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Abstract

Most current studies quantify axon regeneration by immunostaining regeneration-associated proteins, representing indirect measure-
ment of axon lengths from both sensory neurons in the dorsal root ganglia and motor neurons in the spinal cord. Our recently developed
method of in vivo electroporation of plasmid DNA encoding for enhanced green fluorescent protein into adult sensory neurons in the
dorsal root ganglia provides a way to directly and specifically measure regenerating sensory axon lengths in whole-mount nerves. A mouse
model of sciatic nerve compression was established by squeezing the sciatic nerve with tweezers. Plasmid DNA carrying enhanced green
fluorescent protein was transfected by ipsilateral dorsal root ganglion electroporation 2 or 3 days before injury. Fluorescence distribution
of dorsal root or sciatic nerve was observed by confocal microscopy. At 12 and 18 hours, and 1, 2, 3, 4, 5, and 6 days of injury, lengths of
regenerated axons after sciatic nerve compression were measured using green fluorescence images. Apoptosis-related protein caspase-3
expression in dorsal root ganglia was determined by western blot assay. We found that in vivo electroporation did not affect caspase-3 ex-
pression in dorsal root ganglia. Dorsal root ganglia and sciatic nerves were successfully removed and subjected to a rapid tissue clearing
technique. Neuronal soma in dorsal root ganglia expressing enhanced green fluorescent protein or fluorescent dye-labeled microRNAs
were imaged after tissue clearing. The results facilitate direct time course analysis of peripheral nerve axon regeneration. This study was
approved by the Institutional Animal Care and Use Committee of Guilin Medical University, China (approval No. GLMC201503010) on
March 7, 2014.
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Introduction
Axon regeneration is crucial for recovery of function after
nervous system injury. The adult mammalian central ner-
vous system (CNS) cannot be functionally recovered after
injury mainly as a result of the inability of injured axons to
regenerate. Failure of mammalian CNS axon regeneration
primarily occurs because of the presence of extrinsic in-
hibitory molecules and the lack of an intrinsic regenerative
capacity of mature CNS neurons (Saijilafu et al., 2013a;
Tateshita et al., 2018). Although several recent studies have
drastically promoted mammalian CNS axon regeneration by
experimentally increasing intrinsic axon growth ability (Liu
et al,, 2011; Filipp et al., 2019; Rodemer and Selzer, 2019),
our understanding of cellular and molecular mechanisms by
which axon regeneration is regulated remains rudimentary.
Neurons in the mammalian peripheral nervous system re-
tain the ability to regenerate through an axotomy-induced
robust intrinsic growth response (Gey et al., 2016; Niemi,
2017; Duan et al., 2018), therefore providing a perfect model
to dissect the underlying mechanisms of axon regeneration.
Sciatic nerve crush in rodents has been widely used as a
model system to study peripheral axon regeneration in vivo.
In this model, axon regeneration is often quantified using
longitudinal nerve sections immunostained with specific
axon regeneration-associated proteins, such as GAP43 and
SCGI10 (Abe et al., 2010; Shin et al., 2014). Because axon
regeneration within nerve sections can only be quantified
by measuring the fluorescent intensity of axon fragments at
different distances from the crush site, this method provides
only an indirect measurement of the lengths of regenerating
axons. In addition, most nerve crush experiments are per-
formed in places where both sensory axons from dorsal root
ganglion (DRG) neurons and motor axons from the spinal
cord motor neurons are mixed (Saijilafu et al., 2011; Liu et
al., 2013; Ma et al., 2019). Therefore, the results represent
average axon regeneration of two different neuronal pop-
ulations that may have distinct axon regeneration abilities.
Thus, the extent to which indirect measurements faithfully
reflect real peripheral axon regeneration rate remains an
open question. Electroporation, a rapid and effective method
for gene delivery in vivo, has recently emerged as a power-
ful tool for studying in peripheral nerve regeneration. Our
recently developed method for in vivo electroporation of
plasmid DNA encoding for enhanced green fluorescent pro-
tein (EGFP) into adult sensory neurons in DRG provides a
way to directly and specifically measure regenerating senso-
ry axon lengths in whole-mount nerves. Here, we used this
approach to quantify regenerating axon lengths after sciatic
nerve crush at different time intervals.

Materials and Methods

Animals

Specific-pathogen-free 8- to 10-week-old male CF-1 mice
weighing from 30 to 35 g were purchased from Charles
River Laboratories (Wilmington, MA, USA) and housed in
the University Animal Facility. There were six mice in each

group. All mice were housed and treated according to pro-
tocols approved by the Institutional Animal Care and Use
Committee of Guilin Medical University, China (approval
No. GLM(C201503010) on March 7, 2014.

