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Rehabilitative training is one of the most successful therapies to promote motor recovery after spinal cord injury, especially when

applied early after injury. Polytrauma and management of other medical complications in the acute post-injury setting often

preclude or complicate early rehabilitation. Therefore, interventions that reopen a window of opportunity for effective motor

training after chronic injury would have significant therapeutic value. Here, we tested whether this could be achieved in rats with

chronic (8 weeks) dorsolateral quadrant sections of the cervical spinal cord (C4) by inducing mild neuroinflammation. We found

that systemic injection of a low dose of lipopolysaccharide improved the efficacy of rehabilitative training on forelimb function, as

assessed using a single pellet reaching and grasping task. This enhanced recovery was found to be dependent on the training

intensity, where a high-intensity paradigm induced the biggest improvements. Importantly, in contrast to training alone, the

combination of systemic lipopolysaccharide and high-intensity training restored original function (reparative plasticity) rather

than enhancing new motor strategies (compensatory plasticity). Accordingly, electrophysiological and tract-tracing studies demon-

strated a recovery in the cortical drive to the affected forelimb muscles and a restructuration of the corticospinal innervation of the

cervical spinal cord. Thus, we propose that techniques that can elicit mild neuroinflammation may be used to enhance the efficacy

of rehabilitative training after chronic spinal cord injury.
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Introduction
Spinal cord injury is a devastating event causing permanent

loss of motor, sensory and autonomic functions below the

level of the injury. Currently, rehabilitative motor training

is one of the most effective and reliable approaches to pro-

mote motor recovery after incomplete spinal cord injury

(Harkema et al., 2012; Nam et al., 2017). Still, there are

tremendous gaps in our knowledge regarding the general

applicability of motor training, including the choice of

training strategies and the optimal time frame for beginning

training. In general, CNS injuries increase the adaptive cap-

acity of spared neural circuits, creating a finite period in

which training can effectively harness plasticity to improve

functional recovery (Fouad et al., 2011). Accordingly, data

from individuals and animal models with stroke and spinal

cord injury suggest that training efficacy diminishes when

training is initiated chronically after the insult (Biernaskie

et al., 2004; Maulden et al., 2005; Norrie et al., 2005).

Many factors likely contribute to this time-dependent re-

duction in neural plasticity but a role for neuroinflamma-

tion has not been considered as a modifier of rehabilitative

training efficacy.

Inflammation after CNS injury is a complex process con-

tributing to both tissue injury and repair (Schwartz et al.,

1999; Chen et al., 2008; Donnelly and Popovich, 2008;

Alexander and Popovich, 2009), including axon regeneration

and sprouting (Yin et al., 2003; Hossain-Ibrahim et al.,

2006; Gensel et al., 2009). However, the ability to co-opt

the pro-regenerative potential of neuroinflammation may be

time-dependent and require selective activation or silencing

of distinct receptors on immune cells (Gensel et al., 2012,

2015; Kigerl et al., 2014; Freria et al., 2017). As an ex-

ample, Shine and colleagues showed that viral-mediated

overexpression of neurotrophin 3 (NT-3) in motor neurons

below the level of a corticospinal tract lesion, enhanced plas-

ticity and sprouting in spared corticospinal axons, but only

if NT-3 was expressed within 2 weeks after injury (Chen

et al., 2006). Indeed, by 4 months post-injury, viral-mediated

overexpression of NT-3 was not able to elicit growth/plasti-

city in uninjured corticospinal axons unless inflammation

was induced by systemic injection of lipopolysaccharide

(LPS) (Chen et al., 2008). These data suggest that compo-

nents of the early inflammatory response after injury can

enhance plasticity within injured or intact CNS axons.

Therefore, we hypothesized that reintroducing inflammation

after chronic spinal cord injury will reopen a period of plas-

ticity during which the efficacy of motor training is

enhanced. Here, we tested this hypothesis by inducing a

mild neuroinflammation in chronic spinal cord injured rats

(8 weeks after cervical injury when training efficacy has

declined; Norrie et al., 2005; Wang et al., 2011) using sys-

temic injection of LPS combined with training in a reaching

and grasping task.

Materials and methods

Experimental design

Animals

Adult female Lewis rats (n = 132, Charles River, 200–250 g)

were group-housed and received water ad libitum. Food was

restricted to 10 g a day per rat during training periods, other-
wise animals had ad libitum access. The study was approved

by a local animal care and use committee (Health Sciences) at

the University of Alberta and complies with the guidelines of

the Canadian Council for Animal Care.

Experiments

For the LPS dose response, 12 animals were divided in four

groups [n = 3 per group, saline, 0.25, 0.5 or 1 mg/kg of LPS

i.p. (intraperitoneal), Supplementary Fig. 1]. For training ex-

periments, three exclusion criteria were established: (i) ani-
mals that could not learn the single pellet reaching and

grasping (SPG) task properly, by doing only a few number

of attempts or with a pre-injury success rate under 20%; (ii)
animals with a lesion size above 35% (see histological ana-

lysis), incapacitating them to retrain after injury; and (iii)

animals that did not show a reduction in the SPG task per-
formance after injury. A resampling method was conducted

to assign animals into treatment group, minimizing the aver-

age of the baseline pre-injury SPG success rate and the first

available post-injury SPG measure between groups. For low-
intensity training, 40 animals were originally in the experi-

ment, seven were excluded. Thirty-three animals were divided

in four groups [Saline n = 9, LPS n = 9, Saline+training (TR)
n = 8, LPS+TR n = 7]. For medium-intensity training, 30 ani-

mals were originally in the experiment, nine were excluded.

Twenty-one animals were finally included (LPS n = 8,
Saline+TR n = 6 and LPS+TR n = 7). For high-intensity train-

ing, 36 animals were originally in the experiment, four were

excluded. Thirty-two were finally divided in four groups

(Saline n = 9, LPS n = 7, Saline+TR n = 8, LPS+TR n = 8).
For technical problems, electrophysiological testing of the

Saline group in high-intensity training was conducted in

two different batches (four animals from the original experi-
ment plus five new animals that only contributed to electro-

physiology). The rest of the data are from the nine original

animals. For the electrophysiological testing in intact animals,
five rats were used. For the LPS-FITC (lipopolysaccharide-

fluorescein isothiocyanate) experiments, six animals with

spinal cord injury were used from the excluded animals in

the training experiments (1 h after LPS-FITC n = 3, 6 h after
LPS-FITC n = 2 and 1 h after LPS n = 1), and four intact ani-

mals were added (30 min, 1 h and 6 h after LPS-FITC, n = 1,

n = 1 and n = 2, respectively). Each experiment was con-
ducted once. For data collection, animal performance was

video recorded and analysed without revealing the animal

identifier after the analysis was done. In histology measures,
a blinded researcher performed the data collection and a dif-

ferent researcher did the analysis.
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Single pellet reaching and grasping
task

