Eugene, OR, United States, A-
21240), Alexa Fluor 568 goat anti-rabbit IgG (1:400, Molecular
Probes, Eugene, OR, United States, A-11011), Alexa Fluor 647
goat anti-rabbit IgG (1:400, Molecular Probes, Eugene, OR,
United States, A-21244), Fluorescein-conjugated donkey anti-
rabbit IgG (1:400, Jackson ImmunoResearch Labs Inc., West
Grove, PA, United States, 711-096-152), Fluorescein-conjugated
goat anti-rabbit IgG (1:400, Chemicon International, Temecula,
CA, United States, AP307F), and Alexa Fluor 488 donkey anti-
chicken IgG (1:400, Jackson ImmunoResearch Labs Inc., West
Grove, PA, United States, 703-545-155).

For Isolectin B4 (IB4) immunostaining, sections were first
post-fixed in 4% PFA, rehydrated in 1 x PBS, quenched in
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0.1 M glycine in 1 x PBS, and permeabilized with 0.2%
Triton X-100/PBS (PBST). Sections were then incubated with
an IB4-biotin conjugate (1:200, Sigma-Aldrich, Burlington, MA,
United States, L2140) prepared in 5% normal goat serum
(NGS)/PBST overnight at room temperature. Sections were
then blocked with 5% NGS/PBS and incubated with rhodamine
(TRITC) streptavidin (1:400, Jackson ImmunoResearch Labs Inc.,
West Grove, PA, United States, 016-020-084) prepared in 1 x PBS
for 1 hr. DAPI nucleic acid stain (1:1,000, Invitrogen, Waltham,
MA, United States, D-1306) was used to counterstain prior to the
final washes in 1 x PBS. All antibodies were diluted in 2% BSA in
PBS. Sections were washed in three changes of 1 x PBS, 10 min
each, and mounted with Vectashield mounting medium (Vector
Laboratories, Burlingame, CA, United States).

Conventional fluorescence microscopy was performed using
Olympus BX53 and Zeiss Axio Imager microscopes. Images
were captured using a Zeiss Axio Imager upright fluorescence
microscope with a 10 x 0.45 NA or 20 x 0.8 NA objective.
Z stacked images were acquired using the AxioVision (Zeiss)
software. We also used a SP8 confocal microscope (Leica
Microsystems, Wetzlar, Germany) with either a 40 x 1.3 NA
or 63 x 14 NA objective and Leica proprietary software.
Acquired stacks were assembled using the maximum projection
tool. All images were processed using Imaris (Bitplane, Ziirich,
Switzerland), and figures were prepared using Adobe Photoshop
(Adobe, San Jose, CA, United States).

Quantification of ScCAAV2-Cre Labeled

Neurons

The number of NeuN/scAAV2-Cre, SMI312/scAAV2-Cre,
CGRP/scAAV2-Cre, and IB4/scAAV2-Cre co-labeled neurons in
L4 and L5 DRGs was counted in 20 non-adjacent sections from 3
independent mice. Co-labeled neurons were averaged from all 20
sections for each mouse.

Quantification of Regenerating DC
Axons and Lesion Area After SCI

We used a consecutive series of 20 pwm thick sagittal sections to
determine the total number of regenerating DC axons at different
distances from the lesion epicenter, which was identified based
on GFAP immunostaining (Figure 1C). Perpendicular lines were
drawn on to the sagittal plane at the lesion epicenter and at
0.25 mm intervals from 0.5 mm caudal to 2 mm rostral to
the lesion epicenter. All GFPT or TdTom™ axons crossing the
perpendicular lines at each distance were counted manually using
the Image] Cell Counter plug-in. The total number of axons at
a given distance was summed from all immunostained sections
containing GFP' or TdTom™ axons. Based on overlay images
of GFP and GFAP or TdTom and GFAP, regenerating axons
in the rostral segments of the spinal cord were sub-divided
into two groups: (i) associated with GFAP-positive astrocytes:
either grew directly across the lesion site or entered the GFAP-
positive territories of the spinal cord above the lesion site, and
(ii) not associated with GFAP-positive astrocytes: circumvented
the lesion site and grew along the surface of the spinal cord.
Lesion area was quantified using ImageJ based on GFAP staining

in all consecutive sagittal sections in which regenerating DC
axons were quantified. Lesion area was quantified based on GFAP
staining using Image]J software on 7-10 sagittal sections and then

averaged to estimate the final lesion area in . m?.

Statistical Analysis

Statistical significance of axon regeneration was assessed
by 2-way ANOVA with repeated measures using Statistical
Analysis System (SAS) software (SAS Institute Inc., Cary, NC,
United States) and GraphPad Prism 6.0 (GraphPad, San Diego,
CA, United States). Data were split between rostral and caudal
to the lesion before carrying out 2-way ANOVA with repeated
measures. Lesion area was assessed by un-paired t-test using
GraphPad Prism 6.0 (GraphPad, San Diego, CA, United States).
All data are presented as mean =+ standard error of the mean
(SEM). Sample sizes are as described in the figure legends. Results
were considered statistically significant if the p-value was < 0.05.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included
in the article/Supplementary Material, further inquiries can be
directed to the corresponding author/s.

ETHICS STATEMENT

The animal study was reviewed and approved by Institutional
Animal Care and Use Committee of Temple University,
Philadelphia, PA, United States.

AUTHOR CONTRIBUTIONS

HN: data curation, formal analysis, and writing—original
draft. HK: investigation and methodology. SP: resources
and investigation. JZ: resources and methodology. Y-JS:
conceptualization, supervision, funding acquisition,
investigation, project administration, and writing—review
and editing. All authors contributed to the article and approved
the submitted version.

FUNDING

This work was supported by Shriners Children’s (257487 and
268980 to Y-JS; 84600 to HN), and NIH NINDS (NS253020
to Y-JS).

ACKNOWLEDGMENTS

We thank all members of Son laboratory for critical reading of
the manuscript. We also thank Huaqing Zhao, and Xiaoning Lu
for statistical analysis.

Frontiers in Molecular Neuroscience | www.frontiersin.org

April 2022 | Volume 15 | Article 891463


https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/molecular-neuroscience#articles

Noristani et al.

B-RAF/PTEN Co-targeting After SCI

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fnmol.
2022.891463/full#supplementary- material

Supplementary Figure 1 | Serial sections from the kaBRAF/PTEN iTg mouse
spinal cord shown in Figure 1D. Numerous regenerating sensory axons penetrate
the lesion epicenter and extend long distances rostral to the lesion site at 3 weeks
after SCI. DC axons are labeled by injecting scAAV2-eGFP into right L4 and L5
DRGs. #16 image is also shown in Figure 1D. Scale bar: 200 . m.

Supplementary Figure 2 | Viral and genetic targeting of B-RAF and PTEN. (A)
Representative image of a R26-TdT mouse DRG microinjected with scAAV2-Cre
and co-stained with the global mature neuronal marker NeuN, large-diameter
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Proinflammatory immune cell subsets constitute the majority in the local
microenvironment after spinal cord injury (SCI), leading to secondary pathological
injury. Previous studies have demonstrated that inflammasomes act as an important
part of the inflammatory process after SCI. Probenecid, an inhibitor of the Pannexin-1
channel, can inhibit the activation of inflammasomes. This article focuses on the effects
of probenecid on the local immune microenvironment, histopathology, and behavior
of SCI. Our data show that probenecid inhibited the expression and activation of
nucleotide-binding oligomerization domain receptor pyrindomain-containing 1 (NLRP1),
apoptosis-associated speck-like protein containing a CARD (ASC) and caspase-1,
interleukin-1p (IL-1p), and caspase-3 proteins associated with inflammasomes, thereby
suppressing the proportion of M1 cells. And consequently, probenecid reduced the
lesion area and demyelination in SCI. Moreover, the drug increased the survival of motor
neurons, which resulted in tissue repair and improved locomotor function in the injured
SC. Altogether, existing studies indicated that probenecid can alleviate inflammation by
blocking Pannexin-1 channels to inhibit the expression of caspase-1 and IL-18, which
in turn restores the balance of immune cell subsets and exerts neuroprotective effects
in rats with SCI.

Keywords: probenecid, spinal cord injury, inflammasome, macrophages polarization, immune microenvironment

INTRODUCTION

Spinal cord injury (SCI) is damage to the spinal cord caused by a sports accident, traffic accident,
or fall from a height, which results in the loss of motor or sensory function, leading to a decrease in
the quality of life and a heavy medical burden on the family and society (Gaojian et al., 2020). The
treatment of SCI has been a challenge for the medical community because of the poor regenerative
capacity of neurons after SCI and the rapid appearance of glial scarring, which makes it difficult
to repair and reconstruct the spinal cord tissue and function (Wang et al., 2019). Therefore, it is
significant to explore effective treatments for SCI to improve patients’ quality of life and reduce the
medical burden for families and society.

Spinal cord injury contains two phases, the primary phase and the secondary phase (the main
phase). The mechanisms of secondary injury after SCI are complex and include neuroinflammatory
response, ischemia and hypoxia, lipid peroxidation, apoptosis, etc. (Wu and Xu, 2016).

Frontiers in Molecular Neuroscience | www.frontiersin.org 64

May 2022 | Volume 15 | Article 848185


https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org/journals/molecular-neuroscience#editorial-board
https://www.frontiersin.org/journals/molecular-neuroscience#editorial-board
https://doi.org/10.3389/fnmol.2022.848185
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/fnmol.2022.848185
http://crossmark.crossref.org/dialog/?doi=10.3389/fnmol.2022.848185&domain=pdf&date_stamp=2022-05-19
https://www.frontiersin.org/articles/10.3389/fnmol.2022.848185/full
https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/molecular-neuroscience#articles

Qietal.

Neuroprotective Effects on SCI

Among them, the neuroinflammatory response has been
regarded as an important factor in the pathological process
leading to secondary injury (Scholtes et al, 2012). The
pathophysiological processes of secondary injury, such as
apoptosis, edema, glial scarring, and inflammation in the injured
tissue, severely impact the conduction function of nerves in the
corresponding spinal cord segments. The inflammatory response
during SCI includes local immune cell activation of the injury,
the infiltration of peripheral immune cells, and the production
of proinflammatory factors, which ultimately lead to spinal cord
dysfunction (Sun et al., 2016). Effective and early use of anti-
inflammatory drugs is of considerable importance to improve
the local immune microenvironment and promote neuronal
regeneration and recovery of spinal cord function.

Probenecid, a sulfonamide derivative approved for use in
1951, has been used to treat gout and its adverse effects, and
pharmacokinetics have been intensively studied (Baranova et al.,
2004; Papadopoulos and Verkman, 2008). One study found
that oxidative stress in nerve cells can be effectively inhibited
by probenecid (Cheng and Kim, 2020). Another study showed
that probenecid also acts as a pannexin-1 channel inhibitor
and may inhibit the activation of inflammasomes (Silverman
et al.,, 2009). Inflammasomes are multiprotein complexes that
mainly consist of intracellular pattern recognition receptors
(PRRs), apoptosis-associated speck-like protein containing a
card (ASC), and pro-caspase-1 (Christgen et al., 2020). The
pannexin-1 channel presents mainly in the brain, spinal cord,
and thyroid gland (Bruzzone et al., 2003). It has a great effect
on the activation of inflammasomes. In a study of a rat brain
model of cognitive impairment, probenecid was found to inhibit
the activation of nucleotide-binding oligomerization domain
receptor pyrindomain-containing 1 (NLRP1) inflammasomes
and reduce the activation of caspase-1, which in turn reduced the
degree of cognitive impairment in rats (Mawhinney et al., 2011).
Several studies have reported that probenecid can also reduce
neuropathic pain in the spinal cord (Pineda-Farias et al., 2013;
Bravo et al., 2014). These reports suggest that during the injury
process of the central nervous system (CNS), probenecid has a
neuroprotective and restorative effect on CNS injury, SCI has a
similar process; however, it has not been reported whether this
drug is useful for the treatment of SCI.

In the immune microenvironment at the site of SCI, there
are generally M1 and M2 two phenotypes of macrophages. They
appear in all stages from SCI to recovery, especially playing
an indispensable part in the secondary inflammatory response
of SCI (Martinez et al., 2008; Milich et al., 2019; Zhang et al,,
2020). M1 cells can produce high levels of proinflammatory
cytokines, such as secreting proinflammatory factors, like tumor
necrosis factor a (TNF-a) and interleukin-1 (IL-1f), which
induce the production of inflammatory cascade responses. M2
cells can secrete anti-inflammatory factors like IL-4, IL-10, and
other factors, which reduce the inflammatory response and
promote wound healing (Gensel and Zhang, 2015). Whether
probenecid affects the polarization of microglia/macrophages to
exert neuroprotective effects on SCI is an important research
value to explore new mechanisms of SCI pathology and find new
targets for treatment.

MATERIALS AND METHODS

Experimental Animals

In this experiment, a total of 98 SPF-grade women standard
deviation (SD) rats (weight, 200-220 g; age, 8 weeks old) were
used. All these rats were provided by Jinan Pengyue Experimental
Animal Breeding Co., Ltd., Jinan, China, under license No.
SCXK (Lu) 2019-0003. All surgical operations and postoperative
care of SD rats during the experiment were approved by the
Committee on the Laboratory Animal Care and Use of Bengbu
Medical College.

Experimental Methods

Preparation of Spinal Cord Injury Models in Adult
Rats

Before performing the test, SD rats were housed in an
environment with the appropriate humidity and temperature
and given adequate feed and water for 5-7 days. Before surgery,
the required surgical instruments were soaked in 75% alcohol
(Shangdong Lierkang Co., Dezhou, China) for 30 min and
sterilized with UV light for 30 min. During the operation,
firstly, SD rats were anesthetized with 10% trichloroacetaldehyde
intraperitoneally, then the rat hair around the T9 vertebral plate
on the back of the rats was removed, the skin, fascia, and
muscles of the corresponding part of T9 were cut open with a
scalpel (Shanghai Medical Equipment Co., Shanghai, China), the
T9 spinous process was removed with a bite forceps, and the
vertebral plate was bitten along the interspinal foramen between
T9 and T10 to fully expose the spinal cord, forming a circular
opening of about 2.5 mm in diameter. Then, we use a 10-g
weight falling directly from a certain height of about 25 mm
to impact the exposed spinal cord. After surgery, the rats were
grouped into different groups. For the sham-operated group
[sham group], the rats received the same surgical procedure but
without spinal cord damage and pharmacological treatment. SD
rats after SCI were randomly divided into solvent control group
[SCI (vector) group] (intraperitoneal injection within 3 h after
surgery, followed by daily injection of PBS buffer (Biosharp) and
the probenecid (Sigma) administration group [SCI (Prob) group;
intraperitoneal injection of probenecid within 3 h after surgery,
followed by daily injection (1 mg/kg)]. To prevent infection, the
rats were given intraperitoneal injections of penicillin for 7 days.
SD rats were given manual bladder emptying three times daily
until the recovery of the bladder function.

Western Blot

Three days after SCI surgery, the rats were anesthetized with
10% trichloroacetaldehyde and then perfused with PBS, and total
protein was extracted from the spinal cord tissue of the injury
site (0.5-cm spinal cord segments containing the injury epicenter
and the same segments for the sham group) and treated with
RIPA lysis (Beyotime). We use the BCA kit (CWBIO) to detect
the protein concentration and then use the SDS-PAGE gel kit
(Beyotime) with the corresponding concentration to separate the
protein, and then transfer it to polyvinylidene fluoride (PVDEF)
membranes (Millipore). The PVDF membranes were blocked
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with 5% skim milk for 2 h, then the primary antibodies incubated
PVDF membranes overnight at 4°C. After that, the PVDF
membranes were incubated for 2 h with horseradish peroxidase-
(HRP-) conjugated secondary antibody. Proteins were detected
with Immobilon western chemilum HRP substrate (Millipore)
and observed with an electrochemiluminescence gel imager (Bio-
Rad). Primary and secondary antibody information is listed in
Supplementary Table 1. Finally, the expression of each protein
was quantified using Image J.

Immunofluorescence Staining

At 7 days following surgery, the rats were anesthetized with 10%
trichloroacetaldehyde, as described in the western blot protocol.
And, the rats were cardiac perfused with PBS followed by 4% pre-
cooled paraformaldehyde (PFA) at 4°C until the rats’ limbs were
rigid, 1-cm spinal cord segments containing the injury epicenter
were removed and postfixed overnight in 4% PFA before being
transferred to 30% sucrose in 0.01 M PBS (pH 7.4) at 4°C
overnight. Spinal cords were embedded in an OCT compound
embedding medium (TissueTek, Miles, Elkart) and 10-pum serial
frozen sections were prepared using a frozen microtome (Leica),
followed by thaw-mounting on poly-L-lysine-coated slides. For
the immunohistochemical assay, firstly, the tissue sections were
incubated with the primary antibody overnight at 4°C. After
that, the sections were washed with PBS and then incubated with
the secondary antibody for 2 h. Next, the tissue sections were
washed with PBS, and then we used blue nuclear dye (Hoechst
33342; Abcam) to stain the cell nuclei, and the tissue sections
were covered with coverslips for use. Supplementary Table 2
shows the details of the antibodies. Photographs were taken with
a fluorescent microscope (Zeiss). In the quantitative experiment
of immunofluorescence, the spinal cord cross-sections of six rats
were used for evaluation. We took multiple pictures around the
center of the SCI. Double-positive cells in each picture were
counted by the blinded observer, and the average value was
divided by the picture area. A smaller area in each group of
pictures was selected as the representative picture.

Flow Cytometry

Rats were anesthetized with 10% trichloroacetaldehyde and then
perfused with PBS after 7 days of SCI. Then, 0.5-cm spinal
cords, including the injury epicenter or the same segments for
the sham group, were removed. The spinal cords were then
grounded and centrifuged to obtain a single-cell suspension.
Then, mononuclear cells were isolated by Percoll (Solarbio)
gradient centrifugation. Briefly, 70% Percoll solution, 30% Percoll
solution, and cell suspensions were added to a 15 ml conical tube
in sequence, the cells were centrifuged at 300 g for 30 min at
20°C. After centrifugation, the cell debris layer was discarded
and the rest parts were washed two times before their use.
Then, the primary antibodies were incubated with the cells for
30 min; after that, the cells were washed with PBS and then
fixed with 0.5 ml of 1% PFA (MACKLIN); finally, they were
detected by BD FACSVerse flow cytometer (BD Bioscience).
We used isotype control antibodies to estimate the non-specific
staining that was subtracted from the specific staining results.

