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Microtubule stabilization through epothilones is a promising preclinical therapy for functional recovery following spinal cord injury 
that stimulates axon regeneration, reduces growth-inhibitory molecule deposition and promotes functional improvements. 
Rehabilitation therapy is the only clinically validated approach to promote functional improvements following spinal cord injury. 
However, whether microtubule stabilization can augment the beneficial effects of rehabilitation therapy or act in concert with it to 
further promote repair remains unknown. Here, we investigated the pharmacokinetic, histological and functional efficacies of epothi-
lone D, epothilone B and ixabepilone alone or in combination with rehabilitation following a moderate contusive spinal cord injury. 
Pharmacokinetic analysis revealed that ixabepilone only weakly crossed the blood–brain barrier and was subsequently excluded from 
further investigations. In contrast, epothilones B and D rapidly distributed to CNS compartments displaying similar profiles after ei-
ther subcutaneous or intraperitoneal injections. Following injury and subcutaneous administration of epothilone B or D, rats were 
subjected to 7 weeks of sequential bipedal and quadrupedal training. For all outcome measures, epothilone B was efficacious com-
pared with epothilone D. Specifically, epothilone B decreased fibrotic scaring which was associated with a retention of fibronectin 
localized to perivascular cells in sections distal to the lesion. This corresponded to a decreased number of cells present within the in-
tralesional space, resulting in less axons within the lesion. Instead, epothilone B increased serotonergic fibre regeneration and vesicular 
glutamate transporter 1 expression caudal to the lesion, which was not affected by rehabilitation. Multiparametric behavioural ana-
lyses consisting of open-field locomotor scoring, horizontal ladder, catwalk gait analysis and hindlimb kinematics revealed that re-
habilitation and epothilone B both improved several aspects of locomotion. Specifically, rehabilitation improved open-field 
locomotor and ladder scores, as well as improving the gait parameters of limb coupling, limb support, stride length and limb speed; 
epothilone B improved these same gait parameters but also hindlimb kinematic profiles. Functional improvements by epothilone B and 
rehabilitation acted complementarily on gait parameters leading to an enhanced recovery in the combination group. As a result, prin-
cipal component analysis of gait showed the greatest improvement in the epothilone B plus rehabilitation group. Thus, these results 
support the combination of epothilone B with rehabilitation in a clinical setting.
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Abbreviations: ARRIVE = Reporting of in vivo experiments; 5-HT = serotonin; BBB = blood–brain barrier; BBB score = Basso, 
Beattie and Bresnahan locomotor scale score; BDNF = brain derived neurotrophic factor; βtubIII = β-tubulin-III; CSPG = 
chondroitin sulphate proteoglycan; CMOS = complementary metal-oxide semiconductor; DAPI = 4′,6-diamidino-2-phenylindole; 
DMSO = dimethyl sulfoxide; epoB = epothilone B; epoD = epothilone D; FDA = Food and Drug Administration; GFAP = glial 
fibrillary acidic protein; IC = iliac crest; IHC = immunohistochemistry; i.p. = intraperitoneal; LC–MS = liquid chromatography– 
mass spectrometry; NeuN = neuronal nuclei; PBS = phosphate buffered saline; PBST = phosphate buffered saline with 0.2% triton 
X-100; PC = principal component; PCA = principal component analysis; PK = pharmacokinetic; SCI = spinal cord injury; s.c. = 
subcutaneous; SEM = standard error of the mean; UHPLC = ultra high performance liquid chromatography; VGluT = vesicular 
glutamate transporter

Graphical Abstract

Introduction
Lesioned axons of the adult CNS fail to regrow, limiting recov-
ery after spinal cord injury (SCI). This is due to the poor intrin-
sic regenerative capacity of adult neurons,1 as well as extrinsic 
inhibitory factors, including myelin-associated molecules and 
chondroitin sulphate proteoglycans (CSPGs).2,3 To date, there 
is no regenerative therapy established to treat SCI patients. 
However, several preclinical interventions overcome these ob-
stacles, including removal of inhibitory molecules, the addition 

of growth-permissive cell or tissue transplantation, provisions 
of trophic support and manipulation of pro-regenerative neur-
onal signalling pathways.4–10 Regardless of these advance-
ments, it is becoming apparent that singularly they offer only 
a limited improvement in experimental animals and are unlike-
ly to facilitate meaningful functional regeneration in hu-
mans.11,12 Utilizing appropriate rehabilitation regimes is a 
promising avenue for shaping new circuits created by 
regeneration-promoting therapies into functional connections 
in preclinical studies.13–16 Likewise, clinical evidence highlights 
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that rehabilitative strategies improve function in individuals 
with SCI,17 creating optimism for clinical trials that utilize com-
plementary therapeutics.

The neuronal cytoskeleton determines the regenerative 
response of lesioned axons.18–21 Disorganized microtu-
bules underlie the formation of retraction bulbs, with the 
stabilization of microtubules coaxing growth cone forma-
tion and protrusion.22,23 Microtubule stabilization also re-
stricts the polarization and migration of scar-forming 
fibroblasts.24 Systemic administration of the microtubule 
stabilizing drugs epothilone D (epoD) or B (epoB) results 
in adequate CNS penetration and distribution, reduction 
of fibrotic scarring and deposition of inhibitory CSPGs, re-
duced axon dieback, induced axonal growth and improved 
motor functions after mild SCI and stroke.24–27 While the 
mechanisms are poorly understood, rehabilitation can re-
model spinal cord axonal connections underlying motor 
recovery.28 We, therefore, hypothesized that epothilones 
and rehabilitation could act additively to improve func-
tional outcomes.

EpoD and epoB display different pharmacokinetic (PK) 
profiles, whereby epoB persists in the CNS compartment 
for much longer than epoD and has been proposed to be 
more efficacious.25,26 However, a direct comparison of 
these two drugs following SCI is still lacking. Given the 
promising results of epothilones following a mild 
150 kdyn contusion,24–26 we investigated their effects in 
a more severe contusion injury of 175 kdyn, with and with-
out rehabilitation.

Here we show that epoB has distinct histological effects 
on spinal cord injured rats that are not elicited by rehabili-
tation, yet both interventions individually improve various 
aspects of locomotor recovery. Consequently, their com-
bination resulted in functional recovery unmet by the sin-
gular components. Thus, this combinatorial treatment 
provides a key step towards a clinical evaluation of re-
habilitation assessment, together with pharmacological 
microtubule stabilization.

Materials and methods
Animals
All animal experiments were performed in accordance with 
the Animal Welfare Act and the guidelines of the North 
Rhine-Westphalia State Environment Agency (Landesamt 
für Natur, Umwelt und Verbraucherschutz). Female 
Sprague–Dawley rats (Janvier Labs) weighing between 220 
and 250 g were used throughout the study. A total of 194 
rats were used in this study including those used for the PK 
study. The animals were housed three rats per cage with 
room temperature controlled at 21–22°C, and an artificial 
12 h light/dark cycle. Rats were given food and water ad li-
bitum throughout the experiment. Methods and results are 
written in accordance with the ARRIVE (Animal Research: 
Reporting of In Vivo Experiments) guidelines for publishing 
in vivo research.29

PK analysis
The PK study was conducted by Pharmacelsus GmbH. These 
experimental procedures were approved by and conducted in 
accordance with the regulations of the local Animal Welfare au-
thorities (Landesamt für Gesundheit und Verbraucherschutz, 
Abteilung Lebensmittel- und Veterinärwesen, Saarbrücken). 
Rats were injected subcutaneously (s.c.) or intraperitoneally 
(i.p.) with epoD (1.5 mg/kg; Abcam, ab143616), epoB 
(0.75 mg/kg; Selleck Chemicals S1364) or ixabepilone (0.75 
or 1.5 mg/kg; Ixempra Cay23732-10). Drugs were diluted in 
50% dimethyl sulfoxide (DMSO)/saline. Animals were eutha-
nized at 6 h, 1, 7 or 14 days after injections and blood plasma 
and spinal cord tissue samples were collected. Three animals 
per time point and group were used, for a total of 72 used in 
the PK study. Drug concentrations in the samples were quanti-
fied by liquid chromatography–mass spectrometry (LC–MS) 
using an Accela 1250 UHPLC (Ultra High Performance 
Liquid Chromatography) system, Accela Open Autosampler 
and Q-Exactive mass spectrometer (Thermo Fisher Scientific).