Fluorescence labeling and sciatic nerve crush modeling
The rats were randomly divided into control and electro-
poration groups, which underwent a sham operation or a
sciatic nerve crush + electroporation. Mice were anesthetized
by intraperitoneal injection of a mixture of ketamine (100
mg/kg) and xylazine (10 mg/kg). In vivo electroporation of
adult DRG neurons was performed as previously described
(Sajjilafu et al., 2011). Briefly, lumbar 4 (L4) and 5 (L5) DRGs
on one side of the mouse were surgically exposed after anes-
thetization. A solution of DNA plasmid (pCMV-EGFP-N1,
Clontech, Franklin Lakes, NJ, USA) encoding EGFP (1.0
pL) or a Dy547-tagged microRNA Hairpin Inhibitor (1.0
uL; GE Dharmacon, Chantilly, VA, USA) was injected into
DRGs using a capillary pipette connected to a Picospritzer II
(Parker Ins., Cleveland, OH, USA; 206.85-kPa pressure; 8-ms
duration). Electroporation was then performed using a cus-
tom-made tweezer-like electrode and BTX ECM830 Electro
Square Porator (five 15-ms pulses at 35 V with 950-ms inter-
val). After DRG injection or electro-poration, the wound was
closed and mice were allowed to recover from anesthesia. At
2 or 3 days after in vivo electroporation, the sciatic nerve on
the side with electroporated DRGs was exposed and crushed
at the sciatic notch (three 10-s crushes with forceps); the
crush site was marked with 10-0 nylon epineural sutures. The
wound was subsequently closed with 4-0 nylon sutures (Saiji-
lafu et al., 2011).

Tissue preparation

For the axon regeneration rate study, at 12 and 18 hours,
and 1, 2, 3, 4, 5, and 6 days after sciatic nerve crush, six mice
were given a lethal overdose of ketamine/xylazine and then
perfused transcardially with 20 mL of phosphate-buffered
saline (pH 7.4), followed by 40 mL of ice-cold 4% parafor-
maldehyde at 5 mL/min. After perfusion, tissues were dis-
sected out and post-fixed in 4% paraformaldehyde overnight
at 4°C.

DRGs were first dehydrated in increasing concentrations
of ethanol (50%, 70%, 80%, 90% and 100% for 30 minutes
each) in amber glass bottles as previously described (Dodt
et al., 2007; Luo et al,, 2014; Belin et al., 2015). Incubations
were carried out on an orbital shaker at room temperature.
DRGs were then transferred into benzyl alcohol/benzyl ben-
zoate (1:2 in volume; Sigma, St. Louis, MO, USA) clearing
solution. During the procedure, tissues were protected from
light to reduce the loss of fluorescent signal intensity.

Fluorescence imaging analysis of axon regeneration

Whole-mount cleared DRGs or sciatic nerves were imaged
with a Zeiss LSM510 confocal microscope (Carl Zeiss Mi-
crolmaging, Oberkochen, Germany) controlled by LSM510
software. A 10x or 20x objective was used to acquire image
stacks with 4-5-um z spacing. The motor-driven XY scan-
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ning stage with Mark & Find and Mosaic Scan function were
used to scan DRG tissues with 15% overlap between X and Y
dimensions. All acquired images were then merged together
using LSM510 software to construct three-dimensional (3D)
images or maximum intensity Z-projection images. Pro-
cessing of fluorescence images and measurement of sensory
axon regeneration were performed according to our previous
studies (Hur et al., 2011; Zhang et al., 2014). Fluorescence
images of fixed whole-mount nerve tissues were captured
with an inverted fluorescence microscope controlled by the
MosaicX module of AxioVision software (Carl Zeiss Mi-
crolmaging). All identifiable EGFP-labeled axons in whole-
mount sciatic nerves were manually traced from the crush
site to the distal axonal tips. At least 15 axons per nerve were
measured and data from at least six mice for each experi-
mental group were used to calculate mean axon lengths.

Western blot assay

DRG tissues were collected and lysed in RIPA buffer. Ex-
tracted proteins were separated sodium dodecyl sulfate-poly-
acrylamide gel (4-12% gradient) electrophoresis, and
transferred onto polyvinylidene fluoride membranes. After
blocking with 10% non-fat milk, membranes were incubated
with primary antibodies (mouse anti-caspase-3; Cell Signal-
ing Technology, Beverly, MA, USA; 1:100, 4°C, overnight)
followed by a horseradish peroxidase-linked goat anti-mouse
secondary antibody (Cell Signaling Technology, 1:3000) at
room temperature for 1 hour. The densities of protein bands
from three independent experiments were quantified using
Image] software (NIH, Bethesda, MD, USA). The artificial
unit of each protein was calculated by normalizing the band
for the protein of interest to the band of the loading control,
B-actin (mouse).

