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Abstract
Ventral root avulsion leads to severe motoneuron degeneration and prolonged distal 
nerve denervation. After a critical period, a state of chronic denervation develops 
as repair Schwann cells lose their pro-regenerative properties and inhibitory fac-
tors such as CSPGs accumulate in the denervated nerve. In rats with ventral root 
avulsion injuries, we combined timed GDNF gene therapy delivered to the proximal 
nerve roots with the digestion of inhibitory CSPGs in the distal denervated nerve 
using sustained lentiviral-mediated chondroitinase ABC (ChABC) enzyme expres-
sion. Following reimplantation of lumbar ventral roots, timed GDNF-gene therapy 
enhanced motoneuron survival up to 45  weeks and improved axonal outgrowth, 
electrophysiological recovery, and muscle reinnervation. Despite a timed GDNF ex-
pression period, a subset of animals displayed axonal coils. Lentiviral delivery of 
ChABC enabled digestion of inhibitory CSPGs for up to 45 weeks in the chronically 
denervated nerve. ChABC gene therapy alone did not enhance motoneuron survival, 
but led to improved muscle reinnervation and modest electrophysiological recovery 
during later stages of the regeneration process. Combining GDNF treatment with 
digestion of inhibitory CSPGs did not have a significant synergistic effect. This study 
suggests a delicate balance exists between treatment duration and concentration in 
order to achieve therapeutic effects.
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1 |  INTRODUCTION

Avulsion of spinal ventral roots results in severe motoneuron 
degeneration.1-4 Although reimplantation of the avulsed ven-
tral roots allows axons to regenerate toward peripheral tar-
gets, with an axonal growth speed of 1 to 2 mm/day, ventral 
root avulsion and repair results in prolonged periods of distal 
nerve and muscle denervation. Following the lesion, Schwann 
cells in the peripheral nerve convert to repair cells and form a 
permissive substrate for axonal regeneration. During this pe-
riod, Schwann cells upregulate pro-regenerative factors such 
as glial cell line-derived neurotrophic factor (GDNF). Beyond 
a critical period of 6 to 8 weeks, repair Schwann cells start to 
lose their pro-regenerative phenotype with the loss of neuro-
trophic factor expression and fragmentation of the Schwann 
cell basal lamina.5-10 Additionally, with the accumulation of 
regeneration inhibitory molecules such as chondroitin sulfate 
proteoglycans (CSPGs), the peripheral nerve becomes inhib-
itory for regenerating axons.11-13 Despite early neurosurgical 
repair, in experimental models where long-distance regenera-
tion toward distal target musculature is required, these factors 
contribute to a poor functional outcome.14,15

The severe motoneuron loss observed following a ventral 
root avulsion significantly decreases the chance of successful 
long-distance regeneration. GDNF is a potent survival and 
growth-promoting factor essential for neuronal development 
and motoneuron survival.16-18 Topical GDNF treatment at 
the site of avulsion or reimplantation significantly enhances 
motoneuron survival up to 12  weeks.17,19-22 We previously 
showed that timed GDNF gene therapy improved motoneu-
ron survival, increased axonal outgrowth, and enhanced vol-
untary functional recovery in a cervical ventral root avulsion 
model, in which the reimplantation site is relatively close to 
the target musculature.23 Following a lumbar ventral root 
avulsion and timed GDNF treatment, however, the number 
of motoneurons capable of regenerating an axon in the distal 
nerve was insufficient to improve voluntary function.24 A pos-
sible underlying mechanism limiting distal axonal outgrowth 
is the accumulation of inhibitory CSPGs in the chronically 
denervated peripheral nerve, which has been shown to occur 
at early post-lesion time points.11-13 Enzymatic digestion of 
the chondroitin sulfate-glycosaminoglycans side chains (CS-
GAG) using chondroitinase ABC (ChABC) reduces the in-
hibitory properties of CSPGs, inducing local plasticity, and 
enhancing axonal regeneration in the brain, spinal cord, and 
peripheral nerve.25-33 To enhance axonal regeneration in a 
cervical ventral root avulsion model, ChABC enzyme has 
been applied at the site of reimplantation, improving regen-
eration up to 2  cm.34,35 Additionally, systemic interference 
with the neuronal CSPG receptor PTPσ enhanced axonal out-
growth and improved reinnervation of the musculature close 
to the implantation site.36 Although beneficial effects were 
achieved using individual treatments, they did not accomplish 

complete functional recovery following long-distance regen-
eration. This supports the prospect that a synergistic effect of 
combining an increase in neurotrophic support and removal 
of inhibitory substrates will exert additional benefit.

Here, we investigated whether combined treatment using 
proximal timed GDNF and sustained distal ChABC expres-
sion following a lumbar ventral root reimplantation leads 
to enhanced functional recovery. We used a lentiviral im-
mune-evasive doxycycline inducible GDNF vector system 
(dox-i-GDNF) to achieve 4-week time-restricted GDNF ex-
pression in the reimplanted ventral roots. Sustained ChABC 
enzyme expression in the peripheral nerve was accomplished 
by multiple lentiviral vector injections. Electrophysiological 
recovery was monitored during a follow-up period of 
45 weeks. We demonstrate that 4-week timed GDNF treat-
ment in the reimplanted lumbar ventral roots promotes mo-
toneuron survival up to almost 1  year, and enhances distal 
axonal outgrowth and electrophysiological recovery. ChABC 
treatment of the chronically denervated distal nerve does not 
support motoneuron survival or enhance distal axonal re-
generation. However, a modest beneficial effect on electro-
physiological recovery and muscle reinnervation is observed 
during the later stages of the regeneration process. Although 
the combinatorial GDNF-ChABC treatment group ranked 
highest in the electrophysiological response and distal axon 
numbers, no significant synergistic effects were observed.

2 |  METHODS

2.1 | Production of Lentiviral vectors

Second-generation Lentiviral (LV) vectors were produced 
in human embryonic kidney 293T (HEK293T) cells using 
a 3 plasmid co-transfection of the VSV-G envelope pro-
tein vector (pMD.G.2), the viral core packaging vector 
(pCMVdeltaR8.7.4), and the transfer vector plasmid (pLV-
CMV-GArGFP, pLV-CMV-ChABC, pLV-TRE-GDNF, or 
pLV-CMV-GArrtTA) as described previously.24,37 LV par-
ticles were harvested from the medium by ultracentrifuga-
tion and dissolved in phosphate-buffered saline (PBS, pH 
7.4). By infecting HEK293T cells with a serial dilution of the 
LV stocks followed by a qPCR using SYBR green (Applied 
Biosystems) for the Woodchuck hepatitis virus posttran-
scriptional regulatory element, the number of viral genomic 
copies (GC) inserted into the host cell genomic DNA was 
determined (Hoyng et al 2014). LV vectors used in this study 
were LV-CMV-GArGFP (CMV-GFP: 8.6 × 1010 GC/mL), 
LV-CMV-ChABC (CMV-ChABC: 7.9 × 1010 GC/mL), LV-
TRE-GDNF (1.0  ×  1010  GC/mL), and LV-CMV-GArrtTA 
(5.6 × 1010 GC/mL, Figure 1D). The TRE-GDNF and CMV-
GArrtTA vector stocks were mixed and utilized in a 1:1 ratio 
prior to application and are referred to as dox-i-GDNF.
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2.2 | Study design and surgical procedures

Young adult female Wistar rats (n = 88, 180-200 g Charles 
River, Germany) were housed under standard conditions at a 
12:12 hours light/dark cycle with ad libitum access to water 
and regular- or doxycycline (dox) supplemented chow (6g 
doxycycline/kg chow, TD.09282, Envigo). Experimental 
procedures were approved by the local laboratory animal 
welfare committee and are in accordance with European 
guidelines (2010/63/EU). Animals and treatment groups 
were randomized over the cages. The investigators perform-
ing the functional and histological assessments were blind to 
the treatment groups.