Surgical procedures and treatment
Rats were administered with analgesics and antibiotics 
(Meloxicam, 1 mg/kg, s.c.; Enrofloxacin, 5 mg/kg, s.c.) and 
anaesthetized with isoflurane. Skin was shaved and cleaned 
with ethanol and iodine swabs, sequentially. A laminectomy 
was performed to expose the spinal cord at spinal level 
T10 and impacted at the midline with a force of 175 kdyn 
using an Infinite Horizon Impactor (Precision Systems 
Instrumentation). Following the impaction, overlying muscu-
lature and skin were sutured. Two millilitres of 5% glucose 
(Braun) were administered s.c. and animals were transferred 
to a heated cage to recover for at least an hour before being re-
turned to a fresh home cage. Animals were administered anti-
biotics (Enrofloxacin s.c.) and analgesics (Meloxicam, 
Buprenorphine 0.05 mg/kg; s.c.) for 3 days following the sur-
gery. Bladders were expressed manually three times daily until 
the normal voiding response returned. Following the dosing 
scheme of our previous studies,24–26 animals were randomly 
allocated to treatment groups and received blinded s.c. injec-
tions of either epoD (1.5 mg/kg; Abcam, ab143616), epoB 
(0.75 mg/kg; Selleck Chemicals S1364) or vehicle (50% 
DMSO) on Days 1 and 15 post-injury.

Rehabilitation
Hindlimb bipedal and quadrupedal exercise training was in-
itiated 3 weeks after the injury (1 week after the second ad-
ministration of epoD/epoB). This blend of training was 
selected to reinforce supraspinal-controlled initiation and 
modulation of bipedal locomotion as well as the reorganiza-
tion and re-engagement of rostrocaudal spinal interneuron 
networks that occurs with quadrupedal training. A 
custom-adapted five-lane rodent treadmill (Pan Lab/ 
Harvard Apparatus, #LE8710RTS) was used and animals 
were supported upright in harnesses and positioned so the 
hind paws touched the surface of the treadmill as previously 
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reported.30 This apparatus and harness allowed for animals 
to be kept upright whilst having near full weight-bearing 
movements on their hindlimbs. Training beginning 1 week 
prior to the injury involved habituation of the rats to the 
treadmill and the suspension harnesses for 3 days followed 
by guiding them to walk on their hindlimbs for 30 min 
each for 3 days. By 3 weeks post-SCI, all of the animals re-
covered at least weight-supported planter stepping and 
therefore were able to be trained effectively for bipedal step-
ping. The rats completed bipedal training at a speed of 20– 
35 cm/s for 20 min a day, 5 days a week, for 7 weeks in total. 
Immediately following completion of bipedal training ses-
sions, the rats underwent 20 min of quadrupedal exercise 
training at a speed of 30–40 cm/s.

Tissue processing and 
immunohistochemistry
Ten weeks after the injury and following the final behaviour 
tests, animals were overdosed with ketamine/xylazine (100/ 
10 mg/kg, i.p.) and transcardially perfused with 0.9% saline 
followed by 4% paraformaldehyde in 0.1 M phosphate buf-
fer. The spinal cords were removed and post-fixed overnight 
at 4°C before being cryoprotected in 30% sucrose. Two re-
gions of interest were dissected. The first encompassed one 
centimetre of the spinal cord with the lesion at the centre. 
The second region encompassed 0.5 cm of tissue caudal to 
the first region. This second region represents L1–L4 spinal 
cord level and was used for investigating lumbar plasticity. 
Both pieces of tissue were cryosectioned at 30 µm, mounted 
onto positively charged slides (SuperFrost Plus; Fisher 
Scientific) and arranged so that each section was 600 µm 
apart. Slides were then frozen until required. 
Immunohistochemistry (IHC) was performed to investigate 
lesion size, potential neuroprotection, fibrotic scarring, blood 
vessels, serotonergic fibres and glutamatergic vesicles. Briefly, 
slides were washed with PBST (Phosphate Buffered Saline 
with 0.2% Triton X-100) three times for 10 min each, fol-
lowed by blocking with 10% normal goat or donkey serum. 
Primary antibodies (Supplementary Table 1) were diluted in 
PBST and added to the slides at room temperature overnight. 
The slides were washed with PBST three times for 10 min each 
before addition of the appropriate secondary antibodies and 
4′,6-diamidino-2-phenylindole (DAPI; Invitrogen; 1:10 
000) at room temperature for 2 hours (Supplementary 
Table 1). The slides were then washed three times with 
PBS (Phosphate Buffered Saline) before being coverslipped 
with Fluoromount (ThermoFischer).

Microscopy and image analyses
Tile-scanned images of immuno-stained whole coronal 
spinal cord sections were obtained using a Zeiss 
Axioscan.Z1 slide scanner microscope at × 10 or × 20 mag-
nification. This microscope was used to ensure that acquisi-
tion was automated and that the parameters were 

maintained for each IHC analysis. All image analyses were 
done blinded to the treatment groups.

Injury site analyses
Injury size and tissue sparing were determined by measuring 
the area delineated by glial fibrillary acidic protein (GFAP) 
immunolabeling in Zen Blue software and then subtracting 
from the total tissue circumference. All remaining image ana-
lysis was performed in ImageJ. The number of neuronal- 
nuclei (NeuN)-positive neuronal nuclei over the injury was 
calculated by first thresholding images to positive staining 
for NeuN and then converting the images to binary. To 
count the number of NeuN-positive nuclei, the watershed fil-
ter was applied and particles were measured within the 
spinal cord parenchyma measuring between 20 and 2400 
μm2. For the laminin and fibronectin markers of fibrotic scar-
ing analysis, a threshold was applied to positive staining, of 
which the area within the spinal cord parenchyma tissue was 
measured. To investigate the cell-positive lesion area and 
neuronal expression within the lesion, we stained for 
GFAP, β-tubulin-III (βtubIII) and DAPI. Sections represent-
ing the lesion epicentre, 600 µm rostral to the lesion and 
600 µm caudal to the lesion were selected. The lesion border 
was delineated by GFAP staining to determine what we term 
the ‘intralesional space’. Within the intralesional space, we 
measured cell number as well as cell-positive and cell- 
negative (cystic cavitation) areas. The number of cells was 
counted using particle analysis and the area of 
βtubIII-positive immunoreactivity was measured. For sero-
tonin (5-HT) analysis, three transverse sections 1800– 
3000 µm caudal to the lesion per animal were analysed. 
Regions of interest were selected covering an area compris-
ing the ventral horns. These regions were assigned a pixel 
threshold representative of positive immunostaining that 
was maintained across all analyses, whereby pixel area 
above this threshold was summed and averaged across 
each animal in each experimental group.

