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Abstract
Insulin-like growth factor-1 (IGF-1) is a neurotrophic factor produced locally in the central nervous system which can pro-
mote axonal regeneration, protect motoneurons, and inhibit neuroinflammation. In this study, we used the zebrafish spinal 
transection model to investigate whether IGF-1 plays an important role in the recovery of motor function. Unlike mammals, 
zebrafish can regenerate axons and restore mobility in remarkably short period after spinal cord transection. Quantitative 
real-time PCR and immunofluorescence showed decreased IGF-1 expression in the lesion site. Double immunostaining for 
IGF-1 and Islet-1 (motoneuron marker)/GFAP (astrocyte marker)/Iba-1 (microglia marker) showed that IGF-1 was mainly 
expressed in motoneurons and was surrounded by astrocyte and microglia. Following administration of IGF-1 morpholino 
at the lesion site of spinal-transected zebrafish, swimming test showed retarded recovery of mobility, the number of moto-
neurons was reduced, and increased immunofluorescence density of microglia was caused. Our data suggested that IGF-1 
enhances motoneuron survival and inhibits neuroinflammation after spinal cord transection in zebrafish, which suggested 
that IGF-1 might be involved in the motor recovery.
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Abbreviations
CNS	� Central nervous system
IGF-1	� Insulin-like growth factor-1
MO	� Morpholino
SPL MO	� Splice-blocking MO
qRT-PCR	� Quantitative real-time PCR
PBS	� Phosphate-buffered saline
hpi	� Hours post injury
dpi	� Days post injury
wpi	� Weeks post injury

Introduction

Spinal cord injury is a central nervous system (CNS) injury 
mainly caused by vehicle accidents, falls, and violence (Kjell 
and Olson 2016) which can result in quadriplegia and para-
plegia (Schwab et al. 2006; Jacobs and Nash 2004). Myelin 
regeneration (Plemel et al. 2014), appropriate neuroinflam-
matory response (Gensel and Zhang 2015; Stirling et al. 
2014; Bollaerts et al. 2017), and neuronal survival (Reimer 
et al. 2008) play important roles in pathology and repair after 
spinal transection in rodents and zebrafish.

In mammals (Huebner and Strittmatter 2009), inadequate 
capability of intrinsic growth of neurons and the creation 
of extrinsic inhibitory milieu after injury lead to the lack 
of effective functional recovery in the CNS. In contrast to 
mammals, adult zebrafish (Becker et al. 1998; Briona et al. 
2015) is capable of neuronal proliferation, regeneration, 
and functional restoration in 6 weeks after completely spi-
nal cord transection. Since zebrafish has profound re-grow-
ing ability and genetic tractability (Fleisch et al. 2011), it 
has been considered as an ideal model to understand the 
exact molecular and cellular mechanisms of spinal cord 
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regeneration (Fang et al. 2014). Insulin-like growth factor-1 
(IGF-1), as a neurotrophic growth factor, is not only benefi-
cial for cell survival and axonal regeneration (Chesik et al. 
2008), but also associated with neuroinflammatory response 
(Labandeira-Garcia et al. 2017).

IGF-1 is a 70-amino acid polypeptide mainly derived 
from the liver, but it is also locally produced by neurons and 
glial cells in brain (Rodriguez-Perez et al. 2016; Suh et al. 
2013) and spinal cord (Hammarberg et al. 1998) in differ-
ent disease models. IGF-1 has multiple effects in the CNS, 
including regulating brain development, synapse formation, 
myelination (Labandeira-Garcia et al. 2017; Nieto-Estévez 
et al. 2016; Wrigley et al. 2017). In teleost, IGF-1 regulates 
neurogenesis in the retina of goldfish by stimulating the 
proliferation of retinal precursor cells (Otteson et al. 2002; 
Boucher and Hitchcock 1998), and IGF-1 is required for 
fin regeneration in zebrafish by reducing apoptosis in the 
wound epidermis and increasing proliferation of blastema 
cells (Chablais and Jazwinska 2010). In rodents, IGF-1 treat-
ment protected facial (50%) and lumbar motoneurons (79%) 
from dying in pmn mutant mice (Jablonka et al. 2011), a 
model with typical motoneuron degeneration. Increased sur-
vival of neurons after traumatic brain injury was observed in 
IGF-1 overexpressed transgenic mice (Madathil et al. 2013). 
Lateral cerebral ventricle administration of IGF-1 down-reg-
ulated activation of astrocytes and reduced inflammatory 
protein expression in mice models of depression (Park et al. 
2011), which shows the effect of IGF-1 in inhibiting neuro-
inflammatory response. Previous studies about neuro-regen-
eration primarily focused on the circulating levels of IGF-1 
rather than local levels of IGF-1. The role of IGF-1 produced 
from injury site in spinal cord regeneration remains unclear. 
In this study, we used zebrafish to figure out the effect of 
IGF-1 produced in the lesion site on the recovery of spinal 
cord transection.

