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Abstract

Current surgical treatment of spinal root injuries aims at reconnecting ventral roots to the spinal cord while severed
dorsal roots are generally left untreated. Reactive changes in dorsal root ganglia (DRGs) and in injured dorsal roots
after such complex lesions have not been analysed in detail. We studied dorsal root remnants and lesioned DRGs
6 months after C7 dorsal rhizotomy, ventral root avulsion and immediate ventral root replantation in adult rabbits.
Replanted ventral roots were fixed to the spinal cord with fibrin glue only or with glue containing ciliary neuro-
trophic factor and/or brain-derived neurotrophic factor. Varying degrees of degeneration were observed in the
deafferented dorsal spinal cord in all experimental groups. In cases with well-preserved morphology, small myelin-
ated axons extended into central tissue protrusions at the dorsal root entry zone, suggesting sprouting of spinal
neuron processes into the central dorsal root remnant. In lesioned DRGs, the density of neurons and myelinated
axons was not significantly altered, but a slight decrease in the relative frequency of large neurons and an increase
of small myelinated axons was noted (significant for axons). Unexpectedly, differences in the degree of these
changes were found between control and neurotrophic factor-treated animals. Central axons of DRG neurons
formed dorsal root stumps of considerable length which were attached to fibrous tissue surrounding the replanted
ventral root. In cases where gaps were apparent in dorsal root sheaths, a subgroup of dorsal root axons entered
this fibrous tissue. Continuity of sensory axons with the spinal cord was never observed. Some axons coursed ven-
trally in the direction of the spinal nerve. Although the animal model does not fully represent the situation in
human plexus injuries, the present findings provide a basis for devising further experimental approaches in the
treatment of combined motor/sensory root lesions.
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models of root injuries, has been attempted by nerve

Introduction transfer (Narakas, 1985; Fantis & Slezk, 1967) or surgical

Traumatic brachial plexus injuries in human accident
cases or patients with obstetric complications often
affect ventral and dorsal roots of several spinal cord
segments (Terzis et al. 1999; El Gammal & Fathi, 2002;
Bae et al. 2003; Dunham, 2003; Kim et al. 2003). Treat-
ment of motor deficits in patients, and in experimental
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replantation of ventral rootlets (Carlstedt et al. 1995).
Regeneration of motor axons into replanted ventral roots
with some recovery of motor functions was observed in
both patients and animal models (Cullheim et al. 1989;
Hallin et al. 1999; Carlstedt et al. 2000).

By contrast, replantation of an injured dorsal root
does not lead to spontaneous regeneration of central
sensory axons into the spinal cord in animal models (e.g.
Fraher, 1999; Ramer et al. 2002). This is due to at least
two major problems: (1) an unfavourable glial environ-
ment at the peripheral-central nervous system (PNS-CNS)
transition zone, caused by axon growth-inhibiting effects
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of a glial scar, predominantly composed of reactive
astrocytes and microglia, and of oligodendrocytes and
CNS myelin (Pesheva et al. 1989; Bandtlow et al. 1990;
Schnell & Schwab, 1990); and (2) a lack of adequate
signals that stimulate regrowth of central sensory
processes and restoration of synapses. Recently, it was
shown that application of neurotrophic factors may be
a possible therapeutic approach to overcome these
problems and to induce ingrowth of rhizotomized dorsal
root axons into the CNS in animal models (Romero
et al. 2001; Donnerer, 2003; Tang et al. 2004).

Although promising, these novel strategies are still in
an experimental phase and the functional outcome is
uncertain. Therefore, the treatment of root avulsions
in clinical practice to date remains restricted to replan-
tation of ventral roots to restore motor functions,
while injured dorsal roots are usually left untouched
(Carlstedt et al. 2000). Nevertheless, some patients who
had undergone ventral root replantation regained
sensory modalities (e.g. proprioception, temperature,
pain) in avulsed dermatoms (Carlstedt et al. 2000). A
conclusive explanation for this phenomenon is not at
hand. It has been suggested that it may be caused by
localized intraspinal sprouting of previously ‘silent’
spared fibres coursing through bordering adjacent
rootlets (Darian-Smith, 2004), or by sprouting of dorsal
horn neuronal axons along the replanted ventral root
(Carlstedt et al. 2000). Ventral roots contain a popula-
tion of thinly myelinated and unmyelinated axons
deriving from sensory ganglia (Hildebrand et al. 1997;
Schenker & Birch, 2000). Particularly if replantation is
combined with neurotrophic factor application, regen-
eration of primary sensory axons within or along the
replanted ventral root also appears theoretically possible.

The effect of isolated dorsal rhizotomy on dorsal
root ganglia (DRGs) and dorsal root remnants has been
analysed extensively (Cragg, 1970; Jenkins et al. 1993;
Chong etal. 1996, 1999; Broude et al. 1997; Zhang
et al. 2000; Aldskogius & Kozlova, 2002; Wallquist et al.
2004). In most animal models for ventral root avulsion
and replantation, the dorsal roots were left intact (e.g.
Cullheim et al. 1989; Carlstedt et al. 1993b; Risling et al.
1993; Hoffmann et al. 1996; Hallin et al. 1999; Bergerot
et al. 2004) or the post-lesional morphology of dorsal
roots and DRGs were not analysed (Chai et al. 2000;
Gu et al. 2004, 2005).