Lumbar site analysis
We performed IHC probing for vesicular glutamate trans-
porter 1 (VGluT1) on coronal sections of lumbar spinal 
cord spanning L1–L4, as detailed above. Images were cap-
tured at ×20 magnification on an AxioscanZ1 microscope, 
and then converted to 8-bit before thresholding for positive 
staining. Integrated density and area of fluorescence were 
measured in Laminae I–II, III–V and then VI–X as deter-
mined by the atlas of the rat lumbar spinal cord. Eight sec-
tions spanning the lumbar cord were analysed per animal. 
Data were represented as integrated density of staining per 
area.

Behavioural functional assessments
Basso, Beattie and Bresnahan scoring and horizontal 
ladder test
One week prior to injury, all animals were habituated and 
trained to complete each behaviour task for 30 min daily 
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over 3 days. Basso, Beattie and Bresnahan locomotor scale 
(BBB) scoring was carried out by two blinded observers in 
a circular open field for 5 min each as previously de-
scribed.30,31 For the horizontal ladder test, a 100 cm ladder 
with irregularly spaced rungs was used. Each animal 
completed three runs of the ladder while being recorded 
using a GoPro Hero5 camera. The footage was analysed 
frame-by-frame by a blinded observer to capture footfalls 
and total steps. Steps were considered an error if the paw 
slipped from the rung, and both partial and full slips were 
counted. The average number of errors was recorded over 
the three runs and expressed as a percentage of the total 
steps.

Two-dimensional kinematic recordings and analysis
Data acquisition and kinematic analysis using the MotoRater 
System (TSE Systems, Germany; #E-303030-RM) was con-
ducted as previously described.32 The hindquarters of the 
rats were shaved, and markings were placed on the following 
landmarks of the hindlimbs: iliac crest (IC), greater trochanter 
(hip), lateral malleolus (ankle), lateral epicondyle (knee) 
and the metatarsophalangeal joint of fifth toe. Videos were 
recorded of over-ground walking from left and right lateral 
views using a Matrix Vision mvBlueFOX3 CMOS 
(Complementary Metal-Oxide Semiconductor) camera at a 
resolution of 1496 × 642 pixels and a frame rate of 193 
frames/s. At least five passes of the runway were recorded 
for each animal. The markers were then tracked in the videos 
using TSE Motion V9.2.2 (Simi Reality Motion Systems 
GmbH) pattern recognition software. This resulted in x- 
and y-coordinates for all markers on both body sides over 
the time course of the runs. Based on these marker positions, 
we calculated four joint angle time courses for each hind leg 
and each time point in all trials. These were defined as the an-
gle between the horizontal axis of the video and the IC-hip seg-
ment (IC angle), the angle between the IC-hip and the femur 
(hip joint), the angle between the femur and the tibia (knee 
joint) and the angle between the tibia and the ankle-toe seg-
ment (ankle joint). To average all steps in a particular leg, 
we calculated the movement speed of the foot markers as a 
proxy for the onset of individual steps: whenever the speed 
of a foot marker dropped below an empirically determined 
threshold, the leg was considered to have initiated a stance 
movement. Complete step cycles were defined as the move-
ment from a lift-off event to the next. For further analysis, 
we only considered complete step cycles. After normalizing 
each individual step cycle to 100 time points, the joint angle 
time courses associated with these step cycles were averaged 
per body side (i.e. left and right legs were analysed separately). 
We further calculated two additional kinematic measures: the 
average normalized IC joint height (defined by the average 
distance of this marker to the floor of the walkway during in-
dividual trials normalized to the uninjured condition), and the 
maximum amplitudes for all joint angles (defined by the abso-
lute difference between its maximum and minimum in an in-
dividual’s average joint angle time course).

Gait analysis
The CatWalk XT gait analysis system (Noldus)33,34 was used 
to quantitate parameters of gait and locomotion in the rats 1 
week prior to their injury until 10 weeks post-injury. Camera 
and recording settings involved a green detection threshold 
of 0.10, camera gain of 11.60 dB, red ceiling light voltage 
of 18.0 and green walkway light voltage of 19.0. For a run 
to be considered successful, there had to be a maximum 
run variation of <60% and completion within 5 s. Four suc-
cessful runs per animal were recorded. Every run was first 
classified by the automated footprint recognition of the 
CatWalk XT software. Each run was then manually re-
viewed and its annotation corrected as needed by a blinded 
investigator. Gait parameters are represented as an average 
of the four runs per animal, per time point. A total of 37 
parameters were used for analysis (Supplementary Table 2). 
Parameters were assigned classification and sub-classifications, 
and the data set was then pooled for like-parameters, i.e. left 
and right hindpaw print area was pooled into the one param-
eter of ‘hindpaw print area’. This produced 23 parameters 
used for principal component analysis (PCA). First, the data 
for each animal were averaged and each averaged data set 
of 23 parameters was treated as an entry in the data matrix 
for PCA, resulting in a 23-by-23 matrix. Rows indicated 
individual animals, and columns indicated the different para-
meters. This data set was centred and each column normalized 
to a standard deviation of 1 before calculating PCA. We ex-
tracted the explained variance for each principal component 
(PC) and the coefficients for the first three PCs. Following 
this, we processed this PCA data set by collapsing columns 
with similar annotations to the means and performed heat-
map hierarchical clustering to identify correlation between 
groups.

Data exclusion and statistical analyses
An a priori sample size calculation was conducted based on 
the mean and standard deviation of our previous behaviour 
results, using an α of 0.02 and a 1 − β of 0.95.30 The calcula-
tion returned a minimum number of 14 animals per group. 
An exclusion criterion was set prior to the initiation of the 
study, accounting for if the combined hindlimb BBB score 
of an animal post-surgery was greater than five at day 3 after 
injury; if BBB scores did not improve past a combined score 
of nine by the end of the 3 weeks (due to inability to complete 
the ladder task); and if the animal was euthanized because of 
complications of the surgery, as measured by outcomes such 
as incontinence lasting longer than 2 weeks or automutila-
tion. Due to government restrictions during the COVID pan-
demic, animals that were initially planned to be in a 
rehabilitation group were forced to be re-allocated to control 
and epoD groups, resulting in a higher sample number with-
in these groups.

All numerical values are reported as means ± standard er-
ror of the mean (SEM) unless otherwise stated. Statistical 
analyses were performed using GraphPad Prism 9. To assess 
whether data sets followed a normal distribution, a 

Rehab-enhanced epothilone treatment                                                                            BRAIN COMMUNICATIONS 2023: Page 5 of 19 | 5

D
ow

nloaded from
 https://academ

ic.oup.com
/braincom

m
s/article/5/1/fcad005/6987086 by guest on 08 January 2024

http://academic.oup.com/braincomms/article-lookup/doi/10.1093/braincomms/fcad005#supplementary-data


D’Agostino and Pearson normality test with α = 0.05 was ap-
plied to check for Gaussian distribution. Data sets passed 
this test and as such, parametric one-way and two-way 
ANOVA statistical analyses were applied. The exception to 
this was the statistical analysis for the kinematics data which 
utilized the Wilcoxon rank-sum test. All statistics and post 
hoc tests for multiple comparison corrections are stated in 
the text where appropriate. For all analyses: *P < 0.05, 
**P < 0.001, ***P < 0.0001.