Statistical analysis

Regenerating sensory axon lengths were analyzed by one-
way analysis of variance followed by post-hoc test with
Dunnett’s method. Statistical analysis was performed using
GraphPad Prism 5.0 software (GraphPad Software, San Di-
ego, CA, USA). A value of P < 0.05 was considered statisti-
cally significant.

Results

Time course analysis of sensory axon regeneration in vivo

Most previous studies of peripheral nerve regeneration quan-
tified axon regeneration via indirect approaches. In addition,
the results often represent average regeneration outcome of
both sensory and motor axons. To directly measure the rate
of sensory axon regeneration in vivo, we performed in vivo
DRG electroporation combined with sciatic nerve crush as
described in our previous studies (Hur et al., 2011; Saijilafu
et al,, 2011, 2013b; Liu et al., 2013; Zhang et al., 2014; Jiang
et al., 2015). In brief, EGFP plasmid was transfected into L4
and L5 DRGs, followed by sciatic nerve crush at 2 days after
electroporation. At different time points after crush, sciatic
nerves were used for quantitative analysis of axon regenera-
tion rate. The results showed that sensory axons regenerated
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across the crush site and elongated gradually with time (Fig-
ure 1A-H). Average regenerating axon lengths at different
time points are presented in Figure 1I. Sensory axons regen-
erated very slowly during the first day, but started to grow
faster and steadily 2 days later. These results are consistent
with previous in vitro studies indicating that adult mouse
sensory neurons could switch into a regenerating mode after
in vitro dissociation (axotomy) and 2 days in culture (Smith
and Skene, 1997; Saijilafu et al., 2013b). Such time course
data of in vivo mouse sensory axon regeneration provide an
important reference for the axon regeneration field. We also
imaged distal regenerating axons with regular confocal mi-
croscopy. The resulting 2D projection and 3D images showed
clear depictions of regenerating growth cones (Figure 2).

Fluorescence-labeled DRGs and sensory axons

As shown above, whole-mount sciatic nerves with EG-
FP-labeled sensory axons could be imaged directly at high
resolution without tissue clearing. However, the neuronal
soma in DRGs could not be directly imaged because of their
thickness. We previously showed EGFP-labeled neuronal
soma using sectioned DRG tissues (Saijilafu et al., 2011).
Thus, we examined if tissue clearing would help us obtain
better images of whole-mount DRGs. Many approaches
have been developed to clear mouse brains for 3D imaging
(Richardson and Lichtman, 2015). Similar approaches have
been used for mouse optic nerve clearing (Luo et al., 2014),
and one recent study cleared sciatic nerves (Hu et al., 2016)
for imaging axon regeneration and degeneration. One of
these tissue-clearing approaches (Dodt et al., 2007; Belin et
al., 2015) was used to clear DRGs and sciatic nerves. In vivo
electroporation of EGFP plasmid DNA into L4 DRG was per-
formed as previously described (Saijilafu et al., 2011). Three
days after electroporation, the L4 DRG was dissected out with
fragments of peripheral nerve and dorsal root attached. After
tissue clearing, the DRG was imaged with a confocal micro-
scope and a 3D image was constructed. Both the maximum
projection image (Figure 3A) and 3D image (Figure 3B)
clearly showed EGFP-labeled cell bodies of sensory neurons.
In addition to expression of a gene of interest, we can also
electroporate small RNA oligos (siRNAs) to knockdown pro-
tein translation (Saijilafu et al., 2013b) or regulate microRNA
expression (microRNA mimics/inhibitors) (Liu et al., 2013;
Jiang et al., 2015). However, in our previous studies, we only
used western blot assay or reverse transcription-polymerase
chain reaction to measure the functional results of siRNAs or
microRNAs, respectively. To directly image small RNA oligos
in sensory neurons, we electroporated a control mi-croRNA
inhibitor tagged with the fluorescent dye Dy547 into DRGs.
Most cell bodies in DRGs were strongly labeled with Dy547
at 1 day after electroporation (Figure 3C, D). Because of the
tissue clearing technique used here, processed whole-mount
tissues were not optimally compatible for immunostaining.
Thus, we did not perform neuronal marker labeling to quan-
tify the transfection efficiency. Nevertheless, images of cleared
DRG tissues obviously showed that the transfection efficiency
of small RNA oligos was much higher than that of EGFP, be-
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Figure 1 Representative images and quantification of regenerating sensory axons at different time points after nerve crush.

(A-H) At 12 and 18 hours, and 1, 2, 3, 4, 5, and 6 days, the length of each regenerating axon was measured from the crush site to the distal axonal
tip. Red lines indicate crush sites. Scale bar: 500 um. (I) Average lengths of regenerating sensory axons at different time points after nerve crush (n
= 6 mice per group at 12 and 18 hours, and 1, 2, 3, 4, 5, and 6 days after nerve crush).