Material and Methods

Animals

Adult zebrafish (wild-type, 5–6  months of age) were 
obtained from the Shanghai Yinuo Aquatic Technol-
ogy Company (Shanghai, China). Before the experiment, 
zebrafish of either sex were allowed to acclimatize for one 
week in tanks (3.5 l) on a 14-h light/10-h dark rhythm and 
fed with a commercial diet (GeneBio, Shanghai, China) 
twice daily. The aquarium water temperature and pH were 
kept at 28 ± 1 °C and 7.2–7.4, respectively. This research 
was approved by the Animal Ethics Committee of Jiangnan 
University. The zebrafish work was performed according to 
Regulations for the Administration of Affairs Concerning 
Experimental Animals (approved by the State Council on 

October 31, 1998 and promulgated by Decree No. 2 of the 
State Science and Technology Commission on November 
14, 1988).

Spinal Transection

Spinal transection was induced as described previously by 
Ping Fang with slight modifications (Fang et al. 2012). In 
brief, zebrafish were immersed in 0.033% aminobenzoic 
acid ethylmethylester (MS222, Sigma, St. Louis, MO, USA) 
and anesthetized until respiratory movement of the opercula 
stopped. Then the zebrafish was put on the ice under a ste-
reoscopic microscope. To exposing the spine, a longitudi-
nal incision parallel to the spinal cord was made. Then the 
spinal cord was completely transected at 4 mm caudal to 
the brainstem region (Fig. 6a). The sham-operated zebrafish 
underwent identical to those of the spinal transection ani-
mals except the spinal cord was not transected.

Quantitative Real‑Time PCR (qRT‑PCR) Analysis

At different time points after spinal transection, the spinal 
cord was collected from 1.5 mm upstream and downstream 
of the lesion site. EZgene™ Tissue RNA Kit (R6311, 
Biomiga, San Diego, USA) was used to extract total RNA. 
Then, the RNA was reverse transcribed into cDNA with Pri-
meScript™ RT Master Mix (Perfect Real Time) (RR036A, 
TAKARA, Otsu, Japan) according to the manufacture’s 
guidelines. PCR was conducted with SYBR Premix Ex 
Taq™ II (RR820A, Takara, Tokyo, Japan), and all assays 
were performed in duplicate. The following primers were 
used: IGF-1, 5′-TCG​TCC​CCA​CTC​TTG​TAA​AGC-3′ (for-
ward) and 5′-TGG​CGA​TGG​AGC​TTG​AAC​AT-3′ (reverse); 
β-actin, 5′-AAT​CTT​GCG​GTA​TCC​ACG​AGA​CCA​-3′ (for-
ward) and 5′-TCT​CCT​TCT​GCA​TCC​TGT​CAG​CAA​-3′ 
(reverse). β-Actin served as the internal control gene and 
a no-template reaction was performed as negative controls. 
Amplification specificity was confirmed by melting curves. 
The number of zebrafish was 8 for each group in this assay.