Single pellet reaching and grasping task and training

The SPG enclosures, the pellet dispenser, preferred paw deter-
mination and the training protocols used in this study have
been described previously (Torres-Espı́n et al., 2018). The
training protocols were manual training using single-window
enclosures in low-intensity training; manual training using
dual-window cages in medium-intensity training; and motor-
ized training using dispensers attached to dual-window cages
in high-intensity training. For the manual training, animals
were placed into the back of the enclosure and a pellet was
presented. Once the rat had completed a grasp attempt, the
trainer waited until the rat moved to the back of the enclosure.
Then, a new pellet was placed on the shelf and the process was
repeated for the entire session. Training using dual-window
enclosures (manual or dispenser) followed the same protocol
described above, but pellets were placed on the shelf on the
other side to encourage rats to move from one window to
another (pellet holder when using dispensers). Independently
of the training protocol, training was delivered for 10 conse-
cutive minutes per session and animal, for four to five sessions
a week. Training was delivered for 10 consecutive minutes per
training session and animal. Training intensity was set by vary-
ing the training protocol (Fig. 1A) to change number of pellets
presented in each experiment [pre-injury mean � standard
error of the pre-injury 10-min training session mean (SEM)
of 18.3 � 0.8, 48.3 � 3.3, and 92.2 � 4.3, for low-, medium-
and high- intensity training, respectively; Fig. 1]. The experi-
ments were conducted as follows: animals were pretrained in
the SPG task for 3–4 weeks and the baseline was determined.
The injury was then conducted. In medium and high intensity
training a post-injury baseline was measured (1 month after
spinal cord injury). After 8 weeks, animals received intraper-
itoneal injections of LPS/saline and the training started for
those animals in the training groups. A waiting period of
8 weeks was chosen based on reports where rehabilitative
training efficacy in rats declined between 4 to 12 weeks after
injury (Norrie et al., 2005; Wang et al., 2011) and on findings
that post spinal cord injury neuroinflammation had shifted
compared to acute/subacute stages (Donnelly and Popovich,
2008). After 7 to 8 weeks of training (or resting) the final
assessment was conducted in all animals. The SPG perform-
ance analysis was conducted in real-time or off-line from video
recordings. The parameters used in the SPG analysis were:
‘attempts’, defined as each time the animal advanced the
paw to reach for a pellet, succeeded or not; ‘reaching rate’,
the percentage of attempts that the rat reached the pellet;
‘grasping rate’, the percentage of attempts that the rat reached
and grasped the pellet; and ‘success rate’, the percentage of
attempts that the rat succeeded to reach, grasp and eat the
pellet. All the percentages are calculated with respect to the
total number of attempts per training session.

Single pellet reaching and grasping task movement

pattern analysis

At the end of rehabilitative training in the high-intensity train-
ing experiment the pattern of movements to successfully re-
trieve and eat a pellet was analysed as previously described
(Metz and Whishaw, 2000). Briefly, high-speed video

recordings (120 fps, Panasonic, DMC-FZ200 camera; reso-
lution of 1280 � 720 pixels) of three successes were independ-
ently scored and the average was calculated. For animals that
showed no successful trials, we quantified trials where the
pellet was successfully grasped and led to the mouth but
dropped right before the animal could eat it. For each analysed
trial, the performance was divided into 11 sequential move-
ment components (Fig. 2C). Each of the 11 movements was
rated in a 3-point scale: 0, movement is absent: 0.5, movement
is present but abnormal; 1 movement is present and normal.

Injury and drug administration

Spinal cord injury

Rats were anaesthetized using isoflurane (2.5% in a 50:50
air:oxygen mixture) and received a dorsolateral quadrant
lesion at the cervical spinal cord. Briefly, the dorsal neck was
shaved and cleaned with 10% chlorhexidine digluconate
(Sigma-Aldrich), the skin above vertebrae C2–C5 was incised,
and the muscles above spinal C3–C4 were split. A laminec-
tomy and a unilateral dorsolateral quadrant lesion at C4 ipsi-
lateral to the animals’ preferred paw was performed using
custom-made blades. Muscle layers and skin were sutured
using suture thread #5. Animals were kept on a water-heated
blanket until fully awake. Immediately after surgery, 4 ml of
saline were injected (subcutaneous) to rehydrate the animals.
Postoperative pain was managed by subcutaneous injections of
buprenorphine (0.03 mg/kg) for 1 to 2 days after surgery.

LPS and LPS-FITC administration

LPS was derived from Escherichia coli endotoxin (serotype
055:B5, Sigma-Aldrich). LPS and LPS-FITC (055:B5, Sigma-
Aldrich) were dissolved in sterile saline (pyrogen-free 0.9%
saline, Hospira) for injection. Saline or LPS was administered
intraperitoneally prior to the training experiments. The effect
of a single systemic LPS administration on microglia activation
a week after injection was determined in a dose-response fash-
ion (Supplementary Fig. 1). In the rehabilitative training ex-
periments, rats received two injections of saline or LPS
(Fig. 1D) (0.4 mg/kg in low-intensity training and 0.5 mg/kg
in medium- and high-intensity training). The injections for all
the training experiments were conducted at the onset of re-
habilitative training, 8 weeks after injury, and 3 weeks later
(11 weeks after injury), when LPS-induced neuroinflammation
starts to decay (Qin et al., 2007). In those experiment, for each
LPS injection, rectal and/or skin temperature were measured
before and 4 h, 1, 3 and 7–10 days after, and open field ac-
tivity was measured before and 1, 3 and 7–10 days after to
ensure the well-being of the animals. LPS injections induced a
transient sickness behaviour (i.e. body temperature changes,
anhedonia and piloerection) that lasted for no more than
3 days (Supplementary Fig. 5). In the LPS dose response ex-
periment animals were perfused 7 days after administration. In
the LPS-FITC experiment, animals were perfused 30 min, 1 h
or 6 h after administration.

Non-trained behavioural tasks

Open field general activity

Animals were individually placed in the centre of an acrylic
open field (100 � 80 cm) for 5 min in a dark room (10–15 lx).

1948 | BRAIN 2018: 141; 1946–1962 A. Torres-Espı́n et al.

http://brain.oxfordjournals.org/lookup/suppl/doi:10.1093/brain/awy128#supplementary-data
http://brain.oxfordjournals.org/lookup/suppl/doi:10.1093/brain/awy128#supplementary-data


Figure 1 Systemic LPS administration improves the efficacy of high intensity motor training in rats with chronic cervical

spinal cord injury. Three rehabilitative training experiments (A; low-, medium- and high-intensity training) were conducted using a single pellet

reaching and grasping task (B and C), following the same design (D). For the three experiments, the weekly number of reaching attempts (E, H

and K for low-, medium- and high-intensity training, respectively), the weekly success rate (F, I and L for low-, medium- and high-intensity

training) and the final success rate (G, J and M for low-, medium- and high-intensity training) are presented. No effect of the treatment on the

number of reaching attempts was observed for low- [F(3,38.7) = 0.93, P = 0.435] and medium-intensity [F(2,18.6) = 1.02, P = 0.379]. In high-

Immune-rehab training in rats with chronic SCI BRAIN 2018: 141; 1946–1962 | 1949

(continued)



Activity was recorded from above (Panasonic, DMC-FZ200
camera with a resolution of 1280 � 720 pixels) and analysed
using custom video analysis software. The general activity was
expressed as the distance animals travelled in 5 min.

Cylinder task

Rats were filmed exploring the walls of an acrylic cylinder
(21 cm diameter and 25 cm high) for 5 min or at least 10 rear-
ing movements. All wall touches of both front paws were
counted. The sum of wall touches per injured paw was ex-
pressed as a percentage of the total amount of touches with
both paws.