Animals were subjected to two separate surgeries (ex-
perimental design depicted in Figure 1). In the first surgery, 
the avulsed lumbar ventral roots were injected with either 
CMV-GFP or dox-i-GDNF (Figure 1B) and reimplanted in 
the spinal cord. During the second surgery 1 month later, the 
distal denervated peripheral nerve was injected with either 
CMV-GFP or CMV-ChABC (Figure 1C). Combined, these 
treatments generated four treatment groups. The first treat-
ment group is a vector control group, expressing GFP in the 
reimplanted ventral roots and peripheral nerve (GFP-GFP; 
n = 24). In the second treatment group, animals received GFP 
in the reimplanted ventral root and ChABC in the denervated 

peripheral nerve (GFP-ChABC n = 20). The third group con-
sists of timed GDNF treatment in the reimplanted ventral root 
and GFP in the peripheral nerve (GDNF-GFP; n = 24). The 
fourth group is a combination treatment group, with timed 
GDNF in the reimplanted ventral root and ChABC in the pe-
ripheral nerve (GDNF-ChABC; n = 20).

For the injection of CMV-GFP or dox-i-GDNF in the re-
implanted ventral roots, a unilateral avulsion of the lumbar 
ventral roots L3-L6 was performed under general isoflurane 
anesthesia (IsoFlo, Abbott, the Netherlands) as described 
previously.24 Avulsion was performed at the spinal cord 
surface and careful visual inspection confirmed complete 
avulsion of all four rootlets. The L6 ventral root was not reim-
planted but fully trimmed away to prevent reinnervation. The 
avulsed L3, L4, and L5 ventral roots were injected either with 
1,5 µL CMV-GFP (n = 44) or dox-i-GDNF (n = 44) using 
an 80 µm glass needle (Figure 1B). Fast green (FCF, Sigma) 
was added to the viral vector solution to monitor the injec-
tion procedure. Subsequently, all roots were reimplanted into 
their corresponding spinal cord segment at a depth of 0.5 mm 
and fixed in place using fibrin glue (Tissuecol; Baxter BV). 
As post-operative analgesia, Temgesic (Buprenorphine, 
Schering-Plough) was provided. Immediately following sur-
gery, all rats received dox supplemented food (6 g/kg) for a 
period of 4  weeks post-surgery, after which they returned 

F I G U R E  1  Surgical procedures and experimental design. A, Schematic overview of the lumbar ventral roots and peripheral nerve innervating 
the rat hindpaw. Boxed panels in A correspond to the per-operative images in B and C. B, Surgical procedures depicting the L3, L4, and L5 
ventral roots reimplanted into the ventrolateral aspect of the spinal cord after vector injections. Fast green was added to the viral vector solution 
to assist in visualizing the injection procedure. C, Four weeks after reimplantation, the sciatic nerve was injected with the second viral vectors. 
D, Experimental design detailing the experimental groups and surgical procedures. First, ventral root (VR) avulsion and reimplantation, and 
VR viral vector injections are performed followed by a 4 week dox stimulation (in grey). At 4 weeks, sciatic nerve (SN) viral vector injections 
are performed. After 45 weeks, retrograde tracing and endpoint histology is performed. The compound muscle action potentials (CMAPs) were 
recorded prior to the surgery and every second week starting at post-lesion week 1
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to regular chow (Figure 1D; grey area). The dox-food sup-
plementation regimen is based on previous observations 
showing that a 4  week GDNF treatment period is suffi-
cient to exert long-lasting neuroprotective effects on moto-
neurons.23,24 Four weeks post-ventral root reimplantation, 
a second surgery was performed in which the distal dener-
vated peripheral nerve was injected with either CMV-GFP 
or CMV-ChABC. Under isoflurane anesthesia, the sciatic 
nerve was fully exposed between the sciatic notch and distal 
trifurcation (Figure 1C). From proximal to distal, five 1 µL 
injections of either CMV-GFP or CMV-ChABC with added 
fast green dye were performed using a glass needle as de-
scribed previously.38 The most proximal injection was placed 
underneath the iliac bone at the sciatic notch at a distance of 
7 cm from the implantation sites. Each subsequent viral vec-
tor injection was performed approximately 7 to 8 mm distally. 
During the injection procedure, visual monitoring of the fast 
green dye aided in creating an uninterrupted distribution of 
the viral vector solution in the nerve between injection sites, 
resulting in a proximal-distal spread of the viral vector solu-
tion over 4 to 4.5 cm (Figure 1C). Temgesic was provided as 
post-operative analgesia.

2.3 | In vivo quantification of GDNF and 
ChABC expression

Four and 12 weeks after ventral root avulsion surgery, four 
animals of each treatment group were anesthetized and sacri-
ficed by decapitation and spinal cords and sciatic nerves were 
dissected (Figure 1D; I). GDNF protein expression in the re-
implanted ventral roots was quantified using an ELISA as de-
scribed previously.24 Briefly, the lumbar L3 to L6 spinal cord 
segments containing both the intact contralateral and reim-
planted ventral roots were separated by a midline transection 
and tissue was snap-frozen on dry ice. The samples were ho-
mogenized and resuspended in lysis-buffer (TBS containing 
1% NP-40 substitute, 10% glycerol, 0,1% Tween-20, 0,5 mM 
sodium orthovanadate, and Roche total protease inhibitor). 
The ELISA was performed using an ELISA kit following 
the manufacturer's instructions (Emax #G7620, Promega, 
Madison, USA) on high binding plates (Nunc-Immuno 
MaxiSorp #439454). Absorbance was read at 450 nm using 
a microplate reader (Varioskan Flash, Thermo, Finland). The 
total protein content per sample was determined using a BCA 
protein assay (#23227, Fischer Scientific, Pittsburgh, USA) 
according to the manufacturer's instructions. Final GDNF 
concentration per sample was expressed as pg GDNF/mg 
protein.

