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Abstract
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Spinal root avulsion leads to paralysis and loss of sensory function. Surgical methods can
improve motor function and ameliorate pain but sensory recovery in adults is poor. Previous
studies have shown that cell transplantation or treatment with trophic factors can improve
functional outcome in rodents after dorsal root transection or crush. Here, a dorsal root injury
model, more similar to human avulsion injuries, was used. The aims of this thesis were to
investigate the behaviour of different stem cells following transplantation to avulsed dorsal
roots and asses their potential to serve as possible regenerative therapy. In paper I, different
murine stem cell types were transplanted to avulsed dorsal roots in rats. Murine embryonic
stem cells remained outside the spinal cord and were surrounded by glutamatergic terminals.
Boundary cap neural crest stem cells (bNCSC) formed elongated bands outside the spinal cord
and migrated to the spinal cord as single cells. In paper II, transplanted bNCSC were further
characterized. bNCSC remaining outside the spinal cord expressed glial markers and were
associated with different types of sensory fibres. bNCSC that migrated into the injured spinal
cord expressed different neuronal markers. In paper III, effects of bNCSC transplantation on
local vasculature and glial scar formation were studied. bNCSC increase angiogenesis in a non
dose response manner and participate in boundary glial scar formation. In paper IV, bNCSC
spinal migration was analysed using two different injury models - dorsal root transection and
dorsal root avulsion. In addition, bNCSC capacity to support sensory regeneration was assessed
and the results suggest that bNCSC do not support robust regeneration of avulsed afferents.
In paper V, an in vitro stem cell model system was used to assess the possibility of using
artificial nanomaterials to deliver differentiation factors. Cells treated with either soluble factors
or particle-delivered factors showed similar differentiation patterns. Stem cell transplantation
offers several opportunities following dorsal root avulsion, including cell replacement and
regenerative support. By elucidating the mechanisms by which stem cells can assist regeneration
of avulsed afferents will allow for more targeted or combinatorial approaches, including growth
factor treatment.
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1. Introduction

1.1 Peripheral sensory nerves and cutaneous receptors
Primary sensory neurons in the dorsal root ganglia (DRG) sense different
types of stimuli and are derived from ventrally migrating neural crest cells
(NCC) [1]. In mice, the NCC migrate at E9-E10 from the neural tube to form
the presumptive dorsal root ganglia [2]. It is possible to delineate the different
populations of sensory neurons in the DRG based on their expression of differ-
ent growth factor receptors. For example, the neutrotrophin 3 (NT-3) receptor
TrkC is expressed by proprioceptors whereas the nerve growth factor (NGF)
receptor TrkA is expressed by nociceptive neurons [1]. Apart from differences
in growth factor preference, the transcription factors Runx1 and Runx3 appear
to participate in the processes that specify the fate of DRG neurons and their
axonal projections [3]. For example, Runx1 overexpression results in abnor-
mal TrkA nociceptor axonal projections to deeper parts of the spinal cord [4].
Possibly, sensory neuronal fate is determined before target tissue factors can
affect neuronal specification [5]; both the Runx-transcription factors as well
as the basic helix-loop-helix transcription factors Neurogenin 1 and 2 (Ngn1
and Ngn2) appear to be of pivotal importance [3]. However, the expression of
specific transcription factors important in neuronal specification may in turn
be regulated by factors (such as fibroblast growth factors, FGFs) produced by
neuronal cells in the early DRG [6].

NCC migration to the DRG occurs in different waves with large diameter
TrkB or TrkC-positive neurons being generated first followed by small TrkA-
positive neurons [7–9]. The last wave originates from the boundary cap (BC),
a structure located at the dorsal and ventral spinal root entry and exit points
[10, 11]. During embryogenesis, the BC generates TrkA-neurons as well as
satellite-glia that reside in the DRG and are associated with the sensory neuron
cell bodies [9]. The BC also generates Schwann cell precursors and possibly
Schwann cells populating the dorsal root as well as parts of the ventral root [9].
Schwann cells of the distal parts of the peripheral nerves are, on the other hand,
derived from NCC [12].

A sensory stimulus is registered by different receptors (or end organs) in
the periphery that recognize different types of input. The cutaneous end or-
gans are in turn connected to the primary sensory cell bodies. For example,
different types of mechanoreceptors respond to vibrations, skin movement,
skin stretch or noxious stimuli whereas muscle stretch is sensed by muscle
spindles [1]. Mechanoreceptors can be divided into two classes; high-treshold
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(HTMR) and low-treshold mechanoreceptors (LTMR) [13]. The LTMR can
be further grouped into slowly adapting (SA) and rapidly adapting (RA) based
on their speed of adaptation to stimulation [13]. SA LTMR fire continu-
ously in response to a prolonged stimulation whereas RA LTMR respond to
the initiation and termination of a stimulus [14]. SA mechanoreceptors end
in Merkel cells that convey information about object texture and shape [15].
RA mechanoreceptors innervate Pacinian corpuscles, Meissner corpuscles and
lanceolate endings. Pacinian corpuscles are thought to respond to rapid vibra-
tions [16] and pressure [17], whereas Meissner corpuscles sense movements
or “slips” across the skin [13].

HTMR include free nerve endings that respond to noxious stimuli (noci-
ceptors), including temperature and chemicals [17]. Nociceptors can be neu-
rochemically divided into two different groups depending on whether they
contain neuropeptides (peptidergic nociceptors) or not (non-peptidergic noci-
ceptors) [18]. Peptidergic nociceptors can be characterised by their expression
of peptides such as Calcitonin gene-related peptide (CGRP) and Substance P
(SP); non-peptidergic nociceptors can in turn be labelled with isolectin B4
(IB4) [19]. There appears to be some overlap, however, as some peptidergic
nociceptors are capable of binding IB4 [20]. Information about muscle ten-
sion and limb-position is sensed by golgi-tendon organs and muscle spindles
respectively [1].

Nerve fibres innervating the end organs can be classified according to their
thickness and conduction velocities; large myelinated, high-velocity Aα and
Aβ fibres carry proprioceptive information whereas slightly thinner Aβ and
Aδ fibres carry mainly mechanoceptive information [21, 22]. The thinner un-
myelinated C fibres and some Aδ fibres end in free nerve endings that sense
noxious stimuli and temperature [17, 22]. Proprioceptive information from
muscle spindles is transmitted via Aα and Aβ afferents whereas Golgi tendon
organs are connected to Aα afferents [23]. Apart from diameter size and elec-
trophysiological properties, different fibres exhibit different immunoreactiv-
ity; for example, NF200 is preferentially expressed by myelinated mechanore-
ceptors [24] whereas Substance P, CGRP and IB4 are expressed by weakly or
unmyelinated fibres [25].

1.2 Peripheral nerve injuries
The peripheral nervous system (PNS) has some capacity to regenerate, the
outcome however, varies between type of injury and location. Apart from the
potential loss of function (sensory, motor or autonomic), there is also a risk
of patients developing chronic and severe neuropathic pain [26]. Based on the
Sunderland-classification, a peripheral nerve injury can be categorised into
five different types (Sunderland grade 1-5). According to this classification,
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Sunderland grade 5 is the most severe injury, carries the worst prognosis and
includes complete transection of the nerve trunk [27, 28].

Different mechanisms may account for the recovery of neuronal function
following peripheral nerve injuries: 1) reinnervation by regeneration of injured
axons, 2) collateral sprouting from nearby uninjured axons and 3) remodelling
of nervous system circuits [26]. As mentioned above, the possibility of suc-
cessful reinnervation depends on the lesion sustained [29]. Nerve transection
damages the epineurium and results in lower amounts of damaged axons suc-
cessfully reinnervating their original targets compared to crush injuries where
the surrounding sheath is left intact [30].

The degenerative processes following PNS-injury was described by August
Waller in the 19th century and are known as “Wallerian Degeneration” [31].
The axons and myelin are initially degenerated in both anterograde and ret-
rograde direction, with continued anterograde degeneration, leaving the basal
laminae intact [27]. After peripheral nerve transection, repair processes are
initiated immediately and involves changes in damaged nerve cells, Schwann
cells as well as surrounding macrophages and supportive tissue [29]. Im-
mediately after nerve transection, Schwann cells and fibroblasts react in the
damaged nerve. Fibroblast Ephrin-B/EphB2-signalling induces Schwann cell
dedifferentiation with proliferating, dedifferentiated Schwann cells aligning
in long tracks [32]. The Schwann cell tracks or "Büngner bands" guide re-
generating nerve fibres to their targets [33]. The induction of the Schwann
cell repair programme is thought to be mediated by the AP-1 family tran-
scription factor cJun [33]. cJun "switches" Schwann cells into a regenera-
tion supporting cell type and negatively regulates myelination through down-
regulation of the transcription factor Krox20 [34]. Schwann-repair cells (or
"Büngner cells") appear instrumental in initial clearing of myelin debris and in
instructing macrophages to participate in further removal of myelin residues
[33, 35]. Successful removal of PNS myelin seems to be of importance as
myelin residues impair peripheral axonal regeneration [36]. After nerve tran-
section, the alignment of Schwann cells and the guiding of nerve fibres also
depend on macrophage-derived vascular endothelial growth factor A (VEGF-
A) [37]. VEGF-A induces polarized blood vessel formation between the nerve
stumps with newly formed vessels acting as scaffolds for migrating Schwann
cells (figure 1.1) [37]. Similarly, addition of VEGF enhances vascularisation
and nerve regeneration in silicone nerve regeneration chambers [38].