Supplementary Table 3 shows the details of the antibodies. We
use Flow]Jo 7.6 software (FlowJo) to analyze the data.

Histological Analysis

The remaining rats were anesthetized with 10%
trichloroacetaldehyde at 6 weeks post-SCI, and cardiac
perfusion was performed with PBS followed by precooled
PFA at 4°C. Spinal cords were collected, fixed, and cut into
10 pwm serial frozen sections using a frozen microtome (Leica),
as described in the immunofluorescence protocol. According
to the manufacturer’s instructions, the slides were stained with
the desired staining. Hematoxylin-eosin (HE, Beyotime) and
Luxol Fast Blue (LFB, Sigma-Aldrich) staining were performed
to measure the lesion area and the preservation of myelination
(LFB-positive area) of the spinal cord. Lesion and myelinated
area measurements were performed in an unbiased stereological
manner using Image] software. Cavitation and LFB-positive
tissue at the injury epicenter and the epicenter to rostral and
caudal 1, 2, 3, and 4 mm in axial sections were quantified
and normalized to the percentage of intact spinal cord area.
Nissl staining (Beyotime) was used to identify surviving motor
neurons by the existence of the Nissl substance and euchromatic
nuclei. Surviving motor neurons were quantified by counting all
such cells in the ventral horn. The three staining methods were
described previously (Chen et al., 2020).

Behavioral Analysis

Three methods were used to assess the behavior of SCI rats.
The Basso, Beattie, and Bresnahan (BBB) locomotor rating scale
ranging from 0 to 21 points was used to assess the behavior of
SCI rats. The BBB locomotor rating scale was performed by the
double-blind method at 1, 3, 5, 7, 14, 28, 35, and 42 days after SCI,
when the rats walked freely on the open-field surface for 4 min.
The footprint analysis and the Grid walk test were performed as
previously described (Metz et al., 2000). Information from the
BBB locomotor rating scale and footprint analysis is listed in
Supplementary Tables 4 and 5.

Statistical Analyses

Data are presented as mean & SD. Histological data were
analyzed by a two-way ANOVA followed by Bonferroni’s multiple
comparisons test, and the BBB locomotor rating scale was
analyzed by repeated-measures two-way ANOVA followed by
Tukey’s multiple comparisons test. A one-way ANOVA with
a Tukey’s multiple comparisons test and student’s ¢-tests were
used to evaluate the other data. p < 0.05 was considered
statistically significant. Data were analyzed with Graphpad
Prism software v.9.0.

RESULTS

Probenecid Inhibits the Expression and
Activation of Inflammasome-Associated
Molecules After Spinal Cord Injury

To prove the effect of probenecid on the expression and
activation of inflammasome-associated molecules, we performed
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FIGURE 1 | Probenecid inhibits the expression of inflammasome-associated molecules at 3 days following spinal cord injury (SCI). (A,D,G,J) Representative pictures
of WB results of the expression of NLRP1 and ASC (A), pro-caspase-1and caspase-1 (D), pro-interleukin-1p (pro-IL-1p) and IL-18 (G), pro-caspase-3 and
caspase-3 (J). (B,C,E,F,H,L,K,L) Quantitative results of the expression of inflammasome-associated molecules (*p < 0.05, *p < 0.01 n = 6).
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western blotting on spinal cord homogenate extracts obtained
from sham, SCI (vector), and SCI (Prob) groups. ASC and
NLRP1 were significantly increased in the SCI (vector) group,
whereas they were significantly reduced in the SCI (Prob)
group compared with the SCI (vector) group (Figures 1A-C).
Pro-caspase-1 levels were unchanged among the three groups

(Figures 1D-F). However, caspase-1 levels were significantly
decreased in the SCI (Prob) group compared with the SCI
(vector) group. Pro-IL-1f and IL-1f levels were significantly
decreased after probenecid treatment compared with the
SCI (vector) group (Figures 1G-I). The levels of the pro-
caspase-3 and the caspase-3 were significantly decreased in
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FIGURE 2 | Inhibitory effects of Probenecid on the expression of inflammasome-associated molecules at 7 days following SCI: immunofluorescence detection.
Representative images of CD68 (red, rhodamine staining) and caspase-1 [green, fluorescein isothiocyanate (FITC) staining] co-stained (A-C), CD68 and IL-18
(green, FITC staining) co-stained (D-F). Hoechst 33342 (blue) was used to counterstain cells to visualize nuclei. (G,H) Quantitative analysis of CD68" caspase-1"
(G), and CD68* IL-1p* (H), (**p < 0.01 n = 6) scale bar: 50 um.
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FIGURE 3 | Effects of Probenecid on M1 and M2 cells in the injured spinal cord as distinguished by immunofluorescence. Representative images of CD68 (red,
rhodamine staining) and CCRY7 (green, FITC staining) co-stained M1 cells (A=C), CD68 (red, rhodamine staining) and Arg1 (green, FITC staining) co-stained M2 cells
(D-F). Cells were counterstained with Hoechst 33342 (blue) to visualize nuclei. (G,H) Quantitative analysis of CD68" CCR7* (G), and CD68* Arg1™ (H; **p < 0.01
n = 6), scale bar: 50 pm.
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FIGURE 4 | Effects of Probenecid on Polarization of M1 and M2 in the injured spinal cord as distinguished by flow cytometr (FCM). CD68+TCCR7* and
CD68*TCD206" cells were defined as M1 and M2, respectively. (A) Flow cytometry pictures of cells derived from spinal cord homogenate. (B,C) Statistical charts
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the SCI (Prob) group compared with the SCI (vector) group
(Figures 1J-L).

The immunofluorescence assay was used to detect the
effect of probenecid on the expression and activation
of inflammasome-associated molecules. We used double
immunofluorescence staining to label CD68 with caspase-
1 and IL-1P, respectively (Figures 2A-F). CD68 is the
marker of activated microglia/macrophages. The number
of CD68" Caspase-17 cells and CD68% IL-18T cells was
significantly decreased in the SCI (Prob) group compared
with the SCI (vector) group (Figures 2G,H). The results

could indicate that probenecid inhibits the expression
and activation of inflammasome-associated molecules
after SCI.

Probenecid Inhibits Spinal Cord
Injury-Induced Polarization of
Microglia/macrophages Into M1 Cells
and Increases the Polarization of

Microglia/macrophages Into M2 Cells

To verify the effect of probenecid on M1 and M2 phenotype
cells, we used the immunofluorescence assay to detect
the specific markers of M1 (CD68TCCR7") and M2 cells
(CD68T Argl™; Figures 3A-F). The number of CD68TCCR7™
(M1) cells was significantly decreased and the number of

CD68TArgl™ (M2) cells was significantly increased in the
SCI (Prob) group compared with the SCI (vector) group
(Figures 3G,H).

M1 and M2 cells in the injured spinal cords were also analyzed
by flow cytometry. CD68TCCR7* and CD681TCD206™ cells were
defined as M1 and M2 cells, respectively (Figure 4A). Although
the proportions of M2 cells did not differ between the SCI
(Prob) and SCI (vector) group (Figure 4C), the proportions
of M1 cells were significantly increased in the SCI (vector)
compared with the sham group while the proportions of M1
cells after probenecid treatment were significantly decreased
compared with the SCI (vector) group (Figure 4B). This is
enough to indicate that probenecid can improve the local
immune microenvironment of SCI.

Probenecid Reduces Spinal Cord Tissue
Damage, Increases Myelination and the
Number of Residual Neurons, and

Promotes Functional Recovery

To verify the effect of probenecid on histopathology and behavior
after SCI, myelin preservation, the area of lesion, and motor
neuron survival were examined by LFB, HE, and Nissl staining,
respectively. Figures 5A, 6A are the representative pictures of
HE and LFB staining in the 2-mm transverse sections rostral
to the epicenter of spinal cords. Lesion areas in the center of
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FIGURE 5 | Quantitative analysis of the effect of Probenecid on lesion areas.
(A) Representative pictures of hematoxylin-eosin (HE) staining in the
transverse sections of 2 mm rostral to the epicenter of spinal cords.

(B) Quantitative analysis of lesion areas in different groups at different
distances from the epicenter (0 mm) and 1, 2, 3, and 4 mm rostral (+) and
caudal (-) from the epicenter (o < 0.05, **p < 0.01 n = 6). Scale bar:

500 pm.

injury, 1 and 2 mm rostral and caudal to the epicenter were
smaller in the SCI (Prob) group than in the SCI (vector) group
(Figure 5B). The LFB-positive areas at the lesion epicenter, 1 mm
rostral and caudal, and 2 mm rostral to the epicenter in the SCI
(Prob) group were larger than those in the SCI (vector) group
(Figure 6B). Figure 7A is a representative Nissl-staining image of
neurons in the ventral horn 3 mm rostral to the lesion at 6 weeks
post SCI. The number of residual ventral horn motoneurons
3 and 4 mm rostral and caudal to the injury center in the
SCI (Prob) group were more than those in the SCI (vector)
group (Figure 7B).

To research the effect of probenecid on behavioral recovery
after SCI, BBB scores were performed at 1, 3, 5, 7, 10, 14, 21,
28, 35, and 42 days after SCI. Both the sham group and the
pre-injury score were 21, and there was no significant difference
between the SCI (Prob) group and the SCI (vector) group from
1 to 10 days post-injury. At 14, 28, 35, and 42 days, scores were
higher in the SCI (Prob) group than in the SCI (vector) group
(Figure 8A). At 6 weeks following SCI, a grid walk test and
the footprint analysis were also used to evaluate the effects of
neuroprotection and motor function recovery. The SCI (Prob)
group had less footfall errors compared to the SCI (vector) group
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FIGURE 6 | Quantitative analysis of the effect of Probenecid on myelin
preservation. (A) Representative pictures of LFB staining in the transverse
sections of 2 mm rostral to the epicenter of spinal cords. (B) Quantitative
analysis of residual myelination in different groups at different distances from
the epicenter (0 mm) and 1, 2, 3, and 4 mm rostral (+) and caudal (-) from the
epicenter ("p < 0.05, *p < 0.01 n = 6). Scale bar: 500 pm.

(Figure 8B). Similarly, in the footprint analysis, the scores of the
SCI (vector) group were lower than those of the SCI (Prob) group
(Figures 8C,D).

DISCUSSION

Spinal cord injury is a direct or indirect injury to the spinal
cord, which has a high incidence and disability rate, causing pain
and suffering to the patient and a heavy burden to the family
and society. The pathogenesis of SCI is complex and has not
yet been precisely elucidated. It has been reported that a series
of cascade reactions, including neuroinflammation, apoptosis,
and free radical production, occur during the development of
SCI (Rong et al., 2019; Zhu et al,, 2020). In this experiment, we
establish SCI models in SD rats to investigate the function of
probenecid in SCI and its possible mechanism.

Probenecid is a compound with a molecular weight of
285.36 Da, and its molecular formula is C13H19NO4S, which
has been used for the treatment of gout clinically (Cheng and
Kim, 2020). Probenecid has been found to inhibit oxidative
stress in neuronal cells (Cheng and Kim, 2020) and also acts
as a pannexin-1 channel inhibitor, which may inhibit the
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FIGURE 8 | Effects of Probenecid on behavior recovery following SCI. Motor function was evaluated by the BBB scoring, footprint analysis, and grid walk in the SCI
(Prob) and SCI (vector) group. (A) The BBB scores of the three groups. (B) Grid walk test post SCI. (C) Footprint analysis post SCI. (D) Representative pictures of
footprints of different points ("o < 0.05, **p < 0.01 n = 8).
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activation of inflammasomes (Silverman et al., 2009), as well
as being protective in a rat model of cognitive impairment
(Cheng and Kim, 2020). These reports suggest that probenecid
is therapeutic for CNS injury. Recently, we also found that
some signal pathways associated with inflammatory responses
can be inhibited by the application of probenecid after SCI via
the RNA-sequencing analysis (Zhang et al., 2020). Therefore,
we hypothesize that probenecid may have anti-inflammatory
and neuroprotective effects. The pannexin-1 channel is mainly
found in the brain, spinal cord, and thyroid and is the most
widely studied channel due to its key role in the activation of
inflammasomes (Bruzzone et al., 2003). The literature suggested
that it was involved in many diseases, such as Alzheimer’s
disease, type II diabetes, and atherosclerosis (Karasawa and
Takahashi, 2017; Sepehri et al., 2017; White et al,, 2017).
Some of the inflammasomes involved in pannexin-1 channels,
like NLRP1, NLRP2, and NLRP3, have been shown to exert
effects in inflammation due to CNS injury (de Rivero Vaccari
et al, 2014; Mortezaee et al, 2018). During the process of
natural immune defense, the activation of caspase-1 can be
regulated by inflammasomes and foster the creation of IL-1f
and IL-18 (Lamkanfi and Dixit, 2012; Strowig et al, 2012),
ultimately leading to the generation of a series of downstream
inflammatory cascade responses. We hypothesized that the
pannexin-1 channel could act as an important part to inhibit
the activation of inflammasomes, thereby improving the immune
microenvironment of SCI and reducing spinal cord nerve injury.
It has been shown that probenecid can treat neuropathic pain
due to its inhibition of pannexin-1 channels (Bravo et al,
2014). Our experimental results showed that probenecid inhibits
the expression and activation of pannexin-1 channel-related
molecules, like ASC, NLRP1, IL-18, and caspase-1 after SCI.
The results indicated that probenecid can affect the expression
of inflammatory factors downstream of inflammasomes by
inhibiting pannexin-1 channels in SCI rat models. Following SCI,
inflammatory cells at the site of injury are activated and increased,
producing large amounts of inflammatory factors and forming an
inflammatory microenvironment, eventually resulting in spinal
cord dysfunction (Sun et al., 2016). It has been proven that, under
natural conditions, inflammatory cell subsets (e.g., M1) constitute
the majority in the local immune microenvironment of SCI, while
anti-inflammatory cell subsets (e.g., M2) are fewer (Zhou et al,,
2014; Ma et al., 2015; Ahmed et al., 2018), which is an important
mechanism for the pathological damage that occurs after SCI.
As probenecid inhibits pannexin-1 channels, suppresses the
stimulation of inflammasomes, and reduces proinflammatory
factors, we hypothesize that probenecid may improve the local
immune microenvironment and exert effects to protect the
nerve. We used flow cytometry to investigate the effects of
probenecid on local immune cell subsets in SCI by detecting
CD68, a universal marker of activated microglia/macrophages,
and specific markers of M1 (CCR7") and M2 subtype cells
(CD206™). The results showed a significant increase in MI-
type macrophages after SCI, which is consistent with the
pattern that M1-type macrophages promote the development
of inflammatory responses. In the SCI (Prob) group, we found
that there was a decrease in M1 cells, which may be the result

of prohibiting inflammasome activation by probenecid. We also
used the immunofluorescence assay to investigate the effects
of probenecid on local immune cell subsets by detecting the
specific markers of M1 (CCR-7) and M2 cells (Argl). Our study
indicated that probenecid lessened the number of M1 cells and
rose the number of M2 cells compared with the SCI (vector)
group. Therefore, we hypothesize that probenecid could affect
the polarization of microglia/macrophages, thereby affecting the
local immune microenvironment.

These findings suggested that the inhibition of inflammasome
activation might reduce M1 cells and increase M2 cells
(Slusarczyk et al, 2018; Su et al, 2020). Taken together,
probenecid could inhibit the activation of inflammasomes,
thereby affecting microglia/macrophage cell polarization
to improve the limited immune microenvironment. These
findings supported the possibility that probenecid may provide
neuroprotection and improve motor function. Morphological
and behavioral tests were also performed to determine whether
probenecid has such effects. In the SCI (Prob) group, a
meaningful decline in the demyelinating area of spinal cord, a
rise in residual ventral horn motor neurons and a considerable
improvement in motor function were observed.

CONCLUSION

In summary, the present experimental results indicate that
probenecid is restorative in the SCI model in SD rats. The
possible mechanism is that probenecid improves rat SCI
by inhibiting the activation of inflammasomes, reducing the
production of proinflammatory factors, improving the local
immune microenvironment, reducing the early inflammatory
response, and reducing secondary SCI through the inhibition of
Pannexin-1 channels, and the early use of probenecid may be a
meaningful strategy for the treatment of SCI.
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During embryonic spinal cord development, neural progenitor cells (NPCs) generate
three major cell lines: neurons, oligodendrocytes, and astrocytes at precise times and
locations within the spinal cord. Recent studies demonstrate early astrogenesis in animal
models of spina bifida, which may play a role in neuronal dysfunction associated with
this condition. However, to date, the pathophysiological mechanisms related to this
early astrocytic response in spina bifida are poorly understood. This study aimed to
characterize the development of early astrogliosis over time from Pax6+, Olig2+, or
Nkx2.2+ NPCs using a retinoic acid-induced spina bifida rat model. At three gestational
ages (E15, E17, and E20), spinal cords from fetuses with retinoic acid-induced spina
bifida, their healthy sibling controls, or fetuses treated with the vehicle control were
analyzed. Results indicated that premature astrogliosis and astrocytic activation were
associated with an altered presence of Pax6+, Olig2+, and Nkx2.24+ NPCs in the
lesion compared to the controls. Finally, this response correlated with an elevation
in genes involved in the Notch-BMP signaling pathway. Taken together, changes in
NPC patterning factor expression with Notch-BMP signaling upregulation may be
responsible for the altered astrogenesis patterns observed in the spinal cord in a retinoic
acid-induced spina bifida model.

