
Experimental Neurology xxx (2011) xxx–xxx

YEXNR-10793; No. of pages: 8; 4C:

Contents lists available at ScienceDirect

Experimental Neurology

j ou rna l homepage: www.e lsev ie r.com/ locate /yexnr
Anti-Nogo-A and training: Can one plus one equal three?

Michelle L. Starkey ⁎, Martin E. Schwab
Brain Research Institute, University of Zurich, Winterthurerstrasse 190, CH-8057, Zurich, Switzerland
⁎ Corresponding author.
E-mail address: starkey@hifo.uzh.ch (M.L. Starkey).

0014-4886/$ – see front matter © 2011 Elsevier Inc. Al
doi:10.1016/j.expneurol.2011.04.008

Please cite this article as: Starkey, M.L., S
doi:10.1016/j.expneurol.2011.04.008
a b s t r a c t
a r t i c l e i n f o
Article history:
Received 8 November 2010
Revised 15 March 2011
Accepted 7 April 2011
Available online xxxx

Keywords:
Nogo-A
Rehabilitation
Training
Spinal cord injury
Central nervous system
Following spinal cord injury (SCI) the adult central nervous system (CNS) has a limited but substantial
capacity for repair and plastic reorganisation. The degree of reorganisation is determined by a number of
factors such as the extent and location of the lesion, the remaining circuit activity within the CNS and the age
at injury. However, even in the best cases this spontaneous reorganisation does not lead to full recovery of the
affected behaviour but instead often results in a functionally successful but compensatory strategy. Current
SCI research focuses on enhancing fibre tract (re-)growth and recovery processes. Two currently promising
approaches are the neutralisation of CNS growth inhibitory factors, and rehabilitative training of remaining
networks. Independently, both approaches can lead to substantial functional recovery and anatomical
reorganisation. In this review we focus on Nogo-A, a neurite growth inhibitory protein present in the adult
CNS, and its role in regenerative and plastic growth following SCI. We then discuss the efforts of rehabilitative
training and the potential combination of the two therapies.
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Introduction

Despite a growing list of potential future treatments for SCI, there
is still a great need to precisely understand the underlying
mechanisms. This is especially important when thinking about
combinatorial approaches to aid recovery from SCI. It is hoped that
an understanding, from the cell biological point of view, of the
complex physiological and pathophysiological processes following
SCI, rehabilitation, training and regeneration enhancing pharmaco-
logical treatments will allow an insight into how to optimally combine
these manipulations to maximise functional recovery. In this review
we focus first on the spontaneous adaptive changes that occur in the
spinal cord and brain circuitry following SCI. Next, we summarise two
strategies that can enhance this reorganisation and thus lead to
extensive functional recovery: neutralising the growth inhibitory
protein Nogo-A and rehabilitative training. Blocking the function of
Nogo-A following SCI allows regenerative growth of damaged axons
and promotes plastic sprouting of intact fibres along with improved
functional recovery. Rehabilitative training strategies are widely used
experimentally and in the clinic. Recent findings with combinations of
growth enhancing interventions and various training paradigms
produced unexpectedly complex outcomes. These results point to a
great need for a better understanding of the underlying mechanisms
in order to best optimise future therapeutic strategies.
Processes of spontaneous recovery after SCI

The adult CNS has a limited but substantial capacity for spontaneous
plastic reorganisation after injury (Merzenich et al., 1983b; Bareyre
et al., 2004; Frigon and Rossignol, 2006; Edgerton et al., 2008; Darian-
Smith, 2009; Ghosh et al., 2010; Ramer, 2010; Rosenzweig et al., 2010).
Long distance regeneration of injured neurons does not occur
spontaneously, but spared fibres, and surviving circuits in the brain
and lower spinal cord can sprout, reorganise and contribute to
functional recovery and compensation.

Spontaneous reorganisation of the sensory and motor forebrain cortex
following injury

