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The polysialic acid mimetics 
5-nonyloxytryptamine and 
vinorelbine facilitate nervous 
system repair
Vedangana Saini1,2,*, David Lutz2,*, Hardeep Kataria2, Gurcharan Kaur1, Melitta Schachner3,4 
& Gabriele Loers2

Polysialic acid (PSA) is a large negatively charged glycan mainly attached to the neural cell adhesion 
molecule (NCAM). Several studies have shown that it is important for correct formation of brain 
circuitries during development and for synaptic plasticity, learning and memory in the adult. PSA 
also plays a major role in nervous system regeneration following injury. As a next step for clinical 
translation of PSA based therapeutics, we have previously identified the small organic compounds 
5-nonyloxytryptamine and vinorelbine as PSA mimetics. Activity of 5-nonyloxytryptamine and 
vinorelbine had been confirmed in assays with neural cells from the central and peripheral nervous 
system in vitro and shown to be independent of their function as serotonin receptor 5-HT1B/1D agonist 
or cytostatic drug, respectively. As we show here in an in vivo paradigm for spinal cord injury in mice, 
5-nonyloxytryptamine and vinorelbine enhance regain of motor functions, axonal regrowth, motor 
neuron survival and remyelination. These data indicate that 5-nonyloxytryptamine and vinorelbine may 
be re-tasked from their current usage as a 5-HT1B/1D agonist or cytostatic drug to act as mimetics for PSA 
to stimulate regeneration after injury in the mammalian nervous system.

Polysialic acid (PSA) is a homopolymer of 8 to 200 alpha-2,8-glycosidically linked sialic acid residues attached 
predominantly to complex N-glycans in the fifth immunoglobulin-like domain of the neural cell adhesion mol-
ecule (NCAM)1. In mammalian cells, two polysialyltransferases, ST8SiaII and ST8SiaIV, specifically add PSA 
chains to the terminal sialic acid residues of N- or O-linked glycans. PSA chains comprising more than 90 sialic 
acid residues lead to polyanions (negatively charged carboxylate groups) with high water binding capacity and 
the large hydration shell formed increases the hydrodynamic volume of its carrier molecules2. In the developing 
and adult nervous system of higher vertebrates, PSA is expressed by migrating cells, like olfactory interneuron 
precursors, by dynamically extending processes of cells such as neurons or Schwann cells, in regions of synaptic 
plasticity, and by stem cells, e.g. in the subventricular zone3–5. PSA promotes cell motility and axonal pathfinding 
and targeting, is implicated in learning and memory as well as synaptic plasticity, and it mediates the interac-
tion of NCAM with other molecules, such as heparin sulfate proteoglycans6, brain derived neurotrophic factor7, 
α -amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptors8, N-methyl-D-aspartate receptors9, histone 
H110 and myristoylated alanine-rich C kinase substrate11.

These functions of PSA are of interest for treatment of nervous system injuries and disorders. Overexpression 
of PSA by astrocytes improves axonal regrowth across spinal cord injuries12. Viral-induced expression of PSA 
enhances regeneration after spinal cord injury13, promotes sensory neuron integration into the injured spinal 
cord14, and increases Purkinje cell dendrite formation following injury15. Application of transplanted Schwann 
cells overexpressing PSA or application of the PSA mimicking peptides or the PSA mimicking small organic 
compound tegaserod augment repair in both spinal cord16–18 and peripheral nerve injuries19–21. Application 
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of PSA-NCAM-positive neural precursor cells in a rat stroke model improved survival, differentiation, and 
integration of these cells and suppressed adverse glial activation and angiogenesis22. However, a dosage- and 
time-constrained approach to administration of PSA must be considered as continuously expressed PSA slows 
down the rate of myelination in vivo12,23, and high PSA expression is correlated with invasiveness and malignancy 
of cancers24.

Purification difficulties and degradation of PSA by mammalian sialidases in vivo hamper the administration of 
PSA or its bacterial analog colominic acid, but progress has been achieved with mimetics of PSA. Peptide mimet-
ics and small compound mimetics of PSA improved functional recovery following peripheral nerve and spinal 
cord injuries17,18,20,21,25. These peptides and small compound mimetics of PSA offer advantages for development 
and approval of therapies applicable in humans. Purified synthetic compounds are non-xenogeneic as compared 
to proteins or molecules purified from animals and bacteria or recombinantly generated in E. coli, insect or 
mammalian cells. To build upon the previous advances of identifying PSA mimetics with translational potential, 
we have screened a library of small organic molecules to identify novel PSA mimetics. This screen identified 
the compound 5-nonyloxytryptamine oxalate (5-NOT) and the FDA approved third generation vinca alkaloid 
vinorelbine as PSA mimetics, and both compounds stimulated neuronal functions beneficially in vitro26,27, thus 
encouraging the evaluation of their capacities in vivo.