Keywords: neural tube defect (NTD), spina bifida (SB), neural progenitor cell (NPC), astrogenesis, Pax6, Olig2,
Nkx2.2

INTRODUCTION

Spina bifida, characterized by the failure of the neural tube to close fully during embryonic
development, is a defect that leads to neurological and physiological disabilities in the fetus,
including motor, urinary, intestinal, and sexual dysfunctions, as well as impaired mental
development (Mitchell et al., 2004). Often referred as the “two-hit” hypothesis, the primary neural
tube defect is followed by in utero neurodegeneration secondary to mechanical and chemical
trauma (Meuli and Moehrlen, 2014). The components of the amniotic fluid, such as meconium,
likely contribute to this neurodegeneration with advancing gestation, which is supported by the
significant neurologic improvement observed after in utero repair of the defect (Adzick et al., 2011;
Moldenhauer and Adzick, 2017). A better understanding of this neural injury’s progression will aid
in the development of targeted therapeutics that can combat neurodegeneration.
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During normal spinal cord development in the fetus, the
ventricular zone (VZ) contains multipotent neural progenitor
cells (NPCs) that generate three major cell lineages: neurons,
oligodendrocytes, and astrocytes. Moreover, the fate of each
cell type depends on the time in which NPCs are initiated
to differentiate and their location in the neuroepithelial
(Temple, 2001). In normal conditions, neurogenesis
occurs in the early embryonic stage, and astrogenesis and
oligodendrogenesis occur later in development and even
after birth (Reemst et al, 2016). However, recent studies
demonstrate that astrocyte differentiation, proliferation,
and activation occur earlier in the spinal cord of animals
with chemically induced spina bifida (Oria et al, 2018).
This early astrocytic reaction may play a role in the
impaired neurogenesis and, therefore, the decline in overall
neural tissue function. To date, the pathophysiological
mechanisms related to this early astrocytic response in
spina bifida are poorly understood. However, we anticipate
that the regulation of NPC differentiation plays a critical role
in this reaction.

Complex interactions between intracellular transcriptional
regulators and extracellular signals define the timing and the
location of NPC differentiation. For example, transcription
factors in the ID and Hes gene families have been implicated as
master regulators of normal astrocyte differentiation (Bertrand
et al., 2002). Additionally, homeodomain factors, including Pax6
and Nkx2.2, and basic helix loop helix factor, Olig2, determine
the differentiation fate of NPCs located on the dorsoventral
wall. Moreover, NPCs located on the dorsoventral wall also
differentiate depending on bone morphogenetic proteins (BMPs),
produced by the roof plate, and sonic hedgehog (Shh), produced
by the floor plate (Ulloa and Briscoe, 2007; Molofsky et al., 2012).
These morphogens are key regulators of NPC differentiation
potential toward neuron and glia cell lineages (Dennis et al.,
2019). Interestingly, changes in these transcriptional and
extracellular signals may be a possible mechanism for earlier
astrocyte presence in spina bifida; however, this has not yet
been investigated.

This study characterizes the expression of transcription factors
and extracellular signals that regulate NPC differentiation at three
time points during gestation (E15, E17, and E20) in a retinoic
acid (RA)-induced rat model of in utero spina bifida. Importantly,
we demonstrate a possible implication of Pax6, Nkx2.2, and
Olig2 transcription factors, as well as factors in the Notch-BMP
signaling pathway, in the premature shift of NPCs into astrocytes
in fetuses with RA-induced spina bifida. These results may lead to
new possible therapeutic targets for regulating neurogenesis and
gliogenesis in patients with spina bifida.

MATERIALS AND METHODS

The experimental protocols were in agreement with the National
Institutes of Health Guidelines for Care and Use of Laboratory
Animals and were approved by the Institutional Animal Care and
Use Committee at Cincinnati Children’s Hospital Medical Center
(IACUC 2019-0081).

Congenital Retinoic Acid-Induced Spina
Bifida Animal Model and Experimental
Design
The study was performed using 36 timed-pregnant Sprague-
Dawley rats weighing 200-250 g (Charles River Laboratories,
Inc., Wilmington, MA, United States) and housed at 22°C in a
standard dark:light cycle (10:14 h) (light 7:00-19:00) with access
to water and standard food ad libitum. Mating date was defined as
E1 and plug day as EO. Trans-retinoic acid (RA) (Sigma-Aldrich
Chemical, St. Louis, MO, United States) was solubilized in olive
oil (vehicle) at room temperature, protected from light, and used
within 1 h of preparation. Twenty rats were gavaged with RA
(100 mg/kg) and 16 rats with an equal volume of the vehicle on
E10 at 10 a.m. With this model, 70% of fetuses in each liter were
diagnosed with spina bifida (Oria et al., 2018).

The following groups were assessed at three gestational ages
(E15, E17, and E20):

1. MMC: open spinal cords from fetuses with RA-induced
spina bifida (n = 6-8 per time point).

2. Control: spinal cords from non-affected siblings of RA-
treated rats (n = 6-8 per time point).

3. Vehicle: spinal cords from fetuses whose mothers received
vehicle (olive oil) (n = 6-8 per time point).

Tissue Processing

At each gestational time point (E15, E17, and E20), spinal
cords from vehicle, control, and MMC fetuses were dissected,
snap-frozen, and stored at —80°C until analyzed for gene
expression. For histological analysis, spinal cords were dissected
and fixed in 4% paraformaldehyde for 24 h and processed for
paraffin embedding.

RNA Extraction and RT-qPCR Analysis

Frozen spinal cords were suspended in RLT buffer and then
homogenized using an IkaT10 basic Ultra-Turrax homogenizer.
RNA was extracted using the RNeasy Plus Mini Kit (Qiagen
Science, Hilden, Germany) following manufacturer’s protocol
and RNA quantity was assessed through spectrophotometric
analysis using an Epoch Biotek spectrophotometer (Biotek
Instruments, Winooski, VT, United States). Utilizing the RT?
First Strand Kit (Qiagen Sciences, MD, United States), 1 pg
RNA/sample was reverse transcribed into cDNA. A 1-pg cDNA
sample was then used as a template for RT-qPCR employing
TagMan® gene expression assays (Applied Biosystems, Foster
City, CA, United States) (Supplementary Table 1) in the 7500
Fast Real-Time PCR System. Samples were ran in duplicate for
target genes and were normalized using HPRT'1 as an endogenous
control. Relative quantification of transcript expression was
performed using the 274 4€" method where C; represents the
threshold cycle.

RNA-seq Data Processing and Analysis
Raw FastQ files from the RNA-seq data Sequence Read Archive
(SRA)' and BioProject (PRINA683230) and SRA (PRJNA683793)

'https://ncbi.nlm.nih.gov/sra/
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published by Murphy et al. (2021) were processed through
the AltAnalyze package v2.0° (Emig et al., 2010). The GOseqR
package was used to perform gene ontology (GO) enrichment
analysis and GO terms with a corrected p-value less than 0.05
were considered statistically significant. This analysis identified
differentially expressed genes between control, vehicle, and
MMC groups at E15, E17, and E20 (Emig et al., 2010). The
analysis was conducted according to the functional annotation
in “Neurogenesis” genes in the GO database (G0:0022008).
Additionally, analysis was conducted according to the functional
annotation “Astrocyte Differentiation” genes in the GO database
(GO:0048708) and “Oligodendrocyte Differentiation” in the
GO database (GO:0048709), sub-classifications within the
“Neurogenesis” GO database.

Immunostaining

Sections were deparaffinized, rehydrated, and incubated in
sodium citrate buffer (pH 6) for 30 min at 95°C to retrieve
antigens. Sections were permeabilized with 0.5% Triton X-100
(Sigma-Aldrich, St. Louis, MO, United States) in phosphate-
buffered saline (PBS) and incubated in 3% peroxide for 15 min
at room temperature. Non-specific binding was blocked for
1 h with 5% BSA in PBS at room temperature, and sections
were then incubated overnight at 4°C in a humidity chamber
with the following primary antibodies: anti-Olig2 (Millipore,
#AB9610 Rabbit and #ABE1024, Guinea Pig) (1:1,000), anti-
GFAP (Abcam, #AB4674, Chicken) (1:500), anti-Pax6 (Abcam
#ab5790, Rabbit) (1:1,000), anti-Nkx2.2 (Novus Biological,
#NBP2-34799, Mouse) (1:500), anti-Nestin (BD Biosciences,
#556309, Rat) (1:50), anti-Vimentin (Sigma, #V6630, Mouse)
(1:200), BMP-4 (Invitrogen, #PA5-19683, Rabbit) (1:800), BMP-
2 (Invitrogen, #PA5-78874, Rabbit) (1:250), S100b (Sigma,
#SAB4200671, Mouse) (1:500), Tubulin B III (TUBB3) (Abcam,
#ab18207, Rabbit) (1:500) Aldhlll (Novus Biological #NBP2-
50045, Mouse) (1:1,000), AQP4 (Sigma #A4971, Rabbit) and
Doublecortin (DCX) (Invitrogen #PA5-17428, Rabbit) (1:200).
Sections were washed and incubated for 1 h with Alexa Fluor
488 (#1531671, Donkey and #1531669 Goat, #1990462, Goat),
Alexa Fluor 568 (#1691230, Goat, #1398018, Goat, #1504529,
Goat), or Alexa Fluor 647 (#1445259, Goat, #1608641, Donkey)
conjugated secondary antibodies (Life Technologies) (1:1,000)
in the dark at room temperature in a humidity chamber.
Slides were washed, covered with mounting media containing
DAPI (Southern Biotech, Birmingham, AL, United States), and
visualized with a Nikon fluorescent microscope (Nikon Inc.,
Melville, NY, United States).

Immunolabeled Cell and Area

Quantification

Pax6+4, Olig2+, Nkx2.24 cell counts, and GFAP+ immuno-
stained area measurement was done using NIS Elements AR 4.5
software (Nikon Instruments Inc.). Quantification was conducted
using more than ten random high magnification images per
spinal cord section in three consecutives sections from each
animal. This analysis was conducted in 4-6 animals per group.

Zhttp://www.altanalyze.org

Cell count data is reported as the percentage of immuno-positive
cells compared to the total number of cells in each area. Area
is reported as the positively stained area in square pixels as a
percentage of the total area. All quantifications were performed
by an investigator blinded to the experimental groups.

Statistical Analysis

All statistical analysis and graphs were performed in Graph
Pad Prism 9 software (GraphPad Software Inc., La Jolla, CA,
United States). Differences among multiple groups were analyzed
by one-way analysis of variances (ANOVA) using Turkey’s
post hoc test. Differences among the same group at different time
points were analyzed by two-way ANOVA using Tukey’s post hoc
test. Results are reported as means =+ standard error (SE) for
the relative gene expression (2=2ACt and means + standard
deviation (SD) for all cell counting analysis. A p-value < 0.05 was
considered statistically significant.

RESULTS

Precautious Astrocyte Generation in
Spina Bifida
Altered cell quantification of astrocytes (GFAP) and neurons
(NeuN) expression has been described in spina bifida in utero
(Reis et al., 2007; Danzer et al., 2011; Oria et al, 2018),
but the correlation with the NPC which are the origin of
these differentiated cell types it is not understood in spina
bifida physiopathology. In previous mentioned works neuronal
numbers decreased during gestation in spina bifida. To determine
the neuronal fate and the distribution of premature neurons, we
stained spinal cords with Class III B-tubulin and Doublecortin
(Dcx) markers of progenitor cells committed to a neuronal fate.
In rat fetuses, spina bifida led to extensive loss of Class III
B-tubulin and Dcx as gestation progresses suggesting decrease in
the expression of premature neurons compared to the controls
with normal development (Supplementary Figure 1).
Motivated by evidence that neural cell fate differentiation
processes are impacted, with decreased neurogenesis, decreased
oligodendrogenesis, and increased astrogenesis, as the RNA-
seq (Murphy et al., 2021) and previous work in spina bifida
in rats (Oria et al.,. 2018) are described; we investigated
how astrocyte presence in the fetal spinal cord at various
time points was affected by exposure of the NPC to the
amniotic fluid in spina bifida. Not only has GFAP been used
in immunohistochemical studies to characterize changes in
reactive astrocytosis, but it has also been used in developmental
studies as a major mature-astrocyte marker (Koyama, 2014) and
therefore was our primary indicator of astrocytes. Interestingly,
we observed significant robust upregulation of astrocyte marker,
glial fibrillary acidic protein (GFAP), gene expression in MMC
fetuses compared to vehicle and control at each studied time
point (***p < 0.001) (Figure 1A). Similarly observed in the
RNA-seq results with upregulated GFAP expression at all three
time points (E15, E17, and E20) but not significant at E17
and E20 (Supplementary Table 2). Immunofluorescent staining
indicates that this upregulation correlates with an elevation in
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the area stained with GFAP in MMC at E15 and E17 before
any GFAP-positive cells are detected in normal control groups
suggesting the accelerated gliogenesis altered process by spina
bifida immature spinal cord (*p < 0.05, **p < 0.01, ***p < 0.001)
(Figures 1B,C). As observed in normal development (Yoon et al.,
2017) after E18.5 but mostly at E21 and postnatal, astrocytes
beneath the pial surface begin expressing GFAP, which is evident
in control and vehicle fetuses where more area is positive for
GFAP at E20 compared to E15 and E17 (*p < 0.05, control
and vehicle E20 vs. E15 and E17) (Figures 1B,C). Importantly,
early expression of GFAP is observed in the open spinal cords of
MMC fetuses that are exposed to the amniotic fluid (Figure 1B).
This area corresponds to the VZ and sub-ventricular zone (SVZ),
where NPCs are normally located and responsible for neural
development processes. In this VZ, we observed distribution of
GFAP-hypertrophic positive astrocytes appeared as numerous
aggregates throughout the lesion near the exposed neural tissue
in spina bifida fetuses. In addition, glial cells (GFAP) do not
express in the VZ of control group and the expression in the white
matter are not hypertrophic and showed elongated bodies and
long filamentous projection (Figures 1B,D).

Next, we investigated the reactivity of this GFAP+ astrocyte
population in spinal cord sections from MMC and control
groups, as reactivity is a major feature of spinal cord injury.
This reactivity was determined based on co-expression of GFAP,
vimentin, and nestin after immunostaining. Under normal spinal
cord development, early neuroepithelial progenitors in the spinal
cord and radial glial cells express nestin and vimentin, as we
observed in vehicle control and RA control spinal cord tissue
sections at E15 (Figure 2). Numerous processes in the dorsal and
ventral halves radiating from the central canal, corresponding to
radial glial, express vimentin, and nestin (Barry and McDermott,
2005) (Figures 2A,B). Although you only see that during
embryonic development (radial glial) and then very rarely in
adult neurogenic zones. At E20 in healthy fetal spinal cords,
GFAP is highly expressed in the white matter; however, GFAP+
cells (green) are deemed unreactive as GFAP staining does
not co-localize completely with nestin and vimentin. In these
representative sections, nestin and vimentin are predominantly
expressed in the white matter’s radial astrocytes and attenuated
radial glial cells of the gray matter. In contrast, we observed
hypertrophic and reactive astroglia in MMC fetal spinal cords
as indicated by GFAP co-localization with vimentin and nestin
(yellow) as early as E15 but is a prominent response by E20
(Figure 2B, white arrows). GFAP co-localization with nestin and
vimentin was observed in focal points at E15 and E17 when GFAP
expression was not detected in control/vehicle tissues.

In addition, this reactive astroglia was predominantly found
in the VZ as well as the medial septum and radial processes,
areas directly exposed to the amniotic fluid as a result of the
defect and different expression pattern was evident compared
to control groups (Figures 2A,B, white arrows). Furthermore,
immunofluorescent staining indicates an increase in the area
stained with GFAP + Nestin and GFAP + Vimentin in MMC
fetuses at the different time points even before any GFAP-
positive cells are detected in normal control groups (E15and E17)
suggesting the accelerated gliogenesis and activation process by

spina bifida immature spinal cord (**p < 0.01, ***p < 0.001)
(Figure 2C). In normal development at E21 astrocytes beneath
the pial surface in the white matter begin expressing GFAP, also
some area is positive for GFAP + Nestin or GFAP + Vimentin
compared control but also the distribution is not the same
location as in MMC is located in the VZ. This increase in co-
expression of GFAP and Nestin or Vimentin also is increased at
the end of gestation compared to E15 and E17 (*p < 0.05, control
and vehicle E20 vs. E15 and E17) (Figure 2C).

To further validate the expression of astrocytic markers and
astroglia reactivity in the VZ exposed to the amniotic fluid
in MMC fetuses were determined using immunostaining with
other premature astrocyte markers as Aldhlll and Aquaporin
4 (AQP4). Using both markers we observed and increase of
expression at E17 gestational age (Figures 3, 4). The expression
of AQP4 and Aldhlll decreased at E20 which correlated with
the increase of GFAP expression, used as more mature astrocyte
marker (Figures 3, 4). The expression of both Aldh111 and AQP4
were observed in the VZ, niche of the NPC and exposed to the
amniotic fluid in MMC fetuses.

Gene Ontology Functional Analysis of
Differential Expressed Genes in

Neurogenesis

To gain molecular insights into the injury responses that are
mediated by the exposure of the neural tissue to the amniotic fluid
in spina bifida in utero, we conducted transcriptome analysis of
existing RNA-seq datasets from lumbar spinal cords of fetuses
in each experimental group at E15, E17, and E20 (Murphy
et al., 2021). Gene expression levels were compared between
fetuses with MMC and their control siblings (control) or those
that received olive oil (vehicle). Hierarchical cluster analysis
of differentially expressed genes demonstrated transcriptome-
wide expression patterns that were similar between spinal cords
collected from vehicle and control fetuses compared to those
from MMC at all three gestational ages: E15, E17, and E20
days (Figure 5A) as published by Murphy et al. (2021). An
analysis from the RNA-seq study was conducted according
to the functional annotation in “Neurogenesis” genes in the
GO database (G0O:0022008). From the 4,975 annotations, we
identified 388 genes that were expressed differently between
MMC and the two control groups at E15 (Supplementary Table 3
and Figure 5B), 39 genes were expressed differently between
MMC and the two control groups at E17 (Supplementary Table 4
and Figure 5B), and 12 genes were expressed differently between
MMC and the two control groups at E20 (Supplementary Table 5
and Figure 5B). Finally, only seven genes were differentially
expressed in the neurogenesis GO between vehicle and control
at E15 (Supplementary Table 3 and Figure 5B), zero at E17
(Figure 5B), and one at E20 (Supplementary Table 5 and
Figure 5B).