Schwann cells produce several neurotrophic factors, including brain de-
rived neurotrophic factor (BDNF), NGF and glial derived neurotrophic fac-
tor (GDNF) as well as extra cellular matrix (ECM) components (e.g laminin)
believed to be beneficial for neuronal regeneration [29, 40]. Interestingly,
whereas neutralizing NGF with antibodies does not interfere with regenera-
tion, it decreases maladaptive sprouting; on the other hand, hampering BDNF
with antibodies impairs axonal regeneration (reviewed in [41]). Thus, Schwann
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Figure 1.1. Events following peripheral nerve transection. A) Macrophages secrete
VEGF-A which induces formation of polarized blood vessels. Schwann cells ori-
ent along the blood vessels and migrate in the direction of the vessels, taking axons
with them. B) Fibroblast EphrinB/EphB2-signalling increases Schwann cell Sox2 ex-
pression. Sox2 induces relocalisation of the adhesion molecule N-Cadherin, allowing
Schwann cells to align in cords. Modelled after [32, 37, 39]

cells appear pivotal in directing the complex events involving myelin clearing
and functional repair following peripheral nerve injuries [39].

The neuronal soma also adapts after an injury with the cell body switch-
ing from a “transmission mode” to a “growth mode” [40]. Interestingly, the
transcription factor cJun appears to also play an important role in this pro-
cess [42]. Regeneration associated genes (RAGs) are upregulated due to ac-
tion potentials generated at the lesion site and the interruption of normal ret-
rograde transport of trophic molecules; in addition, retrograde transport of
positive injury signals (e.g phosphorylated proteins) also contribute [29]. The
RAGs include genes coding for neurotrophic factors, adhesion molecules as
well as the growth associated protein GAP-43 and CAP-23 [43,44]. Although
CAP-23 or GAP-43 can in their own right enhance axonal growth, both are
required to induce extension of longer axons [43]. Further, the neurochemi-
cal properties of DRG sensory neurons are altered after peripheral nerve in-
jury; the neuropeptide Y (NPY) normally not expressed by DRG neurons, is
upregulated following peripheral axotomy whereas CGRP and SP are down-
regulated [29, 45]. Despite the capacities of PNS regeneration, outcomes af-
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ter peripheral nerve injuries are not always perfect and misguided axons may
innervate inappropriate or “wrong” targets (reviewed in [46]). There is, how-
ever, some specificity as, for example, injured motor axons may preferably
reinnervate motor branches [47]. Improving regeneration accuracy can be
achieved by local growth factor administration [48]; thus, accurate reinner-
vation depends on several factors such as trophic support [48], cell adhesion
molecules [49] as well as influence from end-organs (e.g muscles) [50].

1.3 The dorsal root transitional zone
The dorsal root transitional zone (DRTZ) is the interface between the PNS and
CNS where sensory axons enter the spinal cord (figure 1.2) [51]. Surrounding
each spinal rootlet as it courses through the DRTZ is a central tissue com-
ponent (or central tissue projection, CTP) formed by overlapping astrocytic
processes and a peripheral endoneurial component [51, 52]. Astrocytes and
peripheral Schwann cells are kept separated by a basal lamina [53].

Figure 1.2. Drawing of the postnatal DRTZ. The spinal cord and dorsal root are out-
lined in black. Myelinated sensory fibres are surrounded by Schwann-cells in the
periphery and cross the DRTZ through the glia limitans. Modelled after [54, 55]

The BC appears to have an important role in establishing DRTZ integrity
and has been suggested to act as a “gate-keeper”, aiding the entry of sensory
axons into the spinal cord [10, 51, 56]. Interestingly, the BC may also be in-
strumental in shaping the developing motor columns. Rather than regulating
axonal projections, the BC appears to prevent developing motor neurons from
migrating into the PNS [56, 57]. By inhibiting astrocytes from extending into
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the dorsal root and establishing the mature DRTZ, the BC could potentially al-
low sensory axons to grow into the developing spinal cord [10]. Carlstedt and
colleagues showed that if dorsal roots are crushed in newborn rats (0-2 days),
sensory axons can grow back into the spinal cord through the DRTZ [58, 59].
Sensory axonal re-growth does however not occur if roots are crushed at the
end of the first postnatal week or later [58, 59]. Later experiments using in
vitro models showed that in rats, the DRTZ is non-permissive to ingrowth of
sensory perinatal neurites by P6 [60]. In rats, this occurs roughly at the same
time point when the BC have completely disappeared from the dorsal root en-
try points. Thus, it has been suggested that the BC have a pivotal role in the
shaping of the PNS-CNS interface and the events surrounding sensory axonal
ingrowth (see discussion in [10]). An interesting characteristic of the BC cells
is their ability to generate both PNS- and CNS-cell types; following CNS-
transplantation BCs are able to generate CNS-neurons as well as oligoden-
drocytes [61, 62]. Despite the disappearance of the BC, peripheral embryonic
axons can grow into the adult spinal cord when human embryonic DRGs are
transplanted to the DRG cavity in adult rats. By following blood vessels, the
axons of the grafted embryonic cells circumvent the inhibitory influence of
DRTZ glia cells [63].

1.4 Spinal sensory projections
Sensory stimuli are transmitted by associated nerves which, after crossing
the DRTZ, project to distinct spinal cord areas. These areas can be identi-
fied by studying the cytoarchitecture of the spinal cord proposed by Swedish
anatomist Bror Rexed [64], see figure 1.3.

Thinly myelinated Aδ fibres carry nociceptive input and project to lamina
I and occasionally lamina V [21, 65]. Nociceptive stimuli carried by unmyeli-
nated C fibres terminate in the superficial dorsal laminae (Laminae I-II) [66].
Peptidergic nociceptors terminate mostly in lamina I and outer lamina II [67],
whereas non-peptidergic nociceptors project to laminae I and II [68,69]. Inside
the spinal cord, these fibres synapse on second order neurons in the appropriate
laminae. Projections from the second order neurons cross at segmental level
to the contralateral anterolateral tract (or spinothalamic tract) and terminate
mainly in the thalamus [13].

Low-threshold Aβ fibres project to laminae III and V [17, 70]. Proprio-
ceptive input from Aα and Aβ fibres distribute to laminae IV-VII as well as
lamina IX motorneurons [21, 71]. Proprioceptive and some mechanoceptive
information is transmitted ipsilaterally by the first neuron which then synapses
with second order neurons in the brainstem [72].

Studies in rodents have shown that different classes of sensory fibres en-
ter the spinal cord at different time points [74]. Large diameter myelinated
fibres enter first followed by unmyelinated fibres; the fibres grow directly to
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Figure 1.3. Representation of Rexed’s laminae in the rat L4 spinal cord. After [73].

the appropriate laminae without inappropriate sprouting [75]. Specifically, in
mouse, muscle afferents enter the grey matter at E13.5 followed by large sen-
sory afferents at E14.5. [75]. Small diameter sensory fibres enter the spinal
cord last at E15.5 [75]. Possibly, the time difference of axonal ingrowth is due
to the different DRG-populations being generated at different time points; for
example, large diameter sensory neurons are generated before small diameter
ones [3, 75, 76]. The sensory axons depend on growth cone elongation for ex-
tension and guidance towards their final projections. Growth cone elongation
is achieved through rapid re-arrangements of cytoskeletal components such as
F-actin [77,78]. Growing axons are guided by both intrinsic [79] and extrinsic
cues [80]. Intrinsic cues include transcription factors such as Runx1 which is
expressed by nociceptive DRG-neurons conveying information of light touch
and nociception [79]. Extrinsic cues include inhibitory molecules that regu-
late neuronal patterning by affecting axonal projections through cytoskeletal
interactions. The heterogeneous DRG-population of sensory neurons respond
differently to the various guidance molecules in the developing spinal cord;
both attractive [77] and repelling cues guide patterning, as has been described
for the Semaphorin proteins [75,81,82]. The Semaphorins are thought to gov-
ern neuronal axonal patterning through growth cone interaction [83]. Class
III Semaphorins are secreted from the ventral spinal cord from E14 in rats
and acts as a chemorepellant on the outgrowth of NGF-responsive axons [81].
Later studies have suggested astrocytes to secrete Semaphorin III and that
astrocyte derived Semaphorin is important in the organisation and function
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of ventral motor neurons [84]. Although class III-Semaphorins repel NGF-
responsive nociceptive neurons, they do not appear to have the same effect
on large diameter non-NGF responsive neurons [81, 82, 85–87]. For example,
large diameter NT-3 responsive muscle sensory afferents halt axonal growth
and initiate synapse formation in response to motor neuron derived Wnt3 [88].
Interestingly, factors that guide axons also influence blood vessel patterning
as has been shown for class III Semaphorins [89]. Additionally, blood vessels
secrete factors that attract axons and vice versa. Thus, there appears to be an
intimate relationship between vessels and nerves in the development of the
nervous system [90].