In the current study, we compared the effects of 5-NOT and vinorelbine with colominic acid on the functional, 
histological and ultrastructural outcome after spinal cord compression injury in mice. 5-NOT, vinorelbine and 
colominic acid treatment led to enhanced recovery of mice following spinal cord injury. The extent of regener-
ation was comparable in 5-NOT and colominic acid treated mice and less pronounced in vinorelbine treated 
animals. 5-NOT, vinorelbine and colominic acid promoted axonal regrowth, motor neuron survival, density of 
glutaminergic synapses on motor neurons. Both compounds and colominic acid also facilitated remyelination of 
axons and cholinergic innervation caudal to the lesion site as well as enhanced axonal diameters and thickness of 
myelin sheaths. These studies are promising in that especially 5-NOT may be re-tasked to nervous system thera-
pies, possibly facing fewer difficulties in regulatory approval and clinical translation.

Results
Application of 5-NOT and colominic acid improves recovery after spinal cord injury. 5-NOT and 
vinorelbine were tested in a mouse model of spinal cord injury with immediate application after injury and directly 
into the lesion site. Compound concentrations used were slightly higher than those with highest impact on neu-
rite growth and neuronal migration in vitro26,27 and in the range of the PSA mimicking compound tegaserod21.  
Colominic acid was applied in parallel to compare the effects of PSA and the PSA mimicking compounds. BMS 
scoring, determination of foot-base angles and rump-height indices were performed before injury and there-
after weekly for up to eight weeks (Fig. 1). Three days after injury all mice showed flaccid hind limb paralysis 
demonstrating that the spinal cord lesion was complete. From the first week after injury locomotor function was 
improved in the colominic acid and 5-NOT treated animals compared to the mice that had received the vehicle 
control, whereas vinorelbine-treated animals showed improved locomotion at seven and eight weeks after injury 
(Fig. 1a). Foot-stepping angles as an estimate of stepping quality also improved more rapidly in mice treated with 
5-NOT and colominic acid, whereas vinorelbine-treated and control animals were not different (Fig. 1b). For the 
rump-height index as an indicator of body weight support during ground locomotion, recovery was improved in 
colominic acid-treated mice at three weeks after injury and at all later time-points. 5-NOT and vinorelbine treated 
mice recovered better at three and four weeks after injury, but not at later time-points (Fig. 1c). We also calculated 
individual recovery indexes (RI) (degree of return of function, 100% indicating complete recovery) for each of 
the three parameters and mean of these RI per animal designated overall recovery index. At 7 and 8 weeks after 
injury, the overall RI of 5-NOT treated mice was significantly higher than in mice treated with vinorelbine or in 
control animals. The overall recovery index in colominic acid treated mice was significantly higher than the over-
all recovery index of control animals at all time-points after the fifth week (Fig. 1d). In conclusion, treatment with 
colominic acid and 5-NOT, but not with vinorelbine, improves the functional outcome compared with control 
treatment, although not completely restoring walking capabilities.

Application of 5-NOT, vinorelbine and colominic acid enhances expression of neurofilament in 
the vicinity of the lesion site, without changing microglial/macrophage responses and astro-
gliosis. Eight weeks after injury, neurofilament 200-positive (NF-200+) neurites projecting into the lesion 
site were seen in all groups and their numbers were not different between groups. Overall expression of NF-200 
around the lesion site, especially caudally to the lesion, was significantly higher in 5-NOT, vinorelbine and colom-
inic acid treated mice as compared to control mice (Fig. 2). Increase in neurofilament density in the vicinity of the 
lesion site has been accepted as a reliable indicator of axonal regrowth and verifies successful regrowth resulting 
from application of PSA and PSA mimetics.

Number of activated Iba1 positive microglia/macrophages as identified by their compact morphology tended 
to be lower in colominic acid treated mice and higher in vinorelbine treated mice. Although differences were not 
significant compared to control animals, there was statistically significant difference between colominic acid and 
vinorelbine (Supplementary Fig. 1). With regard to GFAP expression no difference in expression of GFAP at or 
surrounding the lesion area in all groups of mice was detectable (Supplementary Fig. 2). The size of the GFAP 
immunopositive glial scar was not different between groups (data not shown).