We recently devised a model of brachial plexus injury
and treatment in adult rabbits in which, unilaterally,
ventral roots of segment C7 were avulsed, immediately
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replanted, and fixed to the spinal cord with fibrin glue,
or with fibrin glue containing ciliary neurotrophic
factor (CNTF) and/or brain-derived neurotrophic factor
(BDNF) (Lang et al. 2005b). Segmental dorsal roots
were severed close to the spinal cord, but were left
untouched in the further operation procedure. Spinal
cord morphology, neuron loss and pathways of myelin-
ated axons that had regenerated from the spinal cord
into the replanted ventral root 6 months after lesion
were documented in a previous investigation: we found
inter-individual differences of segment C7 damage, a
ventral horn motoneuron survival rate of around 30%,
and substantial regeneration of myelinated axons into
the replanted ventral root, without significant differences
between neurotrophic factor treated or non-treated
experimental groups (Lang et al. 2005b). The present
study was aimed at documenting in detail the morpho-
logy of dorsal root remnants and DRGs in our model.

Materials and methods
Operative approach

All animal experiments were carried out in accordance
with German law on the protection of animals con-
forming to international ethical guidelines. A detailed
description of the technical approach has been given in
recent publications and is reported briefly here (Lang
et al. 2005a,b): 28 female New Zealand white rabbits
(2500 g) were operated in a dorsal approach exposing
segment C7 after hemilaminectomy of the vertebra C6.
C7 dorsal roots were severed close to the spinal cord
and ventral roots were avulsed. Severed dorsal roots
were left untreated. The ventral rootlets were replanted
ventrolaterally to the spinal cord (Carlstedt et al. 19933;
Carlstedt, 2000). The replanted rootlets were fixed in
position with 0.2 mL fibrin glue (Tissuecol Duo S, Baxter,
Vienna, Austria) containing 10 uL CNTF (recombinant
rat CNTF, 0.78 mg mL™"; n =7), 10 uL BDNF (recombinant
human BDNF, 1 mg mL™; n =7) or 10 uL each of both
factors (n = 7). In the control group (n = 7), fibrin glue
without additional factors was applied.

Two animals of the CNTF group suffered from
postoperative circulation problems and had to be
killed. All of the other animals except one of the BDNF
group, which died 8 weeks after operation, recovered
completely.

After 6 months, the remaining animals were anaes-
thetized, ventilated via tracheostomy and perfused

Journal compilation © 2007 Anatomical Society of Great Britain and Ireland



338 Changes in dorsal roots and dorsal root ganglia, N. Schlegel et al.

Fig. 1 (a) Transverse section of segment
C7 with attached dorsal and ventral
roots and DRGs 6 months after
operation displaying minimal
alterations of the dorsal horn on the
lesioned side (myelin sheath staining).
The distal parts of the DRGs and adjacent
ventral roots (asterisks) were embedded
in Epon and used to prepare semithin
sections for DRG morphological and
morphometric analyses (see Materials
and methods). The replantation site of
the avulsed ventral root and the
regenerated ventral root axons are
clearly seen (inset). Loose fibrous tissue
surrounds the replantation site and

transcardially using 4% paraformaldehyde and 0.2%
glutaraldehyde in 0.1 m posphate buffer, pH 7.4.

Tissue preparation

Segments C6-C8 were dissected together with the
spinal roots, DRGs and the proximal part of the spinal
nerve. Both on the lesioned and on the unlesioned side,
the DRGs and the adhering ventral roots of segment C7
were cut perpendicular to their long axes at DRG mid-
level (Fig. 1a). The fluorescent tracer Dil (1,1’dioctadecyl-
3,3,3’3’-tetramethylindocarbocyanine-perchlorate) was
applied as solitary crystals to the proximal section plane
of the DRG/ventral roots. The crystals were fixed in
position with a drop of 2% agar solution. The prepara-
tions were incubated in 4% buffered paraformalde-
hyde at 37 °C. After at least 12 months of incubation,
the cervical segments with the DRGs and ventral roots
on both sides were washed in PBS, transferred to 10 and
20% sucrose in PBS, placed in a drop of Tissue Freezing

extends to the original dorsal root entry
zone (DREZ). The dorsal root stump is
attached to this fibrous tissue.

(b) Morphology of C7 roots and their
sheaths on the unlesioned sides. Ventral
and dorsal roots are enveloped by thin
sheaths, which are in continuity with the
spinal cord pia, particularly clearly
visible at the dorsal root (small arrows).
A thicker sheath, resembling the dura, is
interposed between the distal ventral
root and the DRG and the dorsal root,
separating the two roots completely
(large arrows in a and b). (c) Section of
C7 in an animal with severe
degeneration of the dorsal horn.

Scale bars: 500 um.

Medium (Leica Instruments, Nussloch, Germany), and
frozen in liquid nitrogen-cooled isopentane.

Serial cryostat sections (30 um) transverse to the cord
were prepared from the C7 segments and thawed onto
Superfrost™ (Menzel, Braunschweig, Germany) micro-
scopic slides. These preparations included longitudinal
sections of the proximal parts of the DRGs and ventral
and dorsal roots on lesioned and unlesioned sides
(Fig. 1). After mounting, the sections were observed via
an Olympus BHS fluorescence microscope. Micrographs
were taken from individual sections to document the
fluorescent structures.

Every fourth section was processed using a recently
described modified Kluver-Barrera staining technique
for combined documentation of neuronal morphology
and of myelinated axons (Geisler et al. 2002). In brief,
the sections were dehydrated in 70% ethanol for 24 h,
incubated overnight in prewarmed Luxol Fast Blue at
56 °C, washed in PBS, ethanol and in distilled water,
and subsequently stained for 30 min in cresyl violet,
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dehydrated in an ascending series of alcohol and
coverslipped in Entellan. The remaining sections were
stained using Sudan black B and Kernecht red. This
procedure produces black myelin staining. Cellular
cytoplasm and nuclei are stained red. A detailed descrip-
tion of the staining method is given in Béck (1989).