Grid walk task

Rats were filmed running in a grid walk runway (100 cm long,
12 cm wide, 12 cm high, 3 mm diameter cross bars spaced be-
tween 2 and 3 cm) with a 45� mirror underneath to capture both
lateral and ventral views of the animal. Only runs with at least
six consecutive steps were considered. If an animal had a misstep
or slip but recovered fast enough to keep running, the run was
considered as continuous. If an animal stopped, slipped, turned
around or had a misstep but could not recover, the run was
considered invalid and repeated. Three valid runs per animal
were considered. For each paw, the number of missteps (the
paw missed the targeted bar) was counted and expressed as a
percentage of the total number of steps for that same paw. The
average between the three videos was calculated for each animal.

Heat sensitivity plantar test

Heat sensitivity was determined using the Plantar Test
Instrument (Ugo Basile). The time (in seconds) of paw with-
drawal in response to infrared heat stimulus applied to the

plantar surface of both forepaws was measured. A cut-off
time of 20 s was set to prevent tissue damage. Five trials sepa-
rated by 5 min resting periods for each forepaw were performed.

Electrophysiology

In high-intensity training, at the end of the rehabilitative train-
ing period, motor evoked potential (MEP) responses were stu-
died in the posterior muscle compartment of both forearms.
Rats were anaesthetized using ketamine/xylazine (xylazine
7 mg/kg subcutaneous, ketamine 75 mg/kg i.p.). Animals were
placed in a stereotaxic frame, and a skin incision was made to
expose the skull. A window over the M1 area of the forelimb
motor cortex representation (0.5–1.7 mm rostral, 1–3 mm lat-
eral to bregma) of each side was drilled with a dental drill. The
stimulus was delivered by two customized tungsten monopolar
electrodes mounted in the stereotaxic micromanipulator and
placed transdurally 1 to 2 mm apart over the cortex. For
recording in each forearm, a recording custom-made stain-
less-steel electrode was placed subcutaneously over the first
proximal third of the posterior forearm muscle compartment,
and a reference electrode was placed subcutaneously over the
wrist. A subcutaneous electrode on the back served as ground.
Stimuli were delivered using a stimulus generator (Master-8,
A.M.P.I.) connected to a stimulus isolation unit (Isoflex,
A.M.P.I.). The muscle activity was amplified (Grass P5 series
a.c. pre-amplifier) and digitized at 8333 Hz (Axon instrument
Digidata 1322A, 16-bit) using AxoScope software (Molecular
Devices). One stimulus (0.1 ms duration) was delivered at a
time. The threshold of the muscle response was determined
by stimulating in the contralateral cortex of the unaffected
forelimb by progressively increasing the stimulus intensity.

Figure 1 Continued

intensity training, treatment modified the number of attempts [F(3,30.7) = 3.9, P = 0.017], although without differences between both training

groups. A significant effect of time and its interaction with treatment were observed for the three experiments [low-intensity: time effect

F(7,400.3) = 87.79, P5 0.001; time � treatment effect F(9,400.3) = 3.65, P5 0.001; medium-intensity: time effect F(9,461.9) = 69.128, P5 0.001;

time � treatment effect F(11,461.9) = , F = 3.73, P5 0.001; high-intensity: time effect F(9,155.2) = 9.015, P5 0.001; time � treatment effect

F(13,155.2) = 2.81, P = 0.0012]. At any time those differences were observed between both training groups, indicating that the administration of

LPS did not impact the training capacity of these animals. Regarding the success to the task, no differences between treatments were observed

with the use of the low-intensity protocol [F(3,35.8) = 0.34, P = 0.799], and although a significant time effect [F(7,400.5) = 15.69, P5 0.001] and

time-treatment interaction effect [F(9,400.5) = 3.85, P5 0.001] were found, no differences between groups were observed during the training

period. At the end of the training, differences between groups were found [KWch(3) = 9.84, P = 0.02], where Saline+TR animals reached higher

success rate than LPS animals (P = 0.0094). For medium-intensity experiment, no main effect of treatment was observed in the success rate

[F(2,21) = 1.16, P = 0.33]. A time effect [F(9,463.4) = 5.71, P5 0.001] and its interaction with treatment [F(11,463.4) = 5.97, P5 0.001] were

found significant. At the end of the training [F(2,60) = 22.98, P5 0.001] a significant improvement in success rate comparing Saline+TR and

LPS+TR groups with LPS alone animals (P = 0.0004 and P5 0.0001, respectively). Moreover, an intragroup analysis showed a significant im-

provement of both Saline+TR and LPS+TR over time. In high-intensity experiment, a significant effect of the treatment was observed in success

rate [F(3,31.8) = 3.9, P = 0.0176], as well as an effect of time [F(9,155.6) = 20.11, P5 0.0001] and the interaction between both

[F(13,155.6) = 4.77, P5 0.0001]. Intra-group analysis of time effect showed that both Saline+TR and LPS+TR improved over time, while no

improvement is observed in non-trained animals. A pairwise comparison showed differences between LPS+TR and Saline+TR groups at 4

(P = 0.0062), 5 (P = 0.002), 6 (P = 0.042) and 7 (P = 0.027) weeks after rehabilitative training onset. At the end of the rehabilitative training

[F(3,28) = 7.61, P = 0.0007], LPS+TR animals had a significant higher success rate than both Saline and LPS alone groups (P = 0.0074 and

P = 0.0007, respectively). These results indicate that rehabilitative training induce recovery when sufficient training intensity is applied. Finally, the

injection of LPS enhanced the efficacy of rehabilitative training after chronic cervical spinal cord injury, especially when high-intensity training is

delivered. Pre = pre-injury baseline; po = post-injury baseline. ***P5 0.001, **P5 0.01, *P5 0.05. In line graphs mean and SEM are represented.

In box-plots median (middle line), first and third quartile range (box) and IQR of 1.5 (whiskers) are represented.
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Then the contralateral cortex of the affected forelimb was

stimulated at 0.9, 1.25, 1.5, 1.75, 2, 2.25, 2.5, 2.75, 3 and
3.25 times the determined threshold with 1-min intervals be-

tween stimuli. Recordings from AxoScope were analysed using

a custom-made software (programmed in R-Shiny v1.0.5). The

responses were rectified and integrated using the R package

biosignalEMG (v2.0.1, Guerrero and Macias-Diaz, 2015). In
intact animals (n = 5), EMG responses were much larger in the

muscles contralateral to the stimulated cortex than ipsilateral

muscles (data not shown).

Figure 2 Systemic LPS administration and high intensity motor training reduce compensatory strategies for SPG task suc-

cess. At the end of the training period, animals in high-intensity training were also tested in a modified SPG task with a 7-mm wide gap between

the pellet and the slit (A, gap) to prevent scooping. A main effect was found between groups [KWch(3) = 9.62, P = 0.022]. Animals in the

combined LPS+TR group showed a higher success rate in the gap SPG than the rest of the groups (versus: LPS P = 0.019, Saline P = 0.016,

Saline+TR P = 0.017) (B). The movement sequence of succeeded attempts (C, see below) shows a change in all the animals between pre-injury

(pre) and post-injury (normal and gap) assessments, independently of the group [Saline: F(2,155.3) = 195.74, P5 0.0001; Saline+TR:

F(2,164.2) = 209.89, P5 0.0001; LPS: F(2,92.8) = 108.94, P5 0.0001; LPS+TR: F(2,216.7) = 97.09, P5 0.0001]. When comparing normal and gap

movement sequences, differences were observed in saline (2 of 11 moves), LPS (2 of 11 moves), Saline+TR (4 of 11 moves) and LPS+TR (2 of 11

moves) groups. The major point of difference between groups was movement 9, where LPS, Saline and Saline+TR groups (P5 0.0001 for each)

showed differences between normal and gap mode, but not group LPS+TR (P = 0.133). In D, representative frames from high-speed videos show

the normal (pre-injury) wrist supination movement before the pellet is retrieved (D, top). After injury, scooping strategies had developed,

characterized by dragging the pellets with a partial or non-existent wrist supination (D, middle). In the gap SPG, pellets can only be retrieved if the

wrist supinates enough to lift the pellet (D, bottom). Arrows indicate the direction to which the palm is facing. Movement definitions extracted

from Metz and Whishaw (2000) (1) Orient, the head is oriented toward the target and the snout is inserted through the slot to sniff. (2) Limb lift,

the mass of body weight is shifted from the reaching forelimb to the back, and the forepaw is lifted from the floor. The hindlimbs are aligned with

the body, indicating a normal base of support. (3) Digits close, the palm is partially supinated and approaches the midline of the body, the digits are

semiflexed. (4) Aim, the elbow is adducted to the body midline while the digits remain positioned on the body midline. (5) Advance, the forelimb

moves forward. While the body weight shifts to the front, the head and the upper body are raised to allow the forelimb to advance into the lateral

body movement toward the reaching limb. (6) Digits open, the digits are opened with accompanying discrete limb movement, the palm is not fully

pronated. (7) Pronation, the elbow abducts pronating the paw over the target in an arpeggio movement. (8) Grasp, the arm remains still, while the

digits close and the paw is extended and raised. (9) Supination I, the paw is supinated by 90� so that it can be withdrawn through the slot.

(10) Supination II, the paw is supinated so that the palm faces the mouth, and the body is in a horizontal position. (11) Release, as the rat sits back,

the food pellet is released into the mouth by opening the digits. In parallel, the head and the upper body are lowered and the other paw is raised

to support the preferred forelimb. In B: ***P5 0.001, **P5 0.01, *P5 0.05. In C: *,&,#P5 0.05. Mean and SEM are represented.
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Histological analysis

Tracing

Anterograde tracing with biotinylated-dextran amine (BDA;
10 000 MW, 10%, Microprobes) was performed in high-intensity
training right after the electrophysiological assessment using
the same set up (see above). Three injections of 1ml BDA
each were performed using a Hamilton syringe (Reno) at a
depth of 1.5 mm. The skin was sutured and animals were
allowed to recover as described above. Rats were perfused 2
weeks later.

Perfusion and sample cutting

Animals were euthanized by a lethal dose of pentobarbital
(Euthanyl, Bimeda-MTC, Animal-Health Inc.), followed by a
transcardial perfusion with saline containing 0.02 g heparin/l
for 10 min. Then saline was replaced by a fixative solution of
4% formaldehyde with 5% sucrose in phosphate buffer. Brain,
spinal cord and liver were harvested, post-fixed overnight in
the fixative solution and transferred into a 30% sucrose (in
phosphate buffer) solution for 3 days. Spinal cord tissue was
cut into a C2–C3 block, and a C4 block containing the injury
site and the liver was cut into 1–2-mm thick sections. Tissue
was then embedded in O.C.T (Sakura Finetek) and frozen in
2-methyl-butane at �60�C. All tissue was cut in cross sections
(25 mm) using a cryostat (Thermo Scientific). Spinal cords and
brains were cut at �20�C and livers at �10�C. Sections were
mounted onto slides (Fisherbrand, Fisher Scientific) and stored
at �20�C until a staining procedure was performed.

Lesion size and tract injury assessment

The lesion extension and injured tracts were evaluated by
overlapping Cresyl violet-stained (bright-field) or autofluores-
cence images (epifluorescence) of spinal cord sections with a
schematic of a transverse cervical C4 section. The lesion was
expressed as a percentage of the overall transverse section, and
the amount of corticospinal or rubrospinal tract injury was
expressed as a percentage of the anatomical location and size
for each tract at the injury site.

Immunohistochemistry

Frozen sections were thawed for 1 h at 37�C and rehydrated
by bathing in 2 � 10 min phosphate-buffered saline (PBS), fol-
lowed by two washes in PBS with 0.3% TritonTM X-100 (PBS-
T) for 10 min each. Then sections were incubated in blocking
buffer (2% of normal donkey serum in PBS-T) for 1 h at room
temperature. Afterwards, the sections were incubated over-
night at 4�C or at room temperature in rabbit-anti-Iba-1
(1:750, Wako), mouse-anti-CD68 (1:500, Bio-Rad AbD
Serotec), goat-anti-FITC (1:200, Abcam) antibody in blocking
buffer. Slides were then washed in PBS-T (4 � 10 min) and
incubated with donkey-anti-mouse/donkey-anti-rabbit/donkey-
anti-goat AF555- or AF488-conjugated (1:300, Life
Technology) or rabbit-anti-mouse biotinylated (for LPS-FITC
staining, 1:200, Vector) antibody in blocking buffer for 2 h at
room temperature. The sections were then washed in PBS
(4 � 10 min). For LPS-FITC staining, the sections were incu-
bated with streptavidin AF488 conjugated (1:200, Life
Technology) in PBS 2 h at room temperature and then
washed in PBS (4 � 10 min). Sections were then cover slipped
with FluoromountTM (Southern Biotech). For BDA staining,

after thawing the samples, the slides were washed in TBS
(2 � 10 min) and TBS-T (TBS with 0.5% TritonTM X-100)
(2 � 10 min). The samples were then incubated with streptavi-
din AF488 conjugated (1:200) for 2 h at room temperature in
TBS-T. Finally, the slides were washed in TBS (4 � 10 min)
and cover slipped with FluoromountTM.

Image analysis

Pictures were taken using an epifluorescence (Leica
DM6000B, camera Leica DFC350 FX) or confocal (Leica
DMi8 and TCS SP8) microscope. For the analysis of Iba-1
and BDA staining, ImageJ (National Institutes of Health,
USA) was used. For Iba-1 staining in the spinal cord, positive
cell bodies were counted manually or optic density was mea-
sured as the percentage of positive staining using thresholding.
For BDA staining in the spinal cord, three to five sections
were imaged for each animal and each analysed block (C2–
C3 and C4). For each section, the number of traced axons in
the dorsal corticospinal tract were quantified using the analyse
particles function after thresholding. The BDA+ axons in the
grey matter were manually traced in ImageJ. The images were
all centred and aligned using the grey/white matter merging in
the dorsal column as landmarks (Fig. 4B, dashed line) and the
central canal (Supplementary Fig. 6, marked as point 0,0 co-
ordinate, asterisk). The xy coordinate of each traced BDA+
pixel was extracted and saved for each image using a custom-
made ImageJ macro. Heat maps for each group and each
studied block were constructed, pooling together the xy co-
ordinates of all the animals for that specific group using two-
dimensional kernel density estimation implemented in the R
package MASS (v7.3.47, kde2d function, Venables and
Ripley, 2002). To determine the areas with higher density,
DBSCAN (density-based spatial clustering of applications
with noise) was conducted with the pooled xy coordinates
implemented in the R package dbscan (v1.1.1, dbscan func-
tion; Hahsler and Piekenbrock, 2017). DBSCAN analysis was
weighted with the frequency of each labelled pixel with re-
spect to the number of analysed sections to account for the
difference in the number of measured sections per group. The
selected clusters were grouped together in five hotspots (Fig. 4
and Supplementary Fig. 6). For each hotspot and each indi-
vidual section, the CST index (number of BDA+ pixels/BDA+
axons in corticospinal tract region for that section) and the
density of BDA+ pixels (% of BDA+ pixels for that hotspot
respect to total BDA+ pixels for that section) were calculated.
The average of the CST index and pixel density of all sections
per animal was calculated.