Results
Ixabepilone fails to cross the  
blood–brain barrier, whilst 
epothilone D and B rapidly 
distribute following intraperitoneal 
or subcutaneous injections
Our previous studies established the dosing schemes of i.p. in-
jections of epoB and D based on PKs and the pharmacodynam-
ics of tubulin acetylation and tyrosination.24–26 In general, 
absorption of lipophilic drugs occurs slower through the s.c. 
route and can be advantageous when increased presence of 
the drug is desired.35 Given the lipophilicity of epothilones,36

we tested whether s.c. administration of epothilones displays 
a PK profile similar to those for i.p. injection.24,25 A pilot study 
showed that naïve and contused adult animals displayed com-
parable concentrations of epoD in the CNS after i.p. injections 
1 or 3 days post-injury (Supplementary Fig. 1). We, therefore, 
focused our PK analysis on naïve adult animals (Fig. 1A). In 
addition, we tested the PK of a third epothilone, ixabepilone, 
which is to date the sole drug from the epothilone family 
with FDA (Food and Drug Administration) approval for use 
in humans. LC–MS of biological extracts, however, showed 
that ixabepilone is only weakly BBB-permeable, with minimal 
concentrations of the drug detected in the brain and spinal cord 
tissue (Fig. 1B–D). Hence, ixabepilone was subsequently not 
considered a potential systemic treatment for SCI, excluding 
it from the remainder of this study. In contrast, epoD and 
epoB rapidly distributed from the plasma to the CNS 
(Fig. 1B–D). However, these epothilones showed differing re-
tention rates in the CNS: concentrations of epoD were un-
detectable in CNS tissue 7 days after injection, whereas epoB 
persisted for up to 14 days (Fig. 1C and D). Notably, s.c. injec-
tions of epoB resulted in greater drug concentrations in the 
CNS 24 hours after injections compared with i.p. (Fig. 1C 
and D; P < 0.05; two-way ANOVA, Bonferroni post hoc). 
Therefore, all the epothilones were administered s.c. in the fol-
lowing experiments.

Neuroprotection is not conferred by 
epothilones or rehabilitation
Our previous investigations reported that treatment with 
epothilone or our rehabilitation paradigm does not affect 

lesion size or tissue sparing following mild contusive 
SCI.24,25,30 We therefore initially tested their effects in a 
more severe contusion injury model. Following a 
175 kdyn contusion injury at T10, rats received either 
epoD (1.50 mg/kg), epoB (0.75 mg/kg) or vehicle (1:1 
DMSO:saline) on Days 1 and 15 post-injury (Fig. 2A and 
B). A growth-promoting approach in parallel with rehabili-
tation can have counterproductive effects on functional re-
covery, whereas a sequential treatment showed an 
improvement.37 Hence, we started rehabilitation training 
with the animals of the rehabilitation group 3 weeks post- 
injury for 7 weeks. All animals in the study were perfused 
after 10 weeks prior to cryosectioning for IHC analysis 
(Fig. 2A and B). No differences in lesion size or spared tis-
sue determined from the demarcation of GFAP immunos-
taining were observed between the groups (Fig. 2C–E). 
At the lesion centre, we observed a maximal lesion size of 
∼1.0 mm2, surrounded by an area of spared tissue of 
∼1.5 mm2.

Epothilones protect against dopaminergic neuron loss in 
rodent models of Parkinson’s disease.38,39 However, when 
we tested whether epoD and epoB could protect spinal 
cord neuron loss within spared tissue, immunostaining for 
the neuronal marker NeuN showed a similar loss of neurons 
towards the lesion centre in all groups (Fig. 2F and G). Thus, 
neither epothilones nor rehabilitation affects lesion size or 
neuroprotection after SCI.

Epothilone B reduces fibrotic scar 
components after moderate 
contusive injury
The fibrotic scar acts as a barrier to regenerating axons and 
its reduction is associated with behavioural improve-
ments.40 Previous studies reported that epoB and epoD re-
duce fibrotic scarring after mild contusion SCI, when 
assessed 3 days and 4 weeks after injury.24–26 We, there-
fore, analysed fibrotic scarring in our more severe SCI mod-
el. We found that the fibrotic scar, as marked by laminin 
and fibronectin,40 was reduced after epoB treatment even 
10 weeks after injury. Specifically, laminin immunoreactiv-
ity was reduced from 600 µm rostral to 1200 µm caudal to 
the lesion epicentre (Fig. 3A and B; P < 0.05; two-way 
ANOVA, Dunnett’s post hoc). For animals treated with 
epoD, only for those in position 600 µm caudal was this 
significant in the epoD + rehabilitation group (0.53 versus 
0.65 mm2; P < 0.05). Animals that underwent rehabilita-
tion alone showed no change in laminin immunoreactivity 
(Fig. 3A and B).

Consistently, fibronectin staining was also reduced at the 
lesion centre of epoB-treated animals (Fig. 3C and D; 0.34 
versus 0.55 mm2; P < 0.0001; two-way ANOVA, 
Dunnett’s post hoc). Interestingly, we found an increase in fi-
bronectin staining distal to the lesion in these epoB-treated 
animals (Fig. 3C). As EpoB reduces the migration of 
fibronectin-producing perivascular cells and promotes 
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microcirculation reconstruction following SCI,41 we hy-
pothesized that this increase in fibronectin could originate 
from cells localized to blood vessels, which expressed fibro-
nectin but failed to migrate. EpoB-treated animals displayed 
greater fibronectin immunoreactivity in sections outside the 
lesion core in regions both rostral and caudal to the lesion 
compared with control animals (Fig. 3E; P < 0.05; see 
Supplementary Fig. 2 for the full data set).

It has been proposed that type A pericytes are largely re-
sponsible for fibronectin production after non-penetrating 
SCI.42 Consistent with this, IHC analysis rostral to the le-
sion using the endothelial cell marker rat endothelial cell 
antigen 1 (RECA-1) and the type A pericyte marker cluster 

of differentiation 13 (CD13) (Fig. 3F) showed that, com-
pared with injured controls, epoB-treated animals dis-
played increased fibronectin immunoreactivity. This was 
largely distributed throughout the extracellular matrix 
and occasionally adjacent to vessels (Fig. 3G). Consistent 
with previous reports after epoB treatment,41 there ap-
peared to be a greater number of RECA1-positive vessels 
and pericyte (CD13) counts which occasionally localized 
with fibronectin (Fig. 3G). Taken together, epoB has a per-
sistent effect on decreasing fibrotic scarring at the lesion 
site and beyond in chronic SCI that may involve the preven-
tion of perivascular cell migration and microvasculature 
reconstruction.