Analysis of two sub-classifications within the Neurogenesis
GO, Oligodendrocyte Differentiation (GO:0048709), and
Astrocyte Differentiation (GO:0048708), was conducted to
elucidate the early changes in gene expression that could
change the NPC fate. Within Oligodendrocyte Differentiation
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FIGURE 1 | Progressive immunoreactive astrocytes in spina bifida fetuses. (A) GFAP relative expression increased in spina bifida (MMC) compared with control and
vehicle spinal cords. Values (means + SE, 6 fetuses/group) of relative expression (2-2 4t for RA-treated and time-matched controls (***p < 0.001). (B) Schematic
representation of GFAP distribution in MMC and control fetal spinal cords at E15, E17, and E20 (left). GFAP staining (right) in MMC, control, and vehicle fetal spinal
cords at E15, E17, and E20. Progressive GFAP+ (red) DAPI+ (blue) immunoreactive astrocyte cells at E15, E17, and E20 in exposed spina bifida (arrows) (10x
images). (C) GFAP stained area/total picture area in all groups at three gestational ages E15, E17, and E20 (means + SD, *p < 0.05, **p < 0.01, **p < 0.001,

#b < 0.05 between control and vehicle groups at E20 compared to E15 and E17). (D) GFAP-immunoreactive astrocytes in spina bifida (MMC) VZ exposed to the
amniotic fluid compared to filamentous astrocyte projections in white matter control spinal cords at E20 (40X).
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(GO:0048709), we identified 31 genes differentially expressed
between MMC and control groups at E15, 5 at E17 and 3
at E20 from the 174 annotations. At early stages, E15, we
identified changes in genes in oligodendrocyte differentiation
(Oligl, Olig2, Slc8a3, Sox10, Tmem98, Bmp4, Dusp10, Dusp15,
Eif2b2, Enpp2, Errbb2, Gsx2, Hdacl, Hesl, 1134, Mag, Mdk,
Med12, Nkx6-1, Notchl, and Ntrknl), oligodendrocyte

development (Tcf712 and Ascll), myelinization (Cntnapl)
when compared to controls (Figure 1C). Additionally, within
Astrocyte Differentiation (GO:0048708), we identified 41
genes dysregulated in MMC vs. control groups at El5, 4
genes at E17 and 2 genes at E20 (Figure 5C) from the 424
annotations. Examining the differentially expressed genes
in the Astrocyte Differentiation GO, we observed early
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FIGURE 2 | In utero progressive astrogliosis in spina bifida. Progressive early astrogliosis in spina bifida (MMC) at E15, E17, and E20 compared with control spinal
cords. Progressive GFAP (green) immunoreactive astrocyte cells, (A) vimentin (red) and (B) nestin (red) reactive astrocytes co-localization (yellow) and DAPI (blue) at
E15, E17, and E20 in spina bifida (arrows) (20 x). Control/Vehicle immunoreactive GFAP (green) astrocytes in white matter beneath the pial surface at E20 in normal
spinal cords (20x). Astrocytes GFAP (green) co-localized with (A) vimentin (red) and (B) nestin (red) in spina bifida fetuses at in the VZ region compared with
controls/vehicle with no expression of GFAP in the VZ nor central canal (arrow). (C) GFAP + Nestin and GFAP + Vimentin-stained area/total picture area in all groups
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changes at E15 in genes involved in the regulation of glial
cell proliferation (Gfap, Notchl, Vim, Abcc8, Adyapl, and
E2f1), glial cells differentiation (Ascll, Dner, Erbb2, Gap43,
Hesl, Igfl, KIf15, Lefl, Metrn, Mmp24, Plpl, and Bmp4),
glial cell migration (Cspg4, Efempl, Fnl, Idh2, lamb1, P2ry12,
Tspo, and Vcan) glial cell projection (Cspg5 and Mdk), glial
cell fate commitment (Hes5), glial cell development (Lgi4),
astrocyte differentiation (DII3, Hesl, Hes5, Hmga2, Mag,
Notchl, Ntrk3, and Sox6), astrocyte activation (Egfr, Ldrl, and
Smo), astrocyte development (Mt3, Plpl, Pou3f2, Rorl, and

Vim), and astrocyte commitment (Sox9) compared to controls
(Figure 5C). Validation of the RNA-seq data was performed
using RT-qPCR for some of the key genes in astrogenesis
(Supplementary Table 2).

Altered Patterning Factors in the

Ventricular Zone in Spina Bifida
In the developing spinal cord, the VZ is divided into three
domains along the dorsoventral axis: Pax6 (p0-2), Olig2
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FIGURE 3 | Premature astrocytes in spina bifida. Progressive early astrogliosis in spina bifida (MMC) at E15, E17, and E20 compared with control spinal cords. GFAP
(green), Aldh111 (red), Nestin (magenta), and DAPI (blue) premature astrocytes localization in VZ exposed to amniotic fluid at E15, E17, and E20 in spina bifida (20 x).

(pMN), and Nkx2.2 (p3) domains (Shirasaki and Pfaft, 2002).
During spinal cord development, these patterning domains are
established early in gestation, by El1, and their expression
remains during the course of neuro- and gliogenesis until
astrogenesis begins in the end stages of gestation (Sugimori
et al, 2007). We hypothesize that treating rats with RA
at E10 will modulate the spinal cord’s patterning domains.
Therefore, to assess the impact of RA-induced spina bifida on
NPC differentiation, we characterized Pax6, Olig2, and Nkx2.2
expression in fetal spinal cords during gestation because in spina

bifida the spinal cord is open and unfolded exposing the VZ
and the progenitor cells to the amniotic fluid. First, Pax6 gene
expression was upregulated in MMC at E15 and E17 compared
to control and vehicle groups but returns to normal levels by E20
(*p < 0.05, **p < 0.01) (Figure 6A). At E15 and E17, Pax6+
NPCs are located in the VZ in all groups; however, those found in
the MMC group are directly in contact with the amniotic fluid
as a result of the defect. At E20, Pax6 expression is restricted
to the ependyma located in the central canal in fetuses from
both control and vehicle groups; in contrast, Pax6+ cells in
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FIGURE 4 | Aquaporin 4 astrocytes in ventricular zone spina bifida fetuses. Generation of mature astrocytes in MMC compared with control spinal cords at E17.
AQP4+ GFAP+ cells located in the VZ exposed to the amniotic fluid in spina bifida at E17 (20x). Magnification of VZ in MMC and control/vehicle animals (arrow).

MMC fetuses are spread throughout the gray matter in both
halves of the spinal cord (Figure 6B). Upon quantification of
immunofluorescence staining, we observed a significant increase
in Pax6+ cells in MMC fetal spinal cords compared to the
control groups at each time point (*p < 0.05, **p < 0.01,
**p < 0.001) (Figure 6C). Interestingly, by E20, the percentage
of Pax6+ cells decreased in control and vehicle compared to E15
(*p < 0.05) following the normal decrease in expression during
spinal cord development associated with oligodendrogenesis and
astrogenesis (Sugimori et al., 2007) (Figure 6C). The percentage

of Pax6+ cells in the MMC group also decreased during gestation
(*p < 0.05 E15 vs. E20), however, it still was significantly higher
compared to the other groups (Figure 6C).

Down-regulation of Olig2 patterning factor was observed in
MMC fetuses compared with control and vehicle animals at each
time point studied (**p < 0.01, ***p < 0.001) (Figure 7A),
similarly observed in the RNA-seq results (Supplementary
Tables 3-5). During spinal cord development, Olig2+ cells
migrate from the pMN domain to the rest of the spinal cord,
as observed in control and vehicle fetuses at E15, E17, and E20
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FIGURE 5 | Cluster analysis of differentially expressed genes. (A) Hierarchical cluster analysis of differentially expressed genes showed transcriptome-wide
expression patterns similar between the control and vehicle groups compared to MMC samples in all three gestational ages E15, E17, and E20 days. (B) Venn
diagram of the DEGs in different comparisons. The numbers indicate unique and common DEGs in two duplicates for different comparisons MMC vs. VC, MMC vs.
NC and NC vs. VC. (C) Analysis of two sub-classifications within the Neurogenesis GO, Oligodendrocyte Differentiation (GO:0048709), and Astrocyte Differentiation
(GO:0048708) DEGs between the control and vehicle groups compared to MMC at E15, E17, and E20 days.

(**p < 0.001, E20 vs. E15 and E17) (Figures 7B,C). In contrast,
with MMC fetuses, Olig2+ cells remained as tight clusters in the
VZ over this gestational period and were exposed to the amniotic
fluid (Figure 7B). Furthermore, down-regulation of Olig2 mRNA
and clustering of Olig2+ cells within the VZ observed in MMC
is associated with a decrease in the number of Olig2+ cells at
E17 and E20 as compared to control and vehicle (*p < 0.05)
(E15, E17, and E20) (Figure 7C). There was no difference in
the percentage of Olig2+ cells between groups at mid gestation
(E15). Interestingly, the Olig2 (pMN) domain was exposed to the
amniotic fluid in most samples which may lead to this response.
In spina bifida fetuses Nkx2.2 transcription factor was
upregulated at E15 and E17 when compared to vehicle spinal

cords and upregulated at E20 when compared to control
(*p < 0.05) (Figure 8A). In normal development, Nkx2.2 cells
are restricted to the p3 domain of the ventromedial column
in early gestational ages. As our data supports, during normal
development, NPCs begin to migrate to the ventral spinal cord
as early as E13 and by E15, Nkx2.2 cells can be detected in the
ventral gray matter (to differentiate into ventral interneurons)
and in the white matter (to differentiate into oligodendrocytes).
By the end of gestation, Nkx2.2 cells can be detected mostly in the
ventral region (McMahon, 2000; Qi et al., 2001; Figure 8B). Even
with the defect early in gestation, Nkx2.2. cells remain restricted
to the p3 domain at E15 in the MMC group; however, they
begin to migrate at E17, and are ultimately found throughout
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FIGURE 6 | Pax6 expression and distribution in spina bifida. (A) Pax6 relative expression increased in spina bifida (MMC) compared with control and vehicle spinal
cords at E15 and E17. Values (means = SE, 6 fetuses/group) of relative expression (24 2Ct) for RA-treated and time-matched controls (*p < 0.05, ***o < 0.001).
(B) Schematic representation of Pax6 distribution in MMC and control fetal spinal cords at E15, E17, and E20 (left). Pax6+ staining in MMC, control, and vehicle
spinal cords at E15, E17, and E20 (right) (10x). Pax6+ (red) immunoreactive NPC cells exposed at E15, E17, and E20 in spina bifida (10x). (C) % Pax6+ NPC in
spina bifida, control and vehicle spinal cords determined by Pax6 stained cells/total cells at three gestational ages E15, E17, and E20 (means + SD, “p < 0.05,
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the entire spinal cord by E20 (Figure 8B). In addition, upon
quantification of immunofluorescence staining, we observed
a significant increase in Nkx2.2+ cells during development
(*p < 0.05) (Figure 8C, E20 vs. E15 and E17), and an increase
in MMC compared to both control groups at E20 (*p < 0.05)
(Figure 8C). As shown in previous studies (Mizuguchi et al.,
2001; 2007), the down-regulation of Olig2
resulted in up-regulation of Nkx2.2 and dorsal expansion of
Nkx2.2 + domain. Consequently, more Nkx2.2 cells and fewer
Olig2+ cells were detected at E17 and E20 in the spinal cord of
MMC fetuses compared with Control and Vehicle spinal cords
(*p < 0.05) (E15, E17, and E20) (Figures 8B,C).

Sugimori et al,

Origin of Premature Astrocyte Population

Next, we sought to examine the developmental origin of the glial
cells in the VZ exposed to amniotic fluid in MMC fetuses by
assessing the co-expression of GFAP and patterning factors, Pax6,

Olig2, and Nkx2.2, at each time point studied. At E15 and E17,
astrocytes (GFAP+- cells) located in the VZ of MMC fetal spinal
cords were exposed to amniotic fluid and expressed Olig2 or
Pax6 (Figure 9A). At these time points, GFAP expression was not
observed in Nkx2.24 cells around the p0 domain (Figure 9A)
(arrows). As previously observed, GFAP expression was not
detected in control and vehicle spinal cords at these time points
(Figure 9B). At E20, GFAP+ astrocytes found in the VZ of MMC
fetal spinal cords expressed Pax6, Olig2, and Nkx2.2 (Figure 9A).
On the contrary, GFAP+ cells were found in the white matter at
the sub-pial region in control and vehicle spinal cords and did
not express Pax6, Olig2, or Nkx2.2 (Figure 9B). This increase in
co-expression of GFAP and Pax6, Olig2, and Nkx2.2 compared to
controls (*p < 0.05, **p < 0.01, ***p < 0.001) (also is increased at
the end of gestation compared to E15 and E17 (*p < 0.05, control
and vehicle E20 vs. E15 and E17) (Figure 9C). These results
demonstrate the expression of an astrocyte marker (GFAP) in VZ
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FIGURE 7 | Olig2 expression and distribution in spina bifida. (A) Olig2 relative expression increased in spina bifida (MMC) compared with control and vehicle spinal
cords at E15 and E17. Values (means + SE, 6 fetuses/group) of relative expression (22 A€t for RA-treated and time-matched controls ("o < 0.05, *p < 0.01,
***p < 0.001). (B) Schematic representation of Olig2 distribution in MMC and control spinal cords at E15, E17, and E20 (left). Olig2+ staining in MMC, control, and
vehicle spinal cords at E15, E17, and E20 (right) (10x). Olig2 (green) immunoreactive NPC cells exposed at E15, E17, and clustering at E20 in spina bifida (10x).
(C) % Olig2+ NPC in spina bifida (MMC), control, and vehicle fetal spinal cords determined by Olig2 stained cells/total cells at three gestational ages E15, E17, and
E20 (means + SD, *p < 0.05, *p < 0.01, ##p < 0.001 between control and vehicle groups at E20 compared to E15 and E17).

NPC (Pax6, Olig2, and Nkx2.2) that could lead to astrogenesis in
the VZ exposed to the amniotic fluid in MMC fetuses.

Notch Bone Morphogenetic Protein
Pathway Involvement in Neural
Progenitor Cell Fate in Spina Bifida

During neural development, Notch plays a crucial role in
regulating NPC differentiation into astrocytes by activating
different signaling pathways such as Notch, Sox9, and BMP
(Fulghum, 2005; Xin et al., 2006). BMP signaling has been shown
to be a key player in many events in the central nervous system
(CNS) development. For example, BMP2 has been demonstrated
to promote astrocytes fate both in vivo and in vitro (Gross et al.,
1996; Bonaguidi et al., 2005). Also, BMP4 has been previously
reported to repress oligodendrogenesis and promote astrogenesis
during CNS maturation (Gross et al., 1996; Mabie et al., 1999).

RNA-seq analysis indicated alterations in BMP signaling earlier
in gestation (E15); therefore, in order to determine the
involvement of BMP signaling in accelerated astrogenesis in
RA-induced spina bifida we assessed the expression of Sox9,
Notchl, BMP2, and BMP4 in MMC fetal spinal cords compared
to control and vehicle fetal spinal cords. Gene expression of Sox9,
Notchl, BMP4, and BMP2 were upregulated in MMC fetal spinal
cords compared to control and vehicle groups at E15 and E17
(**p < 0.01, ***p < 0.001); however, there were no differences
between groups at E20 (Figure 10A).

Finally, using immunofluorescence, we investigated if
astrocytes were potentially responsible for elevations in BMP-2
and BMP-4 expression. As a marker of early astrocyte maturation,
expression of S100b was detected and located in the amniotic
fluid exposed layers and the radial glial in MMC samples with
almost no expression of S100b in the control groups at this
gestational age (E17) (Figure 10B). In corroboration with the
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gene expression results (Figure 10A), BMP-2 and BMP-4 were
more expressed in MMC samples compared to the control groups
at the same gestational age (Figure 10B). Moreover, BMP-2 and
BMP-4 expressions were primarily located in the gray matter
and co-localized with S100b positive cells in the MMC group.
In comparison, BMP-2 and BMP-4 expression was diminished
and primarily located in the spinal cords ventro-lateral horn in
the control groups. Furthermore, observing BMP-4 was high
expressed in MMC and using Aldh1l1 as a premature astrocytes
marker we observed co-expression of these two markers in
MMC fetuses at E17 gestational age (Figure 10C). These
results indicate that early S100b and Aldh1l1 positive astrocytes
may play a role in BMP-2 and BMP-4 induced premature
astrogliosis in MMC fetuses.

DISCUSSION

In this report, we aimed to elucidate a mechanism behind the
premature reactive astrogliosis that occurs in a RA-induced spina
bifida rat model with the goal of identifying potential therapeutic

targets to repair the prenatal neurodegenerative damage that
occurs in the spinal cord after exposure to the intrauterine
environment. Our data suggests that neurogenesis changes and
reactive astrogliosis occurs earlier in the VZ of spinal cords from
fetuses with RA-induced spina bifida compared to control groups.

Astrocyte precursors are generated by differentiation
of radial glial cells in early development (Seo et al,
2008) and from migratory progenitors that emerge from
the sub-VZ at later in gestation (Levison and Goldman,
1993). Based on our data, we propose that NPCs become
committed to the astrocyte lineage due the direct exposure
to the amniotic fluid in spina bifida by dysregulation in
patterning factors, Pax6, Olig2, and Nkx2.2 and potentially
downregulating  neurogenesis and  oligodendrogenesis.
Furthermore, we present the involvement of Notchl, Sox9,
and BMP signaling in NPC cell fate during gestation and
their role in self-propelling earlier astrogliosis observed in
spina bifida. Excitingly, our results suggest that inhibiting
NPC differentiation into astrocytes through modulation of
Notch/BMP signaling or patterning factors could be a promising
neuroprotective strategy.
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Astrocytosis has been described previously in other spina
bifida animal models (Reis et al., 2007, 2008; Oria et al., 2018);
however, the response to injury as early as E15 has not been
investigated until now. Therefore, the gestation time points
chosen (E15, E17, and E20), when comparing groups studied in
this report, provide significant knowledge about the timeline of
astrocytosis in spina bifida. Indeed, we demonstrated changes
in astrogenesis in spinal cords of fetuses with spina bifida with
the presence of differentiated (GFAP) astroglial cells as early as
E15 that progressively increase throughout the rest of gestation.
This maturation is much earlier than what is observed in healthy
conditions, as NPC begins to differentiate into astrocytes around
E16.5 and express GFAP, a astroglial marker, by E18.5, which
agrees with the timeline of GFAP in our control groups (Ge
et al,, 2012; Han et al., 2020). These changes were also supported

by RNA-seq in which 19 genes were dysregulated at E15, 4
genes at E17, and 2 genes at E20 other than GFAP in the
“Neurogenesis” and sub-classification “Astrocyte Differentiation”
GO pathway. Additionally, astroglial cells expressed vimentin
and nestin in addition to GFAP, AQP4, and Aldh1l1, indicating
that the new astrocytes are also reactive (Pekny and Nilsson,
2005; Koyama, 2014; Sofroniew, 2015; Verkhratsky and Parpura,
2016). We propose that exposure to amniotic fluid plays a role in
this early and progressive astrogenesis and astrocyte activation
affecting neurogenesis and oligodendrogenesis. As a result of
failed neural tube closure, a peculiarly variable shaped, uncovered
spinal cord is observed, where the dorsal VZ and often the
central canal are completely open and directly exposed to the
amniotic fluid. Interestingly, differentiated, and reactive astroglial
cells were found in the VZ from spina bifida. Astrocytes respond

Frontiers in Molecular Neuroscience | www.frontiersin.org

June 2022 | Volume 15 | Article 888351


https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/molecular-neuroscience#articles

Oria et al. Altered Neurogenesis in Spina Bifida Rats
A Sox9 mRNA Notch1 mRNA BMP4 mRNA BMP2 mRNA
P P R P
- - Ve - vve o - Vv . MvMC
.
2 1 Control g 4 =1 Control -2 31 Control -2 =1 Control
8 il 3 Vehide $ ok 3 Vehide § 4 3 Vehice § 4 3 Vehicle
S a¥ S S
32 3 3 3
S 1 ] 1 % %
& & & &
0 0 0 [

E17
Embyionic Day

E15 E17

Embryonic Day

E20

m
@

FIGURE 10 | Notch-BMP signaling activation in spina bifida. (A) Relative expression of Sox9, Notch1, BMP2, and BMP4 in MMC, control, and vehicle fetuses at
E15, E17, and E20. Means + SE (n = 6 fetuses/group) of relative expression (2-AACY for RA-treated and time-matched controls; (*p < 0.01, ***p < 0.001).