Figure 2 Representative confocal images of distal
regenerating sensory axons labeled with enhanced green
fluorescent protein at 2 days after surgery.

(A) Maximum projection image; (B) reconstructed three-di-
mensional image. Scare bar: 100 um.

Figure 3 Tissue clearing and 3D imaging
of whole-mount DRG electroporated with
EGFP plasmid and fluorescent dye-tagged
microRNA inhibitor.
(A) Maximum projection image of EG-
FP-positive sensory neuron cell bodies 3 days
after electroporation: attached EGFP-labeled
peripheral axon branches (yellow arrow) and
central axon branches (blue arrow) were also
B visible. Scale bar: 100 um. (B) Reconstructed
3D image of electroporated DRG expressing
EGFP. (C) Maximum projection image of
DRG labeled with Dy547-tagged microRNA
inhibitor. Scale bar: 100 pm. (D) Recon-
structed 3D image of electroporated DRG ex-
pressing microRNA inhibitor. 3D: Three-di-
mensional; DRG: dorsal root ganglion; EGFP:
enhanced green fluorescent protein.
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cause the electroporation efficiency was mainly determined by
the size of transfected materials. For sciatic nerves, the tissue
clearing approach resulted in a good clearing effect (Figure 4).

Electroporation does not affect cell apoptosis in DRGs
Our previous result revealed no observable signs of tissue
damage or cell abnormalities, indicating that neither injec-
tion nor electroporation caused obvious cell death (Sajjilafu
et al., 2011). Moreover, using electroporation methods to
transfect microRNA and EGFP to DRGs did not induce
caspase-3 activation, a widely used marker of apoptosis
(Hu et al., 2016). Here, we also collected DRGs, which were
transfected EGFP by electroporation 3 days and 7 days later.
Western blot assay results for caspase-3 protein indicated no
significant difference between control and electroporation
groups (P > 0.05; Figure 5).

Discussion

Peripheral nerve regeneration is an important model system
to study the cellular and molecular mechanisms by which
mammalian axon regeneration is regulated. Our previous
studies showed that in vivo electroporation of DRGs com-
bined with sciatic nerve crush injury provides a powerful
tool to study axon regeneration in vivo (Hur et al., 2011; Liu
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et al,, 2013; Saijilafu et al., 2013b; Zhang et al., 2014). Im-
portantly, in vivo electroporation has many advantages over
conventional transgenic or viral-mediated genetic approach-
es, such as shorter experimental time, more precise temporal
control of gene expression, and direct measurement of axon
lengths in vivo. Here, using such a model, we first analyzed
the lengths of regenerating sensory axons in vivo at different
time points after nerve crush. The results provided reliable
time-dependent in vivo sensory axon regeneration rates,
which can serve as an important reference for future studies
of peripheral axon regeneration. In addition, by specifically
labeling motor axons with fluorescence dye, in the future we
can investigate if motor and sensory neurons have different
axon regeneration rates in vivo within a similar peripheral
nerve environment. In this study, a tissue-clearing approach
was next used to successfully clear DRGs and sciatic nerves.
Three-dimensional imaging of cleared DRGs provided
higher quality images of sensory neurons expressing EGFP
or fluorescent dye-tagged small RNA oligos. A recent study
comprehensively investigated peripheral axon regeneration
using tissue clearing and whole-mount tissue immunostain-
ing (Jung et al., 2014; Jiang et al., 2015). Our study only used
a quick tissue clearing approach to image sensory axons and
DRGs pre-labeled with a fluorescent protein or dye. In the
future, by directly tracing the central branches of sensory

Figure 4 Representative sciatic nerve samples
before and after tissue clearing.

(A) Sciatic nerve before tissue clearing. (B) The
same sciatic nerve after clearing in open air. (C)
Sciatic nerve after clearing in benzyl alcohol/ben-
zyl benzoate. Black arrows indicate the crush site
labeled with the suture.

Figure 5 Western blot assay results of
DRG in the control and electroporation
groups.

(A) Representative western blot images
of caspase-3 in adult mouse DRG 3 days
after electroporation. (B) Quantification of
caspase-3 levels (normalized to actin, n =
3 for each condition). (C) Representative
western blot images of caspase-3 in adult
mouse DRG by electroporation 7 days later.
(D) Quantification of caspase-3 levels (nor-
malized to actin, n = 3 for each condition).
Data are expressed as the mean + SEM
(one-way analysis of variance followed by
post-hoc test with Dunnett’s method). DRG:
Dorsal root ganglion.

Electroporation

Electroporation
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neurons combined with tissue clearing of the spinal cord,
our approach can be used to investigate spinal cord regener-
ation at high throughput and with good resolution.
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