Immunofluorescence and Image Analysis

Spinal cord within 1.5 mm upstream and downstream of 
the injury site was taken and fixed in 4% paraformaldehyde 
(4 °C for 12 h). Then the dehydration was performed in a 
30% sucrose solution (4 °C for 48 h). Serial sections (10 μm 
in thickness, longitudinal) through the central canal were 
prepared. Subsequent antigen retrieval was performed with 
sodium citrate buffer (95 °C for 40 min). After washed 3 
times with phosphate-buffered saline (PBS), the sections 
were blocked with 5% donkey serum (37 °C for 1 h, SL050, 
Solarbio, Beijing, China). Then the samples were incubated 
(4 °C for 12 h) with the following primary antibodies: goat 
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anti-IGF-1 (1:500, ab106836, Abcam, Cambridge, UK); 
rabbit anti-Islet-1 (1:500, ab209977, Abcam, Cambridge, 
UK); and rabbit anti-Iba-1 (1:500, 019-19741, Wako, Osaka, 
Japan). The secondary antibodies used are as follows: CY3-
conjugated donkey anti-goat IgG (1:500, A0502, Beyotime, 
Shanghai, China) and Alexa Fluor® 488-conjugated donkey 
anti-rabbit IgG (1:500, ab150073, Abcam, Cambridge, UK). 
Finally, the sections were covered with mounting medium 
(P0126, Beyotime, Shanghai, China) and imaged with an 
epifluorescence microscope (Axio Imager Z2, Carl Zeiss, 
Jena, German). ImageJ was used to analyze the cell counts 
and immunofluorescence density in 6 randomly chosen sec-
tions from each zebrafish. The zebrafish assayed in each 
group was 3.

Morpholino Treatment

Morpholinos (MO) have high mRNA-binding affinity and 
exquisite specificity, and they can modify pre-mRNA splic-
ing in the nucleus by targeting splice junctions or splice 
regulatory sites (Draper et al. 2001; Morcos 2007; Peng 
et al. 2017). In order to knock down IGF-1 expression, the 
specific splice-blocking MO (SPL MO) was used. IGF-1 
anti-sense MO (5′-ATA​ATC​ATG​GAT​GAG​CAC​CTT​
TGG​T-3′) was constructed on exon 3 of IGF-1 pre-mRNA 
(AGGAC [ACC​AAA​Ggtgctcatccatgattat] gatcctt). Both of 
the IGF-1 MO and standard control MO (5′-CCT​CTT​ACC​
TCA​GTT​ACA​ATT​TAT​A-3′) (Gene Tools, Philomath, OR, 
USA) were dissolved in 100 μl of Danieau solution to get 
the final concentration of 1 mM. Approximately 500 pl MOs 
(0.4 mM) was injected into one-cell stage zebrafish embryos 
(Rosen et al. 2009) to make sure the specificity of IGF-1 
anti-sense MO. In the adult spinal transection zebrafish, the 
gel foam (Upjohn, Kalamazoo, MI, USA) yielded 800 ng of 
MO was applied in the lesion site (Fig. 6a). Each zebrafish 
was allowed to survive the surgery for 6 weeks (Fang et al. 
2014; Lin et al. 2012). The zebrafish treated with mor-
pholino assayed in each group was 3 for immunofluores-
cence analysis and 9 for swimming tests.

Analysis of Motor Function

A swim-tracking test was used to evaluate the motor function 
recovery of zebrafish after MO treatment. Zebrafish were 
placed in a brightly illuminated tank (20.5 × 9.5 × 10 cm) 
with aquarium water (5 cm in depth, 28 °C) and recorded 
from above with a video camera. The swimming path, total 
distance, and average velocity in 5 min were analyzed by 
Ethovision software (Noldus, Wageningen, Netherlands). 
The experiment was conducted at the same time (9:00 
a.m.–11:00 a.m.) every week for 6 weeks. The experimenter 
was blinded to the treatment of the animals. The number of 
zebrafish assayed was 9 for each group.

Statistical Analysis

Shapiro–Wilk test was used to evaluate normality. For 
parametric values, differences among two treatment groups 
were analyzed by the independent samples t test by SPSS 
22.0 software (IBM SPSS Statistics, Armonk, New York, 
USA); the comparison in multiple groups was analyzed by 
a one-way ANOVA with an LSD post hoc assay. For non-
parametric values, differences among two treatment groups 
were analyzed by Mann–Whitney U test; the comparison 
in multiple groups was analyzed by Kruskal–Wallis test. 
Values were expressed as mean ± SEM. P < 0.05 was con-
sidered statistically significant between groups (*P < 0.05, 
**P < 0.01, ***P < 0.001). All experiments were performed 
in triplicate.