Statistical analysis

All of the statistical methods were implemented in R (version
3.2.4, R Development Core Team, 2016) using R studio (ver-
sion 1.0.136, Rstudio Team, 2015). No statistical method
was used for sample size calculation. The sample size was
chosen based on previous experiments in the laboratory and
based on the maximal number of animals we can include in
training experiments without compromising the results. For
statistical inference, all of the longitudinal results in training
experiments were analysed by fitting a linear-mixed model
using the R package lme4 (v1.1.14, Bates et al., 2015) con-
sidering the animal as the random effect. Time (weeks of
training), grouping variable (experimental trained group)
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Figure 3 In combination LPS and high intensity training restore the cortical drive to forearm muscles. MEPs triggered by

transdural electrical stimulation in the forelimb M1 cortical area contralateral to the operated spinal cord side were studied bilaterally in the

forearm muscles (A). A representative MEP response is shown in A, with a recording for each intensity (from 0.9 to 3.25 times threshold)

represented in each panel. Threshold was determined in the contralateral cortex of the unaffected arm, showing differences between groups

[KWch(3) = 11.25, P = 0.01] (B). Threshold stimulus intensities were significantly lower in Saline animals than in Saline+TR (P = 0.002) and

LPS+TR groups (P = 0.006). No differences in threshold were observed between the LPS, Saline+TR and LPS+TR groups. The integrated EMG

signal was calculated and compared within (C) and between (D) groups. A significantly bigger response in the contralateral than the ipsilateral limb

in LPS [F(1,114) = 29.36, P5 0.0001], Saline+TR [F(1,95) = 29.69, P5 0.0001] and LPS+TR [F(1,152) = 10.24, P = 0.0016], but not Saline

[F(1,95) = 0.112, P = 0.73] groups was observed (C). Although no statistical difference of the group effect was found in the between groups

comparison [F(3,24) = 1.038, P = 0.39], the interaction group � stimulus intensity was found significant [F(27,216) = 2.064, P = 0.0024], as well as

the main effect for the stimulus intensity [F(9,216) = 56.71, P5 0.0001]. The MEP responses in the affected arm were similar in all the groups

between 0.9 to 2.5 times threshold (D, only 2.25 to 3.25 times threshold are shown). At 2.75 and 3.25 times threshold, LPS+TR group showed a

greater response than Saline group (P = 0.023 and P = 0.012, respectively). Moreover, the maximal MEP response in the affected arm

[KWch(3) = 8.56, P = 0.035] was significantly higher (P = 0.0083) in the LPS+TR group than in the Saline group (E, left). Intermittent and small

responses were detected in the unaffected arm, ipsilateral to the stimulated cortex, without differences between groups [KWch(3) = 5.36,

P = 0.14] (E, right). These results are indicative of an increased cortical drive to the forearm posterior muscle compartment induced by combining

LPS and training. ***P5 0.001, **P5 0.01, *P5 0.05. Data in C and D was transformed using log10(x + 1) for statistical inference using linear-

mixed model. In line graphs mean and SEM are represented. In box-plots median (middle line), first and third quartile range (box) and IQR of 1.5

(whiskers) are represented.
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Figure 4 High intensity training, systemic LPS injections or the combination of both induce differential changes in the

corticospinal tract projections above the injury site. At the end of the training period BDA was injected in the M1 forelimb cortical area.

Two weeks later BDA-traced axons were counted in cross sections of the spinal cord in two blocks, C2–C3 and C4 (A). A representative image

of the BDA+ staining for the C2–C3 region (B) shows the descending BDA-traced corticospinal axons in the dorsal column and their projection

into the grey matter (white dotted line). Traced axons entering from the dorsal column to the grey matter (C, arrows) and reaching farther

distances (E and D) can be appreciated. Insets c–e are expanded in C–E. The corticospinal tract index of the whole grey matter (F, BDA+ pixels/
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and their interaction were considered as the fixed effect. The
percentage of injury, injured cortico- and rubrospinal tracts

were included in the linear-mixed models to explore for pos-

sible confounding effects. A likelihood ratio test between the
fitted models with and without the injury factors determined

no statistical differences between models at any experiment,

suggesting no statistical contribution of injury factors in the

differences observed between groups. Thus, all statistical re-
sults from longitudinal data are corresponding to a linear-

mixed model fitted without the injury factors. ANOVA

table and P-values of the fitted linear-mixed model were gen-
erated using the anova function with Satterthwaite approxi-

mation of degrees of freedom from the lmerTest R package.

For the analysis of all the end-point data, a one-way ANOVA

(� ANOVA or a Kruskal-Wallis in the case of non-Gaussian
distribution, specified in each case) was used. Multiple pair-

wise comparisons were performed using the R package

lsmeans (v2.27.61, Lenth, 2016) adjusting the P-value by
the Tukey method in the case of the linear-mixed models

and one-way ANOVA. After Kruskal-Wallis, multiple pair-

wise comparisons were performed using Conover-Iman test

of rank sum (R package conover.test v 1.1.5, Dinno, 2017)
adjusting the P-value by the Holm method. An alpha value of

5% was considered as criteria for significance. All of the

graphs were generated using the R package ggplot2 (v2.2.,
Wickham, 2009) and cowplot (v0.9.1). All measures are rep-

resented as the mean and SEM in line graphs or as the

median, the first to third quartile range and 1.5 interquartile

Figure 5 CD68+ cells take up LPS in the liver. LPS-FITC was systemically administered in intact and chronically injured (2 months) animals

and analysed in the liver 30 min, 1 h and 6 h after injection. As a control, animals were injected with non-fluorescent LPS (A). LPS-FITC was already

detected in the liver 30 min after injection (B), with a maximal presence at 1 h (C) and posterior reduction at 6 h after administration (D). A CD68

co-staining (E) revealed co-labelling with LPS-FITC, indicating that monocytes (phagocytic cells) are involved in the uptake of LPS. Not all LPS-

FITC cells were positive for CD68, which can be explained by the fact that hepatocytes (negative for CD68) are also able to take up LPS (Deng

et al., 2013). In F and G two confocal images are shown of a single CD68+ cell. LPS-FITC can be appreciated inside the cells forming granulations

surrounded by CD68+ staining, present in lysosomal membranes. In H, an aggregation of few CD68+ cells with internalized LPS-FITC is shown.

Scale bars in A–D insets = 50mm. Scale bars in A–D: 100 mm; E = 50mm; F–H = 10mm. Asterisks indicate nuclei. See Supplementary Fig. 7 for

individual channels in merged panels.