(B) Co-staining of BMP-2 (green), BMP-4 (green), S100b (red), and DAPI (blue) in spinal cords collected from MMC, control, and vehicle fetuses at E17 (20x
images). (C) Co-staining of BMP-4 (magenta), Aldh111 (red), GFAP (green), and DAPI (blue) in spinal cords collected from MMC at E17 (20x images).

E15 E17

Embryonic Day

E20 E17

Embryonic Day

E20

Vehicle

Control

to stress or tissue damage within the CNS by proliferating,
activating, and interacting with other cell types through signaling
molecules (Alonso, 2005). Therefore, it is possible that these cells
are responding to the tissue damage induced by the enzymatic
action of the amniotic fluid insult (Botto et al., 1999; Copp et al.,
2013; Copp and Greene, 2013; Oria et al., 2019); however, the
mechanism behind this reaction remains unclear and should be
a focus of future pre-clinical studies.

Next, we focused on understanding how NPC patterning
factors and signaling pathways that dictate differentiation fate
were altered in spina bifida. NPCs are responsible for normal
neurogenesis, oligodendrogenesis, and gliogenesis in the spinal
cord during development. Neural cell diversity is a complex
process during spinal cord development that is determined
by a dorsal and ventral gradient of transcription factors
and patterning domains such as Olig2, Pax6, and Nkx2.2

(Jessell, 2000; Rowitch, 2004; Rowitch and Kriegstein, 2010).
Our data suggest that this process is altered in fetuses with
spina bifida due to modifications in Pax6, Olig2, and Nkx2.2
expression throughout the time points studied. We observed
dysregulation in genes involved in the “Astrocyte Differentiation”
GO pathway, and the data was validated by measuring specific
patterning factors and morphogens by RT-qPCR. Specifically, we
observed an upregulation of Pax6 and Nkx2.2 gene expression
and an elevated number of Pax6 or Nkx2.2 positive cells in spina
bifida fetuses compared to the control groups. In addition, Olig2
patterning domain was downregulated in spina bifida during
gestation, and this correlated with fewer Olig2 positive cells.
These results relate to previous reports indicating that these
modifications lead to enhanced astrogenesis while hindering
neurogenesis and oligodendrogenesis in other types of spinal
cord injuries. While Pax6 is a proneural patterning factor, its
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overexpression accelerates neural maturation into early neuronal
committed cells but is not associated with net neurogenesis
over time. In fact, Pax6 overexpression correlated with a loss of
NPCs over time (Klempin et al., 2012). In MMC animals, we
demonstrated upregulation of Pax6 in early gestational stages,
which correlated with an increase in the number of Pax6+ cells
committed to astrocytes, potentially at the cost of neurogenesis.
Furthermore, Nkx2.2 has a primary role in ventral neuronal
patterning and it has been shown to direct neural cell identity
toward the glial lineage (Briscoe et al., 1999; Gorris et al., 2015;
Yun et al,, 2020). Upregulation of Nkx2.2 has been previously
reported in other types of spinal cord injuries (Chang et al,
2009). Olig2 is essential for neurogenesis and oligodendrogenesis;
therefore, it is possible that reduction in Olig2 led to enhanced
astroglial differentiation as shown previously (Mizuguchi et al.,
2001; Zhou et al,, 2001; Zhou and Anderson, 2002; Hack et al,,
2004; Klempin et al., 2012). In addition to patterning factors,
BMP signaling has been shown to regulate astrocyte commitment
in the CNS (Furuta et al., 1997; Mehler et al., 1997). In fact,
up-regulation of proteins involved in this pathway have been
extensively shown to direct NPCs to astroglial fate (Gross
et al., 1996; Mabie et al., 1999; Bonaguidi et al., 2005; Miyagi
et al., 2012). Our results further support this evidence as Sox9,
Notchl, and BMP2/4 gene expression was upregulated at the
time of early astrogliosis in spina bifida, and BMP2/4 expression
with S100b and Aldh1ll, an early astrocyte markers. Therefore,
dysregulation of patterning factors, Olig2, Pax6, and Nkx2.2 in
combination with upregulation of Notch/BMP signaling may be
a plausible mechanism for the early NPC differentiation into
astrocytes as a protective mechanism after injury induced by
amniotic fluid exposure.

To date, the neuropathological alterations reported in this
congenital RA-induced rat model of spina bifida are (1) presence
of early astroglia and progressive astrocytosis (Reis et al., 2007;
Danzer et al., 2011; Oria et al, 2018), (2) progressive loss of
neurons (Reis et al., 2007; Oria et al., 2018), and (3) neuro-
inflammatory response associated with reactive microgliosis
(Oria et al., 2018). Future studies are aimed to determine the
impact of early astrocytosis on neurons and oligodendrocytes
function, as it is hypothesized that NPCs differentiate into
astrocytes at the cost of neurogenesis and oligodendrogenesis.
If this is the case, developing strategies to prevent premature
astrocytosis could improve neural function and overall outcomes
in spina bifida patients. Furthermore, our present work identifies
several transcriptional targets that would be a promising method
to inhibit this astrocytic response.

CONCLUSION

In conclusion, spina bifida is one of the most permanently
disabling congenital birth defects, and despite fetal surgery to
repair or cover the spinal cord at mid-gestation, significant
alterations have already been established before the intervention.
Identifying the altered mechanism in glio/neurogenesis in
response to fetal spinal cord injury in spina bifida is crucial
for the development of new therapeutic strategies to improve

functional outcomes in these patients. Our results suggest that
targeting patterning factors, Pax6, Olig2, and Nkx2.2, as well as
BMP/Notch signaling is a promising strategy to impede early
gliogenesis in a chemically induced spina bifida rat model.
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Objective: The disordered growth of nerve stumps after amputation leading to the
formation of neuromas is an important cause of postoperative pain in amputees. This
severely affects the patients’ quality of life. Regenerative peripheral nerve interfaces
(RPNIs) are an emerging method for neuroma prevention, but its postoperative nerve
growth and pathological changes are yet to be studied.

Methods: The rat sciatic nerve transection model was used to study the effectiveness
of RPNI in this experiment. The RPNI (experimental) group (n = 11) underwent
RPNI implantation after sciatic nerve transection, while the control group (n = 11)
only underwent sciatic nerve transection. Autotomy behavior, ultrasonography, and
histopathology were observed for 2 months postoperatively.

Results: Compared to the control group, the incidence and size of the neuromas
formed and the incidence and extent of autotomy were significantly reduced in the RPNI
group. The axon density in the stump and degree of stump fibrosis were also significantly
reduced in the RPNI group.

Conclusion: RPNI effectively prevented the formation of neuromas.

Keywords: regenerative peripheral nerve interfaces, postoperative pain, neuromas, amputation, autotomy

INTRODUCTION

Pain is a common symptom experienced by amputees, and it is classified as postoperative pain,
residual limb pain, phantom limb pain and prosthetic pain (Uustal and Meier, 2014). The incidence
of residual limb pain is as high as 74% (Ehde et al., 2000), and 48.7% of these patients have evidence
of neuromas (Buchheit et al., 2016). After the nerve of the amputee has been severed, the proximal
nerve loses the corresponding distal nerve and innervation target, and it grows haphazardly in
all directions. Neuromas are localized masses entangled with the surrounding hyperplastic fibrous
connective tissue to form tumor-like structures. Neuromas can cause pain or paraesthesia when
stimulated by the tearing, compressing, and stretching of the surrounding tissues (Rajput et al.,
2012), and can severely impair the patients’ quality of life.

In the past, the prevention and treatment methods for painful neuromas included analgesic
drugs (i.e., antidepressants, anticonvulsants, opioids) (Jacobson et al., 1990; Wu et al., 2002;
Robinson et al., 2004; Geary et al., 2021; Vu et al., 2022), percutaneous interventional therapies
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(i.e,, injection of steroids, chemical ablation, cryotherapy,
radiofrequency ablation, extracorporeal shockwave therapy)
(Lloyd et al., 1976; Ramamurthy et al., 1989; Rasmussen et al.,
1996; Fanucci et al., 2004; Markovic et al., 2008; Morgan et al.,
2014), nerve conduits (Muheremu and Ao, 2015; Kubiak et al,,
2018; Kang et al., 2022), surgical treatments (i.e., excision, burial,
and implantation of nerve endings) and combination of multiple
treatment (Azizi et al., 2012; Raisi and Mohammadi, 2019).
However, the abovementioned methods have the shortcomings
of unstable long-term benefits, high side effects, and a high risk
of recurrence, which make the management and treatment of
neuromas burdensome.

In recent years, regenerative peripheral nerve interfaces
(RPNIs) (Bhashyam et al., 2021), originally designed for
intelligent prosthetic control, have emerged as a treatment option
for neuromas (Kung et al., 2013; Urbanchek et al., 2016; Vu et al,,
2018). The severed nerve endings are implanted into free muscle
grafts that target nerve regenerating axons to survive through
the processes of degeneration, regeneration, revascularization,
and reinnervation to achieve remodeling of the nerve-muscle
junction (Svientek et al., 2020), so as to preserve nerve signals and
electromyography signals (Jia et al., 2007; Langhals et al., 2014).
Intelligent prosthetic control is achieved by the extraction of
biological signals in RPNI (Woo et al., 2014; Irwin et al., 2016; Vu
et al., 2020). During the development of this technology, it was
discovered that RPNI also prevented the formation of neuromas
by avoiding the disordered growth of damaged nerve axons (Woo
et al., 2016; Ganesh Kumar and Kung, 2021).

Currently, RPNI has been used as a surgical procedure for
the prevention of neuromas in multiple pilot clinical studies
(Zimmermann, 2001; Woo et al., 2016; Hooper et al., 2020;
Kubiak et al., 2022), and the efficacy of RPNI in preventing
neuromas was evaluated by the use of pain scores and
postoperative complications as evaluation indicators. Woo SL
retrospectively analyzed 46 RPNI implantation procedures in 16
patients, and the majority of the patients reported pain relief from
neuromas with great satisfaction (Woo et al., 2016). Hooper RC
et al. performed 30 RPNI implantation procedures in 14 patients,
and 85% of the patients were pain-free or reported improved
outcomes upon long-term follow-up (Hooper et al., 2020). In the
clinical study by Kubiak et al., 45 patients who received RPNI
did not develop neuromas and only 51% had phantom limb pain,
whereas six out of 45 patients in the control group developed
neuromas and 91% had phantom limb pain. Several current
clinical trials have confirmed the effectiveness of RPNI in the
prevention of neuromas and phantom limb pain (Zimmermann,
2001; Pejkova et al., 2022).

However, these clinical trials have their limitations. The results
of these trials were only based on the clinical outcome (i.e.,
the degree of pain) and it is unreasonable and inhumane to
use the patients’ pathological samples to explore the changes
in the nerve stumps after RPNI at the cellular level because
the patients’ health and safety were a priority. The objective
of this experiment was to observe the effect of RPNI on the
regeneration process after nerve injury, using animal models
and from the perspectives of behavioral studies, imaging,
and pathology, so as to better understand the effectiveness

and the possible mechanism of RPNI in the prevention
of neuromas.

MATERIALS AND METHODS
Ethical Approval

All the animals were purchased from Beijing Vital River
Laboratory Animal Technology Co., Ltd. The experimental
protocol was approved by the animal ethics committee of
the Peking University People’s Hospital, approval number
2020PHEO050, and the experiments were carried out in the
Laboratory Animal Unit of the Peking University People’s
Hospital. All experiments were designed according to
the Animal Research: Reporting of in vivo Experiments
(ARRIVE) guidelines.

Animals and Surgical Procedures

Twenty-two Sprague Dawley rats (6 weeks-old, 200-300g in
bodyweight) were used in this study. The rats were randomly
divided into the RPNI and control groups (n = 11/group). All
the experimental animals were anesthetized by inhalation of 3%
isoflurane (500 mL/min) (RWD Life Science, Shenzhen, China).
The process surgical operation of RPNI is shown in Figure 1.
In a sterile operating room, a longitudinal incision was made in
the posterolateral aspect of the rat’s thigh and extended to the
posterolateral aspect of the calf. The skin and subcutaneous tissue
were incised in turn to reveal a musculocutaneous perforator
(retrogluteal musculocutaneous perforator). The sciatic nerve
was quickly exposed, by entering from the intermuscular septum
between the biceps femoris and the semitendinosus muscle
close to the anterior side of this perforator. The sciatic nerve
was transected and 1cm was resected at the distal end to
avoid reconnection of the nerve. A 7-0 suture was used to
mark the branch of the posterior gluteal nerve under the
operating microscope as a marker for sampling at the end of the
experiment. Subsequently, the tibialis anterior muscle was incised
along the anterolateral side of the calf to expose the extensor
digitorum longus (EDL) muscle, which was fully dissociated from
the popliteal fossa and the foot and then transected from the
tendon. The freed EDL was harvested. Then, the EDL was placed
at the proximal end of the sciatic nerve, and the epineurium
and the muscle membrane were sutured with four stitches of 9-0
suture. The 9-0 suture was longitudinally sutured to the muscle to
wrap the nerve ending and complete the establishment of a RPNI.
The established RPNI was placed in the lower outer thigh with its
position fixed subcutaneously. The control group did not receive
any special treatment after sciatic nerve transection. The incision
was closed with a 4-0 silk thread and the skin was sutured to close
the wound of all the rats.

Behavioral Observation of Self-Mutilation
(Autotomy)

Using a double-blind method, the autotomy scores of each
group of rats were observed and recorded thrice a week by two
researchers. The autotomy scores were quantified according to
the modified scale by Wall et al. (1979), i.e., 1 point for the
absence of two or more toenails per limb, with a maximum of
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Suture the skin and establish the RPNI model.

FIGURE 1 | (A) Confirm the surgical approach by exposing the lower limb skin of the rat. (B) Expose the extensor digitorum longus of the rat. (C) Cut off and acquire
the appropriate size extensor digitorum longus. (D) Expose the sciatic nerve of the rat. (E) Transect the sciatic nerve of the rat. (F) Fix the nerve adventitia on the
obtained free extensor digitorum longus muscle, and suture the muscle to wrap the nerve. (G) Suture the muscle space and fix the RPNI model under the skin. (H)

1 point per limb; and 1 point for missing half of each toe (distal
and proximal), up to 10 points per limb.

Ultrasonography

The Toshiba Apolio 500 color ultrasonic diagnostic instrument
(Toshiba, Tokyo, Japan) with line array probe and frequency of
5-14.0 MHz was used. Two months postoperation, the rats in
each group were fully anesthetized, and the skin of the inspection
region was prepared. The projection region of the sciatic nerve
on the surgical side of the rat was fully exposed, and two-
dimensional ultrasound and color Doppler flow imaging were
performed to observe the size, shape, echo, and blood supply of
the sciatic nerve tumor. Two researchers measured separately to
reduce subjective errors.

Specimen Preparation

All animals were euthanised 2 months postoperation by
inhalation of carbon dioxide. The carbon dioxide replacement
rate was set to 30% per minute. The skin and muscle were opened
layer by layer at the surgical scar, and the 7-0 suture marking
was identified for positioning. The proximal nerve stump was
collected and fixed in 4% paraformaldehyde at 4°C.

Histological Analysis

After dehydration in ethanol, clearing with xylene, and
embedding in paraffin, the distal end of the nerve specimen
(i.e., the surgically severed end) was transected into sections
of 5pum thickness. Each specimen was subjected to a-SMA
immunohistochemical staining to assess the degree and extent

of tissue fibrosis and NF-200 immunofluorescence staining to
detect axonal density. The following steps were followed for
a-SMA staining: the sections were deparaffinised in water,
heat-induced antigen retrieval with EDTA, incubated with 3%
hydrogen peroxide for 25min, and blocked with 5% goat
serum for 30 min. Rabbit anti-a-SMA antibody (1:2,000, Cat#
14395-1-AP, RRID:AB_2223009, Proteintech, Beijing, China)
was added and incubated at 4°C overnight, followed by
incubation with biotinylated anti-rabbit IgG secondary antibody
(1:200, Cat# ZB-2010, ZSGB-BIO, Beijing, China) at room
temperature for 1h, diaminobenzidine (DAB) staining was
performed under microscopy, and the nuclei were counterstained
with haematoxylin, dehydrated and mounted. The following
steps were followed for NF-200 immunofluorescence staining:
the sections were deparaffinised in water and subjected to
antigen retrieval with EDTA. After blocking with 5% goat serum
(Solarbio) for 30 min, the sections were incubated with mouse
anti-NF-200 antibody (1:200, Cat# N5389, RRID: AB_260781,
Sigma, St. Louis, MO, USA) overnight at 4°C, and stored for
2h at room temperature with Alexa Fluor 594 anti-mouse IgG
(1:200, Cat#ZF-0513, ZSGB-BIO). The nuclei were stained with
47,6-diamidino-2-phenylindole (Sigma).