Digestion of CSPGs following ChABC expression in the 
distal peripheral nerve was quantified in ipsi- and contralat-
eral sciatic nerves at 12 and 45  weeks post-reimplantation 
surgery. Following dissection, sciatic nerves were postfixed 

2 hours in 4% of paraformaldehyde (PFA) in 0.1 M of so-
dium phosphate-buffered saline pH 7.4 (PBS). After over-
night cryoprotection in 25% of sucrose in PBS, tissue was 
embedded in OCT Compound 4583 and snap-frozen in dry 
ice-cooled 2-methyl butane. Immunohistochemical staining 
for CSPG digestion was performed on longitudinal 20  µm 
thick sciatic nerve sections, mounted on SuperFrost Plus 
slides (Menzel-Gläser, Braunschweig, Germany). Tissue was 
blocked using blocking buffer for 30 minutes (PBS contain-
ing 5% FCS and 0.3% Triton X-100) and incubated overnight 
at 4°C in blocking buffer containing primary antibodies di-
rected against stubs (1:50; 2B6; Cosmo Bio, Japan), Schwann 
cells (1:600; S100; Dako, Glostrup, Denmark), Myelin 
basic Protein (1:100, MBP, AB9348 Merck Millipore), or 
Tubulin-β3 (1:400, MMS-435P Biolegend). After three 
washes in PBS, sections were incubated with the appropriate 
secondary antibody (1:800; anti-mouse Alexa-488, anti-rabbit 
Alexa-594, anti-IgG1 CY3, anti-IgG2a Alexa-488; Jackson 
ImmunoResearch, Cambridgeshire, UK) for 2 hours, washed 
with PBS and embedded in 10% Mowiol in Tris-HCl. To sys-
tematically quantify the ChABC-mediated CSPG digestion, 
increased stub staining was quantified in every other section 
with a minimum of three sections per animal. Sections were 
imaged at low magnification using a confocal microscope 
(SP5, Leica). Using Fiji software (Schindelin Nat. Meth 
2012) the nerve fascicle was isolated from the background by 
drawing a mask in the S100 channel after which the area of 
interest was superimposed to the stub channel. Using a stan-
dardized threshold between 30 and 255, the total stub signal 
area per animal was determined and averaged.

2.4 | Electromyographical assessments

To monitor the timing and degree of gastrocnemius muscle 
reinnervation, compound muscle action potential (CMAP) 
measurements were recorded under isoflurane anesthesia by 
an observer blinded to the treatment. Using an electromyo-
graph (Dantec Keypoint) and bipolar electrode, a supramaxi-
mal percutaneous stimulus was applied at the sciatic notch. 
CMAP amplitudes were recorded using a needle electrode 
placed at the belly of the gastrocnemius muscle. The signal 
was referenced to a subcutaneously placed electrode at the 
fifth metatarsal. CMAP measurements were performed at 
1 week postoperative to confirm completeness of the avul-
sion lesion and subsequently every 2 weeks up to week 45. 
Prior to perfusion at 45 weeks, endpoint motor nerve conduc-
tion velocities (MNCV) of the peripheral nerve was recorded 
in animals that were not retrogradely traced. Gastrocnemius 
CMAP recordings were performed under sodium pentobar-
bital anesthesia (Sanofi Sante) as described above. Proximal 
nerve stimulation was performed rostral to the iliac crest and 
distal stimulation at the sciatic nerve 20 mm distal from the 
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sciatic notch. The distance between stimulation sites was 
measured per animal (average distance 34.7 mm). The peak 
latencies and distance between these stimulation sites were 
subsequently used to calculate the MNCV.

2.5 | Retrograde motoneuron labeling

Retrograde tracing was performed in a subset of animals 
45 weeks after reimplantation in the sciatic nerve 10 cm dis-
tal from the implantation sites. Animals were ranked within 
each treatment group according to their CMAP value at 
44 weeks after which odd numbered animals were subjected 
to retrograde tracing. In this way, of each treatment group 
half of the animals were subjected to retrograde tracing while 
ensuring equal distribution between groups. Under isoflu-
rane anesthesia, the sciatic nerve was exposed and transected 
20 mm distal from the sciatic notch and the proximal nerve 
stump was submerged in 5% FastBlue (FB, EMS-Chemie) 
for 30 minutes. For histological analysis, a 10 mm distal sci-
atic nerve segment was simultaneously dissected and directly 
postfixed in 4% of PFA.

2.6 | Tissue preparation and histological 
evaluations

At 45  weeks post-surgery, lumbar spinal cords, sciatic 
nerves, and gastrocnemius muscles were dissected and 
processed for histological analysis. Animals were deeply 
anesthetized using sodium pentobarbital and transcardi-
ally perfused with cold saline followed by 4% PFA in PBS. 
Lumbar spinal cords containing the L3, L4, L5, and L6 mo-
toneuron pool were postfixed in 4% of PFA for 2 hours and 
stored overnight in 250 mM of EDTA in PBS. Sciatic nerves 
were dissected 20 mm distal from the sciatic notch and post-
fixed for 2 hours in 4% of PFA. Both ipsi- and contralateral 
gastrocnemius hind limb muscles from animals that were not 
retrogradely traced were cut at the muscle-tendon interface 
and stripped from surrounding fascia. The medial portion of 
the gastrocnemius muscle was used for future histological 
analysis. All tissue was cryoprotected in 25% of sucrose for 
2 days at 4°C prior to embedding in OCT Compound 4583 
and snap-freezing in dry ice-cooled 2-methyl butane. Spinal 
cord and sciatic nerve sections were cut on a cryostat at a 
thickness of 25 µm and mounted on SuperFrost Plus slides 
(Menzel-Gläser, Braunschweig, Germany). Medial gastroc-
nemius muscles were cut at 40 µm thickness and mounted on 
chromium-gelatin coated slides.

To visualize motoneurons and their axons, immunohis-
tochemical staining for Choline acetyl transferase (ChAT) 
was performed on the spinal cord and sciatic nerves. Tissue 
was incubated overnight in 10 mM of citrate buffer (pH 6.0) 

at room temperature and blocked using blocking buffer for 
30 minutes. Following an overnight incubation at 4°C with 
primary antibody directed against ChAT (1:200; AB144P 
Chemicon) in blocking buffer, sections were washed in 
PBS and incubated with a biotinylated secondary antibody 
(1:200; anti-goat; Jackson ImmunoResearch) for 2  hours. 
Signal was amplified using a Vector Labs ABC kit (ABC; 
1:800 PK-6100, Vector laboratories) by incubating the sec-
tions for 1 hour at room temperature. Staining was developed 
using 0.035% of 3′ 3′-diaminobenzamidine tetrahydrochlo-
ride (DAB) in TBS containing 0.01% of H2O2 and 0.2 mg/
mL of (NH4)2.SO4.NiSO4 for 8 minutes. In a graded series 
of ethanol, sections were dehydrated, cleared in xylene, and 
embedded in Entallan for light microscopic analysis.

Visualization of the neuromuscular junction (NMJ) 
was performed using primary antibodies directed against 
Tubulin-β3 (1:400, MMS-435P Biolegend) and synaptic ves-
icle protein SV2 (1:200, SV2 DSHB) to reveal the presyn-
aptic nerve terminals. Postsynaptic acetylcholine receptors 
AChRs were stained using biotin-conjugated α-Bungarotoxin 
(1:500, B1196 Molecular Probes). Following an overnight 
incubation at 4°C, sections were incubated with the appro-
priate secondary antibody in blocking buffer for 2 hours (an-
ti-Mouse Alexa-488 (1:800); Streptavidin Alexa647 (1:400); 
Jackson ImmunoResearch). All sections were embedded in 
10% Mowiol, 2,5% Dabco in Tris-HCl.