The forebrain cortex is capable of spontaneous reorganisation
following injury in adulthood to peripheral nerves or the spinal cord.
The majority of early data came from peripheral nerve lesion
experiments in primates (Merzenich et al., 1983a; Merzenich et al.,
1983b; Donoghue et al., 1990; Kaas, 1991): areas of the cortex
corresponding to the lesioned nerve initially became silenced, but
were rapidly “filled in” by responses from surrounding, intact areas
(Merzenich et al., 1983a; Merzenich et al., 1983b; Sanes et al., 1988).
Similar reorganisation was observed in the adult rat sensory and
motor cortex following SCI (Fig. 1B1); following partial SCI in adult
rodents neighbouring, intact areas of the cortex spontaneously
expanded into the regions that had lost their targets, as observed
with intracortical microstimulation (Fouad et al., 2001;Martinez et al.,
2009), electrophysiology (Aguilar et al., 2010), trans-synaptic tracing
(Bareyre et al., 2004), functional magnetic resonance imaging (fMRI)
(Endo et al., 2007; Ghosh et al., 2009; Nishimura and Isa, 2009; Ghosh
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Fig. 1. Anti-Nogo-A treatment and rehabilitative training induce anatomical changes post-SCI. A, Intact adult CNS of a rat. Layer V pyramidal cells (green and blue) composing the CST
send crossed projections from the motor cortex to the spinal cord. Axons from the pyramidal cells terminate in the cervical (from the forelimb motor cortex) and lumbar (from the
hindlimb motor cortex) spinal cord grey matter. For illustrative purposes, two spinal cell types are shown. Long descending propriospinal interneurons (yellow) project from the
cervical to the lumbar spinal cord. Motoneurons (black) are typically located in the ventral horn of the cervical and lumbar spinal cord and innervate the muscles of fore- and
hindlimbs. Circular arrows indicate the spinal central pattern generator networks. B, Spontaneous changes occurring after bilateral CST lesion in the adult rat. In the absence of long-
distance regeneration considerable functional recovery occurs spontaneously, mediated by: 1) undamaged motor cortex cells (red pyramidal cells) taking over the function of
damaged neurons; 2) injured fibres disconnected from their original target in the lumbar spinal cord sprouting into the cervical spinal cord (red sprouts) and connecting onto local
long propriospinal neurons (yellow), which bridge the lesion site; and 3) these propriospinal neurons increasing their terminal arborisation (red sprouts) in the lumbar spinal cord.
C, Effects of anti-Nogo-A treatment and rehabilitative training following unilateral (illustrated in the upper part of the cartoon) and bilateral (illustrated in the lower part of the
cartoon) CST lesion: 4) anti-Nogo-A treatment cells allows sprouting and enhanced growth of cortical neurons (red pyramidal cells); training allows growth of dendritic spines; 5)
following unilateral CST lesion, both removal of Nogo-A and enhanced activity induce bilateral innervation (red fibres) of the cervical spinal cord by intact fibres; 6) after SCI, anti-
Nogo-A treatment produces increased sprouting of lesioned fibres rostral to the lesion site and long-distance regeneration of injured axons (red fibres), 7) rehabilitative training
induces adaptations in central pattern generator networks (red arrows). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version
of this article.)
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et al., 2010), voltage-sensitive dye imaging (VSD) (Ghosh et al., 2009;
Ghosh et al., 2010) and retrograde tracing (Ghosh et al., 2010).
Cortical plasticity following partial SCI has also been observed in
humans with positron emission tomography (Bruehlmeier et al.,
1998; Curt et al., 2002b) and fMRI (Curt et al., 2002a); for review see
(Endo et al., 2009). In addition, it was shown in monkeys that
recovery of hand function following partial cervical SCI was
accompanied by the re-emergence of the cortical map of the hand
(Schmidlin et al., 2004). The above observations suggest that the
detailed structure of cortical maps is dynamically maintained
throughout life, and that maps are able to rapidly respond to changing
inputs. However, the exact mechanism(s) underlying these changes
are not known but may involve long-term potentiation (Hess and
Donoghue, 1994; Rioult-Pedotti et al., 2007), unmasking of horizontal
connections (Hess and Donoghue, 1996; Adesnik and Scanziani,
2010), removal of inhibition (Hendry and Jones, 1986; Jacobs and
Donoghue, 1991; Brasil-Neto et al., 1993; Aguilar et al., 2010), and/or
sprouting and growth of new connections (Kleim et al., 2004; Kim
et al., 2008; Ghosh et al., 2010).