All images were captured by a Leica DM4 B microscope
(Leica, Wetzlar, Germany). Four fields of each pathological were
randomly selected and analyzed by Image-Pro Plus 6.0 software
(Media Cybernetics, Rockville, MD, USA). The percentage of -
SMA positive staining area was calculated as the a-SMA positive
staining area / the total image area x 100. The density of axons
was defined as the number of axons within an area of a field.
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FIGURE 2 | (A) Representative pictures of autotomy behavior of rats in the RPNI group. (B) Representative pictures of autotomy behavior of rats in the control group.
(C) Autotomy score of the control group and autotomy score of the RPNI group. (P < 0.01). (D) Autotomy in the control group appeared earlier than that in the RPNI
group, and the number of rats with autotomy increased with time.

Statistical Analysis

All numerical data are presented as the mean =+ standard
deviation (SD). The experimental results were analyzed with
SPSS 22.0 software (IBM, Armonk, NY, USA) and the
Student’s t-test was used. Differences were statistically significant
at P < 0.05.

RESULTS

RPNI Significantly Reduced Autotomy

Behavior in Rats

Autotomy was observed in three mice in the RPNI group and
in nine mice in the control group at 2 months after the surgery
of RPNI. At about 15 days after operation, autotomy began to
appear in some rats, and the time in the control group was earlier
than that in the PRNI group. The autotomy behavior is shown
in Figure 2, and the autotomy score of the RPNI group was
much lower than that of the control group (P < 0.01). RPNI
significantly reduced the autotomy behavior in rats.

RPNI Significantly Reduced the Degree of

Nerve Stump Hyperplasia

As shown in Figure 3, the nerve stumps of the RPNI rats did
not increase significantly, while the nerve stumps of the rats
in the control group increased significantly and tended to form
neuromas. In addition, the ratio of the cross-sectional size of the
nerve stump to the normal nerve tissue at the proximal end of
the nerve endings in the RPNI group was significantly lower than
that in the control group (P < 0.01), which indicated that RPNI
significantly reduced the degree of regeneration after nerve injury
and achieved the goal of preventing neuromas.

RPNI Inhibited the Regenerative of Axons

After Sciatic Nerve Transection
Neuromas are formed by the regenerative and disorderly growing
axonal after nerve injury. RPNI inhibited the regenerate of axons

after sciatic nerve transection. As shown in Figure 4, the axonal
density revealed by NF-200 immunofluorescence staining of the
RPNI group was significantly lower than that of the control
group (P < 0.01).

RPNI Effectively Reduced the Degree of

Neural Fibrosis in the Sciatic Nerve Stump
RPNI inhibited the proliferation of fibroblasts after nerve injury
to a certain extent and reduce the entanglement of axons with
surrounding fibrous connective tissue which may be beneficial to
reduce inflammation around nerve terminals (Zwetsloot et al.,
2012; Lieber and Ward, 2013). As shown in Figure 5, a-SMA
immunohistochemistry revealed that the positive area in the
control group was larger (P < 0.01).

DISCUSSION

When peripheral nerves are damaged, the nerves that have lost
their distal innervated muscles grow in a disordered manner
and become entangled with the surrounding tissues to form
neuromas, which causes pain. Most of the previous prevention
and treatment methods for neuromas were ineffective, but the
development of RPNI provided a new direction for the resolution
of painful neuromas.

At present, the effectiveness of RPNI in preventing the
formation of neuromas is generally recognized (Loewenstein
et al., 2022), and its utilization rate is increasing gradually. The
research on the postoperative safety of RPNI (Lans et al., 2021)
and more innovative surgical methods [c-RPNI (Svientek et al.,
2020), TMRpni (Svientek et al., 2022), MC-RPNI (Kurlander
et al., 2020), etc.] are also underway. This study attempted
to investigate the efficacy of RPNI in preventing neuromas
from multiple levels through a sciatic nerve amputation model
in rats.

Autotomy behavior in rats is often used to evaluate the
degree of nerve pain after peripheral nerve injury (Zimmermann,
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FIGURE 3 | Ultrasound images of rat nerve endings at 8 weeks postoperation. (A) Longitudinal section of RPNI rat along the course of the nerve (+ indicates the

muscle used to wrap the nerve in the establishment of RPNI, x indicates the distal end of the nerve ending, which is the severed end, ® indicates the proximal end of
the nerve, i.e., relatively normal nerve tissue). It is observed that the regeneration of nerve stumps in RPNI rats was insignificant, and there was no obvious nerve
enlargement. (B) Proximal nerve ending in a RPNI rat. (C) Distal nerve ending of a RPNl rat. (D) The longitudinal section of a control group rat along the course of the
nerve, without muscle wrapping, and showed that the nerve was significantly thickened. (E) Proximal nerve ending of a rat from the control group. (F) Distal nerve
ending of a rat from the control group. (G) The morphology of the nerve of the RPNI group. There was no obvious expanded neuroma at the end of the nerve. (H) The
morphology of the nerve of the control group. Expanded neuroma can be observed at the end of the nerve. () The ratio of the cross-sectional size of the nerve stump
to the normal nerve tissue at the proximal end of the nerve endings is estimated by the product of the long diameter and the short diameter of the cross section. There

are significant differences between the control group and the RPNI group (**P < 0.01).

2001). Marcol et al. (2011) applied microcrystalline chitosan to
prevent neuromas, while Pi et al. (2022) used myelin-associated
glycoproteins in combination with chitin catheters to prevent
the formation of neuromas in their experiments, and used the
autotomy behavior of rats as one of the evaluation indicators.
Two months following the operation performed on the rats in
both the groups, the autotomy behavior of the RPNI group was
significantly milder than that of the control group (regardless
of the number of rats with autotomy behavior or the degree of
autotomy). Since the autotomy behavior of the rats might be
affected by environmental, psychological, and other factors, we
ensured that the living environment, diet, age, and bodyweight
of the two groups of rats were the same, with the only the
surgical procedures performed being different. To a large extent,

RPNI is considered to be effective in relieving pain after sciatic
nerve transection.

Ultrasound imaging is an intuitive way to observe live
neuromas. It can accurately measure the thickening of the nerve
endings without injuring the rat, so that the experimental data
is not damaged during the sampling process. The ratio of the
transverse diameter of the nerve stump to the proximal transverse
diameter of the rat nerve endings in the RPNI group was smaller
in the ultrasound images, which proved that RPNI effectively
inhibited the disordered growth and tumourigenesis of nerves.

Svientek et al. found that 3 months after RPNI, muscle
revascularization and nerve remodeling were completed (Kubiak
et al, 2021), and neuromuscular junctions in the muscle
were successfully observed (Svientek et al., 2020). This finding
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A Control group

20 wm. (B) Quantitative results of the density of regenerated axons (**P < 0.01).

RPNI group

FIGURE 4 | Regenerative peripheral nerve interfaces (RPNI) significantly inhibited axonal regeneration after sciatic nerve transection. (A) NF200 immunofluorescence
staining of cross sections of the proximal nerve stump. The fluorescence indicator used was Alexa Fluor 594 for NF200 (red). Nuclei are shown in blue. Scale bars:
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FIGURE 5 | Regenerative peripheral nerve interfaces (RPNI) effectively reduced the degree of neural fibrosis in the sciatic nerve stump. (A) a-SMA
immunohistochemical staining (brown) of cross sections of the proximal nerve stump. Scale bars: 40 wm. (B) Quantitative results of the percentage of a-SMA positive
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demonstrated that the muscles involved in RPNI wrapping
of nerve stumps achieved muscle-nerve junction remodeling
during vascular remodeling, and revealed the possibility of RPNI
being used as a muscle-nerve interface to extract biological
signals. When we dynamically observed the ultrasound images
of individual rats, we discovered an interesting phenomenon that
confirmed this finding. The growth of the muscle (EDL) used to
wrap the nerve in RPNI showed a trend of atrophy followed by
surviving growth. At the same time, the proximal sciatic nerve
was stimulated with electrodes when the specimen was taken,
and the contractile movement of the EDL could be observed.
This shows that RPNI forms a complete pathway of brain—spinal
cord—peripheral motor nerve—muscle.

NF-200 immunofluorescence staining also confirmed that
RPNI effectively reduced irregular axonal growth after nerve
injury. NF-200 (neurofilament protein-200) is an important
substance that provides structural support to the axons and
regulates the diameter of axons. It is arranged in parallel with
axons and can reflect the number and growth of axons. In this
experiment, NF-200 immunofluorescence staining was used to
evaluate the number of axons after nerve injury, and the axonal
density of the RPNI group was significantly lower than that of the

control group, which proved that RPNI effectively inhibited the
regenerative axons which result in the formation of the neuroma
after the nerve injury.
In order to further evaluate the degree of neural fibrosis
the two groups, a-smooth muscle actin (a-SMA)
immunohistochemical staining was performed. The positive
rate of a-SMA was lower in the RPNI group, which indicated
that RPNI inhibited fibroblast proliferation and attenuated
stump fibrosis after nerve injury to a certain extent. Fibrosis and
tangle of regenerated axons and fibrous connective tissue are the
pathological basis of neuroma formation. Fibrosis is also related
to the activation of a variety of inflammatory pathways and the
regulation of gene expression (Zwetsloot et al., 2012; Klingberg
et al., 2013; Lieber and Ward, 2013).

Inevitably, this experiment has its limitations. Firstly, the
evaluation of pain in rats was relatively limited, and the
observation of pain markers such as substance P was lacking.
Secondly, there was a lack of more microscopic structural
observations. Painful neuromas were thought to be related
to various factors such as local inflammation and cytokines,
increased Na® channel density, and disordered growth of
unmyelinated nerve fiber buds after nerve injury (Vu et al., 2020).

in
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This experiment did not involve deeper and broader research
into the electrophysiology, inflammatory factors such as TNEF-
a, and observation under electron microscope. Thirdly, there
was no comparison with other neuroma prevention procedures,
and the superiority of RPNI in comparison with conventional
neuroma prevention procedures and the application of various
new materials that has not yet been proven. These require
further research.

CONCLUSION

RPNI prevented the formation of neuromas by inducing
physiological self-limitation, limiting the regeneration of injured
axons, reducing the random and irregular arrangement of
regenerated nerve fibers, and preserving the possibility of
extracting biological signals through the reconstruction of the
neuromuscular junction. It provides more possibilities for the
prevention and treatment of postoperative complications of
amputees. The potential mechanism and application of RPNI still
needs further research and development.
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The maintenance of appropriate endoplasmic reticulum (ER) homeostasis
is critical to effective spinal cord injury (SCI) repair. In previous reports,
protein disulfide isomerase A6 (PDIA6) demonstrated to serve as a reversible
functional modulator of ER stress responses, while spastin can coordinate ER
organization through the modulation of the dynamic microtubule network
surrounding this organelle. While both PDIA6 and spastin are thus important
regulators of the ER, whether they interact with one another for SCI repair
still needs to be determined. Here a proteomics analysis identified PDIA6
as being related to SCI repair, and protein interaction mass spectrometry
further confirmed the ability of PDIA6 and spastin to interact with one another.
Pull-down and co-immunoprecipitation assays were further performed to
validate and characterize the interactions between these two proteins. The
RNAi-based knockdown of PDIA6 in COS-7 cells inhibited the activity of
spastin-dependent microtubule severing. PDIA6 was also found to promote
injured neuron repair, while spastin knockdown reversed this reparative
activity. Together, these results thus confirm that PDIA6 and spastin function
together as critical mediators of nerve repair, highlighting their potential value
as validated targets for efforts to promote SCl repair.

PDIAG, spastin, endoplasmic reticulum homeostasis, protein interaction, nerve repair,
spinal cord injury
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Introduction

Spinal cord injuries (SCIs) result from serious spinal cord
damage, adversely impacting the quality of life of affected
patients (Venkatesh et al, 2019). SCI repair processes are
closely tied to the maintenance of endoplasmic reticulum (ER)
homeostasis (Ohri et al., 2013), as the death of many neurons
following SCI is not a direct result of the initial injury but is
instead secondary to ER stress and other adverse inflammation
and damage-related stimuli (Bisicchia et al., 2022). Indeed,
prior studies have documented the impact of ER stress on
neurons following SCI (Ohri et al,, 2013; Liu et al., 2015),
with the inhibition of such ER stress being sufficient to protect
against SCI-induced neuronal apoptosis, thereby promoting SCI
repair (Bi et al., 2020). The mechanisms underlying ER stress-
induced neuronal damage following SCI, however, remain to be
fully clarified.

Protein disulfide isomerase 6 (PDIA®6, likewise called P5) is a
key modulator of ER function (Jessop et al., 2009), contributing
to ER stress-driven unfolded protein response (UPR) (Matsusaki
et al,, 2020). The primary proteins that mediate UPR-associated
signal transduction are Inositol-requiring enzyme 1 (IRE1),
Protein kinase R (PKR)-like endoplasmic reticulum kinase
(PERK), and Activating Transcription Factor 6 (ATF6) (Walter
and Ron, 2011). PDIA6 cleaves the disulfide bond within
oligomeric IRE1, thereby promoting its inactivation, resulting
in downstream IRE1 signal pathway activation (Matsusaki et al.,
2020). Through this activity, PDIA6 can limit the activation
of the UPR pathway under normal physiological conditions
(Eletto et al., 2014). Prior work suggests that PDIA6 plays a
role in several neurodegenerative disorders such as Alzheimer’s
disease (AD) and Huntington’s disease (HD) (Bai et al., 2015;
Montibeller and de Belleroche, 2018).

Spastin is a protein that can sever microtubules, thereby
regulating their dynamics and promoting the growth and
development of neurons (Ji et al, 2018, 2020). Notably,
microtubule dynamics are critical to injured neuron
regeneration (Stone et al., 2012), and spastin upregulation has
previously been linked to axonal regeneration in damaged
neurons (Lai et al, 2020). Spastin gene mutations are
also thought to be one of the primary causes of a series
of heterogeneous neurodegenerative disorders known
as hereditary spastic paraplegia (HSP) (Zhu et al, 2019).
These spastin gene mutations can contribute to HSP-related
symptoms through both the alteration of ER shape and lipid
droplet (LD) dispersion, as both of these phenotypes are
microtubule-dependent (Arribat et al., 2020). The ability of
spastin to regulate ER morphology through the modulation
of microtubule dynamics is also associated with its ability to
interact with protrudin (Chang et al., 2013; Vajente et al., 2019).

As these prior studies indicate, both spastin and PDIA6 are
important regulators of ER homeostasis, with such homeostasis

being essential to functional recovery following SCI (Ji Z.
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et al., 2021). The specific roles that PDIA6 and spastin play
in the context of SCI repair, however, have yet to be clarified.
This investigative research was thus developed to study the
interactions among these two proteins and their mechanistic
functions during the process of repairing injured nerves.

Materials and methods
Animals

Clear of certain microorganisms, female Sprague-Dawley
(SD) rats (10-weeks-old, 180-230 g; or 1-day old) were acquired
from Experimental Animal Center of Sun Yat-sen University.
The Research on Animals: (ARRIVE) guidelines were utilized
for reporting of in vivo experiments to design all animal studies.
Separately kept rats were placed in a 25°C £ 3°C environment,
accessing water and food at liberty. The studies involving
animals were reviewed and approved by Jinan University of
ethics committee.

SCI model establishment

Female rats (10-weeks-old; n = 36) were randomized into
normal control and SCI model groups, with SCI model rats
being further separated into light, moderate, and severe injury
subgroups (n = 9/group). SCI modeling was achieved via
injury to the T10 spinal segment as reported previously by
Wu et al. (2019). Rats were initially put under anesthesia
for a short time via intraperitoneal sodium pentobarbital
administration (30 mg/kg, Sinopharm Chemical Reagent Co.,
Ltd., Beijing, China. The T9-11 spinal cord was then exposed
through a 2.5 cm longitudinal dorsal incision, with the
entirety of the T10 lamina then being removed to expose
a ~25 mm x 3 mm spinal region. T10 facets were
then fixed using a U-shaped rat stabilizer (University of
Louisville) loaded onto the stage of the Louisville Injury
System Instrument. Spinal cord height was then adjusted
under the impactor using laser guidance, with the depth of
impact being adjusted to 0.6, 1.0, or 1.8 mm to simulate
light, moderate, or extreme damage. The selected impact level
was maintained for 0.5 s, with the impact tip being under
the control of a nitrogen tank set to 18 psi (124 kPa).
Following injury induction, the stabilizer was separated from
the stage, and rats were removed therefrom. The injured
spinal segment was then examined, with any bleeding being
addressed as appropriate. Then, 3-0 silk sutures were used
to close the overlying muscle and skin. Successful SCI model
establishment was confirmed based on the observation of
peri-wound edema, spinal cord ischemia, delayed paralysis,
tail wag reflex, and body and leg swing. Sham-operated
control rats underwent total T10 laminectomy but were
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not subjected to SCI modeling. After surgery, rats were
administered gentamicin 2,000 U/d (Chongqing Xianfeng
Animal Pharmaceutical Co., Ltd.), and manual pressure was
applied to the bladder every 8 h to aid urination until the
recovery of spontaneous urination.

Liquid chromatography-mass
spectrometry

For glutathione S-transferase (GST)-spastin pull-down
assays, a liquid chromatography-mass spectrometry (LC-MS)
approach was employed to detect precipitated proteins. Briefly,
proteins from samples of T10-centered spinal cord tissue
were resolved using NuPAGE 4-12% gels (Life Technologies),
visualized with a Colloidal Blue Staining Kit (Life Technologies),
and target protein bands were then excised, digested using
trypsin, and the resultant peptides were assessed via nanoflow
reversed-phase liquid chromatography-tandem MS utilizing an
HPLC Ultimate 5600 system (AB SCIEX, CA, United States)
with a linear ion trap (ThermoElectron, MA, United States) in
data-dependent acquisition mode.