Different classes of nerve fibres are associated with different types of gluta-
mate transporters: by injecting the transganglionic tracer Cholera toxin subunit-
B (CTB) which labels myelinated afferent [91], Todd et al [92] found that
vGlut1 was associated with low-threshold afferents and proprioceptive affer-
ents. vGlut2, on the other hand, has been linked to unmyelinated primary
afferents terminating in lamina II [93].

1.5 Injuries occurring at the CNS/PNS-interface: spinal
root avulsions

A spinal root avulsion has been described as a longitudinal spinal cord injury
and is the tearing of spinal roots from the spinal cord (figure 1.4) [94] . Spinal
root avulsions mainly occur at the brachial plexus and are associated with high
energy trauma including motor vehicle accidents [94]. In addition, spinal root
avulsions may also occur during difficult delivery [95, 96]. Patients are gener-
ally young and suffer from paralysis, loss of sensibility and chronic, aggravat-
ing pain that may have serious effects on patient general well-being [97, 98].
The avulsion injury is considered a preganglionic injury whereas a root rup-
ture (not directly affecting the spinal cord) is considered to be a postganglionic
injury [99]. Due to the anatomy of the brachial plexus, avulsion injuries tend
to occur at the lower parts of the plexus [99]. Similarly, brachial plexus avul-
sions may be associated with Horner’s syndrome due to involvement of the
superior cervical (or stellate) ganglion [100].

Spinal root avulsion injuries can also occur at the lumbosacral plexus but
have been sparsely reported in English-language literature. A 2004 article
mentions 42 known cases between 1955 and 2004, and a 2006 article by
Sasaka et al., reports 61 cases in English-language literature [101,102]. Lum-
bosacral plexus avulsions are associated with pelvic or lumbar fractures and,
similar to brachial plexus avulsions, generally occur after high energy trauma
[101, 102]. Commonly, the L4-S1 roots are involved [101].

Both ventral and dorsal root avulsion leads to spinal neuronal death [103–
105]. Although spinal neuronal death occurs after dorsal root avulsion, the
primary sensory neurons in the DRG do not appear to be significantly affected
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Figure 1.4. Schematic drawing of a left side spinal root avulsion. The dorsal and
ventral roots have been torn from the spinal cord with direct injury to the spinal cord.
Modelled after [99].

by cell death in comparison to naive or sham operations [104, 106]. After a
dorsal root avulsion there is an influx of inflammatory cells, with increasing
microglia/macrophage mediated inflammatory activity [106]. Neuronal death
is noted in the ipsi- and contralateral dorsal horns with a second wave of neu-
ronal death occurring 14 days after the avulsion [106]. Central glial scarring
is also evident as would be expected in a spinal cord lesion [106] and the glial
scar inhibits regenerating sensory axons [107].

Sensation is lost as avulsed sensory afferents fail to re-establish functional
connections (reviewed in [55]). Different mechanisms may be operational
in preventing sensory regeneration after dorsal root injury; this includes glial
scar formation, myelin components and an increase in growth-deterring ECM-
components such as chondroitine sulfate proteoglycans (CSPG, discussed in
[55]). In the developing nervous system, the axonal tip is transformed into a
stable presynaptic terminal once it reaches a suitable target [108]. However,
glia cells in the injured dorsal horn appear to have the same stabilizing capacity
on regenerating sensory fibres that reach the glial limitans of the transitional
zone [108–110]. By irradiating the dorsal horn and depleting the horn of astro-
cytes, sensory axons are able to enter the spinal cord [107]. Later studies have
suggested that rather than astrocytes, the arrest of sensory axons is mediated
by a subset of glial cells, NG2-glia (nerve/glia antigen 2) [111–113]. NG2
is an ECM-molecule belonging to the CSPG-group of ECM-components and
its expression is increased following spinal cord injury [114]. DRG neurons
cultured on NG2-glia become entrapped and form synaptic terminals on the
NG-2 glia. Studies on spinal cord injury have shown that regenerating axons
tend to remain among the NG-2 glia rather than regenerating beyond, prevent-
ing axonal regeneration [115]. The interaction between NG2-glia and injured
axons, however, also has some positive effects as this stabilizes retracting ax-
ons [115].

In addition, the protein Metastasis associated-Mts1/S100A4 is upregulated
following dorsal root injury [116]. Mts1/S100A4 inhibits the migration of
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white mater astrocytes in vitro and Mts1/S100A4 upregulation has been sug-
gested to influence the formation of the spinal glial scar [117]. The exact
biological function of Mts1/S100A4 is not clearly defined, as Mts1/S100A4 is
also expressed by different PNS-neurons and Schwann cells [118].

Apart from inhibitory processes in the dorsal horn, a usually poor regenera-
tive response in sensory neurons likely contributes to failed regeneration [112];
GAP43 enhances axonal growth and is upregulated in primary sensory neurons
following peripheral nerve injury [43, 119]. However, transecting the dorsal
root does not appear to induce GAP43-expression in sensory neurons [120].
Thus, the growth capacity of central sensory axonal components can be en-
hanced by using a conditioning lesion (injuring the peripheral nerve part).
By injuring the peripheral nerve part, sensory neurons are primed for axonal
growth [121–123]. The intrinsic ability of sensory axons to regenerate appears
to differ between different nerve fibres [124]; for example, peptidergic or un-
myelinated IB4-binding neurons respond poorly to a conditional lesion [124].
Neuronal functions also appear to be compromised to a larger extent in the
injured unmyelinated nerves [125]. Similar to CTB, the lectin IB4 can be
used to trace the central projections of unmyelinated afferents [68]. After a
peripheral nerve injury, IB4 is accumulated in the DRG as a result of failed
transganglionic transport [125]. The full restoration of IB4-binding capacity
and transportation may require more than one year [126].

1.6 Pain after spinal root avulsion and nerve injuries
After traumatic brachial plexus injuries, patients risk experiencing chronic and
severe pain [127, 128]. Pain resulting from an avulsion (deafferentation pain)
has been described as “shooting, burning or crushing” and pain intensity cor-
responds to the number of roots avulsed [97]. In addition to deafferentation
pain, Htut et al. also reported that a third of the patients experience allodynia
at the border zone between intact and avulsed sensory dermatomes; this pain
apparently was less cumbersome than the deafferentation pain [97]. Pharma-
cological pain treatment includes anticonvulsants, opioids and electrical stim-
ulation but has historically been of limited value [129].

Following dorsal root avulsion and rhizotomy in rats, Lombard et al. [130]
noted hyperalgesia, scratching behaviour and self-mutilation in the injured an-
imals at the border zone of the injured dermatomes. Further, rodent dorsal
root avulsion as well as brachial plexus avulsion produce below-level pain
[131,132]. Interestingly, avulsing only the ventral root is sufficient to produce
at-level mechanical allodynia [133]. The below-level pain, however, does not
represent the avulsion pain encountered in human patients [134].

After dorsal deafferentation in cats, dorsal neurons exhibit spontaneous and
abnormal hyperactivity [135]. Similarly, abnormal neuronal activity has been
demonstrated in the DRTZ in brachial plexus avulsion patients [136]. Thus,
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generation of neuropathic pain after dorsal deafferentation may result from ab-
normal signalling due to either lack of inhibition or hypersensitisation of cen-
tral synapses [130]. Indeed, the avulsion injury damages Lissauer’s tract [137]
and the superficial laminae [130,134] of the spinal cord. The superficial lami-
nae harbours GABAergic and cholinergic interneurons that modulate neuronal
signalling, including pain transmission [138, 139]. Rodent neuropathic pain
after nerve injury has been linked to decreased GABA release [140], which
can be mitigated by inhibiting apoptosis of GABAergic interneurons [141].

Apart from changes in the dorsal horn anatomy, both dorsal root rhizotomy
and spinal root avulsion induce inflammatory changes in the spinal cord; these
changes include increased microglial activity as well as astrogliosis [106,137].
Similarly, though not directly affecting the dorsal horn, ventral root avul-
sion also induces microglial and astrocytic responses in the ipsilateral dorsal
horn [133]. The glia response has been linked to neuropathic pain condi-
tions with several possible mechanisms suggested (reviewed in [142, 143]).
In particular, the microglia (figure 1.5) have been suggested to be one of the
key-players in the development of neuropathic pain (reviewed in [144]). In
contrast to other CNS glia, the microglia originate from the haematopoetic
lineage [145]. The microglia survey the CNS and adopt an active pheno-
type in response to CNS insults [145]. Microglial activity leads to production
of inflammatory cytokines (including TNF-α , IL-1 and IL-6 [146]) that al-
ter the properties of synaptic communication [143]. TNF-α decreases surface
GABA-a receptor expression and increases the expression of AMPA-receptors
leading to an increased neuronal excitation [147]; IL-1, on the other hand, may
potentiate NMDA-receptor function [148]. Furthermore, neuronal growth fac-
tors secreted by microglia may exacerbate pathological signalling by altering
GABA-receptor signalling as has been shown for BDNF [149]. BDNF binds
to the tyrosine kinase receptor TrkB [150] and has important roles in the devel-
oping nervous system [151] as well as in promoting neurogenesis. However,
in the context of nerve injuries, microglia-derived BDNF seems to alter the
properties of lamina I inhibitory neurons leading to hyperexcitability [149].