The distal parts of the DRGs and adhering ventral
roots were osmicated, dehydrated and embedded in
Spurr’'s medium according to conventional methods.
Transverse ~1-um semithin sections were prepared and
stained with toluidine blue.

Quantitative analysis

Digital photomicrographs were taken with a Zeiss
Axioskop equipped with a Spot digital camera (Visitron
Systems, Puchheim, Germany) and analysed using Spot
Advanced® software. For the analysis of numbers and
areas of myelinated axons and of cell body sizes of sen-
sory neurons in DRGs, toluidine-blue-stained transverse
semithin sections of the distal parts of lesioned and
unlesioned DRGs (see Fig. 1) were used. DRG sections
were first observed at 1.25x magnification. At this
magnification, neuron groups and axon bundles can be
recognized (see also below), but morphological details
cannot be discerned. At two randomly chosen positions
within the outline of the DRG, magnification was
increased to 20%x, and micrographs were taken. These
micrographs were non-overlapping, represented a total
area of 145000 um? of each DRG section, and always
encompassed peripheral and central neuron DRG groups
and intervening axon bundles (see below). Cell body
areas of DRG neurons with recognizable nucleus and
nucleolus were determined in the two micrographs.
For the construction of histograms, the total number of
neurons analysed in each DRG was taken as 100%, then
size ranges of 500 um? were defined, and the percent-
age of neurons falling into these size ranges was calcul-
ated for each individual DRG. From the percentage
values of each animal, mean values + SEM were calculated
for each size range (e.g. 0-500 um? 500-1000 um?, etc.)
in the different experimental groups.

For axon density determination, two regions of inter-
est (ROIs; 2500 um?) were defined within the axonal
areas of each micrograph according to previous studies
(Novikov et al. 1997; Geuna et al. 2001; Vogelin et al.
2006). All myelinated axons situated within these ROIs
were counted according to established methods (Geuna
et al. 2001), and cross-sectional areas of the axons
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(excluding their myelin sheaths) were measured. The
number of myelinated axons in the total analysed area
was determined for each DRG, and mean values of
axon densities in axon bundles (numbers of myelinated
axons per 5000 um?) were calculated for each experi-
mental group. Mean values of proportions of axons in
different size ranges (bin size 5 um?) were calculated
from individual DRGs for each experimental group as
described for neuron areas above, and histograms
were constructed.

Neuron density in DRG neuron groups was analysed in
one Kltver-Barrera-stained section from the midrostro-
caudal level of the proximal part of each DRG. Again,
the sections were observed at low magnification, and
an area of 120 000 um? was delineated by positioning
four non-overlapping ROIs (30 000 um? each) within
the peripheral neuron groups. The number of neurons
with visible nuclei in the ROIs was determined for each
DRG, and mean values of neuron densities in neuron
groups (numbers of neurons per 120 000 um? were
calculated for each experimental group.

Statistical analysis was performed applying all pair-
wise multiple comparison procedures (Tukey test) using
Sigma Stat® Software.

Micrographs of myelin-stained cryostat sections were
used to document pathways of dorsal root axons. Axon
diameters of myelinated axons were determined in the
dorsal roots on unlesioned and in the regenerated
dorsal root stumps on lesioned sides in at least two cases
of each experimental group. Analysis of all experimental
animals was not possible because in most cases the
unlesioned dorsal roots formed extremely compact
bundles, rendering it impossible to recognize individual
axons in the sections. Data assessment for normality
and significance of differences between lesioned and
unlesioned sides was carried out by a Mann-Whitney
rank sum test using Sigma Stat® Software.

Results

Postoperative alterations of segment C7 dorsal spinal
cord and nerve roots

Lesion-induced alterations are illustrated in represent-
ative sections shown in Fig. 1. Whereas the unlesioned
sides appeared completely unaffected (Fig. 1a,b), dor-
sal horns and dorsal root entry zones (DREZs) on the
lesioned side showed inter-individually varying altera-
tions, from almost normal layering of the dorsal horn
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Fig. 2 (a) C7 section showing the DREZ and entering dorsal root fibres on the unlesioned side (left; myelin sheath staining).

On the lesioned side (right), a small conical tissue protrusion from the DREZ is visible. The inset shows the unlesioned central-
peripheral transition zone at higher magnification. Note the more intensely stained peripheral myelin. (b—d) Deafferented dorsal
horns and DREZs in different animals. Insets 1-4 are higher magnifications of the boxed areas in (b)-(d). (b) Thin fibres course
from the dorsal horn into the tissue projection (arrows in the inset). The arrow in (b) points to fibres running from the medial
part of the lateral tract into the tissue protrusion. Numerous myelinated axons without obvious continuity with the spinal cord
are seen in the vicinity of the tissue protrusion (arrowheads inset 1). (¢, inset 2) In some animals, the thin fibres extend for some
distance within the tissue projection. (d, insets 3 and 4) At rostral and caudal segmental levels in some animals, myelinated axons
passing through the DREZ are found. Although the bundle formed by these axons differs in morphology from dorsal root bundles
on the unlesioned sides (cf. a), the axons display typical peripheral myelination characteristics. In close vicinity, in the
subarachnoid space, cross-sections of axon bundles are found, which in serial sections can be seen to be sections through a bundle
continuous with the DREZ. Scale bars: 500 um in (a), 50 um in (b)—(d).

and moderate changes of posterior, posterolateral and
lateral tracts (Figs 1a and 2) to complete destruction
and cyst formation of the dorsal horn and DREZ areas
(Fig. 1c). These varying degrees of alterations were seen
in all experimental groups. A comparatively well-
preserved dorsal horn structure as represented in
Figs 1(a) and 2 was found in 3/7 controls, in 3/5 CNTF-
treated, in 4/6 BDNF-treated, and in 5/7 CNTF + BDNF-
treated animals.