Spontaneous reorganisation of spinal connections following injury

While functional and anatomical plasticity in the neocortex are well
studied, recent observations suggest that the spinal cord is capable of
substantial plastic changes also. Three fibre systems have been studied
in detail: the hindlimb corticospinal tract (CST) (Fig. 1B2) (Fouad et al.,
2001; Ghosh et al., 2009; Ghosh et al., 2010), propriospinal connections
(Fig. 1B2 & B3) (Bareyre et al., 2004; Courtine et al., 2008) and fibre
networks including central pattern generators (Lovely et al., 1986;
Rossignol et al., 2002; Edgerton et al., 2004; Barriere et al., 2008;
Edgerton et al., 2008; Ichiyama et al., 2011). Four weeks after mid-
Please cite this article as: Starkey, M.L., Schwab, M.E., Anti-Nogo-A a
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thoracic transection in the adult rat, stimulation of the hindlimb
somatosensory cortex, which before the lesion yielded only hindlimb
movements, produced forelimb, trunk and shoulder responses (Fouad
et al., 2001). This functional reorganisation of the cortex was associated
with extensive sprouting of the lesioned hindlimb CST fibres into the
cervical spinal cord (Fouad et al., 2001; Ghosh et al., 2009; Ghosh et al.,
2010). fMRI and VSD imaging showed that the forelimb sensory
representation had also expanded into the hindlimb area (Ghosh et al.,
2010). Whereas many of the former hindlimb fibres now assumed
forelimb functions, retrograde tracing and electrophysiology showed
that some of the sprouts of hindlimb axons in the cervical spinal cord
connected to long propriospinal neurons which bridged the damaged
area and thus served as a relay reconnecting the intact cervical spinal
cord to the denervated lumbar spinal cord (Bareyre et al., 2004;
Kerschensteiner et al., 2004). In an extension of these findings it was
shown that these newly formed propriospinal relay connections, which
bypassed the lesion site, were able to mediate recovery of treadmill
locomotion (Courtine et al., 2008). It is known that functional and
structural changes also occur in the spinal networks caudal to the lesion
following SCI, for example in the spinal circuits that generate motor
patterns for walking. Such changes have been extensively studied in
animals and humans (Cai et al., 2006; Frigon and Rossignol, 2006;
Edgerton et al., 2008; Courtine et al., 2009; Dietz, 2010). A detailed
overview canbe found in other reviews in this edition, and sowill not be
discussed further here.

Factors affecting spontaneous recovery

A number of factors affect spontaneous recovery after SCI.
Whereas both the size (Burns et al., 1997; Little et al., 1999; Schucht
et al., 2002; Multon et al., 2003; Piecharka et al., 2005; Hsu and Jones,
nd training: Can one plus one equal three? Exp. Neurol. (2011),
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2006; Spiess et al., 2009) and the rostrocaudal, ventrolateral location
(Fouad et al., 2000; Schucht et al., 2002; Dietz and Colombo, 2004;
Kanagal andMuir, 2009) of the lesion play a key role, in this reviewwe
will focus on two other important factors. Firstly, the age of the
animal/patient at the time of injury can have a significant effect on the
degree of spontaneous recovery. In the postnatal period, progressive
myelination in the CNS leads to mounting levels of factors that are
inhibitory for neurite growth. Thus, with increasing age the likelihood
of spontaneous fibre growth tends to decrease (Wang et al., 2004;
Bilston and Brown, 2007; Takahashi et al., 2009; Choi et al., 2010;
Tillakaratne et al., 2010). In line with this, when myelin was
experimentally removed from the spinal cord, regeneration of injured
CST fibres was enhanced (Savio and Schwab, 1990) and the
expression of a growth-associated protein (GAP-43) increased
(Kapfhammer and Schwab, 1994). The second factor that has an
impact on the degree of spontaneous recovery is the amount of
rehabilitative “self- training” by the animal/patient. Older animals/
humans tend to be less active than younger ones (van Hedel and
Dietz, 2004; Harmsen et al., 2006; Holme et al., 2007), and translating
the positive effects of rehabilitative training can become difficult with
increasing age (Jakob et al., 2009). The amount of self-training/activity
is also greatly influenced by housing/hospital conditions (Lankhorst
et al., 2001; Wurbel, 2001; Teasell et al., 2005; Dai et al., 2009) as
discussed below.

Blocking Nogo-A: an approach for enhancing recovery

One reason for the limited spontaneous anatomical and functional
recovery in the adult CNS post-lesion is the presence of negative
regulators of neurite outgrowth (Schwab, 2004; Yiu and He, 2006;
Schwab, 2010). In particular CNS myelin is a highly non-permissive
substrate for growth and, up to now, about ten different proteins with
neurite growth inhibitory activity in vitro have been found in CNS
myelin (Yiu and He, 2006; Schwab, 2010). One of the most potent and
best studied of these growth inhibitors is Nogo-A; its neutralisation or
removal from CNS myelin yields a growth-permissive substrate
(Caroni and Schwab, 1988; Chen et al., 2000; Oertle et al., 2003).
Addition of neutralising antibodies to spinal cord sections in vitro
converted CNS white matter into a permissive substrate on which
cells were able to adhere and elongate (Savio and Schwab, 1989) and
infusion into spinal cord lesioned animals allowed growth and plastic
sprouting of damaged and intact fibres, respectively (Schnell and
Schwab, 1990; Liebscher et al., 2005; Freund et al., 2007; Mullner
et al., 2008; Maier et al., 2009; Gonzenbach et al., 2010). Recently, a
human version of an anti-Nogo-A antibody (ATI355) has been
produced and is currently under clinical trial.