Protection of motor neurons caudal to the injury site by 5-NOT, vinorelbine and colo-
minic acid. Soma size of motor neurons caudal to the injury site, as estimated by the area of choline 
acetyltransferase-positive (ChAT+) cell bodies, was smaller in control animals than in 5-NOT, vinorelbine and 
colominic acid treated mice. Also, an increase in the linear density of perisomatic ChAT buttons was observed 
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in 5-NOT, vinorelbine and colominic acid treated mice (Fig. 3). A considerable increase in the number of motor 
neurons within an area of 250 ×  250 μ m2, 250 μ m caudally to the lesion site was observed in mice treated with 
colominic acid. Although not significant, application of 5-NOT tended to show a higher number of motor neu-
rons than the control and vinorelbine groups (Fig. 3). As an indicator for protection of proprioceptive afferent 
synapses from motor neurons, the linear density of vesicular glutamate transporter1 (VGLUT1) puncta on motor 
neuron cell bodies was increased in 5-NOT, vinorelbine and colominic acid treated mice compared to control 
animals (Fig. 4). The linear density of vesicular GABA transporter-positive (VGAT+) puncta at motor neuron cell 
bodies, as indicator of GABA mediated presynaptic inhibition, was reduced in 5-NOT, vinorelbine and colominic 
acid treated animals when compared to control mice (Fig. 5). These results indicate that colominic acid and PSA 
mimetics increase synaptic and structural plasticity.

5-NOT enhances chatecholaminergic reinnervation caudal to the injury site. Monoaminergic 
innervation as measured by tyrosine hydroxylase-immunoreactive (TH+) axons originating from the brain stem28 
and projecting beyond an arbitrarily selected border 250 μ m caudal to the lesion site after eight weeks of injury 
was not different between control mice and mice treated with colominic acid, 5-NOT or vinorelbine. In addition, 
numbers were higher in 5-NOT treated mice compared to vinorelbine treated mice which exhibited the lowest 
number of TH+ axons beyond the lesion site (Supplementary Fig. 3). Since monoaminergic innervation of the 
spinal cord controls the coordinated, rhythmic movements and is important for locomotor functions29, a higher 
number of TH+ axons in the 5-NOT treated mice may indicate its beneficial effects on recovery.

5-NOT, vinorelbine and colominic acid enhance re-myelination. Since remyelination is presumed 
to promote recovery after injury, we determined the number of myelin lamellae around axon fibers and the area 
of axon fibers after SCI as a measure for remyelination, axonal survival and recovery after injury. Compared to 
myelin sheaths of control animals, myelin sheaths of 5-NOT, vinorelbine and colominic acid treated mice were 
thicker and even smaller caliber axons were re-myelinated in 5-NOT, vinorelbine and colominic acid treated mice 

Figure 1. 5-NOT and colominic acid enhance recovery after spinal cord injury in mice. Time course of 
motor recovery after spinal cord lesion. Shown are mean values ±  SEM of BMS (a), foot-base angle (b), rump-
height index (c) and overall recovery index (d) at different time-points after spinal cord injury and application 
of vehicle control, colominic acid (CA), 5-NOT or vinorelbine (n =  8 per group). Asterisks indicate differences 
between vehicle control, colominic acid, 5-NOT or vinorelbine treated groups after injury (*p <  0.05, two-way 
ANOVA with Holm-Sidak post-hoc test).
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(Fig. 6). There was no difference in the number of myelin sheaths around axon fibers in 5-NOT, vinorelbine and 
colominic acid treated mice. Additionally, cross sectional calibers of axons were larger in 5-NOT, vinorelbine and 
colominic acid treated mice. In particular, application of colominic acid led to a strong increase in axon fiber area 
which was also higher than in 5-NOT and vinorelbine treated mice. Furthermore, colominic acid application 
decreased the number of myelinated fibers per area not only compared to control animals but also compared to 
5-NOT and vinorelbine treated mice (Fig. 6). Ultrastructural studies also revealed high numbers of thick astro-
cytic processes surrounding myelinated and unmyelinated fibers in the control group. Although some astrocytic 
processes were also seen in mice treated with 5-NOT, vinorelbine or colominic acid, the astrocytic cell surface 
area was reduced when compared to non-treated control mice (Fig. 6).

Discussion
Previous studies showed that 5-NOT, a known serotonin receptor1B/1D agonist, and vinorelbine, a β III-tubulin 
binding cytostatic drug approved for treatment of non-small cell lung cancer and breast cancer, can mimic PSA 
and enhance beneficial neuronal functions in vitro26,27. In the present study, we compared the compounds with 
the polysialic acid homolog colominic acid, in promoting functional recovery after spinal cord injury in mice. We 
could show that after spinal cord injury, the restorative efficacy of 5-NOT was similar to the efficacy of colominic 
acid in adult mice with spinal cord injury, whereas vinorelbine was less effective. Topical exposure of 5-NOT 
to the lesion site immediately after injury enhanced locomotor recovery to a similar extent as colominic acid 
treatment. Although, in some of the evaluated parameters, such as rump-height index, the axon fiber area and 