Extraspinally, loose fibrous tissue surrounded the
ventral root replantation site, extending to the original
DREZ (Fig. 1a,c). Close to the spinal cord, myelinated
axons were observed running from the region of the

replantation site and from the original ventral exit
zone into the replanted ventral root (Fig. 1a; cf. Lang
et al. 2005b). In all cases, numerous Sudan-black-stained
nerve fibres issued from the DRGs in a dorsal direction
(Fig. 1a,c; see also below).

The dorsal root stumps were always closely attached
to or even enveloped by the fibrous tissue surrounding
the replantation site, but were always completely dis-
connected from the original DREZ, indicating complete
intraoperative transection of the dorsal rootlets in
segment C7 (Fig. 1a,c) (Carlstedt, 1997).

Alterations of the dorsal spinal cord were most exten-
sive at midlevels of the lesioned segment, extending with
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decreasing severity to rostral and caudal segmental
levels. In 14 animals (controls: three, CNTF-treated: three,
BDNF-treated: two, CNTF + BDNF-treated: six), all but
two with well-preserved dorsal horn structure, small
conical tissue protrusions were observed issuing from
the deafferented DREZ (Fig. 2a—c). Varying numbers of
thin Sudan-black-stained fibres were found in these
protrusions. In serial sections it appeared that many of
these thin fibres were in continuity with deep layers of
the dorsal horn, or with the medial part of the lateral
tract (Fig. 2b). In some cases, the fibres appeared to
extend quite far peripherally without turning back
towards the DREZ (Fig. 2b,c). Also, numerous myelin-
ated fibres were observed in the vicinity of the tissue
protrusion. However, the origin of these fibres could
not be determined (Fig. 2b, inset 1). A connection of
fibres within the tissue protrusion with the peripheral
dorsal root stump was never found (see above). At rostral
and caudal segmental levels, numerous comparatively
large myelinated fibres were found issuing from the
lesioned DREZ in several animals, forming broad bundles
in the subarachnoid space (Fig. 2d). These bundles
displayed a distinctly different morphology from dorsal
rootlet bundles on the unlesioned side (Fig. 1a,b and
2a), but their strongly Sudan-black-stained peripheral
myelin sheath was similar (Fig. 2a,d).

C7 dorsal root ganglia (DRG)
Morphology

In unlesioned DRGs, neuronal perikarya of different
sizes were localized peripherally, arranged in a compact
layer three to four neurons deep without intervening
cross-sectioned axons and little endoneurial connective
tissue (Fig. 3a,c). Additionally, compact groups of neu-
ronal perikarya separated by fibre tracts were localized
in the central DRG (Fig. 3a,c). The arrangement of the
neuron groups and fibre tracts was well recognizable
but slightly less compact in most lesioned DRGs
(Fig. 3b,d). Distorted or obviously degenerating neuronal
or axonal profiles were rare. In all animals, pseudouni-
polar neurons on the lesioned side showed perfectly
normal morphology with rounded cell bodies, centrally
localized nuclei and distinct nucleoli, clearly recognizable
Nissl bodies and axon origins (Fig. 3f). Non-myelinated
small axons and myelinated axons of different sizes
were observed in cross-sectioned axon tracts in semithin
sections of DRGs of both sides (Fig. 3c—f). It appeared
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that in subregions of some lesioned DRGs their number
was reduced and replaced by connective tissue, and
that the size distribution of myelinated axons varied
more than on the unlesioned sides (Fig. 3d,f).

Quantitative investigations

The qualitative impression of changes in neuron and
fibre arrangements in lesioned DRGs led us to study
changes in lesioned DRGs in more detail using morpho-
metric characteristics available in the present material.
As the intimate contact of the peripheral dorsal root
remnant with the scar tissue surrounding the replanta-
tion site indicated that injured sensory neurons may
have had access to neurotrophic factors in the fibrin
glue, comparisons were carried out both between results
from all lesioned and unlesioned DRGs and between
results from lesioned DRGs of animals of the different
experimental groups.

Comparison of neuron densities determined in defined
areas within DRG neuron groups showed no significant
differences between all unlesioned DRGs and all
lesioned DRGs (P=0.16). No significant differences
were found when data from all unlesioned DRGs were
compared with data from lesioned DRGs of the differ-
ent experimental groups, and when data from lesioned
DRGs of the different experimental groups were
compared (Table 1).

Cell body area histograms documented a large peak
at approximately 1500 um?, and a smaller, broad peak
at approximately 3000 um?, with a flat shoulder slope
slowly decreasing towards larger areas in unlesioned
DRGs (Fig. 4a). Area histograms derived from lesioned
DRGs showed similar size distributions (Fig. 4a—e). Large
neurons with perikaryal areas higher than 2500 um?
constituted about 20% of all neurons in unlesioned (61
of 301 neurons analysed) and about 15.5% of neurons
analysed in all lesioned DRGs (34 of 219 neurons). Analysis
of area histograms from lesioned DRGs of the different
treatment groups separately showed decreased relative
proportions of large neurons in all but the CNTF + BDNF
groups (Fig. 4). However, when data from individual
animals were statistically analysed, the differences did
not reach significance.