Nogo-A is the longest splice form generated by the nogo gene
(Chen et al., 2000; GrandPre et al., 2000; Oertle et al., 2003). All three
isoforms of nogo mRNAs (Nogo-A, -B and -C) share a common C-
terminal domain, the reticulon-homology domain, hence their
inclusion in the reticulon gene family (GrandPre et al., 2000; Oertle
and Schwab, 2003). The inhibitory nature of Nogo-A is attributed to
two extracellular regions of the protein: the C-terminal Nogo-66
domain and a sequence referred to as Nogo-Δ20 or amino-Nogo
(GrandPre et al., 2000; Fournier et al., 2002; Oertle et al., 2003). The
Nogo-66 domain binds to the Nogo-66-receptor (NgR1) (Fournier
et al., 2001; Fournier et al., 2002), as do two other myelin-associated
neurite growth inhibitors, myelin-associated glycoprotein MAG
(McKerracher et al., 1994) and oligodendrocyte myelin glycoprotein
OMgp (Domeniconi et al., 2002; Liu et al., 2002; Wang et al., 2002b;
Venkatesh et al., 2007). NgR1 does not have a transmembrane domain
and so it must be associated with transmembrane proteins for
signalling to occur; Lingo-1, TROY, and p75 were found so far (Wang
et al., 2002a; Mi et al., 2004; Park et al., 2005). The Nogo-66 domain
also binds to PirB (paired immunoglobulin-like receptor B) and
blocking of PirB or NgR1 can overcomemyelin inhibition (Atwal et al.,
Please cite this article as: Starkey, M.L., Schwab, M.E., Anti-Nogo-A a
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2008). High affinity binding of Nogo-Δ20 has been shown biochem-
ically (Oertle et al., 2003) but the binding partner/receptor is not yet
fully characterised. Subsequent to binding, it is known that Nogo-Δ20
is internalised into neuronal cells where it activates RhoA and the rho
effector, ROCK (Joset et al., 2010). LIM kinase and the actin-regulating
protein Cofilin are involved in transmitting signals to the axonal
cytoskeleton (Montani et al., 2009; Nash et al., 2009; Schwab, 2010).
Although other CNS myelin proteins that inhibit neurite growth were
found, e.g., MAG, OMgp, semaphorin 4D (Moreau-Fauvarque et al.,
2003), semaphoring 5A (Goldberg et al., 2004), ephrin B3 (Benson
et al., 2005), netrin (Low et al., 2008) and certain proteoglycans (Yiu
and He, 2006), Nogo-A remains the most restrictive inhibitory
molecule currently known and plays an important role in the
inhibition of sprouting and regenerative neurite growth in the CNS
(Cafferty et al., 2010; Schwab, 2010).

Neutralisation of Nogo-A enhances regeneration, growth and recovery
following injury

In the early 1990s, a significant step forward in the field of SCI
occurred when the regeneration of injured CNS axons in rats treated
with an anti-Nogo-A antibody (IN-1) was described (Schnell and
Schwab, 1990). Large, dorsal, mid-thoracic SCIs in adult rats produced a
sprouting response in lesioned fibres rostral to and at the lesion site.
However, only in those animals receiving anti-Nogo-A antibodies were
these fibres seen to grow around the injury site and into the caudal
spinal cord (Fig. 1C6) (Schnell and Schwab, 1990; Liebscher et al., 2005).
This fibre growth was associated with significant functional recovery of
CST-mediated behaviours (Bregman et al., 1995) and of locomotor
ability; over-ground walking, treadmill locomotion, narrow beam
crossing and swimming (Merkler et al., 2001; Liebscher et al., 2005).
Lesioned rats treated with an anti-Nogo-A antibody had alternating
EMG (electromyogram) recordings for flexor and extensor muscles
when walking on a treadmill, whereas lesioned animals treated with a
control antibody displayed only minimal rhythmic activity (Merkler
et al., 2001). Using fMRI itwas shown that anti-Nogo-A antibody treated
lesioned animals had a reactivation of the hindlimb sensory cortex
which had become silenced by the lesion (Fig. 1C4), (Liebscher et al.,
2005). Importantly, removal of Nogo-A has never been associated with
increased pain (hyperalgesia) (Merkler et al., 2001; Maier et al., 2009;
Willi et al., 2009).