Results

IGF‑1 Expression was Down‑regulated in the Lesion 
Site After Spinal Cord Transection

To explore the changes of IGF-1 expression levels in the 
regeneration process of injured spinal cord, we performed 
the qRT-PCR and immunofluorescence at 4 h, 12 h, 3 days, 
11 days, and 21 days after spinal transection. There were no 
significant differences between spinal cord-transected group 
and sham group in IGF-1 mRNA levels at 4 h post injury 
(hpi) and 12 hpi. Then it was significantly decreased by 80% 
at 3 days post injury (dpi, P = 0.021) compared with sham 
injury group and still maintained at a low level until 11 dpi 
(P = 0.035) and 21 dpi (P = 0.009, Fig. 1). At the protein 
level, immunofluorescence showed that IGF-1 was expressed 
in the cytoplasm of cells along the central canal (Fig. 2a). 

Fig. 1   Time course of insulin-like growth factor-1 (IGF-1) mRNA 
expression after spinal transection. Quantitative real-time PCR 
showed the expression of IGF-1 mRNA in the spinal cord tissue 
within 1.5  mm upstream and downstream of the injury site after 
spinal transection. Decreased expression was observed at 3  days, 
11  days, and 21  days after spinal cord transection compared to the 
sham injury group (*P < 0.05, **P < 0.01, independent samples t test; 
n = 8). Values represent mean ± SEM
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Different from mRNA expression, IGF-1 protein level was 
significantly decreased at 4 hpi (P = 0.001) when compared 
with the sham injury group (Fig. 2b). 

IGF‑1 Colocalized with Motoneurons Along 
the Central Canal After Spinal Cord Transection

To figure out whether IGF-1 is expressed in motoneurons, 
double immunostaining was performed for IGF-1 and Islet-1 
(a marker for motoneurons) in sham-injured group and spi-
nal cord-transected group (3 dpi). Cytoplasmic expression 
of IGF-1 in motoneurons along the central canal was found 
(Fig. 3).

Increased Immunofluorescence Density of Microglia 
was Observed After Spinal Transection

To determine the localization between IGF-1 and astro-
cytes/microglia, double immunostaining for IGF-1 and 
GFAP/Iba-1 (a marker for astrocytes/microglia) showed 
that astrocytes/microglia surrounded the IGF-1-positive cells 
(Figs. 4, 5a). Increased immunofluorescence density of Iba-1 
was found at 4 hpi, but did not achieve significance. There 
was a 2.4-folds increase in spinal cord-transected group at 
12 hpi compared with sham injury group. The increased 
immunofluorescence density induced by spinal cord transec-
tion maintained until 21 dpi and showed significant differ-
ences with sham injury group (Fig. 5b, 4 h, P = 0.069; 12 h, 
P = 0.000; 3 days, P = 0.01; 11 days, P = 0.000; 21 days, 
P = 0.038).

Knockdown of IGF‑1 Retarded Motor Recovery

To further investigate the effects of IGF-1 knockdown on 
motor function recovery, IGF-1 MO was applied to the lesion 
site immediately after spinal cord transection. In order to ver-
ify the specificity of the IGF-1 MO, IGF-1 MO targeting the 
exon 3/intron 3 splice junction was firstly injected into one-
cell stage embryos. RT-PCR was performed using a specific 
set of primers in exons 3 and 4 for IGF-1 mRNA (Fig. 6b). 
Compared with IGF-1 MO-injected embryos, the un-spliced 
fragments on un-injected and control MO-injected embryos 

are enriched at 24 h post-fertilization (Fig. 6c) and 48 h post-
fertilization (Fig. 6d).