In addition to inflammatory changes, inadequate vascular supply has been
suggested to drive avulsion-associated pain [152]. For example, two weeks
after segmental spinal root avulsion, intensity of RECA-1 vascular staining
is decreased [134]. However, spinal blood supply does not appear to be di-
minished following single spinal root avulsion when measured 2 weeks after
injury [152].

Successful surgical repair of brachial plexus avulsion with consecutive im-
provement of motor function mitigates neuropathic pain [153]. The relation-
ship between motor recovery and improved pain control after surgical repair
could result from regenerating proprioceptors that may modulate signalling in
the dorsal spinal cord [97] perhaps similar to the “gate-control” theory pro-
posed by Melzack and Wall [154].
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Figure 1.5. The role of microglia in the development of neuropathic pain. Activated
microglia secrete BDNF that alters the functions of inhibitory GABA-neurons [149].
Inflammatory cytokines produced by microglia also affect neuronal signalling [147,
148]. Modelled after [143, 146].

Previously, it was suggested that reorganisation of central terminals of in-
jured afferents also contribute to pain development due to inappropriate con-
nections. Using transganglionic tracing after peripheral nerve transection,
Woolf et al. demonstrated increased CTB labelling in Laminae II of the
spinal cord [155]. Laminae II is believed to harbour the central terminals
of unmyelinated nociceptive C-fibres [66] and CTB labelling of lamina II (in-
cluding outer Lamina II not normally labelled with CTB) was increased after
peripheral nerve transection [155]. The hypothesis that central reorganisa-
tion of sensory afferents contributes to neuropathic pain has, however, been
questioned [156, 157]. In the intact nervous system, CTB binds to the GM1-
ganglioside usually expressed by myelinated afferents [158]. After peripheral
nerve injury, neuronal properties are changed which could result in an upreg-
ulation of GM1 in unmyelinated fibres or other changes leading to subsequent
ability to transport CTB; this would provide unmyelinated afferents with a
similar CTB-binding and transporting capacity to that of myelinated afferents
which could account for the suggested sprouting [155–157].

1.7 Improving regeneration after spinal root injuries
For spinal cord injuries in general, several experimental studies including cell
transplants [159], stimulating electrodes [160] and biomaterials [161] have
been able to demonstrate improved recovery. Similarly, there are both experi-
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mental and clinical interventions that can improve outcome after longitudinal
spinal cord or avulsion injuries.

Surgical repair after brachial plexus avulsions can lead to functional im-
provement and pain reduction. Historically, surgical repair of brachial plexus
injuries was typically made using nerve transfer [162]. However, in the case
of multiple avulsions there is a risk that the required amount of donor grafts
exceeds the amount available [162]. Swedish surgeon Thomas Carlstedt pi-
oneered a new method of repairing brachial plexus avulsion in the 1990s
by re-implanting avulsed ventral roots into the spinal cord [163]. By reim-
planting avulsed ventral roots, there is some recovery of motor function with
subsequent pain relief [163]. The ventral root avulsion leads to a rapid loss
of motorneurons, with several mechanisms being suggested, including loss
of neurotrophic support and vascular trauma [164]. By re-attaching avulsed
ventral roots, motor neuron survival is improved [165] and astrocytic reactiv-
ity reduced [166]. Similarly, re-attaching severed dorsal roots with a fibrin
sealant improves sensory motor coordination, synaptic plasticity and reduces
glial scarring in rodents [167]. Combining re-implantation of ventral roots
with the glutamate inhibitor Riluzole and the growth factor GDNF further im-
proves functional outcome [164]. Although motor function and pain control is
improved in humans following surgery [103], adult sensory recovery is usually
poor [97]. In infants sensory recovery occurs and avulsion-associated central
pain does not appear to be a major problem; the different outcomes likely re-
flect a higher degree of neural plasticity [95]. Despite the different outcomes
between ventral and dorsal root regeneration, the ventral roots do not appear
to have a greater regenerative capacity than dorsal roots; for example, anas-
tomosing cut ventral roots to cut dorsal roots does not lead to an ingrowth of
motor fibres in the dorsal horn [168].

To improve the regeneration of injured dorsal roots, various methods in-
cluding cell-transplantation [167, 169, 170] as well as growth-factor support
have been attempted [171–175]. One of the first successful attempts at re-
connecting the PNS and CNS was done by transplanting human embryonal
DRGs to the DRG-cavity in adult rats [63]. Ramer et al [171] found that in-
trathecal administration of growth factors (NGF, GDNF and neurotrophin 3
(NT-3)) leads to recovery of sensation in rodents subjected to cervical dorsal
root crush. Furthermore, different growth factors appear to selectively improve
regeneration; whereas NGF and GDNF improves nociceptive recovery [171],
NT-3 supports proprioceptive recovery [172]. On the other hand, systemic
administration of Artemin appears to improve both noxious and sensorimotor
recovery following dorsal root crush [173, 175]. Artemin also supports to-
pographically correct re-innervation [175] whereas NT-3 treatment results in
incorrect projections [175, 176]. Delaying Artemin administration by 2 days
results in a similar improvement to that of direct administration [173]. How-
ever, if NT-3 treatment is delayed 1 week, this fails to improve dorsal root
regeneration which has been attributed to dorsal horn degeneration and the
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appearance of reactive phagocytes [176]. Thus, there appears to be a window
when dorsal root regeneration is possible with growth factors probably helping
regenerating axons reach central targets before reactive processes in the spinal
cord makes this impossible [176]. The mechanisms by which growth factors
improve dorsal root regeneration could, at least following systemic adminis-
tration, result from an upregulation of DRG-growth signals [175].

Previous studies using growth factor treatments have used more or less in-
vasive approaches for delivering the factors; this includes intrathecal deliv-
ery [171, 172], systemic injections [173, 175] or intraspinal injections of viral
vectors [174]. To avoid repeated injections or invasive methods, artificial ma-
terials could substitute the need for invasive delivery and ensure a more local
delivery of the desired treatment [177].

1.8 Cell based strategies for repairing damaged dorsal
root afferents and improving regeneration

Human foetal DRG cells transplanted to the DRG cavity are able to extend
fibres into the spinal cord and circumvent the DRTZ by following host blood
vessels [63]. This finding demonstrates that axons indeed can enter the adult
spinal cord from the periphery despite inhibitory glia cells at the DRTZ [63].
Apart from foetal stem cells, cell-based strategies for restoring damaged dorsal
PNS-CNS-connections include transplantation of olfactory ensheathing cells
(OEC) [169, 170] and mononuclear cells together with fibrin sealants [167].

OECs facilitate the growth of olfactory receptor fibres to interneurons lo-
cated in the CNS and can be harvested either from the olfactory mucosa or the
olfactory bulb [178, 179]. Thus, OECs are able to promote growth from the
PNS to the CNS (discussed in [179]) and offer the possibility of autologous
transplantation [180]. In addition, OECs induce a weaker astrocytic response
and CSPG expression compared to Schwann cells following spinal transplan-
tation [181]. These abilities and experimental findings have made OECs one
of the candidates for cell-based treatments in spinal cord and dorsal root in-
juries [182]. In a clinical study, a patient with a chronic spinal cord injury im-
proved from ASIA A to ASIA C with some recovery of lower limb voluntary
movements after OEC transplantation [159]. In a model of brachial plexus
avulsion, front paw-function was, in some transplant recipients, restored by
OEC transplantation [169]. Similarly, after L4 dorsal root injury, OECs im-
proved sensory regeneration compared to non-transplant recipients [170]. The
OECs appear to have the ability to intermingle with host astrocytes thereby
potentially acting as "door-openers" for regenerating axons [170, 178].

Mononuclear cells appear to improve regeneration after peripheral nerve
injuries [183] as well as modulate inflammatory activity, including reducing
astrocytic and microglial reactivity [167].
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The pathology of dorsal root avulsion involves failed regeneration of sen-
sory afferents [111], loss of dorsal neurons [104] and an inflammatory re-
sponse that may induce pain (figure 1.6) [106,132]. An ideal treatment would
be able to counteract all the different phenomena associated with dorsal root
avulsion, including trophic support and modification of the glial scar. Thus,
a potential treatment should be able to support regeneration, decrease inflam-
mation and replace lost cells. A stem cell-based treatment could potentially
mitigate several of these aspects. Stem cells are defined by their ability to
proliferate, self-renewal by asymmetric cell division and to generate new cell
types (potency) [184]. In the adult human, neurogenesis has been demon-
strated to occur in the dentate gyrus [185] and the subventricular zones of the
brain [186]. In the murine spinal cord, neural stem cell activity has been de-
scribed in the ependymal cell population [187]. Apart from substituting lost
cells, neural stem cells secrete growth factors that support degenerating cells
and enhance endogenous repair [188–190]. Neural stem cell secreted trophic
factors include GDNF, NT-3 and NGF which all enhance sensory axonal re-
generation [171–176, 188, 189].

Figure 1.6. Consequences of dorsal root avulsion. The pathology of dorsal root avul-
sion includes the failure of sensory axons (light blue) to enter the spinal cord. Neu-
ronal death is noted in the dorsal horn and there is an inflammatory response with
microglial and astrocytic reactivity. After [94, 104, 106]. Inspired by [54].