2.7 | Quantification of motoneuron 
survival and axonal outgrowth

One series of longitudinal spinal cord sections stained for 
ChAT were used to quantify the percentage of surviving 
motoneurons as described previously.24 Only ChAT posi-
tive profiles present in the L3 to L6 ventral horn with a vis-
ible nucleus were included. Quantification of the number 
of motoneurons was performed manually in both ipsi- and 
contralateral motoneuron pools and in both traced and non-
traced animals. In these ChAT stained spinal cord sections, 
adjacent reimplanted ventral roots were also investigated to 
determine the presence of axonal coils inside the reimplanted 
root. Based upon the direction of axonal growth, sections 
were scored containing i; axonal growth with a longitudinal 
orientation and ii; areas with a high density of fibers growing 
with a circular orientation. If such coils were observed, the 
number of coil structures per animal were quantified.

In the subset of retrogradely traced animals, one series 
of consecutive sections was used to quantify the number of 
FB+ motoneurons using a Zeiss axioplan microscope. To vi-
sualize motoneurons, sections were stained overnight at 4°C 
using a primary antibody directed against Tubulin-β3 (1:400, 
MMS-435P Biolegend) in blocking buffer. Sections were 
washed with PBS and incubated with secondary antibody in 
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blocking buffer for 2 hours (anti-Mouse Alexa-488 (1:800) 
Jackson ImmunoResearch). All sections were embedded in 
10% Mowiol.

The number of motor axons present at 10 cm distal from 
the implantation sites after 45 weeks was quantified in trans-
verse sciatic nerve sections stained for ChAT. Quantification 
was performed on sciatic nerves harvested during retrograde 
tracing and from non-traced animals. Two observers blind to 
the treatment group manually counted the total number of 
axons per animal and quantifications were averaged.

2.8 | Muscle endplate reinnervation

The percentage of innervated NMJs was quantified in the 
medial gastrocnemius muscle sections of animals that were 
not retrogradely traced. Sections were stained for AChRs and 
axon terminals. Per animal, a minimum of three Z-stack im-
ages of the distal motor endplate band of the gastrocnemius 
muscle were randomly taken using a Leica SP5 confocal mi-
croscope. These images were collapsed into a single image 
using Fiji software. Two independent observers blind to the 
treatment group counted the degree of endplate reinnerva-
tion. The signal overlap between the pre-and postsynaptic 
staining was used to manually define the degree of endplate 
innervation as described previously.23 First, absence of pr-
esynaptic signal was scored as denervated. Second, less than 
75% overlap was scored as partially innervated and third, 
above 75% was considered full innervation. NMJs that were 
not positioned in parallel to the imaging plane, or which were 
partially imaged were excluded from quantification. An aver-
age of 73.6 ± 8.2 nerve terminals/animal were quantified in 
the ipsilateral gastrocnemius muscle. Unfortunately, due to 
unknown reasons, in some animals all sections of the medial 
gastrocnemius muscle could not be stained for endplates or 
axon terminals. These animals were excluded from the analy-
sis. Final quantification was therefore performed on controls 
n = 7/7, GFP-GFP n = 3/7, GFP-ChABC n = 5/6, GDNF-
GFP n = 5/5, and GDNF-ChABC n = 5/8 animals.

2.9 | Animal exclusion and 
statistical analysis

Four animals were lost due to peri-operative complications or 
developed hind limb autotomy. Complete distal musculature 
denervation was assessed 7 days post-avulsion. The presence 
of a small CMAP response in five animals led to their ex-
clusion from all further analysis. The final 45 week survival 
groups consisted of GFP-GFP n = 14, GFP-ChABC n = 12, 
GDNF-GFP n  =  13, and GDNF-ChABC n  =  16 animals. 
Data analysis was performed using Prism (GraphPad soft-
ware, Inc) and expressed as mean ± SEM. Differences with 

P < .05 was considered statistically significant. A Shapiro-
Wilk normality test was followed by one-tailed Student's t 
test to determine statistical significance. Time dependent 
data were analyzed using two-way ANOVA for repeated 
measures followed by a post hoc Bonferroni.

3 |  RESULTS

3.1 | GFP, GDNF, and ChABC transgene 
expression in the reimplanted ventral root and 
distal sciatic nerve

To assess the ChABC-mediated digestion of CSPGs in the 
denervated distal peripheral nerve, longitudinal sections of 
the sciatic nerve were stained for S100 (Schwann cells) and 
2B6 to visualize and quantify the intensity of the stubs. In 
intact control sciatic nerves, no 2B6 signal was detected 
(Figure 2A). Twelve weeks after ventral root reimplantation 
and 8 weeks after peripheral CMV-GFP injection, the epi-
fluorescent nuclear GFP signal confirms an evenly distrib-
uted GFP expression throughout the nerve. Quantification of 
the stub-staining intensity shows that in nerves treated with 
CMV-GFP the presence of stubs is not increased (Figure 2B). 
In contrast, injections of CMV-ChABC into the peripheral 
denervated nerve results in a significantly increased signal, 
located at the Schwann cell surface (Figure  2C). The en-
hancement of stub staining is highly significant (Figure 2D, 
P <  .0008), showing that the expression of ChABC in the 
denervated nerve results in digestion of CS-GAG chains. 
Dox-i-GDNF-mediated GDNF protein expression was as-
sessed using an ELISA on ipsi- and contralateral lumbar 
spinal cord segments containing the intact and reimplanted 
ventral roots. At 4  weeks, GDNF expression was induced 
5-fold in the presence of doxycycline compared to contralat-
eral controls (Figure  2E). Removal of doxycycline supple-
mentation after 4 weeks results in the return to baseline levels 
of GDNF at 12 weeks post-implantation. These observations 
show that injection of the dox-i-GDNF and CMV-ChABC 
vectors enhanced expression of GDNF and biologically ac-
tive ChABC in the proximal ventral root and distal dener-
vated peripheral nerve, respectively.

3.2 | Temporally distinct 
electrophysiological recovery after timed 
GDNF or ChABC treatment

To investigate whether proximal application of timed GDNF 
treatment and distal ChABC expression leads to improved 
distal muscle reinnervation, CMAP analysis of the gastrocne-
mius muscle was performed during the 45 week regeneration 
period. In all treatment groups, CMAP responses remained 
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absent up to week 8. During the subsequent period, reinner-
vation of the gastrocnemius muscle occurred in an increas-
ing number of animals, resulting at 18  weeks in a CMAP 
response in all animals. Following GFP-GFP treatment, a 
gradual but continuous increase in CMAP amplitude results 
in a CMAP value at 45  weeks of 5.8  ±  0.31  mV. In con-
trast, in GDNF-GFP-treated animals CMAP amplitudes pro-
gressively increased in time compared to control GFP-GFP 

treatment (Figure 3A, P <  .0001), reaching a CMAP value 
of 7.4 ± 0.45 mV at 45 weeks. Expression of ChABC in the 
sciatic nerve of GFP-ChABC animals did not result in an early 
increase in CMAP amplitude compared to GFP-GFP control 
treatment (Figure 3B). Rather, distal ChABC treatment leads 
to increased amplitudes during the last month, resulting in a 
significantly improved CMAP response at the last time point 
(7.3 ± 0.72 mV, P < .05). The enhanced CMAP amplitudes 