Despite the visual impression (see above), no signifi-
cant side or group differences were noted with respect
to DRG myelinated axon density (Table 1). Histograms
of relative proportions of myelinated axon areas in
unlesioned and lesioned DRGs indicated that the
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i

Fig. 3 Kllver-Barrera-stained cryostat (a,b) and semithin sections (c,f) of DRGs on unlesioned (a,c,e) and lesioned sides in control
animals (b,d,f). The arrangement of neurons and fibre tracts appears little disturbed (b). (c—f) Semithin sections show
comparatively unaltered arrangement and morphology of neurons in lesioned DRGs. The density and size of cross-sectioned
myelinated axonal profiles appears somewhat reduced in subregions of some lesioned DRGs (d,f). The arrow in (f) points to an
axon hillock identified by its lack of Nissl substance. Scale bars: 500 um in (a)-(d); 50 um in (e) and (f).

size distribution was similar (Fig. 5), with a first peak
between 5 and 10 um? and a second smaller but
broader peak between 20 and 30 um? The percentage
of very small axons (areas up to 5 um?) was significantly

higher in lesioned than in unlesioned DRGs (Fig. 5,
Table 1). When data from lesioned DRGs of the dif-
ferent experimental groups were compared with data
from all unlesioned DRGs, the relative frequency of
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Table 1 Quantitative analyses of neuron and axon densities and of the relative proportions of very small axons (< 5 um?) in all
unlesioned and lesioned DRGs and in lesioned DRGs of the different experimental groups (means + SEM)

Control CNTF- BDNF- CNTF + BDNF-
Unlesioned Lesioned lesioned lesioned lesioned lesioned
sides sides sides sides sides sides
Neuron density 25.0+1.0 22.2+0.9 20.6 +1.2 24.0+£1.8 23.6+2.8 21.6+1.6
Axon density/ 314+1.6 30.2+1.8 33.6+4.2 35.2+4.2 26.8+2.0 254+1.8
5000 pm?
% axons <5 um? 15.7+2.1 25.7 £3.0* 36.3 £2.4*%* 33.5+3.8* 16.2 +5.0"* 16.1 £6.1*

Neuron numbers are totals of counts in four ROIs (30 000 um? each) in neuron groups for each DRG, and axon numbers were counted in
two ROIs (2500 um? each) in axon groups per DRG. Mean values of axon densities in axon bundles (numbers of myelinated axons/5000 um?)
were calculated for each experimental group. Significance levels for percentages of axons < 5 um? *P = 0.003, **P = 0.001 and *P = 0.017
compared with all unlesioned DRGs; **P = 0.015 and *P = 0.014 compared with control lesioned DRGs.
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very small axons was significantly increased in the
control and CNTF groups whereas in the BDNF and
CNTF + BDNF groups it was only somewhat higher On the unlesioned sides, myelinated dorsal root axons
(Fig. 5, Table 1). were seen to course from the DRGs directly into the

Dorsal root axons

© 2007 The Authors
Journal compilation © 2007 Anatomical Society of Great Britain and Ireland



344 Changes in dorsal roots and dorsal root ganglia, N. Schlegel et al.

40 + Histograms of axon cross section
areas in DRGs

all unlesioned

§ 35 + all lesioned
£
E 25
S 20
="
g
= 10
¥)
&5
0 ————t——
a 0 5 101520 2530 35 40 45 50 55 60 65 70 75 80 I.IIIl1
S w0 S
=% all unlesioned = 3 all unlesioned
£ » — control lesioned | -2 ® — CNTF lesioned
s S
=9 =9
£ £
=9 =T
=z E s
& 0 2 0
b O 5 10 15 20 25 30 35 40 45 50 25 60 65 70 75 20 lll‘|'|:I c 0 5 1015 3025 30 35 40 45 50 55 60 65 TO 75 80 pm”

» all unlesioned :”
- — BDNF lesioned .
5 15 1
E2 1) H

— CNTF + BDNF
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(means only; cf. a). Only myelinated
axons were analysed.

dorsal root, entering the spinal cord via the DREZ
(Fig. 1a,b). Ventral and dorsal roots were completely
separated throughout their course and were enveloped
by thin but recognizable root sheaths, which were in
continuity with the spinal cord pia as has been
described previously (Kaar & Fraher, 1986). The proximal
DRG and dorsal root origin were additionally separated
from the ventral root by a sheath resembling the dura
mater (Fig. 1a,b) as has been described for human
thoracal spinal nerve roots (Scharf & Bargmann, 1958).
Thus, a common radicular nerve containing both ven-
tral and dorsal root fibres was not formed, and nerve
fibres connecting ventral root and DRG or dorsal root
were never observed (Fig. 1a,b).

On the lesioned sides, numerous myelinated axons
were observed extending from the DRGs in a dorsal

direction (Figs 1 and 6). In all cases analysed, diameters
of myelinated axons in the lesioned dorsal root stumps
were significantly reduced compared with those in
the unlesioned dorsal roots (P =0.001; Table 2). The
myelinated axons exited the DRGs in several bundles
throughout the rostrocaudal extent of the ganglion. In
most animals, myelinated axons in the dorsal root stump
reached considerable length, occasionally extending
to the dorsal circumference of the spinal cord (Fig. 6a).
The axons always appeared to end blindly, sometimes
forming axonal swirls within the dorsal root sheaths,
without regaining connectivity with the spinal cord
(Figs 1a,c and 6a-d). The dorsal root stump formed by
the axon bundles adhered to the replanted ventral
it, but
appeared for the most part to be separated from this