Autologous neural crest stem cells (NCSC) can be obtained from the adult
hair follicle [191]. In vitro results also indicate that skin derived NCSC, in con-
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trast to Schwann cells, do not increase astrocytic reactivity following contact
in 3d-cultures [192]. NCSC derived from the boundary cap NCSC (bNCSC),
are able to generate both neurons and glia as described above [9, 62] and the
BC has an important role during development in maintaining ventral and dor-
sal horn integrity [10, 193]. In addition, bNCSC exert neuroprotective effects
on spinal cord slices after excitotoxic injury [194]. Finally, bNCSC express
several neurotrophic factors (e.g GDNF, BDNF and NT-3) and the angiogenic
factor VEGF A in vitro; pancreatic islets co-implanted with bNCSC had im-
proved blood vessel supply and innervation [195]. Thus, in the context of
spinal root avulsion, bNCSC have several beneficial qualities warranting fur-
ther investigation.
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2. Aims

• To investigate how different types of stem cells from different sources
behave after transplantation to avulsed dorsal roots (I-II)

• To investigate the effects of bNCSC-transplantation on local vascula-
ture after dorsal root avulsion and glial scar formation associated with
Mts1/S100A4 (III)

• If stem cells can assist regeneration of avulsed sensory fibres (II, IV)

• To investigate the effect of different types of dorsal root injury on bNCSC
behaviour (IV)

• To investigate alternatives to stem cell transplantation and growth factor
delivery using an in vitro stem cell model system (V).
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3. Methods

3.1 Ethical permission
All animal experiments were approved by the local Uppsala ethical committee.

3.2 Murine embryonic stem cell cultures (I, V)
Murine embryonic stem cells (ESC) used in this work carry a green fluorescent
protein (GFP) reporter under the Hb9-promotor. Thus, murine ESC expressing
the Hb9-promoter can easily be visualized under a flourescence microscope.
The ESC were donated by the Kevin Eggan laboratory and cultured similar to
a previous protocol [196]. After propagation, ESC cultures were dissociated
and plated in low adhesion plates for pre-differentiation towards motorneuron
precursors. On the second day of embryoid body (EB) formation, the medium
was supplemented with retinoic acid and the sonic hedgehog-agonist purmor-
phamine to promote caudalization and ventralization. The EBs were cultured
for 5 more days until Hb9-GFP cells were present and subsequently taken
for transplantation or immunocytochemistry. In paper V, purmorphamine and
retinoic acid were also delivered using mesoporous silica particles. Loading
efficiencies were assessed by thermogravimetric analysis and corresponded to
18.5% for retinoic acid and 6% for purmorphamine.

3.3 bNCSC cultures (I-IV)
bNCSC cultures were done as described previously [197]. E11.5 embryos
from pregnant C57BL/6-β -actin-GFP mice were obtained and placed in
DMEM/F12 medium supplemented with N2. DRGs were dissected out and
dissociated using enzymatic treatment. Cells were subsequently plated in
DMEM/F12 medium supplemented with N2, B27, EGF and bFGF (propa-
gation medium). Half of the medium was replaced daily the first week, and
during the second week medium was changed every other day until spheres
formed. Spheres were frozen in 10% DMSO-supplemented medium and prop-
agated before transplantation. The cells express a GFP-reporter allowing iden-
tification after transplantation.
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3.4 Dorsal root avulsion, rats (I, II)
The avulsions were done on the sensory contributions of the left sciatic nerve.
Although lumbar plexus avulsions are rare [102], the longer roots of the lum-
bosacral nerves allows for easier manipulation in comparison to the shorter
roots of the rodent brachial plexus [198]. Female Sprague-Dawley rats (250-
280g) were used for rat dorsal root avulsions. The animals were anesthetized
with an intraperitoneal injection of a Ketamin/Xylazine/Plegicil-mixture [199]
and kept on a heating pad throughout the surgery. Dorsal root avulsions in
rats were conducted as previously described [106]; the skin of the lower back
was shaved and incised using a sharp scissor. Topical analgesia (Xylocain R©,
10mg/ml, Astra Zeneca) was applied on the muscles. The muscles and fascia
were subsequently incised above the spinal segments corresponding to the left
L3-L6 dorsal root entry points. The laminae were removed using a bone cutter
to expose the spinal roots and the dura sac. The dura was opened with a small
needle and topical analgesia (Xylocain R©, approximately 100µl) was applied
on the exposed dorsal roots. The dorsal L3-L6 roots were then avulsed using
a small forceps. The roots were repositioned and either bNCSC or Hb9-GFP
ESC transplanted on top. The muscles were tightly sutured using single silk
6.0 sutures and the skin adapted and closed using either single silk 4.0 sutures
or metal clips. Animals were allowed to recover in a heated cage following
surgical procedures and given Temgesic R© (RB Pharmaceuticals) injections
twice daily for three days after surgery. Sandimmun R© (Ciclosporin, Novartis,
50mg/ml; 5mg) was given subcutaneously once daily for the entire survival
period (14-28 days).

3.5 Dorsal root avulsion, mice (II-IV)
The anatomy of the rodent sciatic nerve differs between rats and mice; in
mice, the sciatic contributors include the L3-L5 roots with the major contri-
bution arising from the L4 root that, together with the L3-root, constitute ap-
proximately 95% of the sciatic nerve [200]. After non-autologous transplan-
tation, there is a risk of transplant rejection which motivates continuous treat-
ment with immunosuppressants. A convenient approach to avoid repeated and
stressful injections is to use immuno-compromised animals. Thus, we devel-
oped a nude mouse (NMRI nu/nu) model of the dorsal root avulsion injury de-
scribed by Chew et al. [104,106]; here the L3-L5 left dorsal roots are avulsed.
The nude mice are unable to mount an effective immune response due to lack
of the thymus which circumvents the need for repeated injections with im-
munosuppressant [201]. The surgical procedures were done similarly to what
has been described above for rats with some slight modifications; after either
intraperitoneal Ketamin/Xylazine/Rompun anesthesia or spontaneous inhala-
tion of 2,5% Isoflurane R© (Baxter), the spinal cord was exposed as described
above. The L3-L5 left dorsal roots were avulsed and bNCSC transplanted to
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the lesion. The roots were subsequently repositioned. For non-transplanted
animals, the roots were immediately repositioned after the avulsion.

3.6 Dorsal root avulsion L3-L4, mice (III, IV)
The spinal cord was exposed as above, but only the left L3-L4 dorsal roots
were avulsed. Transplantation and wound closure was conducted as described
previously.

3.7 Dorsal root transection L3-L4, mice (IV)
The spinal cord was exposed as described above. The left L3-L4 dorsal roots
were identified and cut approximately 1 mm distal to their entry into the spinal
cord. bNCSC were transplanted on top of the injured dorsal spinal cord and the
roots repositioned. The muscle and skin were closed as described previously.

3.8 Dura incision, mice (III, IV)
Rather than laminectomy, a different type of sham operation was used for
papers III and IV as preliminary findings in the laboratory indicated poor sur-
vival of bNCSC transplanted directly after laminectomy and on top of the dura
mater. Thus, the dura incision operation consists of all the above mentioned
steps but was stopped once the dura was opened. After the incision, bNCSC
were transplanted on top of the exposed spinal cord and the muscles and skin
were sutured with single silk 6.0 and 4.0 sutures respectively. In paper III, the
wound was closed directly after incision of the dura without cell transplanta-
tion.

3.9 Tracer injections, mice (IV)
Animals were anesthetized by spontaneous inhalation of 2.5% Isoflurane R©.
Animals were kept on a heated pad during the entire surgery. At the onset
of anesthesia, a subcutaneous injection of 3 µg Temgesic R© was administered.
The skin of the lateral left thigh was incised and the left sciatic nerve ex-
posed using blunt dissection. Topical analgesia (Xylocain R©) was applied on
the nerve and surrounding tissues. The nerve was immobilized using proxi-
mal and distal silk threads. Using a fine glass needle, approximately 3 µl of
1% CTB (List laboratories #104) [202], was injected into the nerve. After the
injection, the needle was left in place for approximately 2 minutes to avoid
back-flow and then removed. The nerve was gently put back into place and
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the skin sutured using single 4.0 silk threads. Animals were sacrificed 3 days
after injections.

3.10 Post operative care and handling (I-IV)
All animals were allowed to recover in a heated cage and given subcutaneous
Temgesic R© injections twice daily (rats 30µg, mice 3µg) for three days after
surgery. The animals were regularly checked for signs of distress and illness
by the operators and animal house staff throughout their survival period. Feed-
ing and water was provided ad libitum. Transplanted rats were maintained on
daily subcutaneous injections of Sandimmun R© for their entire survival period
to avoid graft rejection.