Many of these findings have been reproduced in other laboratories
using different CNS lesions, treatment paradigms, treatment types
(antibodies, the NgR1 blocking peptide NEP1–40, soluble NgR-Fc fusion
proteins) and in various species including primates (Freund et al., 2006;
Freund et al., 2007; Freund et al., 2009). For example, following a mid-
cervical unilateral hemisection in adult macaque monkeys, manual
dexterity recovered significantly better in the monkeys treated with
anti-Nogo-A antibody than in controls (Freund et al., 2006, 2009).
Antibody-treatedmonkeys had a greater number of CST fibres caudal to
the lesion (Freund et al., 2006), a greater number of sprouting axons and
midline crossing fibres, and fewer retraction bulbs rostral to the lesion
(Freund et al., 2007). In rodents, blockade of NgR1 with the antagonist
NEP1-40 also promoted CST growth and functional recovery in vivo
(GrandPre et al., 2002), even when the treatment was delayed or given
systemically (Li and Strittmatter, 2003). Administration of a function-
blocking soluble NgR1 protein fragment after SCI in adult rats also lead
to axonal growth and electrophysiological and functional recovery (Li
et al., 2004), and blocking Lingo-1 in rats after SCI improved functional
recovery and increased axonal sprouting (Ji et al., 2006).

However, the results from studies knocking out the nogo-A gene
(and also other Nogo isoforms) were initially less convincing. The
controversy began when two different laboratories both reported
enhanced sprouting and axonal regeneration following SCI in two
separate knockout lines (one lacking Nogo-A and the other Nogo-A
and -B) (Kim et al., 2003; Simonen et al., 2003), whereas a third
nd training: Can one plus one equal three? Exp. Neurol. (2011),
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laboratory saw no significant enhancement of recovery in either a
Nogo-A/B or Nogo-A/B/C knockout line (Zheng et al., 2003). Not
surprisingly, the background strain of the mice (Dimou et al., 2006)
and compensatory up-regulation of other growth inhibitory proteins
were shown to play important roles (Schwab, 2010). Moving away
from SCI, enhanced plastic sprouting and functional recovery was
present in all strains following unilateral pyramidotomy (transection
of the CST at the level of the pyramids in the brainstem) (Cafferty and
Strittmatter, 2006), and plastic reorganisation of intact fibres and
functional recovery was observed following unilateral stroke in mice
lacking either NgR1 or Nogo-A/B (Lee et al., 2004). Following SCI in
triple knockouts (of Nogo-A, MAG, and OMgp) enhanced sprouting
was reported to be mainly due to the removal of Nogo-A (Cafferty
et al., 2010; Lee et al., 2010). However, in this case, enhanced axonal
re-growth (CST and raphespinal) and improved locomotion was seen
in one laboratory/mouse line (Cafferty et al., 2010) but not in another
(Lee et al., 2010).

It should be noted that in the many regeneration studies reported,
the number of fibres actually showing long distance regeneration is
only modest. However, as mentioned above, as long as some intact
tissue remains, enhanced sprouting of unlesioned fibres can also
contribute to recovery. Anti-Nogo-A treatments have also been shown
to enhance sprouting and growth of intact fibres. This was most
clearly shown after unilateral pyramidotomy or stroke both of which
leave one CST projection to the spinal cord intact: anti-Nogo-A
antibody administered post-lesion lead to sprouting of the intact CST
across the spinal cord midline leading to bilateral innervation of the
cervical spinal cord, red nucleus and pons by the intact CST (Fig. 1C5)
(Thallmair et al., 1998; Z'Graggen et al., 1998; Blochlinger et al., 2001;
Papadopoulos et al., 2002; Cafferty and Strittmatter, 2006). This novel
innervation was associated with recovery of precise forelimb
movements and sensation in the impaired body parts (Thallmair
et al., 1998; Papadopoulos et al., 2002).