Figure 4 Continued

number of corticospinal traced axons) was higher in LPS, Saline+TR and LPS+TR groups for C2-C3 (F, top) than Saline group without reaching

statistical significance between groups [KWch(3) = 6.47, P = 0.09]. For the C4 region (F, bottom) the CST index was significantly different between

groups [KWch(3) = 8.09, P = 0.044], being higher comparing the LPS+TR group with the Saline group (P = 0.042). The differences between LPS

and Saline groups were close to being significant (P = 0.052). Heat maps of the BDA+ pixels in the grey matter for each group and for each

analysed region were generated (G–N). A density-based spatial clustering (DBSCAN) method was used to identify highly dense regions (hot-

spots) in the heat maps. Five hotspots were defined (solid line insets in G–N), three in the C–C3 region (h1, h2 and h3) and two in the C4 region

(h4 and h5). The CST index (O and P) represents the total amount of BDA+ pixels per traced axon for each hotspot. The pixel density (Q and R)

represents the percentage of BDA+ pixels in each hotspot in respect to the total BDA+ pixels, a measure of the BDA staining distribution. In the

CST index, differences between groups were found at h2 [KWch(3) = 12.78, P = 0.005], h3 [KWch(3) = 9.6, P = 0.022], h4 [KWch(3) = 10.44,

P = 0.02] and h5 [KWch(3) = 10.99, P = 0.01], but not at h1 [KWch(3) = 4.12, P = 0.24]. The comparison between groups in pixel density revealed

statistical differences at h2 [KWch(3) = 13.87, P5 0.0001], h3 [KWch(3) = 7.19, P = 0.001] and h5 [KWch(3) = 11.04, P = 0.011], but not at h1

[KWch(3) = 1.31, P = 0.29] nor h4 [KWch(3) = 6.04, P = 0.11]. ***P5 0.001, **P5 0.01, *P5 0.05. In box-plots median (middle line), first and

third quartile range (box) and IQR of 1.5 (whiskers) are represented.
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range (IQR) as box-plots. The statistic (i.e. F of F-test for

linear-mixed models and one-way ANOVA, KWch of chi-

squared for Kruskal-Wallis), the degree of freedom (in brack-
ets after the statistic) and their probability (P-value) are pro-

vided in the figure legends.

Results

LPS increases the efficacy of intensive
motor training in rats with chronic
spinal cord injury

Eight weeks after a dorsolateral quadrant lesion at the C4

spinal cord, rats exhibit impairments in SPG tasks. At this

chronic post-injury survival time, injured rats were sub-

jected to one of three different rehabilitative SPG training

intensities (high, medium or low, defined by attempt rate;

see ‘Materials and methods’ section). Regardless of inten-

sity, training alone did not promote significant functional

recovery when compared with non-training saline treat-

ment, although improvement overtime could be observed

when medium-intensity (Fig. 1I) and high-intensity (Fig.

1L) training were applied. However, when medium-inten-

sive training, or especially high-intensity training, was com-

bined with systemic injections of LPS, the ability to retrieve

food pellets was significantly improved. In contrast, when

low-intensity training was applied, LPS significantly

reduced reaching and grasping performance

(Supplementary Fig. 2). Interestingly, animals that received

LPS but no training showed lower reaching, grasping and

retrieving performance (Fig. 1 and Supplementary Fig. 2)

than all other groups. This suggests that LPS alone might

be detrimental for motor recovery. The benefits of combin-

ing LPS with SPG training did not translate to non-trained

tasks, including the grid walk or a vertical exploration/cy-

linder task (Supplementary Fig. 3).

The effects of training in combination with LPS are un-

likely to be due to variability in the primary lesion, neither

lesion size nor the percentage of transected cortico- and

rubrospinal tracts were different between experimental

groups in the high-intensity training groups (Supplementary

Fig. 4). Also, since LPS-injected rats showed similar attempt

rates compared to vehicle-injected rats, the mild and transi-

ent sickness response caused by LPS (Supplementary Fig. 5)

did not affect the ability to train (Fig. 1E, H and K).

Despite marked effects on motor recovery, LPS, with or

without training, did not affect thermal sensitivity

(Supplementary Fig. 5E).

In summary, eliciting inflammatory cascades (via systemic

LPS) opens a window of opportunity in which intensive

training in rats with chronic spinal cord injury improves

motor function. As the effects of training were most evident

using the high-intensity protocol, all subsequent training

experiments used this training regimen.

Combining training and LPS applica-
tion reduces compensatory strategies

Rather than regaining their original motor skills, animals

and individuals with CNS injuries often recover function by

adopting new strategies (i.e. compensatory learning)

(Alaverdashvili and Whishaw, 2013). Scooping (dragging

a pellet instead of grasping and raising it) is a common

strategy that rats with cervical spinal cord injury develop

to retrieve pellets in the SPG task (Fenrich et al., 2016). To

determine whether the functional benefits of combining LPS

and training are due to compensation, we introduced a gap

between the pellet and the animal. This prevented the suc-

cess of compensatory strategies since the pellet is lost if it is

dragged (Fig. 2A and D). When such a gap was introduced,

it revealed that training alone promoted compensatory

function only, i.e. any benefit of training was lost when

the gap was introduced. Conversely, in animals that were

trained and received LPS, the functional recovery outper-

formed other groups despite introduction of the gap

(Fig. 2B). Analysis of stereotypic movements during pellet

retrieval revealed that trained animals that received LPS

had closer to normal overall movement patterns with not-

ably better wrist supination (movement 9) as compared to

non-trained and trained-only groups in both normal and

gap SPG task (Fig. 2C).

In conclusion, animals that were trained and injected

with LPS regained grasping function by improving wrist

supination and relied less on compensatory strategies.

Training and LPS increase cortically
evoked motor responses in forelimb
muscles

The posterior muscles of the forelimb are responsible for

critical movements in the SPG task, such as wrist and digit

extension, as well as supination. Given that combination of

training and systemic LPS improved wrist supination, we

next evaluated the cortical drive to posterior forelimb mus-

cles (wrist and digit extensor). Specifically, we recorded

MEPs following transdural electrical stimulation over the

forelimb representation area of the M1 cortex, contralateral

to the side of the injury. EMG recordings of the muscles

were obtained bilaterally (Fig. 3A). Thresholds to elicit

MEP responses were similar between LPS, training and

LPS+TR animals, although these values were found to be

lower in the saline, no training group when compared to

the other groups (Fig. 3B). Following spinal cord injury, the

MEPs in the contralateral forelimb were comparable to the

ipsilateral responses in saline non-trained animals (Fig. 3C).

Treated animals with either LPS, training or LPS+TR

showed higher contralateral than ipsilateral EMG responses

(Fig. 3C). Training alone did not significantly improve

MEPs: only when combined with LPS (LPS+TR) were

MEPs in affected muscles significantly increased (in com-

parison to MEPs in trained rats injected with saline; Fig.
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3D). These data indicate that LPS and training synergize to

enhance recovery of cortical drive to posterior muscles of

the affected forelimb.

Training with LPS increases and
directs corticospinal tract projections

To determine whether the functional (behavioural) and

electrophysiological improvements noted above were asso-

ciated with changes in structural plasticity, BDA was in-

jected into the forelimb cortex contralateral to the injury

side to quantify the density and distribution of corticosp-

inal axons projecting into the cervical grey matter (Fig. 4).

At C4, immediately rostral to the site of injury, training

alone caused minor changes in axon density or distribution

(Fig. 4F, K and M). In contrast, in rats injected with LPS,

axon density increased significantly throughout grey matter

(Fig. 4F, L and N). Most prominently, corticospinal axon

distribution increased in more lateral grey matter regions

when LPS was combined with training (Fig. 4N, P and R;

see increased labelling in region h5). Note the relative ab-

sence of corticospinal axons in the h5 region at C4 in

saline-injected animals.