Figure 2. 5-NOT, colominic acid and vinorelbine enhance expression of NF-200 in the vicinity of lesion 
site. (a,b) Laser scanning images of NF-200+ neurites projecting into the lesion site (R: rostral side; C: caudal 
side) in sagittal spinal cord sections. (a) Low magnification images. Arrows depict the lesion site. (b) High 
magnification images of the boxed areas in (a) are shown. Arrowheads point to NF-200 immuno-positive fibers. 
(c) NF-200 immunofluorescence intensity (mean values ±  SEM, n =  4 per group) in the vicinity and within the 
lesion site in 5-NOT, vinorelbine and colominic acid (CA) treated mice as compared to vehicle control.  
(*p <  0.05, one-way ANOVA with Holm-Sidak post-hoc test). Scale bars: 100 μ m.
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the number of myelinated fibers, colominic acid appeared more effective than the PSA mimetics, the combined 
outcomes of 5-NOT treatment were similar to those of colominic acid.

Other parameters describing beneficial outcomes of the small compound application showed that 5-NOT, 
vinorelbine and colominic acid enhanced neurofilament immunoreactivity in the vicinity of the lesion site. 
Enhanced expression of neurofilament correlates with the beneficial outcome seen with application of small com-
pounds. Spinal cord injury is often accompanied by degradation and loss of neurofilament proteins30–32. Cell 
based approaches using transplantation of neurally induced bone marrow derived mesenchymal stem cells33 or 
neurotrophin-3-expressing bone mesenchymal stem cells34 into the injured rat spinal cord have shown improved 
neurofilament immunoreactivity and functional outcome.

Figure 3. Application of 5-NOT, colominic acid and vinorelbine increases the soma area and linear density 
of ChAT+ perisomatic puncta. Confocal images (1 μ m-thick optical sections) showing ChAT+ perisomatic 
puncta around motor neurons 250 μ m caudal to the lesion site in sagittal spinal cord sections. Soma area of 
ChAT+ neurons, number of ChAT+ motor neurons and linear density of ChAT+ puncta (mean values ±  SEM, 
n =  4 per group) around motor neurons in 5-NOT, vinorelbine and colominic acid (CA) treated mice as 
compared to vehicle control. (*p <  0.05, one-way ANOVA with Holm-Sidak post-hoc test). Scale bar: 50 μ m.



www.nature.com/scientificreports/

6Scientific RepoRts | 6:26927 | DOI: 10.1038/srep26927

Figure 4. Application of 5-NOT, colominic acid and vinorelbine increases linear density of VGLUT1+ 
perisomatic puncta. Confocal images showing VGLUT+ perisomatic puncta around motor neurons 250 μ m 
caudal to the lesion site in sagittal spinal cord sections. Linear density of VGLUT+ puncta (mean values ±  SEM, 
n =  4 per group) around motor neurons in 5-NOT, vinorelbine and colominic acid (CA) treated mice as 
compared to vehicle control. (*p <  0.05, one-way ANOVA with Holm-Sidak post-hoc test). Scale bar: 50 μ m.

Figure 5. Application of 5-NOT, colominic acid and vinorelbine decreases linear density of VGAT+ 
perisomatic puncta. Confocal images of 1 μ m-thick optical sections showing VGAT+ perisomatic puncta 
around motor neurons 250 μ m caudal to the lesion site in sagittal spinal cord sections. Linear density of VGAT+ 
puncta (mean values ±  SEM, n =  4 per group) around motor neurons in 5-NOT, vinorelbine and colominic acid 
(CA) treated mice as compared to vehicle control. (*p <  0.05, one-way ANOVA with Holm-Sidak post-hoc test). 
Scale bar: 50 μ m.
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Spinal cord injury leads to severe atrophy of rubrospinal and cortical motor neurons35,36. Increase in soma 
areas of ChAT+ motor neurons in 5-NOT, vinorelbine and colominic acid treated mice as compared to control 
mice indicates that these compounds may prevent the axotomy induced decline in the size of motor neuronal 
cell bodies. The linear density of perisomatic ChAT immunopositive axon terminals was also increased in mice 
treated with colominic acid, 5-NOT and vinorelbine. Also, C-type synapses formed by ChAT immunopositive 