Plastic and regenerative events mediated by Nogo-A-suppression
are not restricted to the CST. Sprouting of the intact rubrospinal tract
into the ventral horn of the spinal cord was observed following
bilateral pyramidotomy and anti-Nogo-A treatment (Raineteau et al.,
2002). Also mice lacking NgR1 showed regeneration of raphe- and
rubrospinal fibres following SCI which was associated with significant
functional recovery (Kim et al., 2004). Serotonergic fibres were also
able to re-establish lamina-specific connections in the lumbar spinal
cord following SCI and either anti-Nogo-A (Mullner et al., 2008) or
NEP1-40 treatment (Li and Strittmatter, 2003). Anti-Nogo-A treat-
ment of the adult CNS also enhanced growth and plasticity in the
absence of an injury. Intact purkinje cells of the cerebellum reacted to
a single injection of anti-Nogo-A antibody by up-regulating the
expression of transcription factors and immediate early genes
important for growth (Zagrebelsky et al., 1998) and by profuse
axonal sprouting (Buffo et al., 2000). In addition, anti-Nogo-A
treatment of intact, naive rats enhanced sprouting of CST fibres
without affecting the gross behaviour of the animals (Bareyre et al.,
2002). Dendritic sprouting and remodelling was also observed in the
intact adult hippocampus after anti-Nogo-A antibody treatment, or
knockout of either Nogo-A or NgR1 (Zagrebelsky et al., 2010). Finally,
Nogo-A and NgR1 play a negative role in activity-dependent synaptic
plasticity in the intact adult hippocampus (Raiker et al., 2010;
Delekate et al., 2011).
Rehabilitative training to enhance recovery after spinal cord injury

A number of experimental studies suggest that training of specific
functions after a CNS injury has positive effects on recovery. Clinically,
the most successful therapy for SCI, stroke and brain injury is
rehabilitative training. As other reviews in this edition focus on this
type of therapy, here we discuss the important factors to consider
Please cite this article as: Starkey, M.L., Schwab, M.E., Anti-Nogo-A a
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when designing a combinatorial therapy involving rehabilitative
training.

Task-specificity of training: be careful what you train?

When designing a rehabilitation programme it is important that
training results in the recovery of functions that are useful in the
everyday life of the animal or human. Whether training of one task
can be converted to recovery of function in another, untrained task
seems to depend on a number of factors including the type of training,
the untrained task tested, the volume of training and the lesion. The
expectation would be that as long as there is an overlap in the neural
strategy used for the two movements (the trained and the untrained)
then it should be possible to translate the training of one task to ability
in another (Singh et al., 2010). The current experimental literature,
despite covering many different training strategies, control groups,
lesions and species, remains rather controversial.

Evidence against transfer of skills
Initial insights into the issue of converting training in one task to

ability in another came with the intriguing finding that spinalised cats
trained to stand stoodwell but did not step,whereas cats trained to step
stepped well but could not stand (Edgerton et al., 1997). Intriguingly, if
step trained catswere subsequently trained to stand they lost the ability
to step (De Leon et al., 1998a, b). Also in humans, the ability to step
forwards on a treadmill following SCI did not transfer to backwards
stepping (Grasso et al., 2004). In another study, it seemed that ability in
one task came at the expense of another: rats with an upper cervical
lesion were trained post-lesion to grasp. Whereas these rats showed
recovery in this task their ability to cross a horizontal ladder was worse
than that of untrained animals (Girgis et al., 2007; Krajacic et al., 2010).
When grasping and environmental enrichmentwere used separately as
training after dorsal column crush injury, environmental enrichment
(for 1 hour per day) resulted in a reduced grasping ability (Garcia-Alias
et al., 2009). However, environmental enrichment in combination with
grasping and horizontal ladder training allowed recovery on both
trained tasks but not of either over-ground locomotion or forelimb use
in the cylinder test (Dai et al., 2009). Also, in rats with incomplete SCI
swimming or wading training significantly improved the trained task
but did not improve over-ground locomotion (Smith et al., 2006; Kuerzi
et al., 2010).

Evidence for transfer of skills
Conversely, a number of studies have shown a transfer of training

in one test paradigm to improved function in another. Treadmill
training or wheel running early after SCI produced a quicker recovery
of over-ground walking compared to controls (Multon et al., 2003;
Engesser-Cesar et al., 2007). However, it should be noted that of
course, both wheel running and treadmill training are very similar to
over-ground locomotion. In another study, following mid-thoracic
lesion both treadmill training and self-training were translated to
enhanced recovery in a related but novel task, i.e., staircase stepping
(Maier et al., 2009). When this task was used as a training paradigm
following mid-thoracic contusion, rats improved significantly on the
trained task (staircase stepping) and also showed recovery on the
horizontal ladder and in detailed aspects of locomotion (CatWalk),
although some abnormalities remained (Singh et al., 2010). These
results suggest that rehabilitative therapies should train different
tasks together as it seems that a lack of practise in one task can lead to
it being lost or becoming non-functional.