root and the fibrous tissue surrounding
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Fig. 6 (a) Myelin sheath staining shows substantial lengths of lesioned dorsal root axons in many animals. (b) The dorsal root
stump is in close contact to the spinal cord at the replantation site. Higher magnification of the boxed areas 1 and 2 (c,d) shows
that the dorsal root fibres are separated from the regenerated fibres within the replanted ventral root by clear sheaths (arrows
in ¢,d). (e-g) Analysis of serial sections shows that in some animals dorsal root axons appear to course into the fibrous tissue
surrounding the replantation site and replanted ventral root. The dorsal root sheath is not recognizable in this area. Some of these
axons turn ventrally (small arrows in e,g) and appear to run distally with the replanted ventral root. Some axons do not turn
ventrally (small arrows in f). None of the axons connects with the spinal cord. (h—k) Serial sections demonstrating fluorescence
tracing results in the boxed area in (g). Small arrows point to fluorescent axons or axon parts apparently turning ventrally from the
DRG into the ventral root. Scale bars: 500 um in (a), (b) and (g), 50 um in (c) and (d), 250 um in (e), 150 um in (f), 100 um in (h)—(k).

tissue by a sheath resembling the dorsal root sheath on
the unlesioned side (Fig. 6b—d). The replanted ventral
root usually lacked a clear sheath up to its contact point
with the DRG. There, a sheath resembling the dura
separated lesioned DRGs and dorsal root origins from
regenerated ventral roots (Fig. 6b,g). In fluorescence
tracings, dorsal root axons could be followed for some
distance (not shown). Again, continuity of fluorescent
axons between the dorsal root stump and the spinal
cord was not observed, and fluorescent axons were not
found in the region of the DREZ or the dorsal horn.

© 2007 The Authors

In 13 animals (three control, four CNTF-, two BDNF-
and three CNTF + BDNF-treated animals), a subgroup
of myelinated axons which had exited the DRG in a dor-
sal direction performed a sharp, medially directed turn,
and some axons performed a complete u-turn to runin
a ventral direction. In two cases with extensive intra-
and extraspinal scarring, analyses of myelin-sheath
stainings (Fig. 6e—g) and of fluorescent tracings in serial
sections (Fig. 6h—k) suggested that dorsal root axons
coursed into the fibrous tissue surrounding the replan-
tation site at a point where a sheath was not clearly
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Table 2 Mean (£ SEM) diameters of dorsal root axons (um) of
unlesioned and lesioned sides + SEM in individual animals of
the different experimental groups

Diameter of dorsal root axons

Animal Unlesioned side Lesioned side
Control 1 3.9+0.2 2.9+0.1*
Control 3 52+04 2.2+0.1*
CNTF 1 56+0.4 2.8 +0.2*
CNTF 3 5.4+0.5 2.8+0.1*
BDNF 1 6.3+0.6 2.8+0.7*
BDNF 3 46104 2.8+0.1*
BDNF 4 6.0+0.5 3.0+0.2%
Combination 5 46+04 2.4+0.1*
Combination 7 3.7+0.1 2.7+0.1*

*P <0.001 compared with the unlesioned side.

recognizable. Some of these axons appeared to run
ventrally in the direction of the spinal nerve with the
myelinated axons in the replanted ventral root
(Fig. 6e,9-k). Others were observed to turn dorsally
again in the fibrous tissue and could be followed for
some distance running outside the spinal cord pia
(Fig. 6f). Continuity of these axons into the spinal cord
in the region of the replantation site or the DREZ was
not observed.

Ventrally turning axons were found in animals of all
groups. The occurrence of ventrally turning dorsal root
axons appeared to be correlated with the extent of spi-
nal cord damage (Fig. 7): ventral turns were observed
in 100% of the animals that showed very severe spinal
cord alterations (degree 4 according to Lang et al.
2005b), in 83.3% of animals showing severe alterations

(degree 3) and in 22.2% of the animals with moderate
spinal cord alterations (degree 2). Ventrally turning
dorsal root axons in animals showing light alterations
(degree 1) were never observed.

Discussion

Analysis of lesioned DRGs and dorsal root remnants
yielded insights into alterations and regeneration
responses in sensory pathways after dorsal rhizotomy
in an animal model for replantation treatment of
ventral root avulsion injuries. The results document the
presence of numerous myelinated nerve fibres in
central and peripheral dorsal root remnants 6 months
after operation. Slight alterations of DRG morphology
on the lesioned side were observed which, unexpect-
edly, appeared to be affected by neurotrophic factors
applied in the glue fixing the replanted ventral roots.

Spinal cord and central dorsal root remnants

Alterations of the lesioned dorsal horns varied between
experimental animals. Different degrees of spinal cord
alterations may be due to differences in the vascular
supply of the segments and roots (Lang et al. 2005b),
an anatomical variation well known in humans (Lasjau-
nias & Berenstein, 1990; Lang et al. 2005b). Differences
in the extent of spinal cord injuries in human root
lesion victims and in animal models caused by varia-
tionsin vascularization have previously been suggested
by Carlstedt et al. (2000) and should be taken into
account when the results of treatments and animal
experiments are interpreted.