Figure 1 PK profiles of epoD, epoB and ixabepilone following subcutaneous or i.p. injection. (A) Timeline of epothilone injections 
and tissue collection. (B–D) Concentration profiles of epothilones in plasma, brain and spinal cord tissue quantified by LC–MS. Created with 
BioRender.com. Plotted data are the mean drug concentration ±SEM. *P < 0.05 by two-way ANOVA and Bonferroni post hoc (asterisks compares 
the epoB groups). n = 3 animals per group and time point.
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Figure 2 Neither epothilones nor rehabilitation confers neuroprotection. (A) Scheme of the study design displaying the timing of injury, 
rehabilitation and behavioural tests. (B) Scheme depicting the location of the contusive injury and what regions of the spinal cord were sectioned 
for IHC. Created with BioRender.com. (C) Representative fluorescence images of GFAP-labelled spinal cord sections at the lesion epicentre or 
−3600 µm rostral demarcating the lesion area and spared tissue (orange dashed lines; red dashed lines show the tissue border; control animal; 
pixel values inverted; scale bar = 500 µm). (D and E) Quantification of lesion spared tissue and lesion size throughout the lesioned spinal cord 
determined by GFAP lesion demarcation (control n = 16; epoD n = 18; epoB n = 11; rehabilitation n = 10; epoD + rehabilitation n = 12; epoB + 
rehabilitation n = 12). (F) Quantification of the number of neurons throughout the lesioned spinal cord determined by counting NeuN 
immunolabelling (control n = 13; epoD n = 13; epoB n = 12; rehabilitation n = 10; epoD + rehabilitation n = 12; epoB + rehabilitation n = 11). (G) 
Representative fluorescence images of NeuN-labelled spinal cord sections at the lesion epicentre or −3600 µm rostral (control animal; pixel 
values inverted; scale bar = 500 µm). Plotted data are the mean ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001 by two-way ANOVA and Bonferroni post 
hoc.
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Figure 3 Epothilone B reduces fibrotic scar components after T10 175 kdyn contusion injury. (A) Representative fluorescent images 
of laminin throughout the lesioned spinal cord for the given groups (pixel values inverted; scale bar = 1 mm). (B) Quantification of laminin staining 
area within every 600 µm regions of spinal cord tissue (control n = 16; epoD n = 18; epoB n = 12; rehabilitation n = 11; epoD + rehabilitation n = 
12; epoB + rehabilitation n = 11). (C) Representative fluorescent images of fibronectin throughout the lesioned spinal cord for the given groups 
(pixel values inverted; scale bar = 1 mm). (D) Quantification of fibronectin staining area within every 600 µm regions of spinal cord tissue. (E) Area 
of fibronectin staining in regions rostral (−4200 to −2400 µm) and caudal (+1800 to +3600 µm) to the lesion (Control n = 18; epoD n = 21; epoB n 
= 12; rehabilitation n = 9; epoD + rehabilitation n = 12; epoB + rehabilitation n = 10). (F) Schematic representation of the region in which IHC was 
performed for the colocalization of fibronectin to RECA1 and CD13. Created with BioRender.com. (G) Fluorescent images of spinal cord sections 
3600 µm rostral from the lesion epicentre labelled for fibronectin and RECA-1 or CD13 (scale bar = 50 µm; 10 µm in zoomed panels). Plotted data 
are the mean ± SEM; each data point represents the mean per animal. *P < 0.05, **P < 0.01, ***P < 0.001 by two-way ANOVA and Bonferroni post 
hoc.
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Epothilone B reduces intralesional 
cell number
Considering epoB reduces the migration of pericytes and fibro-
blasts and potentially other cell types,24,41 we investigated 
whether there was a reduction of cell number within the lesion. 
Furthermore, as epoB reduces the presence of the fibrotic scar 
we also were interested in investigating what effect this had on 
axon regeneration within the lesion. To test this, we first deli-
neated the total lesion area marked by the astrocytic boundary 
within sections taken at the lesion epicentre and 600 µm rostral 
and caudal from the lesion epicentre (Fig. 4A). Within the in-
tralesional space, cell-positive and cell-negative (cavitation) 
areas were determined based on the cell nuclei (Fig. 4A and 
B). Albeit no change in the lesion size (Fig. 2), analysis of 
DAPI-positive cells showed that in animals treated with 
epoB, the intralesional space contained only half the cell num-
bers compared with those of control animals (Fig. 4C; P < 
0.05; two-tailed t-test). Concomitantly, the ratio of cell- 
positive area to the total lesion area was reduced in 
epoB-treated animals by one-third (Fig. 4D; 38.7% versus 
57.6%; P < 0.05), while the number of cells within the cell- 
positive lesion area remained unchanged (Fig. 4E). 
Consequently, axons marked by βtubIII within the total lesion 
area were reduced in the epoB-treated group (Fig. 4F; 13.25 
versus 23.80%; P < 0.05). This was independent of the pres-
ence of axons within the cell-positive area (Fig. 4G): there, 
the axon area remained unchanged. Thus, epoB decreases 
cell number within the intralesional space and increases the 
proportion of cystic cavities to tissue; in cell-positive areas, 
cell number and axons remained unchanged.

Epothilone B increases serotonergic 
fibre density caudal to the lesion site
Five-HT projections descend from the raphe nuclei and ter-
minate in the ventral horn of the spinal cord to provide neu-
romodulatory input to spinal interneurons and motor 
neurons. The loss of these projections correlates with loco-
motor dysfunction, and effective treatments for SCI often re-
sult in increased 5-HT fibre density caudal to the lesion.43,44

Through promoting axon growth, epoB and epoD induce 
this effect after hemisection or mild contusion injury.24,25

Likewise, some studies report serotonergic fibre sprouting 
after rehabilitation,45,46 although this was not observed in 
our previous study nor other studies.14,30,47 Therefore, we 
compared the two epothilones in our 175 kdyn contusion 
model and tested whether there was a further effect on sero-
tonergic plasticity when given in combination with rehabili-
tation. Specifically, we performed 5-HT IHC on coronal 
sections 1800–3000 μm caudal to the lesion site, represent-
ing sections at approximately spinal cord levels T12–T13 
(Fig. 5A), and measured the area of 5-HT + fibres within 
the ventral horns of these sections (Fig. 5B and C).

EpoB treatment alone resulted in approximately twice the 
amount of 5-HT-positive fibres compared to control animals 
(Fig. 5A and C; P < 0.05; one-way ANOVA, Dunnett’s post 

hoc). We found a comparable increase in 5-HT expression 
when epoB treatment was combined with rehabilitation. In 
contrast, consistent with our previous investigation,30 rehabili-
tation alone did not affect the 5-HT fibre density (P = 0.858; 
one-way ANOVA, Dunnett’s post hoc). EpoD treatment— 
both alone and in combination with rehabilitation—showed 
a trend towards an increased amount of 5-HT + fibres com-
pared with the control animals (Fig. 5A and C; 92 705 versus 
65 510 μm2; P = 0.1553; 102 732 versus 65 510 μm2; P = 
0.0508; one-way ANOVA, Dunnett’s post hoc). Thus, epoB 
alone or epoB in combination with rehabilitation increased 
serotonergic axons after a moderate contusion injury.

Epothilone B increases medial grey 
matter vesicular glutamate 
transporter 1 expression in the 
lumbar spinal cord
Rehabilitation has been proposed to improve functional recov-
ery via a variety of mechanisms, including muscle mass and 
strength increase, BDNF (Brain Derived Neurotrophic 
Factor) upregulation, enhanced axon regeneration and synap-
tic plasticity promotion.28 SCI disrupts excitatory synaptic in-
put responsible for locomotion. Recent reports show that 
rehabilitation in the form of epidural stimulation, along with 
daily step-training, results in excitatory synaptic remodelling 
of motor neurons, as measured by an increase in VGluT2 bou-
tons following complete T9–T10 transection injury.48

Additionally, promoting plasticity through CSPG degradation 
in the injured spinal cord increases VGluT1 expression rostral 
and caudal to SCI.49 Therefore, we asked whether rehabilita-
tion may exert an effect at the level of excitatory synapses 
that would lead to enhanced functional recovery and investi-
gated the expression of presynaptic excitatory VGluT1 in the 
lumbar region. As the expression pattern of VGluT1 is strong 
within Laminae III–V and weak in Laminae I–II and VI–X, 
we segregated our analysis into these three regions (Fig. 5D– 
H). We found that rehabilitation did not affect VGluT1 expres-
sion nor did epoD treatment (Fig. 5F–H). Intriguingly, how-
ever, we found that in Laminae levels III–V, epoB-treated 
animals—alone or in combination with rehabilitation—had 
increased VGluT1 immunoreactivity compared with control 
animals (Fig. 5G; P = 0.0031: one-way ANOVA, Dunnett’s 
post hoc). The staining pattern of these animals is concentrated 
in Lamina III and medially in Laminae IV–V (Fig. 5D). Neither 
epoD nor rehabilitation influenced the expression of VGluT1 
staining (Fig. 5F–H). Taken together, epoB alone or in combin-
ation with rehabilitation showed an increase in excitatory 
VGluT1 expression in medial grey matter.