Amount of training

In addition to the type of training the amount received is an
important factor to consider. Although step training was shown to
produce a quicker recovery of locomotor ability following complete
nd training: Can one plus one equal three? Exp. Neurol. (2011),
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transection, untrained cats and rats also showed a high degree of
spontaneous recovery (de Leon et al., 1998b), raising the question of
how much training is required to have a major beneficial effect over
what occurs spontaneously and by self-training (Fouad et al., 2000).
Unsurprisingly, animals that made more steps (1000) in a treadmill
session improved better than those making fewer (100) (Cha et al.,
2007), and daily locomotor training lead to greater effects than only 3
sessions per week (Engesser-Cesar et al., 2007). As mentioned above,
the amount of spontaneous self-training depends on the type and size
of the injury and the resulting impairment and also on whether
animals are housed in (active) groups or in isolation. If extensive self-
training occurs it can allow recovery to a level that cannot be further
improved by training (Kuerzi et al., 2010), the so called “ceiling
effect”. Standard protocols for treadmill training allocate only a small
percentage of the day to actual training; rats or cats are usually trained
for 20-30 min, 3–5 times per week and humans often 0.5–1 h, 1–5
times per week. However, it remains largely unknown if much longer
and more frequent training sessions would improve functional
recovery in tasks like locomotion or hand/forepaw use. In addition,
activities in the non-training period might have an impact, either
positive or negative, on the activities practised in the short training
period and should be taken into account when interpreting the data.

Potential mechanisms underlying training effects

The current mechanistic understanding of rehabilitation is at best
fragmentary but is important when planning combination treatments
such as with anti-Nogo-A therapy. Refinement of newly established
pathways following growth/plasticity enhancing treatments may
depend on activity-dependent mechanisms. It is known that learning
a skill is associated with increased dendritic complexity and an
expansion of motor maps in areas involved in the learnt task (Adkins
et al., 2006; Xu et al., 2009). Also, during development changes in
neuronal activity shape the structure of connections, e.g., of the CST:
inhibition of CST activity during the early post-natal period in cats
leads to a defect in pruning of inappropriate connections (Martin
et al., 1999).When use of a forelimbwas blocked during development,
topology and morphology of CST axon terminals were affected, and
this was correlated with functional deficits that did not recover with
age (Martin et al., 2004). Restriction of forelimb activity also reduced
the forelimb representation in the motor cortex, but this enlarged
again once activity returned (Martin et al., 2005). In turn, when CST
axons or neurons were stimulated electrically during their refinement
period, they occupied larger target territories than non-stimulated
fibres (Salimi and Martin, 2004). Following adult unilateral pyrami-
dotomy, chronic stimulation of the contralateral, intact CST axons or
motor cortex enhanced sprouting of these fibres in the spinal cord, in
particular by inducing growth over the midline and re-innervation of
the denervated hemicord (Brus-Ramer et al., 2007; Carmel et al.,
2010). In a similar way, forced-use of the impaired paw by constraint-
induced movement therapy (applying a unilateral cast on the intact
forelimb) following unilaterally pyramidotomy in adult rats increased
branching of midline crossing CST fibres in the grey matter and
enhanced synapse formation (Maier et al., 2008). These results
suggest that increased neuronal activity can trigger or enhance
compensatory growth of axonal branches and the formation of new
connections. Encouragingly, as mentioned above, similar CST sprout-
ing across the spinal cord midline was found after Nogo-A or NgR1
suppression (Thallmair et al., 1998; Lee et al., 2004; Cafferty and
Strittmatter, 2006).

Combination of Anti-Nogo-A treatment and training to
enhance recovery

With the research mentioned above as a background a small
number of in vivo studies have now been carried out combining anti-
Please cite this article as: Starkey, M.L., Schwab, M.E., Anti-Nogo-A a
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Nogo-A therapies and rehabilitative training paradigms. How reha-
bilitative training should or could be combined with pharmacological
interventions such as Nogo-A suppression is a question of crucial
importance. One might expect that a more plastic CNS would be an
advantageous background on which to apply rehabilitation as newly
grown fibres are likely to need activity to stabilise or prune functional
or non-functional connections, respectively.