Then we tracked the swim distance and average speed over 
5 min to observe the mobility of IGF-1 MO zebrafish after 
spinal cord transection. Swimming path was recorded by Etho-
vision software. IGF-1 MO zebrafish showed quite different 
swim paths 6 weeks post injury (wpi) (Fig. 7a). From 1 to 4 
wpi, the swimming ability (mean velocity and total distance 
moved in 5 min) of IGF-1 MO zebrafish decreased, but no 
significant difference was achieved. However, IGF-1 MO 
retarded the motor recovery starting from 5 wpi until 6 wpi. At 
5 wpi, the mean velocity (5 wpi, P = 0.025; 6 wpi, P = 0.035) 
and total distance (5 wpi, P = 0.025; 6 wpi, P = 0.032) moved 
in 5 min were decreased by 67% in IGF-1 MO group (n = 9) 
compared with control MO group. Similarly, there was a 65% 
decrease in IGF-1 MO group (n = 9) at 6 wpi (Fig. 7b, c).

IGF‑1 Knockdown Decreased Motor Neurons

To clarify the effect of IGF-1 MO on the number of motor 
neurons, double immunostaining for IGF-1 and Islet-1 in 
IGF-1 MO group showed that IGF-1 was mainly expressed 
in smaller motor neurons at 3 dpi and 11 dpi compared 
with control MO group (Fig. 8a). And the number of IGF-1 
positive cells in IGF-1 MO group decreased by 21.6% 
and 22.6%, respectively at 3 dpi (P = 0.039) and 11 dpi 
(P = 0.017, Fig. 8a, b) compared with control MO group. 
Simultaneously, Islet-1 positive motoneurons decreased by 
25.2% and 27.7%, respectively, at 3 dpi (P = 0.036) and 11 
dpi (P = 0.045, Fig. 8a, c).

Down‑regulation of IGF‑1 Increased 
the Immunofluorescence Density of Microglia

To further investigate the relationship between the decrease 
of IGF-1 and Iba-1+ cells, double immunostaining for IGF-1 
and Iba-1 was performed in IGF-1 MO group and control 
MO group. Decreased IGF-1 positive cells were observed in 
IGF-1 MO group compared with control MO group at 3 dpi 
and 11 dpi which indicated successful knockdown of IGF-1 
(Fig. 9a). At the same time, immunofluorescence density of 
Iba-1 in IGF-1 MO group increased by 27.7% and 25.3%, 
respectively, at 3 dpi (P = 0.026) and 11 dpi (P = 0.008) 
compared with control MO group, which illustrated that 
decreased IGF-1 expression resulted in increased the immu-
nofluorescence density of microglia (Fig. 9a, b).

Discussion

In this study, we investigated the beneficial effects of IGF-1 
on spinal-transected zebrafish. We showed that the expres-
sion level of IGF-1 was decreased at 3 days after spinal 

Fig. 2   Time course of insulin-like growth factor-1 (IGF-1) pro-
tein expression after spinal transection. a IGF-1 protein expres-
sion in spinal cord within 1.5 mm upstream and downstream of the 
injury site were examined by immunofluorescence at 5 time points 
after spinal transection. Cytoplasmic expression of IGF-1 protein 
was confirmed. Decreased IGF-1-positive cells were observed along 
the central canal at 4  h after spinal transection. *Indicates the cen-
tral canal, scale bar = 50 μm. b Number of IGF-1-positive cells was 
quantified with ImageJ software. The lesion-induced decrease of 
IGF-1 expression achieved significance at 4 h post injury (*P < 0.05, 
**P < 0.01, ***P < 0.001, Kruskal–Wallis test; n = 3). Values repre-
sent mean ± SEM

◂
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transection. Down-regulation of IGF-1 expression induced 
by MO treatment inhibited motor recovery of spinal-tran-
sected zebrafish. And we also found that IGF-1 MO treat-
ment reduced the number of motoneurons and increased 
Iba-1+ cells, which indicated the role of IGF-1 in enhancing 
motoneuron survival and inhibiting neuroinflammation after 
spinal transection in zebrafish.

Zebrafish are considered as an ideal model for neuro-
regeneration and repair. The reasons are as follows: (1) 
extraordinary ability of axonal regrowth achieves restora-
tion of function by approximately 4–6 weeks after complete 
spinal cord transection, and (2) there is a remarkable level of 
conservation (87%) between zebrafish and human genomes. 
In addition, most molecules involved in the mechanisms 
preventing successful recovery of motor function in adult 

mammals have not been explored in zebrafish, which include 
extrinsic (growth-promoting molecules and/or the surplus 
of growth-inhibitory molecules) and intrinsic mechanisms 
(Vajn et al. 2013).