extent of
intraspinal
damage

e

| A 7 &
LT LT | (LD

40% -

20% -

% of experimental animals

0%

W no ventrally
turning axons

@ ventrally
turning axons

Fig. 7 Diagram illustrating a correlation
between mild (a), moderate (b), severe
(c) and very severe (d) spinal cord
alterations and the proportion of cases
with ventrally turning dorsal root axons
in the different categories. For details
see text.
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Rhizotomy leads to degeneration of central and
peripheral axon segments (Murray et al. 1990; Fraher,
1999). We found considerable regenerative responses
in the central dorsal root remnant. Thin Sudan-black-
stained fibres extended from the spinal cord far into
conical tissue protrusions at the deafferented DREZs.
Their straight course suggested that these fibres repres-
ented newly sprouted processes from spinal cord neu-
rons rather than propriospinal axons taking a looping
course through central tissue projections at the DREZ
(Fraher, 1999; Carlstedt, 1997; Fraher, 2002). Carlstedt
and colleagues induced outgrowth of dorsal horn neu-
ron processes into a cut dorsal root re-implanted into
the spinal cord in adult rats (Carlstedt, 1985; Carlstedt
et al. 1991) and reported that these sprouts connected
with pacinian receptors (Carlstedt, 1997). After dorsal
root injury without replantation, i.e. without lesion to
the spinal cord (crush or ganglionectomy), axons were
absent from the central part of dorsal roots (Carlstedt,
1985, 1997; Carlstedt et al. 1989). In accordance with
this, Smith et al. (1992) showed that mild spinal cord
trauma was both necessary and sufficient to induce
sprouting of fibres into a chronically denervated dorsal
root. Thus, the spinal cord lesion induced by replanta-
tion of the ventral root in our model may well have
induced sprouting reactions of intrinsic spinal neurons.
Although some of these sprouts may have been
directed towards the replanted ventral root (Carlstedt
et al. 2000), our findings provide evidence that sprout-
ing occurred into the central dorsal root remnant even
without the availability of growth-promoting activity
derived from peripheral nervous tissue at the former
DREZ. Carlstedt (1997) proposed that sprouting reac-
tions of secondary sensory neurons may be useful for
attempts to re-establish afferent connectivity between
the periphery and the spinal cord without the necessity
for regeneration of primary sensory neurons. However,
undirected sprouting may also lead to untoward
excitation of spinal cord neurons.

One difficulty in interpreting apparent axonal regen-
eration through the dorsal root CNS-PNS transition
zone arises from the existence of anastomoses between
cut dorsal roots and rootlets of serially adjacent spinal
nerves (Fraher, 1999). Our careful analyses of sections
into the adjacent segments indeed showed that some
axon bundles which appeared to connect the central
dorsal root remnant with the periphery were most
probably pre-existing undamaged axons of neighbour-
ing intact dorsal roots.
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DRGs and peripheral dorsal root stumps

When their peripheral processes are injured, DRG
neurons show chromatolysis, alterations of their electro-
physiological properties, and increased expression of
the immediate early gene cJun and the growth-associated
protein GAP43 (for a review, see (Lieberman, 1971; see
also Himes & Tessler, 1989; Chong et al. 1994, 1996;
Broude et al. 1997; Vestergaard et al. 1997; McKay et al.
2002; Ma et al. 2003). This response is followed by robust
regeneration of the peripheral process (Belyantseva &
Lewin, 1999). If target re-innervation is not achieved,
many neurons die (e.g. Karchewski et al. 2002). By con-
trast, disruption of their central processes does not
affect the DRG neurons profoundly (Broude et al. 1997;
Zhang et al. 2000; Wallquist et al. 2004), and significant
neuronal degeneration was not noted even after
prolonged survival periods (Cragg, 1970; Aldskogius &
Kozlova, 2002). Axon regeneration into the Schwann
cell environment of the distal dorsal root remnant
appears to be limited (Jenkins et al. 1993; Broude et al.
1997; Aldskogius & Kozlova, 2002; Wallquist et al. 2004),
but can be enhanced by providing growth-supporting
matrices such as peripheral nerve or fetal spinal tissue
grafts (Chong et al. 1996; Broude et al. 1997), or through
a peripheral nerve injury (Chong et al. 1999). Electro-
physiological changes after rhizotomy were restricted
to large neurons (Ma et al. 2003), and expression of
cJun and of the adhesion molecule CHL1 (close homo-
logue of L1) was up-regulated only in small and
medium-sized DRG neurons after fetal tissue grafting
or dorsal root injury, respectively (Broude et al. 1997;
Zhang et al. 2000). Moreover, medium/large sensory
neurons, which express trkB, the specific high-affinity
BDNF receptor, do not produce significant levels of
BDNF under physiological conditions, but up-regulate
their BDNF production after peripheral lesions (Michael
et al. 1999; Zhou et al. 1999). This feature has been sug-
gested to subserve a sustained autocrine survival func-
tion for these obviously particularly vulnerable sensory
neuron subgroups (Karchewski et al. 2002).
Morphological alterations in DRGs 6 months after
lesion were mainly restricted to a slight disarrange-
ment of the fibre tracts and neuron groups. Neuronal
morphology and neuronal density appeared unaltered
within the DRG neuron groups. Thus, in this respect,
our results confirm previous investigations demonstrat-
ing a comparative lack of effect of dorsal rhizotomy
on DRG neurons. Our size distribution measurements
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yielded populations of small and medium-sized (cell
body area up to 2500 um?) and large DRG neurons (cell
body areas > 2500 um?) of about 80 and 20%, respec-
tively, on the unlesioned sides. The tendency towards a
decreased relative proportion of large neurons on the
lesioned sides indicates that these neurons may not
only be more prone to respond acutely to central pro-
cess injury as indicated previously (see above), but may
also be subject to some degeneration or shrinkage
after prolonged survival periods. This observation is
supported by recent findings of selective vulnerability
of large DRG neurons 30 and 60 days after rhizotomy
(Guseva & Chelyshev, 2006).