3.11 Tissue preparation and immunohistochemistry
(I-V)

After the intended survival time (seven days – one month), animals were given
an overdose of Ketamin/Xylazine/Plegicil intraperitoneally. The thoracic cav-
ity was opened and a needle inserted into the left ventricle. The right atrium
was incised with a small scissor. Animals were perfused with a warm 0.9%
saline solution followed by ice-cold Zamboni’s fixative. Tissue was post-fixed
for 4 hours at 4◦C and subsequently transferred to a 15% sucrose cryopro-
tectant over-night at 4◦C. Tissue was placed into Tissue Tec R© and transverse
sections were cut on a Microm HM500 Cryostat. The sections were placed on
Super Frost glass slides and stored at -20◦C until further use. For immunos-
tainings, sections were incubated with a pre-incubation solution containing
1% bovine serum albumin, 0.3% Triton X-100 and 0.1% NaN3 diluted in PBS
for 30-60 minutes at room temperature. Primary antibodies (table 3.1) were
then applied at the appropriate dilution and incubated either over-night at 4◦C
or 4 hours in room-temperature. Anti-CTB incubation was preferably done
at room temperature for 4 hours. Slides were then washed 3 times in PBS
and appropriate secondary antibodies applied (table 3.2). Slides were incu-
bated with secondary antibodies between 1-4 hours in room temperature and
subsequently washed 4 times 4 minutes in PBS. For quantifications, Hoechst-
counter staining (1:10 000, H1399, Invitrogen) was applied after the second
wash. After 5 minutes incubation, slides were washed twice in PBS for 4
minutes and mounted with glycerol and coverslips.

For in vitro stainings of Hb9-GFP EBs, medium was removed and the EBs
were fixed in 4% PFA and subsequently washed in PBS. EBs were placed in
Tissue Tec, frozen and sectioned using the same Microm HM500 Cryostat.
Primary antibodies and secondary antibodies were applied as described above
with a similar washing routine.
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Table 3.1. Primary Antibodies
Antigen Host Dilution Catalog No. Source
Calbindin Rabbit 1:5000 CB-38a Swant
CD-31 Rat 1:100 553370 BD Pharmingen
CGRP Goat 1:200 AB36001 Abcam
ChAT Goat 1:100 AB144P Millipore
cJun Mouse 1:200 610326 BD Transduction Labs
CNPase Mouse 1:200 AB6319 Abcam
anti-CTB Goat 1:1000 703 List Laboratories
Doublecortin Rabbit 1:2000 Ab18723 Abcam
GFAP Rabbit 1:500 2016-04 DAKO
GFAP Mouse 1:200 MAB3402 Millipore
HuC/D Mouse 1:200 A21271 Invitrogen
Islet1 Mouse 1:200 40.3A4 DSHB
Laminin Rabbit 1:50 L9393 Sigma
Map2 Chicken 1:1500 ab5392 Abcam
Mts1/S100A4 Rabbit 1:300-400 a gift from dr Lukanidin
Nestin Mouse 1:500 556309 BD Pharmingen
Olig2 Rabbit 1:500 AB9610 Millipore
p75 Mouse 1:500 01463 StemCell Technologies
Ret Goat 1:20 AF482 R&D Systems
RT97 Mouse 1:50 1178709 Mannheim Boehringer
Sox2 Goat 1:200 SC17320 Santa Cruz
Sox10 Goat 1:40 SC17342 Santa Cruz
TrkA Rabbit 1:500 06-574 Millipore
TrkB Goat 1:500 AF1494 R&D Systems
TrkC Goat 1:500 AF1404 R&D Systems
vGlut1 Rabbit 1:1000 135 303 SySy

Table 3.2. Secondary Antibodies
Antigen Host Dilution Catalog No. Source
Alexa 350 Donkey anti-mouse 1:500 A10035 Invitrogen
Alexa 488 Donkey anti-mouse 1:1000 21202 Invitrogen
Alexa 546 Goat anti-chicken 1:1000 A11040 Invitrogen
Alexa 555 Donkey anti-goat 1:1000 A21432 Invitrogen
Alexa 555 Donkey anti-rabbit 1:1000 A31572 Invitrogen
Alexa 555 Goat anti-rat 1:1000 A21434 Invitrogen
Alexa 594 Goat anti-mouse 1:1000 A11032 Invitrogen
Alexa 647 Donkey anti-rabbit 1:1000 A31573 Invitrogen
Alexa 647 Donkey anti-mouse 1:1000 A31571 Invitrogen
AMCA Donkey anti-rabbit 1:100 711-155-152 JIR
Cy3 Donkey anti-mouse 1:500 715-165-151 JIR
Rhodamine Red X-conj Donkey anti-goat 1:200 705-295-003 JIR
Texas Red Goat anti-mouse 1:200 T862 Invitrogen
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3.12 Microscopy and image analysis (I-V)
Epifluorescence images were obtained with a Nikon Eclipse E800 microscope
and photographed with a Nikon DXM1200F digital camera. Images were
analysed using GIMP, Fiji [203] or ImageJ [204].

For paper II, Sox2-positive and GFAP-positive cells were analysed using
Hoechst-counter staining to visualize cell nuclei. Slides from 3 bNCSC trans-
planted animals were photographed using a Plan-Apochromat 20x objective
(NA 0.75).

For migration analysis (IV), every 10th slide from L3-L4 injured animals
and sham animals was incubated with GFAP to allow identification of the
spinal surface and Hoechst to visualise cell nuclei. 2-3 sections per slide in-
cluding the entire associated transplant were photographed using a 20x objec-
tive (NA 0.75) and subsequently analysed in ImageJ.

Confocal images were acquired using Zeiss LSM systems as specified in
the corresponding papers. For spinal cord overviews (III), a Zeiss LSM700
with a Plan-Apochromat 20x objective (NA 0.8) was used. Overviews were
obtained using a 6x6 tile scan and the images aligned directly in the Zeiss Zen
software.

3.13 Intravital microscopy (III)
Two weeks after operation, animals were anaesthetised by spontaneous in-
halation of Isoflurane R©. Blood vessels were labelled with an intravascular in-
jection of Alexa 555-conjugated CD31. After euthanisation, the lumbar spinal
cord was exposed after scar tissue dissection and bilateral removal of the spinal
laminae. Naive animals were analysed using the same procedure. Images were
acquired using a Zeiss LSM 5 Live confocal microscope and assembled as de-
scribed in paper III.
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4. Results and discussion

4.1 Cell transplantation in dorsal root avulsion
The aim of this thesis was to investigate the rationale for using stem cell trans-
plantations to restore sensory function after dorsal root avulsion. Apart from
the papers included in this thesis, there are several other studies published
using different cell-based approaches for restoring or improving dorsal root
regeneration [167, 169, 170]. However, these studies have relied on using
dorsal root rhizotomy models rather than avulsion injuries. Similarly, stud-
ies using growth factor treatments rely on dorsal root crush or transection in-
juries [171–176]. If compared to injuries of the peripheral nerves [28], dorsal
root crush should produce a less severe injury than an actual transection of
the dorsal root as the endoneurial tubes are left intact [51]. In turn, the dorsal
root avulsion injury produces a different immunological response compared to
the rhizotomy injury [106]; there is an increased inflammatory response and a
more pronounced loss of dorsal horn neurons after dorsal root avulsion. The
avulsion injury also leads to a distortion of the normal anatomy of the dorsal
horn and damage to Lissauer’s tract [137]. Although a rhizotomy induces re-
active changes in the DRTZ, the injury response is less pronounced than in the
avulsion injury [106]. Therefore, the avulsion model used in this thesis are
likely to be more similar to the avulsion injuries encountered in man.

By using immuno-compromised animals such as nude mice [201], repeated
injections with immunosuppressant are avoided. Previous models of sciatic
dorsal root avulsion were performed in rats at the L3-L6 levels [104]. The
mouse has different sciatic contributors, and therefore an L3-L5 mouse dorsal
root avulsion model was adopted [200]. In contrast to work done following
dorsal root rhizotomy [167, 169, 170], no tissue glue or sealants were used to
re-attach injured roots.

4.2 Assessing regeneration
To assess whether regenerating sensory fibres indeed were able to grow into
the deafferented dorsal horn, transganglionic tracing and histology were used.
Histology offers perhaps a lower possibility of actually investigating whether
PNS-CNS connections have been re-established or not although assessing synap-
tic markers such as vGlut1 may be useful [167]. Rather, transganglionic trac-
ing, electrophysiology or behavioural data should be more informative when
assessing whether or not regeneration has occurred.
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4.3 ESC, bNCSC and sensory fibre association (I and II)
Both murine ESC and bNCSC survived implantation to avulsed dorsal roots.
ESC remained at the site of implantation and where surrounded by gluta-
matergic terminals but in contrast to bNCSC, did not migrate to the spinal
cord. Interestingly, the bNCSC form elongated bands of Sox2-positive cells
that orient along the length of the avulsed dorsal root. Following injuries
to the peripheral nerve, Schwann-cells dedifferentiate and start expressing
Sox2 [32]. Relocalisation of cytosolic adhesion-molecules allows for the sub-
sequent forming of Schwann-cell tracks or bands that support nerve regen-
eration [32]. As has been described, the transcription factor cJun appears to
be of pivotal importance in inducing the Schwann-repair cell phenotype [33].
Indeed, some of the transplanted bNCSC also expressed the marker cJun (fig-
ure 4.1). Expression of Sox2, cJun and the forming of bNCSC-bands indicate
that some of the bNCSC can respond to a nerve injury in a fashion similar
to that of the Schwann-repair cell [32, 33, 39]. Together with Sox2, a major-
ity of transplanted bNCSC that remained outside the spinal cord expressed
the glial marker GFAP confirming their glial lineage. Similarly, bNCSC were
occasionally positive for the non-myelinating Schwann-cell marker p75 [32].
Staining for different sensory neuron markers (IB4, NF200 (clone RT97) and
CGRP [24, 25]) showed that the bNCSC-bands were closely associated with
different types of sensory fibres from the avulsed dorsal root. Occasional sen-
sory fibres were seen bridging the gap between the avulsed root and the dorsal
horn. The growth factor receptor TrkB was expressed by bNCSC outside the
spinal cord.