The expression location of IGF-1 varies in different cen-
tral nervous system diseases and animal models. In rats with 
unilateral penetrating brain injury, on the uninjured cerebral 
hemisphere, IGF-1 protein was only expressed in cortical 
neurons, while on the injured cerebral hemisphere, increased 
level of IGF-1 protein was not only localized to neurons, 
but also localized to injury responsive astrocytes and cells 
of monocyte lineage (Walter et al. 1997). In spinal cord-
transected rats, immunohistochemistry showed that IGF-1 
was observed in spinal neurons (both motor neurons and sen-
sory neurons), but not astrocytes (Wang et al. 2017). In acute 

Fig. 3   Cytoplasmic expression of insulin-like growth factor-1 (IGF-
1) in motoneurons. Double-immunostaining staining of IGF-1 with 
Islet-1 in longitudinal sections (1.5  mm upstream and downstream 

from lesion site) showed that IGF-1 was located in the cytoplasmic 
of motoneurons at 3  days post  injury (n = 3). *Indicates the central 
canal. Scale bar = 50 μm

Fig. 4   IGF-1-positive motoneurons were surrounded by GFAP-posi-
tive astrocytes. Double-immunostaining staining of IGF-1 with GFAP 
in longitudinal sections (1.5  mm upstream and downstream from 

lesion site) showed that IGF-1 was surrounded by GFAP-positive 
astrocytes at 3 days post  lesion (n = 3). *Indicates the central canal. 
Scale bar = 50 μm
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Experimental Autoimmune Encephalomyelitis of mice, 
IGF-1 immunoreactive neurons were only found in inflamed 
spinal cords, but not non-inflamed spinal cord (Parvaneh 
Tafreshi et al. 2017). In our study, IGF-1 was expressed in 
cytoplasmic of motoneurons and was surrounded by Iba-1+ 
microglia and GFAP+ astrocytes after spinal cord transec-
tion in zebrafish. Thus, we hypothesized that different cell 

localizations of IGF-1 in these species or disease models 
may be related to the different repair mechanisms of IGF-1.

We also investigated the changes of IGF-1 expression 
numerically at the lesion site after spinal cord transection. 
The level of IGF-1 mRNA began to decrease below basal 
levels at 3 dpi and persisted until 21 dpi. The decrease in 
IGF-1 protein only found at 4 hpi reflected by the number of 

Fig. 5   Increased fluorescence 
density of microglia after 
spinal transection. a Double 
immunostaining of insulin-like 
growth factor-1 (IGF-1) with 
Iba-1 in longitudinal sections 
(1.5 mm upstream and down-
stream from lesion site) showed 
that IGF-1 was surrounded by 
microglia. *Indicates the central 
canal, scale bar = 50 μm. b 
Immunofluorescence den-
sity of Iba-1 was quantified 
with ImageJ software. The 
lesion-induced increase of 
immunofluorescence density of 
microglia achieved significance 
at 12 h, 3 days, 11 days, and 
21 days after spinal transec-
tion (*P < 0.05, **P < 0.01, 
***P < 0.001, one-way ANOVA 
with an LSD post hoc assay; 
n = 3). Values represent 
mean ± SEM
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IGF-1 immuno-positive cells. In eukaryotes, only 40% of the 
variation in proteins can be explained by knowing mRNA 
abundances, and the remaining 60% of the variation can 
be explained by post-transcriptional regulation and meas-
urement noise (Vogel and Marcotte 2012). Experiments in 
mammalian cells found that variation in protein expression 
levels is primarily determined by regulation of translation 
(Schwanhausser et al. 2011). Therefore, we hypothesized 
that the differences in mRNA and protein relative expression 
levels of IGF-1 might be due to post-transcriptional regula-
tion. Spinal cord transection can directly cause the death of 
motoneurons, and microglial overactivation induced neu-
ral impairments (Wang et al. 2015). In this study, IGF-1 is 
mainly produced by motoneurons in spinal cord of zebrafish, 
and the fluorescence density of microglia increased after 
spinal cord transection, which suggested the possibility of 
microglia overactivation. The decrease in IGF-1 expression 
might due to the loss and damage of motoneurons. Reimer 
et al. found that injury-induced motoneuron proliferation 
peaks at 2 weeks after lesion and motoneurons migrate to 
lesion site to compensate for the lost neurons (Reimer et al. 
2008), which suggested that the number of motoneurons at 
the lesion site may increase at 3 weeks after lesion. The 
proliferation of motoneurons and the mechanisms by which 
IGF-1 functions still need to be further investigated in the 
following experiments.