F I G U R E  2  Timed GDNF protein expression in the reimplanted ventral root and ChABC-mediated CSPG digestion in the distal peripheral 
nerve. A-C, Representative low magnification images of GFP protein expression and stub-staining in longitudinal sciatic nerve sections 12 weeks 
post-lesion (Stubs; Green, GFP; green epifluorescence, S100; red). Boxed areas in A-C correspond to the high magnification images in Ai-Ci. 
Nuclear GFP staining in the sciatic nerve (Bi; arrowhead) and strong positive stub staining following ChABC treatment (Ci; arrowhead) confirms 
transgene expression. D, Quantification of stub staining intensity at 12 and 45 weeks confirms CSPG digestion (**P < .0008). E, In dox-i-GDNF-
treated animals during dox supplementation at 4 weeks, ELISA for GDNF protein reveals increased levels of GDNF expression in reimplanted 
ventral roots. At 12 weeks, in dox-i-GDNF-treated animals the levels of GDNF are comparable to those observed in control animals, confirming 
that the expression of GDNF was switched off. Scale bar in A (A-C) = 300 µm
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F I G U R E  3  Timed GDNF expression accelerates recovery and increases the amplitudes of distal CMAPs. A-E, Compound muscle action 
potentials (CMAP) were recorded during the 45 week recovery period in gastrocnemius musculature. To aid in graph interpretation, treatment 
groups were plotted separately (A-C), combined (D) and as boxplots (E). In the gastrocnemius muscle, CMAP amplitudes were increased in the 
GDNF treatment groups compared the other intervention groups. Peripheral ChABC treatment showed a delayed improved CMAP response after 
45 weeks (B), but no synergistic effect is observed when combined with GDNF treatment. CMAPs were detected in all groups starting at week 12. 
When data are expressed as boxplots, a higher intergroup variation appears to exist in groups receiving ChABC treatment (E). F, Endpoint motor 
nerve conduction velocity (MNCV) measurements in the gastrocnemius muscle show a significant increase in motor nerve conduction velocity in 
the GDNF-ChABC group compared to GFP-GFP (P < .005). (A; *P < .01, #P < .01, ***P < .0001. B; #P < .05. C; *P < .05, ***P < .0001 tested 
using two-way ANOVA for repeated measures with post hoc Bonferroni)
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following combined GDNF-ChABC treatment are similar to 
dox-i-GDNF treatment alone (Figure 3C, P < .0001 vs GFP-
GFP). Although the combination treatment does not lead to 
a significant synergistic electrophysiological effect, the final 
average CMAP value following GDNF-ChABC treatment 
is the highest of all four treatment groups (7.9 ± 0.52 mV; 
Figure 3D). Plotting the CMAP data per intervention group, 
in boxplot graphs shows that an apparent higher intergroup 
variation exists in groups treated with ChABC (Figure 3E). 
These results indicate that the proximal application of dox-
i-GDNF treatment leads to an earlier enhanced electrophysi-
ological response, whereas the distal ChABC treatment effect 
is modest and occurs during the later stages of the regenera-
tion process. Endpoint motor nerve conduction velocity meas-
urements in the gastrocnemius muscle of non-retrogradely 
traced animals showed a small increase in conduction velocity 
in all treatment groups compared to GFP-GFP. However, this 
increase was only significant in the GDNF-ChABC combina-
tion group, (Figure 3F, P < P < .005 vs GFP-GFP).

3.3 | Motoneuron survival and distal 
axonal outgrowth following timed GDNF or 
ChABC treatment

Assessment of motoneuron survival was performed in lon-
gitudinal ChAT stained spinal cord sections of all animals at 
45 week post-avulsion and reimplantation. A total of 127.600 
motoneurons were manually quantified. In the control GFP-
GFP group 43% of the motoneurons survived (Figure 4A,E). 
Similarly, following GFP-ChABC treatment 47% of the mo-
toneurons survived (Figure 4B,E). In the GFP-GFP and GFP-
ChABC groups, surviving motoneurons frequently have an 
atrophic appearance (Figure 4A,B open arrowheads). In con-
trast, 4 week timed GDNF expression in both GDNF-GFP 
and GDNF-ChABC treatment groups resulted in a signifi-
cantly increased motoneuron survival of 73% and 71%, re-
spectively (Figure 4C-E, P <  .0001). Although some small 
diameter motoneurons were observed in these groups, dox-
i-GDNF-treated motoneurons appeared more normal in size. 
These results show that a 4-week time-restricted dox-i-GDNF 
delivery significantly promotes motoneuron survival up to 
45 weeks, whereas distal ChABC delivery does not further 
enhance motoneuron survival over GDNF delivery alone.

To determine whether motoneurons were able to regenerate 
an axon 10 cm distal from the implantation site, in a series of 
tubulin-β3 stained spinal cord sections the number of retrograde 
traced FB+ motoneurons was quantified at spinal levels L3-L6. 
In the GFP-GFP control treatment, retrogradely traced motoneu-
rons were occasionally observed (53. 5 ± 13.1; Figure 5A,E). 
With an average of 47.8 ± 5.6 FB+ motoneurons, GFP-ChABC 
treatment did not result in an increase in the number of mo-
toneurons regenerating an axon toward the distal sciatic nerve 

(Figure 5B,E). In contrast, a 2-fold increase in the number of 
retrogradely traced motoneurons is found both in the GDNF-
GFP (104.3  ±  12.1) and the GDNF-ChABC (106.2  ±  17.6) 
groups compared to GFP-GFP and GFP-ChABC (Figure 5C-
E; P < .01). Taken together, time-restricted dox-i-GDNF gene 
therapy enhanced axon regeneration in the peripheral nerve, 
whereas peripheral ChABC treatment does not have an addi-
tional beneficial effect.

F I G U R E  4  Timed GDNF gene therapy promotes motoneuron 
survival. A-D, Representative images of the spinal motoneuron pool 
stained for ChAT. Compared to intact contralateral motoneurons, 
reimplantation of GFP-treated ventral roots leads to motoneuron 
loss and atrophic motoneurons are frequently observed (A, B; open 
arrowhead). C, D, Reimplantation of GDNF transduced ventral roots 
reduced motoneuron death and many motoneurons displayed a more 
normal morphology (arrowhead), although atrophic motoneurons are 
still observed (open arrowhead). E, Quantification of the number of 
ChAT+ neurons (expressed as a percentage of contralateral ChAT+ 
motoneuron counts) reveals additional motoneuron survival in GDNF-
treated animals compared to GFP control-treated animals. Distal 
ChABC treatment did not result in increased motoneuron survival. 
**P < .0001. Scale bar in D (A-D) 70 µm. Data represent individual 
animals and expressed as mean ± SEM
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In transverse ChAT stained sciatic nerve sections, at the site 
where the retrograde tracing was performed, the total number 
of regenerating axons was quantified in all animals to evaluate 
the degree of axonal regeneration at 45 weeks. In intact sciatic 
nerves, large diameter ChAT positive axons are found as expected 
in heterogeneously distributed patches throughout the nerve fas-
cicle (Figure 6A). In the GFP-GFP control group, the peripheral 
sciatic nerve contained 232 ± 33.9 homogeneously distributed 
small diameter axons (Figure 6B,F). Reimplantation of control 
GFP-treated ventral roots combined with peripheral ChABC 
treatment leads to a comparable number of axons (Figure 6C,F; 
261  ±  39.9). In the GDNF-GFP treatment group, a 1.4-fold 
increase in regenerating axons compared to GFP-GFP was ob-
served (Figure 6D,F; 329 ± 43.3; P < .04). Following combined 
GDNF-ChABC treatment, the highest number of regenerating 
axons were observed with a 1.6-fold increase compared to GFP-
GFP animals (Figure 6E,F; 370 ± 82.6; P < .04). Both GDNF-
treated groups are, however, not significantly different from the 
peripheral GFP-ChABC treatment only. These data show that 
proximal timed GDNF treatment enhances motoneuron survival 
and stimulates distal axonal regeneration and that this beneficial 
effect is not further enhanced by distal ChABC delivery.