Functional recovery of spinal  
cord–injured rats after rehabilitation 
and epothilone B treatment
We then investigated functional recovery of the contused 
animals. To this end, we tested the rats for BBB locomotion 
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and horizontal ladder walk. Then we utilized MotoRater 
kinematic profiling of the hindlimbs and Catwalk XT gait 
analysis, followed by multiparametric analyses to compre-
hensively analyse hindlimb kinematics and parameters per-
taining to gait.

Rehabilitation improves open-field locomotion and 
ladder walking
Rats were scored for BBB locomotion and on the horizontal 
error ladder for 10 weeks post-injury. Measurements of 
force and displacement from the contusion impaction device 
confirmed injuries were of equal severity across treatment 
groups (Fig. 6A and B; P > 0.05; one-way ANOVA). All ani-
mals displayed a BBB score of less than two 1 day after in-
jury, representing a state of complete paralysis to very 

limited movements (Fig. 6C). Animals spontaneously recov-
ered hindlimb function over the following weeks; by week 2, 
animals performed weight-supported stepping, which is es-
sential for the ladder task (BBB score of 10 or greater). 
Whilst epothilone-treated animals trended towards higher 
mean BBB scores compared to the control group, there was 
no significant improvement (Fig. 6C). In contrast, animals 
that received rehabilitation displayed significantly improved 
BBB scores from week 8 onwards (14.4 versus 12.5; P < 
0.05; repeated measures two-way ANOVA, Dunnett’s post 
hoc). By week 10, animals that received rehabilitation im-
proved by two BBB points, indicating animals regained coor-
dinated stepping and parallel paw position at initial contact, 
compared to occasional coordinated stepping observed in 
control animals (14.8 versus 12.7; P = 0.0164: respeated 

Figure 4 Epothilone B reduces cell-positive lesion area and neuron expression within the lesion site. (A) Schematic of the sections 
used and the parameters measured for the analysis. Created with BioRender.com. (B) Immunostaining for DAPI and βtubIII at the lesion epicentre 
in control animals or those treated with epoB (scale bar = 500 µm). (C) Quantification of the number of cells within the lesion. (D) Quantification 
of the percentage of cell-positive area to total lesion area. (E) Quantification of the percentage of βtubIII staining area to the total lesion area. (F) 
Quantification of the number of cells within cell-positive lesion area. (G) Quantification of the βtubIII staining area within cell-positive lesion area. 
Plotted data are the mean ±SEM; each data point represents the mean per animal. *P < 0.05 by Student’s t-tests. Control n = 12; epoB n = 11.
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Figure 5 Epothilones but not rehabilitation promotes serotonergic and lumbar VGluT1 plasticity. (A) Representative images of 
sections 1800–3000 µm caudal to the lesion immunolabelled for 5-HT expression (pixel values inverted; scale bar = 200 µm). (B) Scheme depicting 
the ventral horn region in which images were thresholded to positive staining area and total 5-HT + immunolabelling within the ventral horns were 
measured. Created with BioRender.com. (C) Quantification of 5-HT staining area in the ventral horns in the given treatment groups (control n = 
15; epoD n = 18; epoB n = 11; rehabilitation n = 10; epoD + rehabilitation n = 12; epoB + rehabilitation n = 10). (D) Representative fluorescent 
images of spinal cord sections immunolabelled for VGluT1 (grey value intensity gradient; scale bar = 500 µm) in the given treatment groups in 
coronal sections from lumbar spinal cord (L1–L4). (E) Scheme depicting that the quantification for VGluT1 was segregated into Laminae I–II, III–V 
and V–IX. Created with BioRender.com. (F–H) Quantification of VGluT1 immunolabelling per area in the various laminae in the given treatment 
groups (control n = 9; epoD n = 9; epoB n = 12; rehabilitation n = 11; epoD + rehabilitation n = 10; epoB + rehabilitation n = 10). Plotted data are 
the mean ±SEM; each data point represents the mean per animal. *P < 0.05, **P < 0.01, ***P < 0.001 by repeated-measures two-way ANOVA 
Dunnett’s and Bonferroni post hoc.
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measures two-way ANOVA, Dunnett’s post hoc). 
Interestingly, animals that received both epoB and rehabilita-
tion showed these improvements already from week 7 on-
wards (14.4 versus 12.5; P < 0.05; repeated measures 
two-way ANOVA, Dunnett’s post hoc) and at week 10 the 
mean BBB score of 15.27 was higher than in all other experi-
mental groups.

We next assessed hindlimb function using the horizontal 
ladder test with irregular gaps, a skilled motor task utilizing 
coordination, proprioception and fine paw function. Prior to 
the injury, <5% of all steps resulted in errors for all animals 
(Fig. 6D). Two weeks after injury, animals made an error in 
50–70% of their steps, with the number of errors decreasing 
to varying degrees in a group-dependent manner over the 
subsequent 8 weeks. Animals that received rehabilitation 
alone made fewer errors in weeks 6 and 8 post-injury com-
pared with the control animals (31.7 versus 48.9%, P = 
0.0465; 30.6 versus 48.0%, P = 0.0414; repeated measures 
two-way ANOVA, Dunnett’s post hoc). Comparably, ani-
mals that received rehabilitation combined with epoB treat-
ment made significantly fewer errors in weeks 8 and 10 
post-injury compared with the control animals (27.3 versus 
48.0%, P = 0.0112; 23.1 versus 46.8%, P = 0.0024; re-
peated measures two-way ANOVA, Dunnett’s post hoc), al-
though this was not significantly different from the 

rehabilitation alone group. Therefore, in these two behav-
ioural measures, rehabilitation improves performance.

Epothilone B treatment alters hindlimb kinematic 
profiles
We assessed hindlimb kinematics during step cycles by 
tracking the marked joints: IC, hip, knee, ankle and toe 
(Fig. 7A). Each trial was segmented into a series of individ-
ual step cycles of the left and right hind leg, separately 
(Fig. 7B). We calculated the four joint angles (Fig. 7A), nor-
malized each step to unit time, and then averaged all steps 
of the two hind legs in each animal to arrive at an average 
joint angle time courses for each leg (Fig. 7C; see 
Supplementary Fig. 3 for the complete data set). 
Uninjured animals showed stereotypical joint angle time 
courses. Specifically, the IC and hip joints displayed small, 
mono-phasic modulation over the step cycle, while knee 
and ankle presented greater amplitudes of movement, 
which were modulated in a bi-phasic manner (Fig. 7C and 
D). In contrast, the injured groups showed a shift in values 
for IC and hip joint angles. Specifically, the average hip 
joint angle was lower, while the IC joint angle was higher 
(Fig. 7C–E). This was observed together with a general de-
crease in knee and IC angle amplitudes features consistent 