Fig. 6   The insulin-like growth factor-1 (IGF-1) morpholino (MO) 
significantly reduced IGF-1 mRNA expression. a Schematic illustra-
tion showed the spinal cord transection site and morpholino treatment 
site. b cDNA was amplified from RNA isolated from IGF-1 knock-
down morphants, control MO-injected embryos, and non-injected 
embryos. RT-PCR was conducted using the primers in exons 3 and 
4 for IGF-1. c and d Enrichment of un-spliced fragments was showed 
on the representative agarose gel. Reduction of un-spliced fragment 
on IGF-1 MO injected embryos was observed at both 24 h post-ferti-
lization (b) and 48 h post-fertilization (c)

Fig. 7   Knockdown of insulin-like growth factor-1 (IGF-1) expres-
sion inhibited motor recovery. a Locus diagram of the control mor-
pholino (MO) and IGF-1 MO groups at 6  weeks. b and c Mean 
velocity and total distance moved in 5 min of zebrafish treated with 
IGF-1 MO and control MO after spinal cord transection. At 5 and 
6  weeks post  injury, mean velocity and total distance moved were 

significantly reduced in IGF-1 MO group compared with control MO 
group (*P < 0.05, Mann–Whitney U test was used for mean velocity 
and mean mobility between two groups at 5 weeks, independent sam-
ples t test was used for mean velocity and mean mobility between two 
groups at 6 weeks; n = 9). Values represent mean ± SEM
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IGF-1 can modulate multiple fundamental cellular pro-
cesses, such as cell growth, survival, proliferation, and dif-
ferentiation (Vardatsikos et al. 2009): IGF-1 was reported 
to protect RCG-5 cells (retinal ganglion cells) from ami-
odarone-induced apoptosis by stimulating the PI3K/Akt/
FoxO3a pathway (Liao et al. 2017); in IGF-1-overexpressed 
brain-injured mice, increased density of immature neurons, 
and generation of newborn neurons in the hippocampus 
were observed (Carlson et al. 2014). In our study, signifi-
cant decrease of motoneurons was observed in IGF-1 MO-
treated group at 3 dpi and 11 dpi, which indicated the neu-
ronal protective effect of IGF-1 in zebrafish. Similarly, cell 
death reduction of motor neurons was found after adeno-
associated virus vector encoding IGF-1 injection into the 
deep cerebellar nucleus of a spinal muscular atrophy mouse 
model (Hollis et al. 2009). Therefore, IGF-1 protects moto-
neurons from dying probably by promoting cell survival and 
anti-apoptosis, or by stimulating cell proliferation, but the 
specific mechanism still needs to be further investigated.

Zebrafish have two waves of motoneuron differentiation: 
primary and secondary motoneurons. Primary motoneu-
rons (PMNs) axons pioneer nerve pathways followed later 
by axons of secondary motoneurons (SMNs; Myers et al. 
1986; Pike et al. 1992). SMNs are born later than PMNs and 
are more numerous (Lewis and Eisen 2003). Islet-1 has been 
reported to be expressed in all vertebrate motoneurons and 
is required for formation of zebrafish primary motoneurons 
(Hutchinson and Eisen 2006). After IGF-1 MO treatment, 
Islet-1 is mainly expressed in smaller motor neurons, which 
indicated that IGF-1 may be involved in the fates of pri-
mary motoneurons generation and further mature motoneu-
rons determination directly or by affecting Islet-1. In addi-
tion, motor neurons are generated from an olig2-expressing 
population of PMN-like ependymoradial glial cells in a 
ventrolateral position at the central canal of zebrafish after 
lesion (Reimer et al. 2008). IGF-1 regulates multiple cellular 
processes including cell differentiation and growth (Vardat-
sikos et al. 2009). After IGF-1 MO treatment, the number 