Figure 6. Application of 5-NOT, colominic acid and vinorelbine increases number of myelin lamellae 
and cross-sectional area of axons. Electron microscopic images show axons 10 μ m caudal to the lesion 
site in transverse spinal cord sections. Number of myelin lamellae (mean values ±  SEM, n =  4 per group) 
around axons, the cross-sectional area of axons (mean values ±  SEM, n =  4 per group), axon diameters (mean 
values ±  SEM, n =  4 per group), numbers of myelinated fibers (mean values ±  SEM, n =  4 per group) and 
astrocytic surface area (mean values ±  SEM, n =  4 per group) in 5-NOT, vinorelbine and colominic acid (CA) 
treated mice as compared to vehicle control. (*p <  0.05, one-way ANOVA with Holm-Sidak post-hoc test). 
Arrows denote astrocytic processes. Scale bar: 2 μ m.
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axon terminals on motor neurons37 are essential for repetitive discharges38 and excitability of motor neurons39. It 
is therefore reasonable to assume that treatment of mice with colominic acid or the small organic compounds is 
conducive for motor neuronal excitability.

Spinal cord injury not only leads to degradation of neurofilament proteins but also results in the loss of motor 
function control mechanisms due to deafferentation. This loss is most likely prevented, since 5-NOT, vinorel-
bine and colominic acid lead to improved regrowth of severed axons and an increase in perisomatic VGLUT1 
expression. The vesicular glutamate transporter is responsible for glutamate uptake into synaptic vesicles, thereby 
protecting neurons from excitotoxicity. Similar effects on recovery and/or axon regrowth after spinal cord injury 
were observed with polysialyltransferase-overexpressing Schwann cells, Schwann cells engineered to express 
PSA-NCAM, PSA mimicking peptides or lentiviral-mediated expression of PSA40,16,17,13. Inhibitory interneurons 
play important roles in remodeling of nervous system functions. It is therefore interesting that the VGAT is highly 
expressed in the nerve endings of GABAergic and glycinergic neurons of the spinal cord41. Moreover, several 
studies have suggested that GABAergic inhibitory circuits influence plasticity. GABAergic circuits are pivotal 
for reshuffling of cortical motor representations42 and for deafferentation of visual and somatosensory cortices, 
allowing these brain regions to retain higher levels of plasticity43. Based on these findings, we propose that a 
decrease in VGAT expression by application of PSA mimetics after spinal cord injury may indicate increased 
network plasticity.

After spinal cord injury a prolonged and dispersed oligodendrocyte cell death is responsible for widespread 
demyelination. Prolonged demyelination leads to enhanced susceptibility of axons to degeneration and con-
tributes to functional impairment associated with spinal cord injury44. Remyelination following spinal cord 
injury is essential for improvement in locomotor function45. 5-NOT, vinorelbine and colominic acid treatment 
increased axonal diameter and number and thickness of myelin sheaths. Increased axon caliber correlates with 
myelin thickness46,47 and myelination is critical for determining the caliber of dorsal root ganglion neurons48. 
Myelinating Schwann cells modulate neurofilament phosphorylation and their packing density, thereby improv-
ing axon caliber expansion in peripheral nerves49. It was reported that astrocytic processes and the astroglial 
scar are responsible for the failure to remyelinate45.  Although we did not observe differences in the expression 
of GFAP between groups, ultrastructural examination of spinal cord tissue showed fewer astrocytic processes in 
mice treated with vinorelbine than in the control group, suggesting that astrocytes and their processes may con-
tribute to the reduced remyelination in control animals. The observed increase in remyelination and myelin thick-
ness in mice treated with colominic acid and PSA mimetics could also be due to their effects on oligodendrocytes. 
PSA enhances migration and differentiation of oligodendrocyte progenitor cells50 and enzymatic removal of PSA 
disrupts the migration of oligodendrocyte precursors and leads to their premature differentiation51. Interestingly, 
although no influence of PSA on GFAP expression levels nor CSPG immunoreactivity signals caudally to the 
lesion site was detected eleven weeks after injury in rats grafted with PSA overexpressing Schwann cells, improved 
functional recovery was observed compared to control animals eleven weeks after injury40. Application of the 
PSA mimicking compound PR-21 in mouse spinal cord injury did not influence overall CSPG immunoreactivity, 
but enhanced locomotor recovery in parallel with numbers of serotonergic fibers25 suggesting in particular that 
enhanced axon regrowth is responsible for PSA- and PSA mimetic-mediated improved recovery.

Neither the small compounds nor colominic acid reduced the enhanced GFAP expression indicative of astro-
gliosis after injury, but colominic acid and PSA mimetics favored axonal regrowth, suggesting that astrogliosis 
does not invariably generate a hostile territory after injury in the presence of molecules favoring axonal regrowth. 
Although after SCI activated microglia, which contribute to the growth inhibiting environment for neurons and 
the development of pain, were observed around the lesion site in all animals, the expression of Iba1 in vinorelbine 
treated mice was significantly higher than in colominic acid treated animals. The observed differences in vinorel-
bine treated groups may be due to anti-proliferative and cytotoxic activities of vinca alkaloids, such as vinorelbine, 
on microtubule functions leading in vivo to peripheral neurotoxicity52.