Figure 6 Rehabilitation and a combination of rehabilitation with epothilone B promote recovery in open field and ladder tasks. 
(A and B) The actual force and displacement of each impaction were plotted by one-way ANOVA, Bonferroni post hoc. (C and D) BBB and 
horizontal error ladder scores measured throughout the study. Plotted data are the mean ±SEM; each data point represents the mean per animal. 
*P < 0.05, **P < 0.01 by repeated-measures two-way ANOVA Dunnett’s and Bonferroni post hoc (light blue asterisks compare control with epoB 
= rehab; grey asterisks compare control with rehab). Control n = 17; epoD n = 20; epoB n = 11; rehabilitation n = 10; epoD + rehabilitation n = 12; 
epoB + rehabilitation n = 11.
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Figure 7 Epothilone B improves aspects of hindlimb kinematics. (A) Schematic of the five measured marker positions on the hindlimbs. 
For each video frame, these marker positions were used to calculate joint angles as depicted here. Created with BioRender.com. (B) An example 
of a complete walking trial for a right hind leg (uninjured condition). Marker colours correspond to those in (A). Complete step cycles have been 
defined as the movement from a lift-off event to the next. (C) Time course of all joint angles [see (A)] averaged over all steps for each individual 
and then averaged for all treatment groups separately (only left body side shown), normalized to their respective step cycles (see Supplementary 
Fig. 5 for averages of all individuals and both body sides). (D) Absolute amplitudes (difference between the maximum and minimum value during a 
step cycle) of all individual joint angles in all conditions (*P < 0.05, **P < 0.01, ***P < 0.001, Wilcoxon rank-sum test; black asterisks compare with 
control whereas brown asterisks compare with uninjured). (E) Average height of the IC marker above the surface of the walkway in all individual 
trials. Height was normalized to the height in the baseline condition. Boxplots indicate median, 25th, and 75th percentile (box) and 5th and 95th 
percentile (whiskers). Uninjured = 31; control n = 9; epoD n = 10; epoB n = 11; rehabilitation n = 10; epoD + rehabilitation n = 12; epoB + 
rehabilitation n = 11.
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with a more crouched posture and a decreased range of 
hindlimb motion (Supplementary Video 1 and Fig. 4).

While no discernible effect in the joint time courses was 
observed after epoD or rehabilitation, animals treated with 
epoB displayed greater angles of the hip joint at the begin-
ning and the end of the step cycle, and full amplitudes of 
the hip (Fig. 7C and D). Concomitantly, we observed a de-
creased amplitude of the knee angle (Fig. 7C and D; P < 0.01; 
Wilcoxon rank-sum test); together with an increased IC height 
(Fig. 7E; P < 0.001), this indicated a higher upright stance dur-
ing locomotion, combined with decreased knee range of mo-
tion. Hence, this walking pattern may represent an adaptive 
mechanism for locomotor recovery in epoB-treated animals.

Rehabilitation and epothilone B improve gait 
parameters and are additive in combination
To better understand how gait was improved after the treat-
ments, we finally performed catwalk gait analysis. 
Specifically, paw prints were detected by a high-speed cam-
era, and print and gait parameters for the forelimbs and hin-
dlimbs were digitally recorded (Fig. 8A). Parameters were 
assigned classifications. The data set was then pooled, be-
coming the basis for PCA and hierarchical heatmap cluster-
ing (Fig. 8B).

Compared with uninjured animals, several parameters 
were not improved in any treatment group, including 
hindlimb print area, print length, and ipsilateral coup-
ling of the hindlimbs to the forelimbs (Fig. 8B; 
Supplementary Fig. 5). EpoD did not improve any para-
meters and, therefore, clustered to the control group in 
the heatmap cluster plot. In contrast, we found several 
parameters improved by epoB and by rehabilitation 
alone, including diagonal limb coupling and support, 
stride length, hindlimb speed, three-limb support and 
lateral limb support (Supplementary Fig. 5; P < 0.05; 
one-way ANOVA, Dunnett’s post hoc). Rehabilitation 
appeared to have a stronger effect on coordination and 
limb support scores, evident by this group solely improv-
ing one limb and lateral limb support as well as result-
ing in greater mean improvements to the majority of 
limb coupling scores (Fig. 8B; Supplementary Fig. 5).

Intriguingly, the combination of epoB and rehabilitation 
further improved gait parameters which is reflected by the 
close heatmap clustering of these two groups (Fig. 8B). 
Specifically, this combination resulted in the greatest im-
provement to the parameters diagonal coupling, diagonal 
support, stride length, hindlimb speed, three-limb support, 
print position, lateral support and diagonal phase dispersion 

Figure 8 The combination of rehabilitation with epothilone B restores parameters of gait through complementary locomotor 
mechanisms. (A) An example image of the Catwalk XT gait analysis system recording paw prints during a run. (B) Heatmap hierarchical 
clustering of the PCA data set for correlation of parameters between treatment groups. (C) Three-dimensional depiction of the projection of all 
individual trials (data points represents means per animal) to the first three PCs and scores for PCs 1 and 2 (see also Supplementary Fig. 7). 
Boxplots indicate the median, 25th and 75th percentile (box) and 5th and 95th percentile (whiskers). *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 
0.0001 by repeated-measures two-way ANOVA Dunnett’s post hoc. Uninjured = 31; control n = 28; epoD n = 28; epoB n = 11; rehabilitation n = 
10; epoD + rehabilitation n = 12; epoB + rehabilitation n = 10.
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(Fig. 8B; Supplementary Fig. 5; P < 0.01; one-way ANOVA, 
Dunnett’s post hoc).

We then extracted the PC scores for each treatment groups 
and determined the parameters that correlated within each 
PC. PC 1 alone described one-third of the variance of the 
data set (Supplementary Fig. 6A). Highly correlated para-
meters in PC1 included diagonal limb coupling, diagonal 
limb support and general locomotor parameters, including 
stride length and speed (Supplementary Fig. 6B). All treat-
ment groups varied almost exclusively along PC1, indicating 
that it provides a general evaluation measure of how a 
particular treatment group compares to baseline 
(Supplementary Fig. 7). PCs 2 and 3, instead, captured sys-
tematic, treatment-unrelated, interindividual differences 
(PC2), or unspecific and unresolving variability that mani-
fests after injury (PC3; Supplementary Fig. 7).

Expectedly, uninjured animals scored highest on PC1 
when compared with all other groups (Fig. 8C; 
Supplementary Fig. 7). Conversely, the injured control ani-
mals scored lowest on PC1 (Fig. 8C; Supplementary Fig. 
7). Improvements to PC1 scores were witnessed in the 
epoB, rehabilitation, epoD plus rehabilitation and the epoB 
plus rehabilitation (P < 0.0001) treatment groups (Fig. 8C; 
Supplementary Figure 7; P < 0.001 and P < 0.0001; one-way 
ANOVA, Dunnett’s post hoc). The greatest improvement, 
however, was to the epoB plus rehabilitation group com-
pared with control animals which were most similar to the 
uninjured group. Thus, the parameters of diagonal limb 
coupling, diagonal limb support and general locomotor 
parameters, including stride length and speed, are holistically 
and additively improved in this combination group.

Discussion
Previous work suggests that microtubule stabilization com-
bined and rehabilitation may be both therapeutic avenues 
with translational potential for SCI.24–26,30,50 Here, we 
tested their combinatorial potential and found that systemic 
epoB administration followed by rehabilitation-enhanced 
functional recovery.

The entry of epothilones into the 
CNS
EpoD and epoB completed human clinical trials when devel-
oped as anticancer agents; currently, ixabepilone is the only 
member of the epothilone family that is used in the clinic due 
to its particular efficacy in the context of metastatic breast 
cancer.51 Our data uncover that ixabepilone only weakly pe-
netrates CNS compartments. Consistent with our finding, ix-
abepilone is a substrate for P-glycoprotein efflux pumps 
present on endothelial cells of the blood–brain barrier, a cru-
cial mechanism for drug exclusion from the CNS.52 This 
contrasts the low susceptibility of epoB and epoD to 
P-glycoprotein-mediated drug exclusion.51,52 Thus, future 
investigations would need to test whether ixabepilone could 

have beneficial effects when applied intrathecally before it 
can be considered in future CNS repair therapies.