Fig. 8   Islet-1-positive motoneu-
rons decrease after insulin-like 
growth factor-1 (IGF-1) mor-
pholino (MO) treated. a Double 
immunostaining of IGF-1 with 
Islet-1 was performed in IGF-1 
MO group and control MO 
group. *Indicates the central 
canal, scale bar = 50 μm. b and 
c The number of IGF-1-positive 
cells and motoneurons was both 
decreased in IGF-1 MO group 
compare with control MO group 
(*P < 0.05, Mann–Whitney U 
test; n = 3). Values represent 
mean ± SEM
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of motoneurons decreased and IGF-1 was located in smaller 
motoneurons, which might be due to IGF-1 being involved in 
the regeneration of motoneurons and the growth of newborn 
motoneurons.

In healthy brain, microglia are usually in a resting state 
but are readily activated when brain occurs to injury, infec-
tion, and neuroinflammation. Activated microglia can pro-
mote the repair of injured tissues by inducing the secretion of 
growth factors, removing tissue debris, and resisting harm-
ful pathogens; on the other hand, activated microglia can 
also release a variety of cytotoxic substances, which have 
neurotoxic effects on neurons and itself (Kreutzberg 1996). 
IGF-1 can also function as an anti-inflammatory factor, and 
it can alleviate the sickness behavior caused by the lateral 
ventricle injection of proinflammatory cytokines (TNF-α, 
IL-1β) in mice (Bluthe et al. 2006; Palin et al. 2007). In our 
study, increased immunofluorescence density of microglia 
was observed from 12 hpi to 21 dpi in zebrafish. After treat-
ment of IGF-1 MO, increased immunofluorescence density 
of microglia was also observed. This is probably due to the 

reduced anti-inflammatory effect of IGF-1. Since IGF-1 was 
restrictively expressed in motoneurons in zebrafish spinal 
cord, whether the reduction of IGF-1 in motoneurons will 
affect microglia activation still needs further investigation.

As an ideal model of spinal cord transection, zebrafish 
has profound re-growing ability. At 5 weeks and later, the 
swim distance of the spinal-transected zebrafish recovered 
to 78% (the peak of recovery in swimming ability) of the 
sham-operated zebrafish, and lengths of regenerated axons 
are similar to sham-injured group (Fang et al. 2012). And 
at 6 weeks, the diameter of the tissue bridge was similar 
to the spinal cord at the comparable level in un-lesioned 
zebrafish (Vajn et al. 2014). For years, zebrafish has been 
used to identify novel genes vital for successful regeneration 
after spinal cord transection. However, exact molecular and 
cellular mechanisms of recovery in zebrafish CNS are not 
fully understood. IGF-1 signals drove axonal outgrowth via 
AMPK (AMP-activated protein kinase) in dorsal root gan-
glia neuron cultures (Aghanoori et al. 2019) and contributed 
to RGC survival and axonal regeneration in adult goldfish 

Fig. 9   Insulin-like growth 
factor-1 (IGF-1) morpholino 
(MO) treatment induced 
increased immunofluorescence 
density of microglia. a Double 
immunostaining of IGF-1 and 
Iba-1 showed decreased IGF-1 
expression in IGF-1 MO group 
compared with control MO 
group at 3 days and 11 days 
after injury. *Indicates the cen-
tral canal, scale bar = 50 μm. b 
Increased fluorescence density 
of Iba-1 in IGF-1 MO group at 
3 days and 11 days after injury 
was observed compared with 
control MO group (*P < 0.05, 
**P < 0.01, independent 
samples t test; n = 3). Values 
represent mean ± SEM
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retinas through PI3K/Akt system after optic nerve injury. 
In this study, knockdown of IGF-1 retarded motor recovery 
(Koriyama et al. 2007), which might due to the beneficial 
effect of IGF-1 on axon regeneration in spinal-transected 
zebrafish.
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