In the present study, we have used a onetime intraoperational application of small compounds and colominic 
acid which led to protracted effects in recovery from injury. This is noteworthy, since the small organic com-
pounds as well as the colominic acid polymer are expected to be limited in retention time in the injected tissue. 
Also, their diffusion in the spinal cord tissue cannot be controlled (see Supplementary Table 1 for the available 
drug and pharmacological information regarding vinorelbine and 5-NOT). Nevertheless, it is conceivable that 
application of these compounds during the acute tissue reaction to injury beneficially modulates the initial cel-
lular and molecular reactions, thereby generating an environment that protects the impaired tissue and allows 
repair and regeneration. Such effects after a single application of a polysialic acid mimicking peptide have been 
reported to serve in functional gain after peripheral nerve injury20. Although, due to presence of sialidases in the 
nervous system53,54 colominic acid could be quickly degraded, we propose that colominic acid can act rapidly 
and efficiently in inducing early plastic and molecular changes in the injured spinal cord that are conducive to 
functional recovery. Interestingly, regain of locomotor functions are observed more early in colominic acid and 
5-NOT treated mice than in vinorelbine treated animals. Cytotoxicity and anti-proliferative effects of vinorelbine 
may influence and hamper this initial repair process.

Neurological diseases and, in particular, mental health disorders, become increasingly recognized as the health 
challenge of the 21st century. Despite considerable investments, development of new therapies to treat acute and 
chronic nervous system disease or injury has been slow. Aiming at repurposing of the well characterized drug 
5-NOT for non-nervous system indications builds on available safety and pharmacology profiles to develop a 
therapy exploiting it for the treatment of nervous system diseases55. The PSA-mimetic 5-NOT has not been FDA 
approved for patient treatment, but has been suggested as therapeutic agent to treat hepatitis and cancer (US 
patents US 20100255001 A1 and US 20140296278 A1). Re-purposing of this drug for novel applications should 
be feasible, although in the majority of cases, a drug is repurposed for a different indication based on its known 
mechanism of action. However, histone deacetylase inhibitors, which are currently used for treatment of cancer, 
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were suggested to be re-purposed for treatment of stroke and white matter ischemic injury56. Furthermore, drugs 
to treat diabetes have been proposed to be retasked for the treatment of Alzheimer’s disease57.

In comparison to colominic acid, 5-NOT is similar in potency to stimulate regeneration after injury and 
5-NOT is as effective as the PSA-mimicking peptides in enhancing regeneration after spinal cord injury17,25, but 
can be applied at lower concentrations and is not degraded by peptidases. Compared with the stimulatory effect 
of the PSA-mimicking compound tegaserod in a spinal cord injury paradigm, which yielded an overall recovery 
of mice of approximately 30%18, 5-NOT-treated mice recovered to a higher extent (80% recovery). Since the mode 
of delivery of test compounds in the two studies was different and since the Alzet pump may have mechanically 
influenced locomotor behavior, a comparison between the two studies is not possible. Nevertheless, we consider a 
higher recovery index after a single intraoperational application of 5-NOT to be encouraging. These results show 
that 5-NOT is a promising drug for the development of novel nervous system therapies.

The combined data support the view that application of the PSA mimetic 5-NOT creates favorable conditions 
for regrowing axons and re-myelination to enhance functional recovery. We would like to suggest that this com-
pound could participate in a combinational therapeutic strategy for promoting the repair of acute nervous system 
injuries and neurodegenerative diseases.

Materials and Methods
Mice. Female C57BL/6J mice were obtained from the breeding facility of the University Hospital Hamburg-
Eppendorf. Mice were kept at standard laboratory conditions with food and water supply ad libitum and with an 
artificial 12 h light/dark cycle. All experiments were conducted in accordance with the German and European 
Community laws on protection of experimental animals, and all procedures used were approved by the responsi-
ble committee of the State of Hamburg (animal permit numbers ORG 679 Morph and 98/09).