Instead, epoD and epoB are strongly BBB-permeable and 
rapidly distributed to the CNS compartments following i.p. 
or subcutaneous administration. However, they differed in 
their retention in the CNS: epoB persisted in the brain and 
spinal cord compartments for more than 2 weeks; in con-
trast, epoD was cleared from these compartments within 1 
week. This PK difference in the epothilones is likely the rea-
son for key differences observed in their actions. In this con-
text, it is interesting to note that epoB has been successfully 
trialled in a Phase I/II study for recurrent glioblastoma.53

The effect of epothilones on fibrotic 
scarring and intralesional cell number
Three days post-injury, perivascular cells proliferate, migrate 
and aggregate in the injured area where fibronectin and lam-
inin are assembled at the lesion centre,40 a response attribu-
ted to perivascular type A pericytes.42 Previous work showed 
that the effect of epoB at reducing laminin is stronger 4 days 
post-injury compared with 1 month after an injury, consist-
ent with the timing of cell migration to the lesion centre.24

Importantly, here, we observed a strong reduction of both 
laminin and fibronectin expression at the lesion centre by 
epoB, even 10 weeks following a more severe injury. 
Hence, the reduction of fibrotic scarring induced by epoB 
persists into the chronic stage of injury. Comparatively, the 
rapid clearance rate of epoD reduces the efficacy of the 
drug, preventing an ongoing process of extracellular matrix 
remodelling under the current dosing regimen. Hence, in the 
event that both epothilones would be followed up in studies 
towards an SCI therapy, our data suggest that epoD would 
have to be given at a more frequent dosing than epoB.

One way to interpret the reduction of fibrotic scarring is that 
epothilone-mediated microtubule stabilization prevents migra-
tion of cells involved in this process. Consistent with this pos-
sibility, we found in animals treated with epoB, extracellular 
and perivascular fibronectin staining in sections distal to the le-
sion and observed fewer cells in the intralesional space. 
Furthermore, following complete spinal cord transection in 
rats, epoB prevents the migration of pericytes and endothelial 
cells distal to the lesion site; this improved vascular regener-
ation.41 EpoB enables the proliferation and survival of peri-
cytes and endothelial cells through upregulated expression of 
vascular endothelial growth factor A, vascular endothelial 
growth factor receptor 2, platelet-derived growth factor-β 
(PDGFβ), platelet-derived growth factor receptor β and 
angiopoietin-1.41 Recent lineage tracing experiments reported 
that the primary source of fibrotic scar-forming cells within the 
lesion are of type A pericyte origin.42 Thus, these data suggest 
the notion that pericytes are involved in fibrotic scarring and 
that epoB reduces their impact by preventing their migration.

Interventions that interfere with fibrotic scarring render 
tissue more permissive for axon regeneration and are asso-
ciated with functional improvements.54,55 However, fibro-
nectin and laminin are pro-regenerative and stimulate 
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wound-healing effects.56,57 While our data highlight a re-
duction of axons in the intralesional space in the cell- 
positive area in this study, and as seen in previous stud-
ies,24–26 we also show that epoB promotes plasticity within 
tissue distal to the lesion. Thus, these data pinpoint the fact 
that it is still unclear whether the intralesional or the extra-
lesional component of anatomical regeneration is involved 
in functional recovery. Future work is prerequisite to dis-
sect the dichotomous roles of these fibrotic molecules in 
the context of SCI.

The effect of epothilones and 
rehabilitation on spinal plasticity
Spinal cord serotonin levels facilitate locomotion and may in-
fluence functional recovery after SCI.43 EpoB increased seroto-
nergic fibres caudal to the lesion site. Consistent with our 
previous investigation,30 rehabilitation alone did not affect 
the 5-HT fibre density. While this was also not observed in 
other studies investigating rehabilitation,14,47 there are reports 
of the contrary.45,46 The reason for this dichotomy may be the 
result of the varying forms in which rehabilitation can be ap-
plied or species differences between mice and rats. 
Intriguingly, we found that epoB also increased VGluT1 ex-
pression in Laminae III–V, a novel mechanism associated 
with microtubule stabilization. How microtubule stabilization 
induces this increase remains to be characterized. As previous 
reports showed that epoB decreases CSPG production and de-
position24 and that CSPG degradation increases VGluT1 ex-
pression,49 thus it is possible that epoB increases VGluT1 
expression through CSPG decrease. Alternatively, microtubule 
stabilization enables increased cargo transport in the axon and 
may thereby more efficiently deliver VGluT1.58

VGluT1-expressing primary afferent terminals in the 
superficial and deep dorsal horn are associated with proprio-
ception and the transmission of tactile stimuli.59 In this con-
text, it is noteworthy that proprioceptive feedback below the 
lesion drives spontaneous locomotor recovery.60 Therefore, 
epoB could influence recovery by enhancing proprioceptive 
signals driving activity-dependent connectivity changes. 
VGlut1/2-expressing interneurons in Laminae III–V also 
control and modulate motor neurons.61 As such, behaviour-
al improvements after epoB treatment could be attributed to 
strengthening excitatory networks.

Combining epothilone B and 
rehabilitation: enhancement of 
locomotor recovery
Epothilones improve outcomes on behavioural tasks following 
SCI and stroke models.24–27 Similarly, rehabilitative strategies 
improve function alone and can enhance functional recovery 
in combination with a regeneration-promoting therapy.28

Rehabilitation comes in many forms; our paradigm consisted 
of bipedal and quadrupedal training. This blend of training 
was selected to reinforce supraspinal-controlled initiation 

and modulation of bipedal locomotion,62 as well as the re-
organization and re-engagement of rostrocaudal spinal inter-
neuron networks following quadrupedal training.63 This 
helped us to uncover that epoB and rehabilitation improve 
both similar and complementary parameters of locomotion. 
Specifically, rehabilitation more strongly affected aspects of 
coordination and limb support scores; epoB treatment im-
proved these parameters as well, albeit to a lesser extent, but 
uniquely altered the kinematic profile of hindlimb step cycles. 
When epoB and rehabilitation were combined, however, the 
PCA of gait showed the greatest improvement when compared 
with control animals, due to the overlapping benefits exerted 
from each intervention.

How might these therapies be interacting to produce these 
effects? Microtubule stabilization promotes axon regener-
ation/sprouting of several types of neurons in vitro—including 
cortical, hippocampal and cerebellar granular neurons—and 
in vivo—including dorsal root ganglion and raphe spinal neu-
rons.22–24,54 We can therefore hypothesize that epoB enhances 
regenerative responses of axons that spontaneously occur fol-
lowing SCI, resulting in a comparatively broad effect on behav-
iour. On the other hand, rehabilitation appears to selectively 
affect the neural circuits involved in rehabilitative move-
ments.14 Notably, rehabilitation can also promote the forma-
tion of nascent circuits only possible through rehabilitative 
activities.62,64 Quadrupedal walking can occur in the complete 
absence of supraspinal input using electrochemical modula-
tion65; yet effective coordination of the limbs during walking 
occurs through spinal locomotor networks, the interplay be-
tween the circuits of the forelimbs and the supraspinal struc-
tures that regulate posture and volitional aspects of 
locomotion.66 Finer movements, including placement of 
paws and control of the digits or bipedal locomotion, largely 
requires higher level functioning or supraspinal connectivity 
to lumbosacral circuits.62,67 Taken together, rehabilitation 
could strengthen the neuronal circuitry specifically involved 
in bipedal and quadrupedal locomotion that has been pro-
moted by the broad regenerative effects of epoB.

Conclusions
Rehabilitation and epoB improve differing aspects of func-
tion and their combination can be further therapeutic. This 
combination strategy could therefore represent a promising 
avenue for future clinical translation.

Supplementary material
Supplementary material is available at Brain Communications 
online.
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