3.4 | CSPG digestion and distal axonal 
outgrowth following ChABC treatment

To determine the distribution of ChABC-mediated digestion of 
CSPGs in the denervated distal peripheral nerve, longitudinal 
sections of the sciatic nerve were stained using 2B6 to visualize 
the stub neoepitope, and Tubulin-β3 and MBP to visualize axons 
and myelin sheaths, respectively. Injections of CMV-ChABC 
into the peripheral denervated nerve results in a strong stub 
staining throughout the peripheral nerve (Figure 7A,C). At high 
magnification, the MBP staining showed a close alignment with 
the longitudinal orientation of the axons, suggesting these axons 
are myelinated inside endoneurial tubes (Figure 7B, arrowhead). 
The location of stub staining was confined to the area outside the 
endoneurial tubes (Figure 7C). These observations show that up 
to 45 weeks, the expression of ChABC in the denervated nerve 
results in digestion of CS-GAG chains surrounding the endoneu-
rial surface, and suggest the axons in the regenerating nerve are 
not in close contact with the digested CSPGs (Figure 7D).

3.5 | Axonal coil formation following timed 
GDNF treatment

Longitudinal ChAT stained sections of reimplanted ventral 
roots were analyzed to investigate whether timed GDNF treat-
ment ameliorates the formation of axonal coils as shown previ-
ously.24 Analysis was performed using all animals at 45 weeks 

F I G U R E  5  Timed GDNF gene therapy improves distal 
axon outgrowth. A-D, Representative high magnification images 
from the ipsilateral spinal ventral motoneuron pool containing 
motoneurons retrogradely traced from the distal sciatic nerve 
located 10 cm distal from the implantation site (tubulin-β3; 
cyan, Fast Blue (FB); magenta). A, Tubulin-β3 staining reveals 
atrophic motoneurons (open arrowhead), whereas few small 
diameter motoneurons were FB+ following GFP-GFP treatment. B, 
Peripheral ChABC treatment alone did not result in an increased 
number of motoneurons projecting an axon up to 10 cm distal. C, 
Reimplantation of GDNF-treated ventral roots increased the number 
of FG+ motoneurons. D, GDNF treatment combined with distal 
ChABC application does not result in further enhanced numbers 
of FB+ motoneurons. E, Quantification reveals GDNF treatment 
doubled the number of FB+ motoneurons, indicating improved 
distal regeneration after proximal timed GDNF expression. 
**P < .01. Solid white arrowheads in A-D indicate retrogradely 
traced motoneuron, open arrowheads indicate surviving non-
traced motoneuron. Scale bar in D (A-D) 100 µm. Data represent 
individual animals and expressed as mean ± SEM
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post-avulsion and reimplantation. In all GFP-GFP and GFP-
ChABC-treated animals, regenerating axons entering the 
reimplanted ventral root displayed a longitudinal growth ori-
entation. In GDNF-GFP and GDNF-ChABC-treated animals, 
although the majority of axons displayed a longitudinal growth 
orientation, there were also areas containing a high density of 
fibers growing with a circular orientation (Figure 8A-C). Due 
to the contrast between the circular and longitudinal axonal 
growth orientation, these coils appeared as isolated structures 

inside the nerve roots. By counting the number of coils per 
animal, a semi-quantitative assessment was performed 
(Figure 8D). Coil formation was identical following GDNF-
GFP or GDNF-ChABC treatment, therefore, our observations 
were pooled for these two groups. 41.3% of dox-i-GDNF-
treated animals contained either no coils or small isolated 
coils, 24.1%, contained between 2 and 4 coils, and 34.5% con-
tained more than 4 coils. In this latter group, the nerve itself 
appeared hypertrophic compared to the other dox-i-GDNF and 

F I G U R E  6  Timed GDNF expression in the ventral root improves axonal outgrowth into the distal sciatic nerve. A-E, Representative ChAT 
stained images of transverse sciatic nerve sections 10 cm distal from the implantation site 45 weeks post-lesion. A, A high magnification of an 
intact nerve shows expected heterogeneous distribution of large diameter intact motor axons. B, Reimplantation of GFP-treated ventral roots 
facilitates limited axonal regeneration into the distal peripheral nerves. C, Following distal ChABC treatment, CSPG digestion does not lead to a 
further increase in the number of regenerating axons. D, Reimplantation of GDNF-treated ventral roots increased the number of regenerating axons. 
E, Combination treatment of GDNF and distal ChABC results in a comparable number of ChAT+ regenerating axons. F, Quantification of the 
number of motor axons in the sciatic nerve reveals a 1.4-fold increase following GDNF-GFP treatment, and a 1.6-fold increase following GDNF-
ChABC treatment. *P < .04 vs GFP-GFP. Arrowheads in A-E indicate ChAT positive motor axons. Scale bar in E (B-E) 15 µm. Data represent 
individual animals and expressed as mean ± SEM
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CMV-GFP-treated animals. To assess whether coil formation 
influences distal axonal regeneration, a comparison between 
the number of coils per animal and the number of regener-
ating axons in the distal sciatic nerve was made (Figure 8E). 
All dox-i-GDNF-treated animals were included in the analy-
sis. Dox-i-GDNF-treated animals that contained more than 2 
coils displayed significantly more axons in the distal sciatic 
nerve compared to dox-i-GDNF-treated animals with less than 
2 coils (Figure 8E; P < .005), showing that coil formation did 
not lead to axonal trapping. Immunohistochemical staining 
for GDNF protein in these sections did not reveal increased 
GDNF signal inside these nerve coils (data not shown).