Pathological analyses

At 72 h post-SCI,
sodium pentobarbital (30 mg/kg, ip.), and samples T10

rats were euthanized using
spinal cord tissue were excised for immunofluorescent,
immunohistochemical (IHC), and hematoxylin-eosin staining
(Wang et al., 2016; Fan et al., 2020; Bai et al., 2021). After
isolation, sections were stained using a streptavidin-biotin
complex kit. Briefly, endogenous peroxidase activity was
initially quenched via incubation for 10 min with 3% H,O, at
37°C, after which sections were washed thrice with phosphate
buffer, blocked for 10 min with normal goat serum at
37°C for 10 min, and probed overnight using appropriate
primary antibodies (rabbit polyclonal anti-PDIA6, 1:500, Cat#
GB11913, Servicebio, Wuhan, China; mouse monoclonal
anti-beta III Tubulin, 1:1,000, Cat# GB12139, Servicebio,
Wuhan, China; goat polyclonal anti-Mouse IgG, Alexa
Fluor 555, 1:1,000, Cat# ab150118, Abcam; Goat polyclonal
anti-rabbit, IgG, Alexa Fluor488 1:1,000, Cat# ab150077,
Abcam) at 4°C. Samples were then incubated for 1 h with
HRP-conjugated anti-rabbit IgG (1:200; Cat# KIT-5004;
Fuzhou Maixin, Fuzhou, China) at 37°C. Diaminobiotamine
in PBS was then used to stain sections for 30 s, followed
by mounting onto glass slides, ethanol gradient-mediated
dehydration, xylene treatment, and slides were then imaged
via microscopy (Olympus, Tokyo, Japan), with Image-Pro
Plus 6.0 (Media Cybernetics, GA, United States) being used to
quantify staining data.
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siRNA and plasmid preparation

The PDIA6 cDNA sequence (NM_001004442.1) was cloned
into the pGEX-5x-3 (Amersham Pharmacia Biotech, NJ,
United States) and pCMV-Tag2 (Stratagene, CA, United States)
vectors. Three siRNA() constructs specific for PDIA6 were
prepared and synthesized by Guangzhou IGE Biotechnology
(Guangzhou, China). GFP-spastin and GST-spastin constructs
were additionally prepared. All constructs were validated via
DNA sequencing. A validated spastin-specific siRNA and
corresponding scrambled control siRNA (siRNA NC) constructs
were obtained from Shanghai GenePharma (Shanghai, China).

GST pull-down assays

GST pull-down assays were performed as in prior reports
(Ji et al., 2018). Initially, whole samples of spinal cord tissue
were disrupted, lysed, and combined with rinsed GST-agarose
beads (Invitrogen, CA, United States) at 4°C for 1 h. For 10 min,
samples were centrifuged at 1,000 x g at 4°C, and supernatants
were collected. These steps were repeated one additional time,
after which ~400 g from each sample was incubated overnight
with 200 L of protein-conjugated beads at 4°C. Samples were
then spun for 5 min at 1,000 x g at 4°C, with unbound protein
then being removed by washing pellets using 1 mL of wash
buffer. Samples were then spun again for 1 min at 1,000 x g at
4°C, after which precipitate proteins were analyzed via Western
immunoblotting and MS.

Neuronal culture, transfection, and
injury

After 1-day-old SD rats were euthanized with sodium
pentobarbital (30 mg/kg, i.p.), brains were harvested, and tissue
samples from the hippocampal region were isolated, after which
hippocampal neurons were collected following treatment with
0.125% trypsin (Cat# 25200-072; Gibco, MD, United States).
These neurons were seeded on poly-D-lysine (Cat# P6407;
Gibco)-coated slides (1 x 10* cells/cm?), after which they
were added to Neurobasal-A medium (Cat# 17504044; Gibco)
supplemented with 2% B27 (Cat# 17504044; Gibco). Following
a 48 h incubation, constructs were inserted into these cells
via calcium phosphate transfection. Briefly, for neurons in 24-
well plates, 100 pmoL of siRNA was combined with 37 pL of
2 M CaCl, in sterile deionized water (final volume: 300 L)
and combined with 300 pL of 2 x HEPES-buffered saline.
Then, 30 pwL of this solution was added to each well in a
dropwise manner, followed by incubation for 25 min. After
24 h, neurons were fixed for morphological analyses. A model
of neuronal damage was established via glutamate treatment.
Following culture for 48 h, neuronal culture media was replaced
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with L-glutamate (120 pmol/L), followed by an additional 12 h
incubation at 37°C.

Morphological analyses

A Carl Zeiss LSM 700 confocal microscope (Zeiss, Jena,
oil objective and 1,024 x 1,024
pixel resolution was used to analyze neuronal morphology.
Image-Pro Plus (Media Controbernetics, MD, United States)
was employed to analyze neuron lengths and branches. Those

Germany) with a 63 x

neuronal protrusions with a length less than twice their diameter
were not included in these analyses.

Statistical analysis

SPSS v22.0 (IBM Corp.,, NY, United States) was
employed for the entire statistical analyses. Data are given
as means =+ standard error of the mean (SEM), and were
compared via One-way ANOVA with post hoc LSD, with
P < 0.05 considered statistically significant.

Results

PDIAG6 is associated with SCI

Initially, a rat SCI model was established. At 72 h
post-injury, transcriptomic sequencing and LC-MS analyses
were performed, revealing the upregulation of PDIA6 in
a manner correlated with the severity of SCI (Figure 1A
and Supplementary Table 1). LC-MS analyses additionally
confirmed a positive correlation between PDIA6 mRNA and
protein expression in spinal cord tissue samples from model
rats subjected to varying levels of SCI severity (Figure 1B and
Supplementary Table 1). Immunofluorescent staining of spinal
cord sections from these rats similarly revealed higher levels
of PDIAG6 expression in rats in the moderate and severe SCI
groups relative to control animals (Figures 1C,D). Consistently,
PDIA6 mRNA levels were elevated in rats with different levels
of SCI severity relative to control rats, as demonstrated by
qPCR (Figure 1E). These data thus strongly suggest a potential
relationship between PDIA6 and the pathogenesis of SCI.

PDIA6 and spastin interact with one
another

Next, the ability of PDIA6 and spastin to interact
with one another was assessed. Following the purification
of GST-Spastin and GST-PDIA6 (Figures 2A, 3A), GST-
Spastin was utilized to pull down proteins from spinal cord
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lysates, with precipitated proteins then being analyzed via
LC-MS. In total, 3 PDIA6 peptides (LAAVDATVNQVLASR,
NLEPEWAAAASEVK, and TGEAIVDAALSALR) were found
to interact with GST-spastin (Figure 2B), thus validating
the capability of spastin and PDIA6 to interact with one
another. Sequence homology for these three peptides was
further compared among five species (Rattus norvegicus,
Mus musculus, Homo sapiens, Danio rerio, and Xenopus
laevis), revealing a high degree of homology consistent
with evolutionary sequence conservation (Figures 2C-E).
MS analyses further revealed a close relationship between
PDIA6 and SCI, suggesting that it may interact with
spastin (Figure 2F).

To determine whether PDIA6 and spastin can physically
interact with one another, GST-Spastin and GST-PDIA6
were next combined with rat brain lysates to perform pull-
down assays, which revealed interactions between these two
GST-tagged proteins and PDIA6 and spastin, respectively
(Figures 3B,C). Coimmunoprecipitation (Co-IP) assays using
these rat brain lysates similarly confirmed the interaction
between spastin and PDIA6 (Figure 3D). To further validate
this interaction, COS-7 cells were co-transfected using
GFP/Flag-PDIA6, GFP-Spastin/Flag-PDIA6, Flag/GFP-Spastin,
or Flag-PDIA6/GFP-Spastin, after which GFP- and Flag-
specific antibodies were used for pull-down assays. Western
immunoblotting revealed an interaction between Flag-PDIA6
and GFP-Spastin (Figures 3E,F). Immunofluorescent staining
similarly indicated that PDIA6 and spastin co-localize with
one another in neurons (Figure 3G). Together, these data
suggested that spastin and PDIAG6 can interact both in vitro and

in vivo.

PDIA6 and spastin interact to control
microtubule dynamics

To additionally examine the effects of PDIA6 on spastin
PDIA6-associated
dynamics were next examined. Three different siRNA

functionality, changes in microtubule
constructs were tested for their ability to knock down PDIA6
in COS-7 cells via Western blotting (Figures 4A,C), yielding
a ~54% knockdown efficiency (Figure 4B). The effects of
PDIA6 on the activity of spastin-dependent microtubule
severing were assessed by transfecting COS-7 cells with
GFP/NC, GFP-Spastin/NC, or GFP-Spastin/Si-PDIA6 for 24 h
(Figure 4D). Relative to control cells or cells overexpressing
spastin, the fluorescence intensity of the spastin group
reduced considerably. Following si-PDIA6 co-transfection,
this fluorescence intensity increased significantly relative
to that observed in the spastin group (Figure 4E). These
data suggest that spastin is capable of severing microtubules
within COS-7 cells, while PDIA6 knockdown was sufficient
to inhibit this spastin-mediated microtubule severing activity.
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FIGURE 2
Peptides derived from PDIA6 interact with spastin. (A) GST and GST-Spastin protein purification, with BSA serving as a loading control.
(B) Peptides capable of interacting with GST-spastin were analyzed via LC-MS, leading to the identification of three PDIA6-derived peptides
(LAAVDATVNQVLASR, NLEPEWAAAASEVK, and TGEAIVDAALSALR). (C—E) Significant homology was observed among species when assessing
the sequences of the three identified PDIA6-derived peptides. (F) PDIAG is both differentially expressed following SCI and has the potential to
interact with spastin.

The activity of spastin-dependent microtubule severing is thus
PDIA6-dependent.

Interactions between PDIA6 and
spastin promote neuronal repair

Lastly, the relationship between PDIA6-spastin interactions
and neuronal repair was analyzed. To establish a neuronal injury
model system, hippocampal neurons were cultured for 72 h
in vitro, followed by being damaged by exposure to glutamate
(120 wM). These neurons were co-transfected with Flag/NC,
PDIAG6/NC, or PDIAG6/Si-Spastin (Figure 5A), with the selected
Si-Spastin construct previously having been demonstrated to
achieve ~92% knockdown efficiency in an analysis of the role of
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spastin as a regulator of neurite outgrowth (Ji et al., 2018). After
24 h of co-transfection, neurites were harvested, and the total
length and number of branching neurites were quantified. Cells
transfected with PDIA6/NC exhibited a significant increase in
the total length of neuronal branches related to the injury
and PDIA6/Si-Spastin groups (Figure 5B). Similar results were
also observed with respect to primary and secondary neuronal
branch lengths (Figures 5C,D). Total numbers of neuronal
branches in the PDIA6/NC group were also significantly
elevated relative to the injury and PDIA/Si-Spastin in groups
(Figure 5E), with similar results being observed with respect to
the numbers of primary and secondary branches (Figures 5EG).

To further examine the interaction of PDIA6 and spastin in
the context of neuronal repair, neurons were co-transfected with
the Flag/NC, Si-PDIA6/NC, or Si-PDIA6/Si-Spastin constructs
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PDIA6 and spastin physically interact with one another. (A) GST and GST-PDIA6 protein purification, with BSA serving as a loading control. (B,C)
Following GST, GST-Spastin, and GST-PDIA6 pulldown of enriched rat brain lysates, PDIA6 and spastin were detected via Western
immunoblotting. (D) Immunoprecipitation assays revealed the ability of PDIA6 and spastin to interact with one another, as proteins that
co-eluted with anti-spastin could be detected by both anti-spastin and anti-PDIA6 staining. (E,F) COS-7 cells were co-transfected with
GFP/Flag-PDIA6, GFP-Spastin/Flag-PDIA6, Flag/GFP-Spastin, or Flag-PDIA6/GFP-Spastin, after which GFP- and Flag-specific antibodies were
used for immunoprecipitation. (G) Endogenous proteins within hippocampal neurons were detected using anti-PDIA6 (red) and anti-spastin
(green). Co-localization between spastin and PDIA6 (yellow) is marked with arrows. Scale bars: 20 wm and 100 pm

(Figure 6A). Total neuronal branch length was significantly
shorter for cells transfected with Si-PDIA6/NC and or-
PDIAG6/Si-Spastin relative to the injury control group, with a
great reduction in branch length in the Si-PDIA6/Si-Spastin
group relative to the Si-PDIA6/NC (Figure 6B). Primary
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neuronal branch length values were additionally shorter in
Si-PDIA6/NC and Si-PDIA6/Si-Spastin groups relative to the
injury control group (Figure 6C), and secondary neuronal
branch lengths were similarly shorter in Si-PDIA6/Si-Spastin
group relative to the injury group (Figure 6D). Total branch
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PDIA6 and spastin cooperate to control intracellular microtubule dynamics. (A) The efficiency of siRNA-mediated PDIA6 knockdown was
examined in COS-7 cells that were co-transfected with three different siRNAs (Si-1, Si-2, or Si-3) and the Flag-PDIA6 plasmid. Anti-Flag was
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transfected using PDIA6 siRNA-1, after which endogenous PDIA6 expression was analyzed. (D) Microtubules were detected in COS-7 cells
following spastin and Si-PDIA6 transfection; GFP (green), tubulin (Pink), DAPI (blue). Spastin severed microtubules within these cells, whereas
the knockdown of PDIA6 disrupted this spastin-mediated severing of microtubules. (E) Relative to control cells, those in which PDIA6 was
knocked down exhibited significantly reduced spastin fluorescent intensity (n = 20/group). *P < 0.05, **P < 0.01, ***P < 0.01

numbers in Si-PDIA6/NC and Si-PDIA6/Si-Spastin groups were neuronal branches (Figure 6F). The number of secondary

significantly reduced relative to the injury group (Figure 6E), neuronal branches in the Si-PDIA6/Si-Spastin group was also
with similar results being observed for the number of primary less than that in the injury group (Figure 6G). Together, these
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FIGURE 5

PDIAG6 interactions with spastin promote injured neuron repair. (A) Following culture in vitro for 3 days, glutamate (120 M) was used to injure
hippocampal neurons. At 12 h post-injury, neurons were co-transfected for 24 h with Flag/NC, PDIA6/NC, or PDIA6/Si-Spastin. Scale bar

50 um. (B—D) Total (B), primary (C), and secondary (D) branch lengths were measured, indicating that PDIA6 was able to promote the repair of
injured neuron branches, while the silencing of spastin suppressed such PDIA6-mediated repair (n = 30/group). (E-G) Total (E), primary (F), and
secondary (G) branch numbers were quantified, indicating that PDIA6 promoted branch formation on injured neurons, whereas the knockdown
of spastin inhibited this PDIA6-mediated repair (n = 30/group). *P < 0.05, **P < 0.01, ***P < 0.01.
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FIGURE 6

The knockdown of PDIA6 and spastin inhibits injured neuron repair. (A) Following culture in vitro for 3 days, glutamate (120 wM) was used to
injure hippocampal neurons. At 12 h post-injury, neurons were co-transfected for 24 h with Flag/NC, Si-PDIA6, or Si-PDIA6/Si-Spastin. Scale
bar: 50 um. (B—D) Total (B), primary (C), and secondary (D) branch lengths were measured, indicating that PDIA6 knockdown suppressed
branch repair in these injured neurons, while the knockdown of both PDIA6 and spastin suppressed injured neuronal repair (n = 30/group).
(E-G) Total (E), primary (F), and secondary (G) branch numbers, indicating that PDIA6 knockdown suppressed branch formation by injured
neurons, and that PIDA6 and spastin knockdown similarly inhibited branch formation (n = 30/group). *P < 0.05, **P < 0.01, ***P < 0.01.
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data thus confirmed the ability of PDIA6 to promote injured
neuron branch repair through interactions with spastin.

Discussion

Here, PDIA6 was found to play a functional role in
the context of SCI, interacting with spastin to promote
functional recovery following neuronal injury. Specifically, LC-
MS and bioinformatics analyses were initially used to explore
proteins that were differentially expressed between healthy
and damaged spinal cord tissues, revealing a link between
SCI and the expression of PDIA6. PDIA6 was subsequently
found to directly physically interact with spastin in vitro
and in vivo, promoting recovery following SCI through the
enhancement of neurite outgrowth. Together, these data suggest
that PDIA6 and spastin coordinate to drive both neurite branch
formation and outgrowth.

The damage associated with SCI can be extremely
severe, resulting in substantial functional impairment including
permanent motor dysfunction in affected patients owing to the
limited regenerative responses engaged in humans following
such injury (Zhu et al, 2020; Bisicchia et al., 2022). The
pathogenesis of SCI is linked to mechanisms that govern both
primary and secondary injury (Walsh et al., 2021; Ding and
Chen, 2022), with secondary damage in particular contributing
to more widespread neuronal death, expanding the affected
region of the spinal cord (Lai et al, 2021). These deleterious
conditions can contribute to the buildup of unfolded or
misfolded proteins, interfering with normal ER function and
thereby activating ER-associated cell death (Oakes and Papa,
2015; Han et al, 2021; Mao et al, 2022). According to an
increasing number of studies, the inhibition of ER stress-
induced cell death can improve functional recovery following
SCI (Wu et al., 2020; Saraswat Ohri et al., 2021). The protein
disulfide isomerase family protein PDIAG6 is an oxidoreductase
capable of catalyzing disulfide bond formation and acting
as a chaperone to protect against excessive unfolded protein
aggregation (Okumura et al., 2015). The function of PDIA6 in
SCI, however, is not clarified previously. In this current research,
but LC-MS and bioinformatics analyses suggested that PDIA6
was upregulated at the mRNA and protein levels in damaged
spinal cord tissues in a rat model of SCI, suggesting a potential
role for PDIAG as a regulator of SCI pathogenesis.

In previous studies, we found that spastin serves as an
important regulator of SCI through its ability to regulate
microtubule dynamics and to thereby promote the formation
and outgrowth of neurites (Ji Z. S. et al., 2021). We therefore
hypothesized that PDIA6 may be capable of interacting with
spastin to shape the functional recovery of injured neurons.
Through a pull-down assay conducted using GST-spastin and
rat spinal cord lysates, LC-MS revealed PDIA6 to precipitate
with spastin, consistent with our hypothesis. Subsequent co-IP
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and GST pull-down assays further confirmed these interactions
between spastin and PDIA6, and these two proteins were found
to co-localize with one another in neurons.

As a protein that severs microtubules, spastin can
disassemble long microtubules into shorter fragments that serve
as nucleation templates to facilitate further microtubule growth
(Roll-Mecak and Vale, 2006; Kapitein and Hoogenraad, 2015;
Solowska and Baas, 2015). Several reports have demonstrated
that a range of proteins can interact with spastin to modulate
its ability to sever microtubules, thereby influencing neurite
outgrowth from injured neurons (Ji et al.,, 2018; Ji Z. S. et al,
2021; Lawrence et al, 2021). As such, the ability of PDIA6
to regulate injured neuronal repair through interactions with
spastin and associated regulation of microtubule severing
was assessed by overexpressing spastin in COS-7 cells. This
resulted in the disruption of the normal microtubular network
within these cells consistent with the near-complete severing
of longer microtubules. When PDIA6 was simultaneously
knocked down, however, this spastin-mediated microtubule
severing activity was markedly blunted, confirming the
ability of PDIA6 to alter the ability of spastin to sever
these microtubules. As such, these data support a model
wherein PDIA6 and spastin interact to control intracellular
microtubule dynamics.