Corticospinal axon sprouting was increased in both

trained and LPS injected rats approximately two spinal seg-

ments rostral to the lesion (�C2–C3 spinal cord). Training,

with or without LPS, augmented cortical innervation of the

grey matter relative to spinal cord injured animals injected

with saline only (no training), although without statistical

significance (Fig. 4F–J). In rats injected with LPS only,

many BDA+ axons were found sprouting into laminae VI

and VII (Fig. 4H, O and Q; region h2), suggesting that LPS

alone induces adaptive changes. The most robust effects

were again noted in trained rats that received systemic

LPS injections, where corticospinal axons were found

sprouting deep into regions of the intermediate/lateral re-

gions of laminae V and VI (Fig. 4J, O and Q; region h3).

In summary, when combined with our functional and

electrophysiological results, these data suggest that LPS-

induced neuroinflammation enhances corticospinal tract

sprouting in rats with chronic spinal cord injury and that

training refines this enhanced neural plasticity, creating

functionally meaningful connections within spinal cord

grey matter.

Systemically administered LPS
bypasses the blood–spinal cord
barrier only at the site of injury

Systemically administered LPS does not cross the intact

blood–brain barrier (Singh and Jiang, 2004; Banks and

Robinson, 2010) and since blood–spinal cord barrier integ-

rity should be restored by 2 months post spinal cord injury

(Noble and Wrathall, 1987, 1989; Popovich et al., 1996), it

is unclear whether LPS acts locally within the spinal cord to

improve the efficacy of rehabilitative training in rats with

chronic spinal cord injury (Fig. 1). To determine the tem-

poral distribution of systemically injected LPS in chronic-

ally injured rats, fluorescently-labelled LPS (LPS-FITC) was

injected intraperitoneally into animals 2 months after

injury; then sections of liver, which quickly uptakes LPS

(Scott et al., 2009), spinal cord and motor cortex were

evaluated to document LPS distribution. In the liver,

FITC-LPS was detected starting 30 min after injection,

reaching peak levels at 1 h (Fig. 5). LPS-FITC aggregates

were found inside CD68+ phagocytic macrophages (Fig.

5E–H). Consistent with previously published data, FITC

staining was absent in the parenchyma of the intact

spinal cord (Singh and Jiang, 2004); only trace FITC label-

ling existed within the lumen of large blood vessels (Fig.

6I–J). However, 2 months after spinal cord injury, modest

FITC signal was observed within the injured spinal paren-

chyma (Fig. 6C and E–H) and, to a lesser extent, in the

intact contralateral spinal cord (Fig. 6D). FITC was never

detected beyond the injury site or lesion penumbra; no

FITC staining was found in the spinal cord one segment

rostral to the injury site (Fig. 6B) or in the cerebral cortex

(Fig. 6A). At the injury site, LPS-FITC was found within

CD68+ cells (Fig. 6M–O), suggesting that LPS was either

phagocytosed within the injury site by microglia or trans-

ported there by monocytes that infiltrate the lesion after

spinal cord injury (Popovich et al., 1999; Popovich and

Hickey, 2001). These data indicate that most LPS is rapidly

cleared from the blood by phagocytic hepatic macrophages

(Kupffer cells) but that some circulating LPS can enter the

injured spinal cord at/nearby the site of injury.

Discussion
We present new data showing that the induction of mild

inflammation can enhance the efficacy of intense rehabili-

tative motor training in rats with chronic spinal cord

injury. These effects were associated with an increase in

the density of corticospinal axons sprouting into intermedi-

ate grey matter at least two to three spinal segments rostral

to the site of a chronic spinal cord injury. This inflamma-

tion-induced neuroplasticity could be directed by training

to form functionally meaningful connections that enhanced

task-specific recovery. Importantly, this enhanced recovery

was due to a restoration of lost function, limiting the use of

compensatory strategies such as scooping.

Immediately after injury, the CNS enters a state of heigh-

tened plasticity when rearrangements of spared circuitry

occur (Fouad and Tetzlaff, 2012), and rehabilitative train-

ing can successfully enhance this natural neuroplasticity

and improve functional recovery (Girgis et al., 2007; van

den Brand et al., 2012; Martinez et al., 2013).

Unfortunately, this period of enhanced neuroplasticity is

transient. When started in the subacute phase after injury,

training is more effective in promoting functional recovery

than if training is started during the chronic phase after

stroke (Biernaskie et al., 2004; Maulden et al., 2005;
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Figure 6 LPS is found in the injury site but not in intact CNS tissue after its systemic injection in chronic spinal cord injured

rats. LPS-FITC was systemically administered (0.5 mg/kg i.p.) and analysed in the brain and spinal cord of non-injured and injured animals (8 weeks

after injury) 1 h and 6 h after injection. Iba-1 co-staining was used to identify the injury site and areas with reactive microglial/macrophages. In the

cortical motor areas (A) and one spinal cord segment rostral to the injury (B) no LPS-FITC signal was detected. Only in the injury site (C) and, to

a lesser extent, contralateral to the injury (D), a positive signal for LPS-FITC was observed at 1 or 6 h after administration. Examples of two

different animals for 1 h (E and F) and 6 h (G and H) after LPS-FITC injection at the injury site are shown. To demonstrate the necessity of a spinal

cord injury to enable LPS-FITC to enter the cord, four intact animals were administered with tagged LPS. LPS-FITC was anecdotally localized in

vessel-like structures (I), but never inside the spinal cord parenchyma (J), indicative that LPS-FITC at 0.5 mg/kg cannot enter the uninjured spinal

cord. In contrast, after injury, non-fluorescent LPS was administered as a staining control. As expected, the green autofluorescence was practically

non-existent in the spinal cord (K and L). Thus, the FITC+ signal found in the injury site can be attributed to the LPS-FITC presence. As observed

in the liver (Fig. 5), the LPS-FITC was mainly detected inside CD68+ cells (M–O). A z section using confocal imaging shows the positive signal for

LPS-FITC inside a CD68+ cell (O, inset in N). Scale bar in A–I = 100 mm; M and N = 20mm; O = 10 mm. See Supplementary Fig. 7 for individual

channels in merged panels.
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Mazzoleni et al., 2013) or spinal cord injury (Norrie et al.,

2005; Battistuzzo et al., 2012). The exact mechanisms

underlying the time-dependent decay in plasticity are un-

known, although partial or complete resolution of inflam-

mation may contribute to the finite period of enhanced

plasticity. For example, the ability of NT-3 to induce

sprouting of spared corticospinal axons in a model of

spinal cord injury is time dependent. Sprouting can only

be achieved when NT-3 is overexpressed early after

injury (Chen et al., 2006), but not at 4 months post-

injury, unless neuroinflammation is induced via injection

of LPS (Chen et al., 2008). Here, we provide further evi-

dence of inflammation-induced plasticity by showing that

systemic injection of LPS alone changes corticospinal pro-

jections in the cervical grey matter months after injury.

What remains unclear is how or where LPS acts to promote

functionally significant neural plasticity when it is com-

bined with training.