3.6 | Distal muscle reinnervation

Quantification of the number of reinnervated endplates 
45  weeks post-reimplantation was performed in medial 

gastrocnemius muscle sections of animals not used for 
retrograde tracing. An average of 73.6 ± 8.2 nerve termi-
nals/animal were manually quantified in the distal motor 
endplate band of the ipsilateral gastrocnemius muscle. In 
control muscles, staining for presynaptic nerve terminals 
and postsynaptic AChR clusters revealed the typical com-
plete overlap of the pre- and postsynaptic nerve terminals 
(Figure 9A). In all treatment groups,> 82% of the quanti-
fied endplates were partially or fully reinnervated. Between 
treatment groups, however, a difference in the extent of 
individual endplate innervation was observed. GFP-GFP 
control animals revealed a complete pre- and postsynap-
tic overlap in 43% of the endplates, whereas the remaining 
57% were not, or only partially, reinnervated (Figure 9B, 
open arrowheads). In GFP-ChABC animals, 78% of the 
endplates were fully innervated (Figure  9C, closed ar-
rowheads; P  <  .03 vs GFP-GFP). Similarly, following 
GDNF-GFP and GDNF-ChABC treatment, 70% and 73% 

F I G U R E  7  Localization of ChABC-mediated CSPG digestion in the distal peripheral nerve 45 weeks post-lesion (A-D). A, A low 
magnification representative image of a ChABC-treated longitudinal distal sciatic nerve, stained for stubs (green), MBP (red), and Tubulin-β3 
(blue), confirms CSPG digestion up to 45 weeks post-lesion. The boxed area in A corresponds to the high magnification images in B-D. Separate 
channels showing (B) the close alignment of MBP staining and the longitudinally oriented axons and (C) the distribution of 2B6 positive stub 
staining. D, The stub staining appears exclusively confined to the surrounding endoneurial tubes and the axons are not in close contact with the 
digested CSPGs. Scale bar in A 50 µm



   | 10617EGGERS Et al.

of the postsynaptic nerve terminals were fully innervated, 
respectively (Figure  9D-F; P  =  .1 and .06 vs GFP-GFP, 
respectively). Although statistical significance was only 
achieved in the GFP-ChABC-treated group, these results 
suggest that a single or combined treatment using proximal 
GDNF or distal ChABC expression improved the quality of 
reinnervation of muscle endplates, but no synergistic effect 
occurred.

4 |  DISCUSSION

Timed GDNF gene therapy promotes motoneuron survival and 
a limited degree of long-distance motoneuron axon regenera-
tion following ventral root avulsion and reimplantation.24 The 

early accumulation of inhibitory CSPGs may be one of the 
underlying causes in the chronically denervated nerve for the 
relatively poor distal axon outgrowth. In the present study, we 
examined whether a combined treatment strategy using proxi-
mal timed GDNF gene therapy and lentiviral vector-mediated 
ChABC expression to digest the CSPGs in the distal nerve 
leads to enhanced axon regeneration and functional recovery. 
We show that timed GDNF treatment in the reimplanted lum-
bar ventral roots promotes motoneuron survival, distal axonal 
outgrowth, and enhanced electrophysiological recovery. Distal 
ChABC treatment alone improves muscle reinnervation and 
has a modest beneficial effect on electrophysiological recovery, 
but does not support motoneuron survival or enhance distal ax-
onal regeneration. Although the synergistic effects observed in 
animals belonging to the combined GDNF-ChABC treatment 

F I G U R E  8  Axonal coil formation in dox-i-GDNF-treated animals does not limit distal axonal outgrowth. A-C, Representative images of 
longitudinal sections of reimplanted dox-i-GDNF-treated ventral roots stained for ChAT. Exclusively in ventral roots treated with dox-i-GDNF, 
areas with a high density of fibers growing with a circular orientation were observed at 45 weeks post-reimplantation (arrowheads A-C). Outside 
of these coil areas, the high density of axonal growth had a normal longitudinal orientation. Due to this contrast, axonal coils appeared as isolated 
structures inside the nerve root. The number of observed coils was used to categorize animals into groups (data pooled from both GDNF-GFP 
and GDNF-ChABC groups); no coils, (A) <2 coils, (B) 2-4 coils, and (C) >4 coils. D, Semi quantitative assessment of the number of nerve coils 
revealed no- or less than two coils in 41.3% of dox-i-GDNF-treated animals. E, Dox-i-GDNF-treated animals that displayed 2 or more coils, 
displayed more axons in the distal sciatic nerve (P < .005), showing coil formation did not lead to local axonal trapping. Scale bar in A (A-C) 
200 µm
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were modest, this group achieved the highest electrophysiologi-
cal response and distal axon numbers. This suggests that both 
proximal GDNF and distal ChABC treatment confer some ben-
eficial repair in a chronically denervated nerve. However, the 
current method of combining these two treatments to maximize 
repair is suboptimal.

4.1 | Timed GDNF treatment enhances 
motoneuron survival and long-distance axon 
regeneration

Following a ventral root avulsion, the gradual degeneration 
of motoneurons results in permanent denervation of the hind 
limb muscles.1,4 Here, we have shown that a 4 week timed 

GDNF treatment after a lumbar ventral root avulsion lesion 
enhanced motoneuron survival up to almost 1 year. GDNF is 
a potent neuronal development and survival factor16-18 which 
has a spatially distinct dual function when applied at the mo-
toneuron cell body or at the regenerating axon.39,40 GDNF 
delivery at the regenerating axon increased outgrowth and 
innervation, whereas application at the cell soma enhanced 
cell survival. After ventral root avulsion, GDNF treatment at 
the site of reimplantation close to the motoneuron pool con-
sistently improved motoneuron survival up to 12 weeks.17,19-

22,41-43 A single application of topical GDNF protein, 
however, is less beneficial for axonal regeneration and mo-
toneuron survival compared to intrafascicular or continued 
local infusion therapy.17,21,41 An advantage of GDNF gene 
therapy is the assurance of sustained delivery of biologically 

F I G U R E  9  GDNF or ChABC treatment promotes full innervation of muscle endplates. Representative images of the medial gastrocnemius 
muscle 45 weeks post-surgery. Presynaptic nerve terminals (tubulin-β3 and SV-2; green) and postsynaptic AChR clusters (BTX; red). A, High 
magnification image of an intact animal shows the normal full overlap between the nerve terminals. B, GFP-GFP-treated animals showed mostly 
no- or partial presynaptic nerve terminal overlap with the postsynaptic AChR clusters (open arrowheads). In contrast, following GFP-ChABC (C), 
GDNF-GFP (D), or GDNF-ChABC (E) treatment, most endplates were fully innervated (arrowheads). F, Quantification of the number of endplates 
that were partially or fully reinnervated. Arrowheads in A-E indicate full innervation. Open arrowheads indicate partial innervation. Scale bar in A 
(A-E) 50 µm



   | 10619EGGERS Et al.

active GDNF from transduced cells inside the reimplanted 
ventral root, which supports motoneuron survival and attracts 
regenerating axons into the reimplanted ventral root.44 We 
find that the extent of surviving retrogradely traced motoneu-
rons at 45 weeks post-reimplantation is similar to our pre-
vious timed-GDNF gene therapy study where effects were 
studied up to 24 weeks post-reimplantation.24 The observa-
tion that enhanced survival is also seen at the extended time 
of 45 weeks shows that the beneficial effect of timed GDNF 
expression on motoneuron survival is maintained. However, 
the number of retrogradely traced motoneurons was not fur-
ther enhanced which indicates that axons do not advance fur-
ther distally between 24 and 45 weeks.