Antibodies and reagents. Purchased reagents are indicated with their companies in brackets: monoclonal 
mouse antibody against neurofilament (NF-200, 1:1,000 Sigma-Aldrich, St. Louis, MO), monoclonal mouse anti-
body against vesicular GABA transporter (VGAT, 1:1,000; Synaptic Systems, Göttingen, Germany), polyclonal 
rabbit antibody against glial fibrillary acidic protein (GFAP, 1:1,000; Dako, Hamburg, Germany), polyclonal 
rabbit anti-ionized calcium-binding adapter molecule 1 (Iba-1; 1:1,000; Wako Chemicals, Neuss, Germany),  
polyclonal rabbit antibody against tyrosine hydroxylase (TH, 1:800; Chemicon, Hofheim, Germany), polyclonal 
rabbit antibody against vesicular glutamate transporter 1 (VGLUT1, 1:1,000; Synaptic Systems), polyclonal goat 
antibody against choline acetyltransferase (ChAT, 1:100; Merck Millipore, Darmstadt, Germany), secondary anti-
bodies coupled with Cy2 or Cy3 (Jackson ImmunoResearch, Newmarket, UK).

Application of 5-NOT and vinorelbine to injured spinal cords. Spinal cord injury was performed 
as described17 using three-month-old female C57BL/6J mice. For surgery, mice were anesthetized by intraperi-
toneal injections of ketamin and xylazin (100 mg Ketanest, Parke-Davis/Pfizer, Karlsruhe, Germany, and 5 mg 
Rompun, Bayer, Leverkusen, Germany, per kg body weight). Laminectomy was performed at the T7–T9 level 
with mouse laminectomy forceps (Fine Science Tools, Heidelberg, Germany). A mouse spinal cord compression 
device was used to elicit compression injury. Compression force (degree of closure of the forceps) and duration 
were controlled by an electromagnetic device: the spinal cord was maximally compressed (100%, according to the 
operational definition of Curtis et al.58 for 1 second by a time-controlled current flow through the electromagnetic 
device. PBS, colominic acid (40 μ g/ml), vinorelbine (200 nM) and 5-NOT (200 nM) were applied via a very thin 
pulled out single barrel microfilament with an outside diameter < 0.5 mm and inside diameter < 0.3 mm (AM 
Systems) to inject the volume of 2 μ l into the spinal cord 1 mm proximally and distally to the lesion site (eight 
animals per group). This method leads to a minimal lesion injury due to the fine geometry of the microcapillary59. 
Muscles and skin were then closed using 6–0 nylon stitches (Ethicon, Norderstedt, Germany). After the surgery, 
mice were kept on a heated pad (37 °C) for several hours to prevent hypothermia and thereafter singly housed in 
a temperature-controlled (22 °C) room with water and soft food. During the postoperative period the bladders of 
the animals were manually voided twice daily.

Functional metrics of regeneration. The recovery of ground locomotion after spinal cord injury was 
evaluated using the Basso mouse scale (BMS)60. In addition, we used a more complex and objective assessment 
of locomotion, single-frame motion analysis as described20. This approach includes evaluation of beam walking 
[foot-base angle (FBA), rump-height index (RHI)]. The FBA is defined by a line parallel to the dorsal surface of 
the hind paw and the horizontal line. The angle is measured with respect to the posterior aspect at the beginning 
of the stance phase. In intact mice, this phase is well defined and the angle is approximately 20°. After spinal cord 
injury and severe loss of locomotor abilities, the mice drag behind their hindlimbs with dorsal paw surfaces fac-
ing the beam surface. The angle is increased to > 150°. The second parameter, the RHI, was estimated from the 
recordings used for measurements of the foot-stepping angle. The parameter is defined as height of the rump, i.e., 
the vertical distance from the dorsal aspect of the animal’s tail base to the beam, normalized to the thickness of the 
beam measured along the same vertical line. Assessment was performed before and at every week after the injury. 
Values for the left and right extremities were averaged. Recovery indices (RI) were used as a measure of functional 
recovery at the individual animal level. The RI is calculated (percentage) as follows:

RI =  [(X7 +  n −  X7)/(X0 −  X7)] ×  100, where X0, X7, and X7 +  n are values before operation, 7 days after 
injury, and a time-point n days after the spinal cord injury, respectively. This measure estimates gain of function 
(X7 +  n −  X7) as a fraction of the functional loss (X0 −  X7) induced by the injury. Overall RI were calculated, on 
an individual animal basis, as means of RI for the three parameters: BMS, foot-stepping angle and rump-height 
index.



www.nature.com/scientificreports/

1 0Scientific RepoRts | 6:26927 | DOI: 10.1038/srep26927

Histology. Mice were anesthetized by intraperitoneal injection of 16% sodium pentobarbital solution 
(Narcoren, Merial, Hallbergmoos, Germany, 5 μl/g body weight) and were transcardially perfused with 4% 
formaldehyde in 0.1 M sodium cacodylate buffer, pH 7.3. The spinal cord was removed two hours after fixing, 
post-fixed overnight at 4 °C and then immersed in 15% sucrose solution in 0.1 M cacodylate buffer, pH 7.3, for 
1 day at 4 °C. Afterwards the tissue was frozen for 2 min in 2-methyl-butane (isopentane, Carl Roth, Karlsruhe, 
Germany) pre-cooled to − 80 °C. For sectioning, the spinal cord segment was attached to a cryostat specimen 
holder using TissueTek (Sakura Finetek Europe, Zoeterwoude, The Netherlands). Serial transverse or parasagittal 
sections of 25 μ m thickness were cut on a cryostat (Leica CM3050, Leica Instruments, Nußloch, Germany) and 
picked up on Super Frost Plus glass slides (Roth, Karlsruhe, Germany). Sampling of sections was always done in 
a standard sequence so that four sections 250 μ m apart were present on each slide. Immunohistochemistry was 
performed as described earlier61.