When injected in the periphery, most LPS is quickly

cleared from the circulation in the liver (Scott et al.,
2009) and spleen (Groeneveld and van Rooijen, 1985)

where it elicits TLR4-dependent activation of monocytes

and macrophages. It is well known that LPS-induced

macrophage activation initiates the synthesis and release

of inflammatory cytokines including IL-1b, IL-6 and

TNFa (Qin et al., 2007; Hamesch et al., 2015). These cyto-

kines can enter the CNS through circumventricular organs

and across the intact blood–brain barrier (Banks et al.,
1995). Cytokines also can initiate signal transduction and

neuroinflammation through binding to receptors on

endothelia and perivascular cells (Banks, 2005; Gosselin

and Rivest, 2008; Serrats et al., 2010; Biesmans et al.,

2013). This can start a neuroinflammatory process that

self-perpetuates, lasting for weeks and even months after

the peripheral effect of LPS has subsided (Qin et al.,

2007). Because systemic LPS does not cross the blood–

brain barrier at the used dose (Banks, 2005), it is likely

that the enhanced indices of microglia activation, that we

observed in the spinal cord of LPS-injected animals were

caused by these latter indirect signalling mechanisms. In

addition, using FITC-labelled LPS, we did detect LPS at

the injury site and nearby penumbra, suggesting that LPS

could also affect plasticity by activating immune cells and

glia at the injury site. Nonetheless, local injection of LPS

into injured tissue, either intraocularly after an optic nerve

crush injury (Baldwin et al., 2015) or intraspinal after

spinal cord injury (Gensel et al., 2009), fails to promote

axonal growth. Thus, successful induction of plasticity/

axonal regeneration by systemic LPS administration may

require activation of immune cells in both the CNS and

peripheral organs (e.g. spleen, liver, gastrointestinal tract).

However, we do not disregard the possibility that eliciting

neuroinflammation by approaches that do not trigger a

systemic response might be sufficient to enhance training

efficacy as we report here for LPS injections.

Furthermore, it is not resolved whether systemic LPS ad-

ministration at multiple time points is actually required.

Although we performed a second LPS injection 3 weeks

after the first one in order to counteract a possible decline

in neuroinflammation (Qin et al., 2007), higher doses of

LPS have been reported to induce neuroinflammation as

long as 10 months after systemic injection (Qin et al.,

2007). Future experiments are required to explore whether

one injection would produce similar effects or if higher and/

or longer LPS administration would provide even stronger

effects on plasticity. Another unknown factor is the optimal

timing between the induction of neuroinflammation and the

onset of rehabilitative training. Although we could promote

recovery when both were applied simultaneously, other

pro-plasticity treatments were reported to be more effective

in promoting recovery when combined asynchronously

with training (Wahl et al., 2014). Therefore, further re-

search is necessary to determine the timing of the induced

neuroinflammation to optimize the interaction with re-

habilitative training.

There is increasing evidence that immune cells can influ-

ence the remodelling of neural circuitry. For instance,

macrophages can promote CNS axon regeneration (Yin

et al., 2003; Gensel et al., 2009). The activation of micro-

glia and the recruitment of peripheral macrophages by pro-

inflammatory substances such as zymosan (Gensel et al.,

2009) or LPS (Hossain-Ibrahim et al., 2006) can increase

the expression of growth factors and other proteins that

induce axon sprouting. Inflammatory cytokines such as

IL-1b and TNFa also enhance CREB (cAMP response

element-binding) phosphorylation (Kawasaki et al., 2008),

which can boost neuronal activity and excitability (Galic

et al., 2012) and prime axonal growth (Batty et al.,

2017). Recent data from our group suggest that SPG effi-

cacy and axonal sprouting (Wei et al., 2016) are increased

by pharmacological interventions that increase accessibility

of cAMP to EPAC2 (exchange protein directly activated by

cAMP). Since LPS directly or indirectly activates microglia,

causing the release of inflammatory mediators that can

induce cAMP in neurons (and/or glia), it is possible that

the neuroinflammation induced by systemic LPS increases

neuronal excitability and activates cAMP-dependent path-

ways along the neuroaxis (cortical and subcortical descend-

ing pathways, propriospinal interneurons, sensory afferents,

etc.), prompting plasticity that can be translated to func-

tional recovery by rehabilitative training.

The benefits of LPS were only achieved when combined

with intensive training. It could be assumed that the ap-

proach described here will be beneficial for the recovery of

other functions than grasping. For instance, combining LPS

with treadmill training or wheel training after injuries that

affect walking (such as thoracic contusions) might enhance

walking recovery as we saw for grasping. That raises the

question of how often preclinical treatment strategies de-

signed to increase neuroplasticity or regeneration have been

dismissed because the experimental design did not involve

sufficient or any rehabilitative training. On the other hand,

the mechanisms underlying spontaneous functional recov-

ery in spinal cord injury patients are defined, in part, by
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functional compensation (Curt et al., 2008) rather than

true recovery; i.e. recovery is driven by alternative strategies

replacing the ones utilized prior to injury. Although com-

pensatory strategies can be considered a form of motor

learning, associated with neural plasticity, they might also

prevent true recovery (Hylin et al., 2017). To understand

the potency of a treatment and to facilitate translation, it is

necessary to identify the contribution of compensation to

functional improvement. In our experiments, only when

training was combined with LPS was a true restorative

effect observed; without LPS, rats did not supinate their

wrists and instead used the compensatory strategy of

‘scooping’ to retrieve pellets. Therefore, enhancing the mal-

leability of the neural substrate (e.g. via induction of neu-

roinflammation), improves the ability of high-intensity task-

specific training to promote restorative rather than compen-

satory motor improvements.

The combination of LPS and intensive training promoted

the reorganization of corticospinal tract innervation pat-

terns within the cervical spinal cord. In adult rats, corti-

cospinal axons project to motor neurons via polysynaptic

connections; corticospinal axons project to propriospinal

neurons within intermediate laminae, prominently Rexed

laminae VI and VII (Yang and Lemon, 2003; Mitchell

et al., 2016). In rats injected with LPS, more corticospinal

tract projections distributed deeply into these laminae, indi-

cating a possible increase in tropism to these laminae. The

introduction of task-specific rehabilitation, together with

LPS, modified corticospinal tract projections toward more

dorsolateral areas than LPS alone, more likely laminae V

and VI. Increasing projections from non-lesioned corticosp-

inal axons to these areas has also been associated with

functional recovery after stroke and forelimb rehabilitative

training (Lindau et al., 2014). Since LPS-induced corticosp-

inal axon plasticity worsened motor function when training

was not applied, task-specific training might be required to

form meaningful connections. One should also consider the

implication of other descending tracts since our injury also

lesioned the rubrospinal tract and probably part of the

reticulospinal tract. The rubrospinal tract is also involved

in skilled reaching and grasping (Morris and Whishaw,

2016) and its reorganization after injury has been linked

with recovery of forelimb function (Garcı́a-Alı́as et al.,

2015; Morris and Whishaw, 2016). Nonetheless, the recov-

ery in cortical drive to the affected muscles and the recov-

ery of wrist supination, a function under corticospinal tract

control in rats (Piecharka et al., 2005), suggests cortical

involvement in the improved recovery.

In conclusion, novel data in this study show that indu-

cing mild inflammation in chronically injured spinal cord is

a potential strategy to increase the efficacy of intensive re-

habilitative training. Strategies like these are of vital im-

portance to induce recovery in individuals with spinal

cord injury, where limited windows of opportunity exist

for introducing intensive motor training (Putman et al.,

2007; Granger et al., 2014). These findings will likely be

beneficial not only for spinal cord injuries but also for

other traumatic CNS injuries and stroke.
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