4.2 | Axonal coil formation 45 weeks after 
timed GDNF treatment

Axonal coil formation occurs in the area of sustained high 
levels of GDNF expression.38,44-52 We found that at 45 weeks 
post-reimplantation, relatively large coils were present in the 
ventral roots of 34% of the dox-i-GDNF-treated animals. 
Previously, time-restricted GDNF expression using dox-i-
GDNF ameliorated the severe degree of coil formation and 
only occasional small incidental coils were observed.24 Two 
mechanisms could explain the observed increase in coil forma-
tion in the current study as compared to our previous work.24 
First, in the current study viral vector-mediated GDNF ex-
pression levels were increased 5-fold during the first 4 weeks 
compared to controls, whereas in our earlier study a 3-fold 
increase was achieved. The degree of axonal outgrowth and 
coil formation is influenced by the local GDNF concentra-
tion38,52,53 and appears to be dose dependent. Endogenous and 
slightly increased physiological GDNF expression levels do 
not result in large axon coils, whereas large coils are induced 
in a nerve following supra-physiological levels.4,38,44 The 
higher levels (5-fold vs 3-fold in our earlier study—Eggers 
et al, 2019b) of GDNF protein during the first 4 weeks could 
have stimulated the formation of coils, which then remain 
present throughout the experimental period. Second, the fol-
low-up period in the current study was almost twice as long 
(45 weeks vs 24 weeks in Eggers et al, 2019b). It is known 
that the classical rtTA system retains some degree of affin-
ity for its DNA binding site in the absence of dox inducer, 
resulting in low levels of leaky expression.54-56 Although 
leaky expression was greatly reduced with the creation of the 
immune-evasive transactivator by fusing a GlyAla-repeat to 
the rtTA, low levels of leaky expression could be detected.57 
If coil formation results from local sustained leaky GDNF 
expression, coils are more likely to develop and become 
larger during the follow-up period of 45 weeks rather than 
after 24 weeks. We were unable to detect leaky expression 
above endogenous GDNF concentrations using ELISA and 

immunohistochemical staining (data not shown) in the cur-
rent ventral root tissue. Despite the formation of axonal coils 
in a proportion of animals, long-distance axonal outgrowth 
was not obstructed. Dox-i-GDNF-treated animals with ven-
tral roots containing multiple coils displayed more axons 
in the distal sciatic nerve compared to dox-i-GDNF-treated 
animals with only few coils. This contrasts previous stud-
ies in which coil formation correlated with decreased long-
distance regeneration.44,46,50,51 These observations suggest 
that turning off GDNF expression after 4 weeks did allow an 
enhanced axonal outgrowth response toward the distal nerve. 
Alternatively, outside areas containing the coils, longitudinal 
axonal growth orientation is observed. These axons do not 
appear to be affected by the coils and they could thus account 
for the increased distal axon numbers.

4.3 | ChABC treatment in the distal 
peripheral nerve promotes moderate 
electrophysiological recovery at later stages of 
regeneration

After a critical period of 6 to 8  weeks post-lesion, the re-
pair Schwann cells in the denervated nerve lose their pro-
regenerative phenotype5,6,8-10 and inhibitory molecules such 
as CSPGs accumulate in the extracellular space of the den-
ervated nerve, forming a major obstacle for regenerating 
axons.11-13 Successful digestion of the inhibitory CSPGs in 
the chronically denervated distal nerve up to 45 weeks was 
achieved by injecting a lentiviral vector directing expression 
of ChABC in the nerve. ChABC treatment of the distal pe-
ripheral nerve only had modest effects on recovery of elec-
trophysiological function. As expected, the distal application 
of ChABC treatment does not have a beneficial effect on 
motoneuron survival. With only few surviving motoneurons, 
the prospects for distal axonal outgrowth are therefore highly 
reduced. This is supported by the observed low numbers of 
retrogradely traced motoneurons following distal ChABC 
treatment alone.

We observed no effect of distal ChABC treatment on the 
number of regenerating axons 10 cm distal from the implan-
tation site. Following a peripheral nerve injury, inhibitory 
CSPGs surround the basal lamina tubes in the endoneurium 
of the distal nerve stump, whereas basal lamina tubes are gen-
erally permissive.11,58 After a peripheral nerve transection le-
sion, the endoneurial structure is cut and axonal sprouts are 
in direct contact with inhibitory CSPGs before they enter a 
new endoneurial tube in the distal stump. ChABC treatment 
at the transection and coaptation site improved axonal re-
generation through the distal stump and enhanced functional 
recovery.28,32,59-61 In contrast to a nerve transection lesion, 
following a peripheral nerve crush, local ChABC treatment 
does not lead to improved axonal regeneration.28 After a 
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nerve crush, regenerating axons remain inside the endoneur-
ial tube, which is isolated from the inhibitory CSPGs58 and 
provides a permissive guiding structure. The lack of axonal 
contact with inhibitory CSPGs following a crush lesion pos-
sibly explains the absence of a beneficial effect of ChABC 
treatment. At the ventral root reimplantation site regenerat-
ing axons exit the endoneurial tube and grow toward ectopic 
sites.4,62-64 Regenerating axons that extend beyond the reim-
plantation site will enter endoneurial tubes in the reimplanted 
root and grow toward the distal sciatic nerve. We showed that 
following ChABC treatment in the distal sciatic nerve, strong 
stub staining was observed surrounding endoneurial tubes. 
Therefore, comparable to the crush paradigm, the axons in the 
regenerating nerve do not appear to be in close contact with 
the distal inhibitory CSPGs. This may explain the limited 
effect of distal ChABC treatment on axon regeneration fol-
lowing ventral root avulsion and repair. Although the number 
of regenerating axons was not significantly enhanced in the 
GFP-ChABC treatment group, improved endplate reinnerva-
tion and moderately enhanced electrophysiological recovery 
during the later stages of the regeneration process occurred.

4.4 | Combined proximal timed GDNF and 
distal ChABC treatment does not lead to 
synergistic effects

We found that the combined proximal timed GDNF treatment 
with sustained distal ChABC expression treatment group on 
average had the highest electrophysiological response and 
distal axon numbers. However, combined GDNF-ChABC 
treatment does not lead to statistically significant synergis-
tic effects. The dual treatment strategy of neurotrophic sup-
port using GDNF and removal of inhibitory CSPGs using 
ChABC has been employed previously. When combined 
at the lesion site, GDNF and ChABC improved axonal re-
generation following a spinal cord lesion65,66 and peripheral 
nerve transection.67-69 In these studies, ChABC enzyme and 
GDNF protein were applied directly at the lesion sites using 
gelfoam, slow release systems or direct protein injections. 
Topical ChABC application at the site of reimplantation of 
avulsed ventral roots did result in increased axonal regenera-
tion up to 2 cm distally, whereas motoneurons were not res-
cued.34,35 Systemically blocking the neuronal CSPG receptor 
PTPσ also resulted in enhanced axonal outgrowth and the 
reinnervation of musculature close to the implantation site 
was improved.36 Despite these beneficial effects in a cervi-
cal avulsion model, it remains to be determined whether a 
proximal ChABC treatment individually or combined with 
timed GDNF will result in improved motoneuron survival 
and long-distance axonal outgrowth up to 10 cm and if this 
leads to a substantial increase in axonal outgrowth compared 
to proximal GDNF alone. Our results show that long-distance 

axonal regeneration is not improved despite digestion of in-
hibitory CSPGs in the distal nerve. This suggests that follow-
ing a ventral root avulsion, distal CSPGs are not the primary 
inhibitory mechanism behind poor long-distance axonal 
outgrowth. Combined, our results following proximal timed 
GDNF- and distal ChABC treatment, suggest that in order to 
achieve optimal therapeutic effects, a delicate balance exists 
between treatment duration, concentration and location.
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