bNCSC that successfully migrated to the spinal cord occasionally expressed
GFAP but were capable of adopting different neuronal phenotypes. bNCSC
are able to generate different populations of both neurons and glia following
CNS-transplantation [62]. Likely, instructive cues present in the injured PNS
and CNS are instrumental in guiding the fate of transplanted bNCSC. Similar
to previous findings [62], we also detected occasional bNCSC expressing late
oligodendroglial markers (eg CNP-ase). In contrast, we did not detect expres-
sion of the early oligodendroglial marker Olig2. The BC has pivotal roles in
the developing nervous system as it generates peripheral sensory neurons as
well as satellite and Schwann glia cells [9]. In the dorsal root avulsion con-
text, an interesting aspect is the suggested role of BC cells as “gate-keepers”
for sensory axons [10]. Early post-natal axons can successfully enter the spinal
cord and project to the dorsal horn after crush injury [59]. The failure of sen-
sory axons to enter the spinal cord appears to be correlated in time with the
disappearance of the BC [10].
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Figure 4.1. cJun expression (red) in bNCSC transplants (green). Orthogonal projec-
tion of a Z-stack. GFP-expressing bNCSC form elongated bands after transplantation
to avulsed dorsal roots. Some of the bNCSC express the marker cJun, important in
initiating the Schwann cell repair programme [33]. Blue = Hoechst. Scale bar = 50
µm. Image courtesy of dr Svitlana Vasylovska.

4.4 Using stem cell transplants to substitute lost dorsal
horn neurons (II)

bNCSC that successfully migrated to the spinal cord expressed neuronal mark-
ers such as Calbindin and ChAT. Apart from the loss of peripheral input, dorsal
root avulsion leads to a loss of dorsal horn neurons [104]. Loss of dorsal neu-
rons has also been implicated in chronic pain conditions, where GABAergic
inhibition is decreased in animal models of chronic pain [140]. Interestingly,
sparse cholinergic spinal networks have been suggested to modulate nocicep-
tive transmission [139]. Thus, bNCSC may to some extent substitute neurons
that are lost due to avulsion injuries and some of these substrates could have
important functions in pain modulation. Similarly, ESC-transplants were sur-
rounded by glutamatergic networks suggesting a possible role as projection-
relays for avulsed and regenerating sensory afferents.
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Figure 4.2. Possible mechanisms by which stem cell transplants could improve regen-
eration after dorsal root avulsion. A) After dorsal root avulsion, sensory axons (red)
are stalled once reaching the injured dorsal horn. B) Transplanted murine ESC (green)
remain outside the spinal cord and are surrounded by glutamatergic terminals (not de-
picted). The ESC could potentially serve as a relay; injured fibres (red) project to the
transplanted ESC (green), which in turn project to the spinal dorsal horn. C) bNCSC
form bands (green ovals) outside the spinal cord and are affiliated with sensory axons
(red) , sharing some characteristics with Schwann cells. By enhancing the regenera-
tive support, it could be possible to overcome the barrier presented by the damaged
dorsal horn. Also, bNCSC are capable of differentiating into neurons if migrated into
the spinal cord and could potentially be used for cell replacement.
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4.5 Migration of bNCSC after dorsal root injury,
capacity to support regeneration and effects on host
tissue (III-IV)

Peripherally grafted stem cells can extend axons into the spinal cord by fol-
lowing host blood vessels [63]. Also, following peripheral nerve transection,
Schwann cells and peripheral nerves are guided by newly formed blood ves-
sels [37]. Thus, the effects of bNCSC transplantation on vasculature follow-
ing dorsal root avulsion was analysed. bNCSC that entered the spinal cord
were surrounded by laminin rich and CD-31 positive structures 1 week after
transplantation. Intravital microscopy of mice subjected to L3-L4 dorsal root
avulsion showed increased ipsilateral vascular volume in transplant recipients
compared to controls and avulsion-only animals. The vascular volume was
not related to bNCSC graft volume. Given the intimate relationship between
blood vessels and sensory axons [63] and the importance of blood vessels in
peripheral nerve regeneration [37], an angiogenetic effect could thus be bene-
ficial in the context of sensory root regeneration.

The calcium binding protein Mts1/S100A4 was expressed in the dorsal fu-
niculus on both the ipsi- and contralateral sides after dorsal root avulsion. The
expression was similar in both bNCSC transplanted and non transplanted an-
imals. Further, bNCSC actively express Mts1/S100A4, which is a marker for
PNS Schwann and Satelite cells and for CNS white matter astrocytes. The
exact function of Mts1/S100A4 has been discussed; initial studies reported an
exclusive expression in white matter astrocytes following dorsal root rhizo-
tomy. Thus it was proposed that Mts1/S100A4 plays a role in the nervous sys-
tem’s adaptation to injury [116]. Later studies have shown that Mts1/S100A4
is expressed both in autonomic neurons, DRG-neurons and PNS-glia, and also
suggested a role of Mts1/S100A4 in neuronal signalling [118]. The role of
Mts1/S100A4 after dorsal root avulsion deserves further attention but given
the expression in bNCSC suggests that bNCSC may contribute to scar forma-
tion.

Both dorsal root avulsion and dorsal root rhizotomy leads to loss of dorsal
horn neurons although the inflammatory response is more pronounced follow-
ing dorsal root avulsion [106]. bNCSC differentiation is affected by local cues
in the CNS [62] and therefore a rhizotomy-model was developed to investi-
gate if bNCSC show a similar behaviour when a less inflammagenic injury
is used [106]. Following both L3-L4 dorsal root avulsion and proximal tran-
section of the L3-L4 dorsal roots, bNCSC were able to enter the dorsal horn.
bNCSC that migrated to the spinal cord after root transection were capable of
adopting neuronal phenotypes as indicated by expression of the pan-neuronal
marker HuC/D and were negative for the oligodendrocyte marker Olig2.

To further evaluate the presence of regenerating fibres in the spinal cord,
bNCSC transplant recipients were subjected to CTB-tracer injections. To dis-
tinguish between myelinated and unmyelinated fibres in the intact nervous sys-
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tem, two different tracers can be used: CTB, to label myelinated afferents [91],
and IB4, to label unmyelinated afferents [68]. However, at least following pe-
ripheral nerve injury, CTB may or may not be a reliable tracer when trying
to identify specific subtypes of regenerating fibres [156, 157]. In contrast to
CTB-transport, the transport of IB4 declines after peripheral nerve injury and
the restoration may take a long time [126]. These studies [126,156,157] were
conducted after peripheral axotomy and the sensory nerve injury response may
differ between peripheral and distal axotomy [120]. Despite that distinction
between different fibre types may be compromised, laboratory findings en-
sured that CTB was selected for tracer experiments. After L3-L5 dorsal root
avulsion, sparse CTB punctates were present in the dorsal horn only in one of
three bNCSC transplant recipients (IV). This indicates that bNCSC transplants
lacked the capacity for robust regeneration of avulsed afferents. Despite the in-
crease in vascular volume and the important role of the boundary cap in the de-
velopment of the CNS/PNS-interface, bNCSC do not appear to assist sensory
regeneration effectively. Although bNCSC have beneficial effects in the dis-
eased CNS (including cell replacement [62] and neuroprotection [194]), other
cell types may be more attractive when trying to restore avulsed sensory cir-
cuits. For example, human neuronal progenitors (hNP) transplanted to avulsed
L3-L5 dorsal roots in mice resulted in robust CTB-labelling of the dorsal horn
and behavioural improvements [205]. Interestingly, Hoeber et al. [205] did
not detect mechanical allodynia (as assessed by von Frey filaments) following
mouse dorsal root avulsion. Likely, to be able to measure allodynic responses
after dorsal root avulsion at the level of injury, the ventral root needs to be
avulsed [133, 134]. Alternatively, allodynia would have to be assessed below
the level of injury [132], using, for example a tail flick test.

Similar to OECs transplanted to cut dorsal roots [170], hNP grafts appeared
to open "gates" at the injured DRTZ; GFAP immunoreactivity was reduced
following engraftment suggesting a similar mechanisms to that of OECs for
enabling sensory regrowth [205]. In contrast, bNCSC formed bands outlin-
ing the injured DRTZ and the severed dorsal root. Additionally, transplanted
bNCSC share characteristics with PNS Schwann cells in keeping with the role
of the BC to generate Schwann cells during development [9]. Schwann cell
grafts appear to trap regenerating axons within the graft, possibly due to higher
levels of growth promoting factors in the graft compared to surrounding tis-
sue (discussed in [178]). In contrast, OECs do not appear to trap axons and
induce less astrocytic reactivity and CSPG-deposition than Schwann cells fol-
lowing white matter transplantation [178, 181]; additionally, OECs support
regeneration of cut dorsal roots [169, 170]. Although skin derived NCSC do
not induce astrocytic reactivity in vitro [192], it is possible that the different
outcomes following bNCSC or hNP transplantation result from different ca-
pacities to induce or interact with host glia responses. In addition, preliminary
findings in the laboratory suggest that also human foetal spinal cord derived
neuronal stem/progenitor cells (hscNSPC) improve sensory regeneration after
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dorsal root avulsion. Although bNCSC, hNP and hscNSPC are derived from
different organisms (mouse and human respectively), whether the species of
stem cells influence glia scar formation or not has yet to be investigated sys-
tematically in the laboratory.