Myelinated axons in the peripheral dorsal root stumps
had a significantly smaller diameter than axons on the
unlesioned sides in all animals analysed. As regener-
ated axons are reduced in size relative to the original
axons (Morris et al. 1972a,b; Schroder, 1972), this indi-
cates that the analysed axons represented regenerated
or shrunken primary axons, and possibly reactive axon
sprouts (e.g. Lekan et al. 1997). The size distribution
measurements of myelinated axon areas within the
DRGs documented significantly more very small axons
in the lesioned than in the unlesioned ganglia. Because
neuron and axon densities did not differ significantly
between the unlesioned and lesioned DRGsg, it is unlikely
that intraganglionic sprouting of central or peripheral
sensory processes caused the increase in relative propor-
tions of very small axons in our material. Therefore, we
propose that many small myelinated axons represented
regenerated or shrunken central processes. A necessary
prerequisite for this line of reasoning would be that the
rhizotomy led to retrograde degeneration of the central
process up to the level of the sensory neuron cell bodies,
a supposition which needs to be tested in future studies.

Our morphological studies showed that the fibrin
glue fixing replanted ventral roots to the spinal cord
had apparently been replaced by loose fibrotic tissue
after 6 months, as has been described for glue fixing
dorsal roots to a lesion in the spinal cord (Iwaya et al.
1999). The peripheral dorsal root stumps were attached
to the fibrous tissue, in some cases completely engulfed
by it. Because this indicated that DRG neurons may
have had access to the neurotrophic factors in the
fibrin glue, we decided to investigate whether any dif-
ferences were to be found between the lesioned DRGs
in the different experimental groups. These analyses
yielded some interesting observations, which are diffi-
cult to interpret at the moment. The decrease in the

relative proportion of large neurons was absent in the
CNTF + BDNF-treated group. Also, the proportion of
very small axons was almost normal in the BDNF- and
CNTF + BDNF-treated groups. Although it cannot be
excluded that technical aspects influenced the data
(e.g. interindividually varying degrees of contact of
severed dorsal roots with the fibrin glue, slight differ-
ences in the proximo-distal position of the DRG trans-
verse sectional level), the high level of significance at
least of the differences in the axonal proportions indi-
cates that these findings represent real effects of
neurotrophic factors. Thus, availability of neurotrophic
factors may have contributed to preventing death or
shrinkage of large sensory neurons, and may have
attenuated the extent of degeneration of central
processes. These hypotheses need to be tested in experi-
ments specifically designed to assess the effects of the
neurotrophic factors on sensory neuron lesion and
regeneration.

Pathways of axons in peripheral dorsal root stumps

Significant extension of myelinated axons from the
lesioned DRGs was found in all cases. The axons were
localized in what appeared to be the remnant of the
original dorsal root. They usually formed several distinct
bundles, and sometimes reached substantial length.
Enhanced regeneration of central sensory axons is
observed after a preconditioning injury of peripheral
processes (see above). In our model, the motoric dener-
vation may have led to altered afferent activity, for
instance of proprioreceptor neurons in the rhizotomized
DRG, supporting regeneration.

A surprising finding was that some dorsal root axons
coursed medially and ventrally after exiting the lesioned
DRG. This was found in animals of all groups, indicating
that neurotrophic factor treatment had no influence.
However, it was more commonly observed in animals in
which spinal cord damage was particularly pronounced.
In two cases with extensive scarring, it appeared that
dorsal root axons crossed through gaps in the dorsal
root sheath into the fibrous tissue surrounding the
replanted ventral root. None of these axons was
observed to connect with the spinal cord, but some
joined regenerated fibres in the replanted ventral root,
extending towards the spinal nerve. One possible
explanation for the described findings is that differ-
ences in vascularization and in the subsequent injury
response in general may affect both the spinal cord
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integrity, the involvement of the severed dorsal root
remnant in the extraspinal scarring, the closure of the
severed root sheaths and the subsequent axon course.

Thus, we have no evidence that regenerating dorsal
root axons are able to grow into the spinal cord along
the replanted ventral rootlet bundles. However, we
also suggest that, under particular circumstances,
regenerating dorsal root axons may be able to enter
the replanted ventral roots and may occupy ventral
root conduits to grow out in a distal direction. Thus, if
reconnecting a severed dorsal root is not intended, it
may be advisable to resect the DRG when replantation
of an avulsed ventral root is carried out to prevent
misdirected growth of dorsal root axons.

In conclusion, 6 months after dorsal rhizotomy, ven-
tral root avulsion and replantation, thin myelinated
fibres were found extending from the spinal cord into
the central dorsal root remnants, indicating that the
spinal cord injury in our model induces a sprouting
reaction of spinal neurons toward the periphery. Numer-
ous myelinated fibres were also observed extending
from the lesioned DRGs into the peripheral dorsal root
stump. In some cases, subgroups of these axons appeared
to have entered fibrous tissue surrounding replanted
ventral roots, but re-establishment of connectivity with
the spinal cord was not observed. In accordance with
findings reported after isolated dorsal rhizotomy, DRG
neuron morphology was comparatively unaffected in
our model. Quantitative analyses of lesioned DRGs
indicated a slight decrease in the proportion of large
neurons and a significant increase in the proportion of
intraganglionic small-calibre myelinated axons, pre-
sumably lesioned central sensory neuron processes.
These changes appeared to have been attenuated by
neurotrophic factors, particularly BDNF, applied to the
replantation site in our experimental model. The results
of the present study provide novel information about
sensory pathway reactions to rhizotomy in the context
of replantation treatment of avulsed ventral roots.
Although the animal model does not fully represent
the situation in human plexus avulsion injuries, the
findings may contribute to the improvement of future
strategies for experimental therapeutic approaches in
this clinically important field.
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