Promoting axonal regeneration to restore the integrity of
neural networks is thought to represent a promising approach
to achieving functional recovery following SCI (Li et al,
2017; Sekine et al., 2022). Our previous studies have shown
that synergistic interactions between proteins were capable of
promoting axonal branching and outgrowth in hippocampal
neurons damaged following glutamate exposure (Wu et al,
2021; Ji et al., 2022). Here, the overexpression of PDIA6
in neurons was sufficient to promote axonal outgrowth in
damaged neurons, while this beneficial effect was reversed
when spastin was silenced in these same cells. Similarly, PDIA6
knockdown impaired neurite outgrowth of damaged neurons.
Together, these data thus suggest that PDIA6 promotes neuronal
outgrowth through a mechanism dependent on its ability to
interact with spastin.

In conclusion, these data suggest that both PDIA6 and
spastin are important regulators of neuronal responses
to SCI, with the interaction between these two proteins
serving to regulate intracellular microtubule dynamics,
thereby controlling neurite outgrowth and thus potentially
PDIA6
additionally promote injured neuron recovery through the

influencing SCl-related repair responses. can
regulation of spastin functionality in vitro, although this
functional activity remains to be confirmed in vivo. Future
research focused on the molecular mechanisms underlying
the observed interactions between PDIA6 and spastin thus
has the potential to guide the design of novel therapeutic
drugs and other interventions aimed at improving neuronal

regeneration following SCI.
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Unique advantages of zebrafish
larvae as a model for spinal cord
regeneration

Samuel R. Alper and Richard |. Dorsky*

Department of Neurobiology, University of Utah, Salt Lake City, UT, United States

The regenerative capacity of the spinal cord in mammals ends at birth. In
contrast, teleost fish and amphibians retain this capacity throughout life,
leading to the use of the powerful zebrafish model system to identify novel
mechanisms that promote spinal cord regeneration. While adult zebrafish
offer an effective comparison with non-regenerating mammals, they lack
the complete array of experimental approaches that have made this animal
model so successful. In contrast, the optical transparency, simple anatomy and
complex behavior of zebrafish larvae, combined with the known conservation
of pro-regenerative signals and cell types between larval and adult stages,
suggest that they may hold even more promise as a system for investigating
spinal cord regeneration. In this review, we highlight characteristics and
advantages of the larval model that underlie its potential to provide future
therapeutic approaches for treating human spinal cord injury.
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Introduction

Spinal cord injury (SCI) in humans leads to debilitating consequences with little
significant functional recovery. As in other regions of the central nervous system (CNS),
barriers to spinal cord regeneration identified using mammalian experimental models
include the lack of resident progenitor cells capable of replacing lost neurons, intrinsic
factors that limit axon regrowth in surviving neurons, and the deposition of extrinsic
factors that inhibit axon regrowth across the injury site (Alunni and Bally-Cuif, 2016;
Varadarajan et al., 2022). However, the ability to overcome these barriers and to develop
therapies for SCI recovery also requires the identification of mechanisms that actively
promote regeneration. This has led to the development of SCI models in teleost fish and
urodele amphibians, which display a remarkable capacity for spinal cord regeneration
throughout their lifespan (Becker et al., 1997; Zukor et al.,, 2011). This regenerative
capacity, combined with the benefits of an extensive set of experimental tools and
approaches, has positioned the zebrafish (Danio rerio) as an attractive model organism
for discovering the mechanisms that promote regeneration after SCI. Recent work using
the zebrafish model has shown that regeneration and functional recovery after SCI
depends on the lifelong maintenance of multipotent stem and progenitor cells, and on
pro-regenerative signals from other cells within and outside the spinal cord (Briona et al.,
2015; Goldshmit et al., 2018; Cavone et al., 2021; Becker and Becker, 2022).
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While adult zebrafish have been used as a comparison with
non-regenerative postnatal mammals, their recovery period of
around 6 weeks after SCI (Becker et al., 2004), lack of optical
transparency, and complicated surgical procedures (Fang et al.,
2012), preclude the use of many tools and approaches that
have made the species so successful as an experimental system.
Here we summarize evidence that zebrafish larvae, which
retain these benefits in addition to their simple anatomy and
complex locomotor behavior, represent an effective and reliable
animal model with unique advantages for studying spinal cord
regeneration. First, we describe how the injury response in
zebrafish larvae is distinct from the process of development in
the embryo. Next, we highlight regenerative mechanisms that
are conserved between zebrafish larvae and adults, and finally we
explain the specific experimental advantages of the larval system.
In conclusion, we propose that these features endow the larval
zebrafish model with a unique potential to expedite discovery of
translationally applicable treatments for SCI.

Spinal cord regeneration in zebrafish
larvae is distinct from development

the
several

Tissue and organ regeneration often involves

recapitulation of developmental processes, and
developmental signaling pathways are indeed reactivated during
spinal cord regeneration in adult zebrafish (Cardozo et al,
2017). However, the use of zebrafish larvae as an SCI model
has raised the question of whether the injury response at this
stage represents true regeneration, as opposed to an extension
of embryonic spinal cord development. In fact, experimental
evidence shows that due to the particularly rapid pace of
zebrafish embryogenesis, most fundamental milestones of spinal
cord development have already been reached before the larval
stage begins at 3 days post fertilization (dpf), and functional
locomotor circuits are present after only one additional day.
The patterning of the zebrafish spinal cord into progenitor
domains arranged along the dorsoventral axis (Lewis and
Eisen, 2003) occurs through signaling morphogen gradients
that are established before 1 dpf (Bonner et al., 2008; Danesin
et al., 2021), and shortly thereafter drive expression of the
homeodomain transcription factors that define these domains
(Gribble et al., 2007; Bonner et al., 2008; Lien et al., 2016).
The identity and position of differentiated neuronal subtypes
is largely established by 3 dpf (Seredick et al., 2012; Reimer
etal., 2013; Lien et al., 2016; Ohnmacht et al., 2016; Andrzejczuk
et al,, 2018; England et al., 2020), and by 4 dpf these neurons
are assembled into functional circuits required for the transition
to a mature swimming pattern, increased locomotion, and the
emergence of foraging behavior (Buss and Drapeau, 2001; Borla
etal., 2002; Kokel et al., 2010; Menelaou and McLean, 2012; Kroll
et al,, 2021; Pallucchi et al,, 2022). Ependymal radial glia (ERG),
the resident neural progenitor cells of the zebrafish spinal cord
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(Briona and Dorsky, 2014a; Hui et al., 2015), begin to establish
characteristic marker expression and morphology at 2 dpf (Kim
et al., 2008; Briona and Dorsky, 2014a; Matsuoka et al., 2016),
and subpopulations of ERG have become fate-restricted by 3 dpf
(Ali et al., 2021). Oligodendrocytes, one of the latest born spinal
cord cell types, are generated and begin myelinating axon tracts
by 2.5 dpf (Park et al., 2002; Kirby et al., 2006; Ali et al., 2021).
Together, these studies show that the vast majority of neuronal
and glial cell types in the zebrafish spinal cord appear within the
first 3 days of life, and terminally differentiated neurons form
functional spinal circuitry by the beginning of larval stages.

In addition to its developmental maturity, the larval
zebrafish spinal cord also exhibits injury-dependent responses
that are specific to regeneration. For example, signals derived
from infiltrating innate immune cells do not participate in
embryonic spinal cord patterning and differentiation, but have
been demonstrated to be necessary and sufficient for both
axon regrowth and regenerative neurogenesis in injured larvae
(Ohnmacht et al., 2016; Tsarouchas et al., 2018; Nelson et al.,
2019; Gollmann-Tepekoyli et al., 2020; Cavone et al., 2021;
Vandestadt et al., 2021). Another striking regenerative response
that takes place within the larval spinal cord is the formation
of a glial bridge across the injury site, over which growing
axons can traverse to reinnervate targets (Goldshmit et al.,
2012; Klatt Shaw et al,, 2021). After SCI, bridge-forming ERG
extend processes longitudinally, in contrast to their exclusively
radial orientation in the absence of injury (Matsuoka et al.,
2016). Interestingly, regeneration-specific responses can even
occur in direct opposition to developmental events, such as the
production of motor neurons by olig2+ progenitors (Ohnmacht
et al., 2016) that have already become restricted to producing
oligodendrocytes before injury (Reimer et al, 2013). These
results parallel data from the regenerating zebrafish retina, in
which Miiller radial glia dedifferentiate and replace neuronal
cell types normally produced by early fate-restricted retinal
progenitors (Ng Chi Kei et al., 2017).

Together these data show that larval spinal cord
regeneration is not a continuation or even merely a
recapitulation of developmental programs, but rather a
series of injury-specific responses capable of dynamic changes
to local anatomy and circuitry. These studies also demonstrate
that larval zebrafish can be used to identify novel molecular and
cellular components of the regenerative process.

Conservation of pro-regenerative
mechanisms in the larval and adult
zebrafish spinal cord

Comparing studies of spinal cord regeneration in larval
and adult zebrafish can be difficult due to differences in injury
paradigms, experimental perturbations, and assay techniques.
However, where direct comparison is possible from the similar
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use of both models, broad conservation of pro-regenerative
signaling pathways and cell types has been observed.

The Wnt signaling pathway promotes regeneration of
several zebrafish tissues including the fin, brain, and spinal
cord (Wehner et al., 2014, 2017, 2018; Cardozo et al., 2017;
Shimizu et al., 2018). After spinal cord injury, Wnt signaling
is active at the injury site in both larvae and adults (Briona
et al., 2015; Strand et al,, 2016), and Wnt pathway inhibition
in both larvae and adults results in decreased axon regrowth
and locomotor recovery following SCI (Briona et al, 2015;
Strand et al., 2016; Wehner et al., 2017, 2018). In larvae, Wnt
signaling promotes ERG proliferation and neurogenesis after
injury (Briona et al,, 2015), and in adults Wnt inhibition leads
to increased expression of GFAP at the lesion site; a marker
that is normally downregulated as ERG undergo regenerative
neurogenesis (Strand et al., 2016). Finally, Wnt signaling has
been shown to promote the deposition of pro-regenerative
extracellular matrix (ECM) components such as Collagen XII in
larvae (Wehner et al., 2017). While the specific Wnt-dependence
of ECM deposition has not been tested in adult fish, recent
studies demonstrate that vascular pericytes upregulate pro-
regenerative ECM components including Collagen XII, and
downregulate inhibitory ECM components, after SCI (Mokalled
et al.,, 2016; Tsata et al., 2021).

Other pathways such as Fibroblast growth factor (Fgf)
signaling have also been shown to be required for both larval and
adult zebrafish spinal cord regeneration. In larvae, motoneuron
ablation triggers axon regrowth that is dependent upon Fgf
binding protein 3 (FGFbp3), an extracellular chaperone for
Fgf ligands (Xu et al, 2022). After SCI in adult zebrafish,
Fgf signaling is active in ERG and neurons and drives both
axon regrowth and neurogenesis (Goldshmit et al., 2012,
2018). Hedgehog pathway activity, which promotes regenerative
neurogenesis throughout life (Kuscha et al., 2012; Reimer et al,,
2013; Ribeiro et al., 2017), and drives the switch of olig2+
ERG back to neurogenesis after injury in both larval and adult
fish (Reimer et al., 2013; Ohnmacht et al., 2016), also amplifies
motoneuron regeneration after SCI in both zebrafish larvae
and adults through dopamine signaling (Reimer et al., 2013;
Ohnmacht et al., 2016). Several other pro-regenerative pathways
identified in adult zebrafish including Notch, Retinoic acid,
and Bone morphogenetic protein signaling (Reimer et al., 2008,
2009; Hui et al, 2014) will require future studies to assess
whether their functions are conserved in larvae.

Similar cellular responses to SCI have also been identified
in larval and adult zebrafish. These include the rapid infiltration
and gene upregulation by innate immune cells (Hui et al., 2010,
2014), as well as the required role of this immune response in
functional recovery (Nelson et al., 2019; Cavone et al., 2021). The
detailed process of glial bridging also appears to be conserved
between larvae and adults (Goldshmit et al., 2012; Wehner
et al., 2017; Klatt Shaw et al., 2021), although the experimental
approaches used in these studies raise the possibility that bridge
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formation may be correlated with, but not absolutely required
for, axon regrowth.

Taken together, there is considerable evidence that both the
activation of specific molecular and cellular mechanisms and
their functions in promoting spinal cord regeneration after SCI
are widely conserved between larval and adult stages. This high
level of mechanistic continuity throughout the zebrafish lifespan
supports the potential applicability of discoveries obtained
from the larval model to the regenerative process in all post-
embryonic vertebrates, including mammals.

Advantages of the larval zebrafish
model

In addition to the well-established genetic and molecular
resources that make zebrafish a popular system for studying
basic developmental mechanisms and modeling human disease,
the larval model allows the use of experimental techniques
that are difficult or even impossible to implement in adults,
including in vivo imaging and high-throughput screening. Both
of these powerful approaches rely on the combination of optical
transparency, anatomical simplicity, and behavioral complexity
of larval zebrafish compared to alternative vertebrate models.

The advantages of working with zebrafish larvae are
perhaps most evident when considering the use of in vivo
microscopic techniques such as live cell tracking, cellular
ablations, and optogenetic recording, stimulation, and silencing
of neuronal activity. These techniques all provide the ability
to monitor and experimentally manipulate the process of
spinal cord regeneration in real time at the single-cell level.
The transparency of zebrafish larvae has been exploited using
fluorescent transgenes to define the movements, morphological
changes, lineage, and function of ERG and neurons after SCI
(Goldshmit et al., 2018; Anguita-Salinas et al., 2019; Vasudevan
et al., 2021). The required role of ERG in regeneration has
been demonstrated using live photoablation (Matsuoka et al.,
2016), an approach that provides the spatial precision necessary
to target single cells while maintaining the overall structural
integrity of the spinal cord. Optical accessibility has also allowed
the use of chemically modified light-activated substrates to
demonstrate the extrasynaptic function of neurotransmitters in
spinal cord regeneration (Chang et al., 2021).

The use of large-scale screens to identify genes, proteins,
and drugs with novel roles in spinal cord regeneration requires
the ability to test hundreds or thousands of animals rapidly
and with robust and reproducible anatomical and behavioral
assays, and thus aligns almost perfectly with the larval zebrafish
model. CRISPR/Cas9-mediated gene knockout in individual
FO larvae has been demonstrated to cause reproducible
effects on stereotyped behaviors such as escape response and
circadian locomotion (Kroll et al., 2021), and recently developed
techniques such as MIC-Drop (Parvez et al., 2021) allow
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injection and subsequent detection of single-gene targeting
reagents. These methods have increased screening efficiency
to the point that several hundred genes can be functionally
tested by a single researcher in a matter of weeks. The optical
accessibility and lack of skeletal tissues in larval zebrafish also
allow the use of a range of rapid injury paradigms from simple
physical transections to semi-automated laser injuries and cell-
specific photoablation (Briona and Dorsky, 2014b; Hecker et al.,
2020; El-Daher et al., 2021). Further, a diverse catalog of
quantifiable locomotor behaviors including swim kinematics,
swim endurance, and escape response, facilitates simple and
robust assessment of subsequent functional recovery (Mokalled
et al, 2016; Hecker et al., 2020; Vasudevan et al., 2021).
Smaller-scale screens using similar approaches have already
shown success in identifying pro-regenerative genes and drugs
(Chapela et al., 2019; Keatinge et al., 2021), and while the true
power of large-scale screening has yet to be fully realized in a
zebrafish larval SCI model, its future promise is exciting.

Despite the many experimental advantages of larval
zebrafish, several observations support the continued need for
an adult SCI model. While the rate of neurogenesis in the
uninjured larval spinal cord is much lower than in the embryo
(Briona and Dorsky, 2014a) it is still higher than in adults
(Park et al.,, 2007), suggesting that additional barriers to the
activation of quiescent neural progenitors may exist after adult
injury. In addition, spinal cord-associated meningeal, skeletal,
and vascular tissues not present during larval stages may provide
additional pro-regenerative signals (Lin et al, 2012), as may
adaptive immune cells (Gupta et al., 2021), which do not appear
in zebrafish until 4-6 weeks post fertilization (Sullivan et al.,
2017). It may be necessary to determine the identity and function
of these signals in adult fish, because zebrafish larvae, like
Xenopus tadpoles (Lin et al., 2012), can recover normal function
in their absence.

Discussion

The suitability of the larval zebrafish as an SCI model may be
best understood in the context of fish CNS neurogenesis, which
unlike in mammals is initially rapid but also never-ending.
Thus, while only a few neurogenic niches remain in the adult
mammalian CNS, adult zebrafish retain many larval niches and
widespread neurogenesis (Goldshmit et al., 2012; Becker and
Becker, 2022; Varadarajan et al.,, 2022). Further illustrating this
continuity, the adult zebrafish spinal cord maintains expression
of progenitor domain-defining homeodomain transcription
factors through adulthood (Reimer et al., 2009). Thus, the ability
of the spinal cord to respond to injury, as well as its cellular
composition and functional capacity, is much more similar in
larval and adult zebrafish than in postnatal and adult mammals.
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An additional consideration supporting the use of the
larval zebrafish model arises from the recent finding that
there is a substantial reorganization of spinal motor circuits
between larval and adult stages (Pallucchi et al., 2022). Because
our understanding of zebrafish spinal circuitry primarily
comes from studies using larvae, and due to the emerging
importance of synaptic and modulatory neurotransmitters as
pro-regenerative signals (Chang et al, 2021; Huang et al,
2021), our ability to accurately characterize the sources and
targets underlying functional recovery after SCI may depend
on performing future investigations at a stage before this
reorganization occurs.

In conclusion, use of larval zebrafish has the potential to
expedite the discovery of new roles for genes, molecules, and
cell types involved in spinal cord regeneration. The combination
of their numerous practical and technical advantages indicates
that the larval SCI model is uniquely positioned to make
significant contributions to our understanding of the basic
science of spinal cord regeneration and to future clinical efforts
to ameliorate the most debilitating consequences of human
spinal cord injuries.
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