In a first study (Maier et al., 2009) adult rats with an incomplete
thoracic SCI received anti-Nogo-A antibody treatment and, simulta-
neously, daily forced treadmill training. Antibody alone (although
probably with some spontaneous self-training) was associated with
good recovery of locomotion with coordinated stepping, few paw
drags, and a low variability in the step cycle. Rats that received
treadmill training alone (and no antibody treatment) were well
coordinated but dragged their paws and developed an abnormal low,
long, sweeping gait. Surprisingly however, when the two treatments
were given simultaneously the functional outcome was clearly worse
than after either of the treatments alone. In terms of anatomy, all
groups that received anti-Nogo-A antibody showed regeneration of
CST and serotonin fibres, whereas those receiving training alone did
not. The combination of training with anti-Nogo-A antibody treat-
ment did not increase this growth over control levels (but importantly
it also did not hinder it). These data seem to suggest that some sort of
interference occurred between the mechanisms induced by the two
treatments. The reason for the incompatibility between the two
treatments is the subject of current research; one suggestion is that it
might be due to different learning strategies — forced treadmill
training vs. anti-Nogo-A facilitated self-training. It is also conceivable
that a very plastic nervous system with multiple fibres and pathways
sprouting/growing does not react positively to intense, forced
training.

An important additional aspect is timing; in the above study the
antibody treatment and training were given simultaneously, imme-
diately after the lesion (Maier et al., 2009). In an extension of this
work it was shown that delaying the treadmill training until two
weeks after the end of the antibody treatment, i.e., four weeks after
the lesion, lead to a very good functional outcome (Marsh et al., 2010).
Also, following cervical hemisection in NgR1 knockout mice delayed
(11–12 days post-injury) rehabilitative locomotor training, regardless
of the genotype, lead to functional recovery in tasks related to the
training (Harel et al., 2010). On the other hand, mice lacking NgR1
performed better on tasks unrelated to the training, independent of
training but a synergistic effect was not reported. Conceptually, the
most likely hypothesis is that training-induced selection and
stabilisation of connections may have to follow an initial growth
phase which is induced or enhanced by Nogo-A suppression or NgR1
removal.

In contrast to the results mentioned above, using a stroke
paradigm, a recent study showed that when NgR1 was blocked whilst
the animals carried out training for forelimb grasping, recovery of
grasping occurred sooner and to a greater degree than when either of
the treatments were applied alone (Fang et al., 2010). Why exactly
there are differences between these studies is not yet clear. The effects
of combining another plasticity-enhancing compound, Chondroiti-
nase ABC (ChABC), with training have also been investigated (Garcia-
Alias et al., 2009) and are the subject of another review in this edition.

As rehabilitation is an obligatory step in the current care protocols
for SCI patients, any future novel therapy will have to work in
combination with it (Dobkin and Havton, 2004; Dobrossy and
Dunnett, 2005; Kim et al., 2008) and thus more experimental studies
in this area are required. In human rehabilitation important factors to
consider will be the timing, the type and the intensity of training, the
motivational state of the patient, whether the training is forced or
voluntary, and the (difficult to assess) degree of self-training. When
investigating the complex interactions of therapeutic interventions,
the functional readouts used will also be an important factor to
nd training: Can one plus one equal three? Exp. Neurol. (2011),
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consider (Alexander et al., 2009; Zorner et al., 2010). Currently, a
clinical trial of a human function blocking anti-Nogo-A antibody
(ATI355) is underway in collaboration with Novartis (http://clinical-
trials.gov/ct2/show/NCT00406016). Phase I, which primarily investi-
gates safety, dosing, tolerance and pharmacokinetics, started in 2006
and is now coming to a close with more than 50 acutely injured para-
and tetraplegic patients. So far, no deleterious side effects of the
treatment have been observed. In the planned Phase II of the trial
treatment will start a few days after the injury, which corresponds to
the initial spinal shock phase where intensive rehabilitation is not
possible, and will be given over a few weeks. All patients will then
receive the standard optimised rehabilitative treatment. Their out-
comes will be compared to a large database of historical controls as
well as to placebo treatment.

As will have become clear from this review, preclinical observa-
tions cannot currently recommend the best protocol for combining
rehabilitative training with growth-enhancing treatments, e.g., anti-
Nogo-A or Nogo receptor reagents or ChABC. The mechanisms behind
functional recovery and repair of the structure of the CNS after an
injury are just beginning to be unravelled. Clinical findings, which
were once mostly empirical, are now starting to be understood on a
basic science level; the insights gained are expected to help to
improve our current treatment paradigms.
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