Immunohistochemistry. Water bath antigen de-masking was performed in 10 mM sodium citrate solu-
tion, pH 9.0, for 30 minutes at 80 °C for all antigens. Nonspecific binding was blocked using 5% normal serum 
from the species in which the secondary antibody was produced, dissolved in PBS and supplemented with 0.2% 
Triton X-100, 0.02% sodium azide for 1 hour at room temperature (RT). Incubation with the primary antibody 
(anti-NF-200, anti-GFAP, anti-Iba1, anti-VGAT, anti-ChAT, anti-VGLUT1 or anti-tyrosine hydroxylase), diluted 
in PBS containing 0.5% lambda-carrageenan (Sigma-Aldrich) and 0.02% sodium azide, was carried out for 3 
days at 4 °C. After washing in PBS (3 ×  15 minutes at RT), the appropriate secondary antibody, diluted 1:200 
in PBS-carrageenan solution, was applied for 2 hours at RT. After a subsequent wash in PBS, the sections were 
mounted in antiquenching medium (Fluoromount/DAPI; Carl Roth, Germany) and stored in the dark at 4 °C. 
Photographic documentation was made on an LSM 510 confocal microscope (Carl Zeiss, Oberkochen, Germany) 
or an Axiophot two microscope equipped with a digital camera AxioCam HRc and AxioVision software (Zeiss). 
The images were processed using ImageJ software (NIH, Bethesda, MD).

To evaluate the immunofluorescence intensity of NF-200, GFAP and Iba1, microscopic images were captured 
(six longitudinal sections per animal and four ROIs per section) from the rostral and caudal regions in the imme-
diate vicinity of the lesion site by confocal microscopy (LSM 150, Carl Zeiss) and converted into grey scale after 
consistent threshold adjustment using ImageJ software (NIH, Bethesda, MD) to measure their intensity profiles. 
For evaluation of perisomatic terminals, longitudinal spinal cord sections immunostained for ChAT, VGLUT and 
VGAT were examined by confocal microscopy (LSM 150, Carl Zeiss) and optical sectioning was used for record-
ing of 1-μ m-stacks with an oil immersion objective (63 ×  2). Six stacks per region were evaluated. One image 
per cell was chosen on the basis of the largest cross-sectional cell body area. The cell soma perimeter was meas-
ured and the number of perisomatic terminals was counted using ImageJ software (NIH, Bethesda, MD). Linear 
density of the perisomatic puncta was calculated as number of counted perisomatic terminals per unit length. 
The Axiophot microscope (Carl Zeiss) equipped with a motorized stage and Neurolucida software-controlled 
computer system (MicroBrightField, Magdeburg, Germany) was used to count the number of TH-positive axons 
250 μ m caudally to the lesion site.

Electron microscopy. Spinal cords were dissected from perfused animals. The tissue samples were 
post-fixed in 1% osmium tetroxide (Polysciences Europe, Eppelheim, Germany) in 0.1 M sodium cacodylate 
buffer, pH 7.3, for 1 hour at RT, dehydrated in ascending ethanol solutions and embedded in resin according to 
standard protocols. For ultrastructural analysis, 50 nm-thick cross-sections 10 μ m caudally to the lesion site were 
cut in a sequential manner, from three 5 μ m-equidistant points. Sections were subjected to transmission electron 
microscopy and numbers of myelinated axons, myelinated axonal areas and numbers of myelin sheaths were 
counted. The indicated parameters were assessed in the area of the dorsal lemniscal system, in particular the 
regions of fasciculus gracilis and cuneatus. Hundred sections from three different animals per group were evalu-
ated. Counting was performed by two independent researchers, blind to the treatments.

Statistical analysis. All numerical data are presented as group mean values with standard error of the mean 
(SEM) values. Parametric or nonparametric tests (one-way or two-way ANOVA with subsequent Holm-Sidak 
post-hoc tests) were used for comparison as appropriate. Analyses were performed using the Sigmastat v 3.5 
software. The threshold value for acceptance of differences between groups was 5%.
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