4.6 Synthetic materials as an alternative to stem cell
transplantation (V)

The mesoporous particle drug delivery system was analysed using the Hb9-
GFP ESC cultures. Particle-delivered morphogens had a similar effect on gene
expression as soluble factors. A similar result was seen in the fluorescence ex-
pression of Hb9-GFP, although a trend of lower expression was seen compared
to soluble factor treatment. Apart from the tested morphogens in this work,
it is possible to deliver other substances using a similar system [177]. Stem
cells (including bNCSC) secrete a variety of growth factors with beneficial re-
generative effects [190, 195]. Previous studies in models of dorsal root injury
have utilised cathehters [171, 172] or systemic injections [173, 175] to deliver
growth factors. Preliminary results from the laboratory indicate that growth
factors delivered by mesoporous materials assist regeneration of avulsed sen-
sory fibres as verified by CTB-tracing. Thus, synthetic materials and growth
factors could be an alternative to stem cell transplantation. However, the most
promising growth factor candidates and optimal dosage need to be investi-
gated.

4.7 Study limitations
Sensory axonal regeneration can be improved by injuring the peripheral part
of a nerve which induces changes in the DRG which in turn lead to an in-
creased regenerative response [120, 123]. Similarly, systemic administration
of neurotrophic factors improve regeneration of crushed dorsal roots, possibly
by affecting the primary sensory neurons in the DRG [175]. In the studies
discussed in this thesis, DRGs were not assessed apart from use as tracer con-
trols. Therefore, it could be possible that stem cells also influence primary
sensory neurons to switch into a more regenerative permissive state, similar to
what has been suggested for treatment with neurotrophic factors [175].

Transplantations were done immediately after the different injury paradigms.
In a potential clinical setting, this approach is unlikely, as patients with severe
brachial plexus injuries may have more life-threatening injuries requiring prior
attention [99]. Studies using delayed treatment for dorsal root injuries include
treatments with growth factors such as NT-3 [176] and Artemin [173]. Likely,
the timing of intervention is important as delaying administration of NT-3 with
1 week does not lead to improvement [176]. However, OECs transplanted 21
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months after spinal cord injury in man did improve patient function [159]. If
stem cells can be used for delayed transplantation also following dorsal root
avulsion remains to be investigated.
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5. Conclusions

1. Stem cell transplantation may offer several beneficial qualities when re-
pairing lost sensory connections, including cell replacement and poten-
tially re-growth of sensory fibres. Different stem cells exhibit different
characteristics following transplantation and may improve different as-
pects of neuronal repair.

2. Murine ESC form cell clusters outside the injured spinal cord and are
surrounded by glutamatergic terminals.

3. Murine bNCSC form elongated bands in the PNS, associated with dif-
ferent sensory fibres and are capable of generating neurons following
spinal migration.

4. Murine bNCSC grafts increased vascularisation in a non dose-dependent
manner. However, despite the capacity to generate neurons and increase
vascularisation, murine bNCSC may be a less attractive cell type for
restoring sensory regeneration after dorsal root avulsion.

5. Synthetic materials may be an option for local delivery of regeneration
enhancing factors to avulsed sensory fibres.
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6. Future perspectives

Stem cells can potentially fulfil several beneficial roles after dorsal root avul-
sion, most promising, perhaps, is the possibility to allow functional sensory
reconnection.

Several questions still remain unanswered; the dorsal root avulsion in this
thesis may not be a suitable model when trying to modulate avulsion-related
pain [133, 134]. Thus, a different model likely needs to be adopted that in-
cludes the avulsion of the ventral root. By improving motor function in avul-
sion patients by root re-implantation, there is a reduction in pain [163]. Thus,
if stem cells can improve regeneration after ventral root injury, a pain reduc-
ing effect might be possible. At the same time, the possibility of substituting
ventral horn neurons lost due to avulsion injury as well as reestablishing func-
tional connections would be analysed.

In this study, CTB-labelling was analysed at the level where the avulsed
spinal roots enter the spinal cord. CTB punctates could be visualized in the
spinal dorsal horn but did not allow for detailed assessment of individual fi-
bres. To achieve a better discrimination between sensory projections, single
dorsal root projections could be visualized by injecting DRGs with biotiny-
lated dextran amines.

Using an intravital microscopy setup, the effects of bNCSC on vascular vol-
ume was assessed. However, the current method does not allow for detailed
analysis of individual blood vessels deep in the spinal cord. Transected re-
generating sensory fibres [123] and foetal axons [63] enter the spinal cord in
the vicinity of blood vessels. In addition, transected peripheral nerves are in
part guided by newly formed blood vessels [37]. Thus, to be able to study
the detailed relationship between transplanted cells, blood vessels and regen-
erating sensory afferents a different approach is needed. 3d-information can
be obtained by either reconstruction of serial tissue sections or by optical sec-
tioning. Optical sectioning could be achieved by rendering the spinal cord and
DRTZ transparent. Optical clearing and 3d-reconstruction would allow for a
more detailed analysis of the sensory root neurovascular unit.

It is possible to perform cell transplantation using autologous grafts, for ex-
ample OECs can be harvested from a patient and subsequently transplanted
back after appropriate culture and selection methods [159]. OECs are able to
improve the regeneration of transected dorsal roots [169, 170] and could po-
tentially serve as a treatment option for patients suffering dorsal root avulsion
injuries. By using autologous grafts, the need for foetal material would be
circumvented.
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The spinal root avulsion injury has been compared to a longitudinal spinal
cord injury [94], and it is possible that several of the advances made in the
spinal cord field could, to some extent, be applied also in the field of avulsion
injuries. This includes the use of electrodes, biomaterials and cell grafts. By
narrowing down the effects offered by different cell grafts, more fundamen-
tal mechanisms can hopefully be unravelled that can serve to bring out new
treatments, with or without the use of cell transplantation. For example, local
administration of growth factors by synthetic materials could serve as a first
step to elucidate potential growth promoting molecules and the appropriate
dosage.
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7. Sammanfattning på svenska

Avslitningsskador (avulsionsskador) på armens eller benens nervflätor leder
till förlust av motorik och känsel. Ryggmärgen påverkas och nervceller dör
till följd av skadan. Patienterna drabbas ofta av långvariga smärtbesvär. Kirur-
gisk behandling kan förbättra motorisk funktion, men det sensoriska bort-
fallet saknar i dagsläget effektiv behandling. Syftet med denna avhandling
var att undersöka om stamcellstransplantation kan förbättra regeneration efter
bakrotsavulsion. Stamceller har flera fördelaktiga egenskaper som kan förbät-
tra regeneration efter bakrotsavulsion, bland annat frisättande av tillväxtfak-
torer och förmåga att ersätta celler som dör i samband med skadan. För att
underlätta transplantation skapades en musmodell för bakrotsavulsion utifrån
en redan etablerad rått-modell. De stamcellstyper som undersöktes kom från
mus och transplanterades omedelbart efter skada. Embryonala stamceller från
möss bildade cellaggregat utanför ryggmärgen. Stamceller från en del av
musens neurallist (bNCSC) gav upphov till bandliknande strukturer utanför
ryggmärgen; banden var associerade med olika typer av sensoriska nervfibrer.
Dessa celler kunde även migrera in i ryggmärgen och bilda nya nervceller.
Effekten på lokala kärl efter bakrotsavulsion med eller utan bNCSC transplan-
tat analyserades och resultaten tyder på att bNCSC har en positiv effekt på
kärltillväxt efter bakrotsavulsion. Effekten är dock inte dosberoende. För att
värdera bNCSC förmåga att stödja nervåterväxt användes spårämnen ("trac-
ers"). Trots lyckade injektioner sågs inget spårämnesupptag hos majoriteten
av de djur som undersöktes med denna metod. Slutligen undersöktes ett mod-
ellsystem där ett nanomaterials förmåga att leverera olika differentieringsäm-
nen till stamceller analyserades. Resultaten tyder på att konstgjorda material
kan användas för att leverera olika former av faktorer och tillväxtämnen vilket
kan användas exempelvis för att stödja axonal återväxt.

Sammanfattningsvis tycks stamcellstransplantation vara en möjlighet för
att avhjälpa delar av förloppet vid bakrotsavulsion. Beroende på de önskade
effekterna av behandlingen har typen av stamcell sannolikt betydelse, exem-
pelvis då andra typer av stamceller än de som undersökts i detta arbete, kan
ha större förmåga att förbättra läkning av känsel . Genom att identifiera de
mekanismer genom vilka stamceller kan förbättra regeneration efter bakrot-
savulsion kan mer riktade terapier sannolikt hittas.
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