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painful. The results ought to provide a better basis for the 
assessment of medicinal and surgical procedures.
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Introduction

Intervertebral disc (IVD) herniation is the most common 
spinal neurological disease in dogs. Along with neurologi-
cal deficits, pain is the principal clinical sign associated 
with IVD herniation. Nevertheless, accurate knowledge on 
the innervation densities and patterns of anatomical struc-
tures within the canine vertebral canal is fragmentary. The 
persisting problems in pain management and the high inci-
dence of IVD pathologies in dogs thus call for a detailed 
investigation of the innervation patterns within the canine 
lumbar spine.

Pain is the conscious perception of noxious stimuli as 
assimilated by nociceptors (Stoffel 2011). These recep-
tors specifically relay information about noxious stimuli 
to the brain (Messlinger 1997). Back pain may arise from 
a number of anatomical structures (Edgar and Ghadially 
1976)—such as the meninges, ligaments, joints, IVD, and 
nerve roots—provided that sensory innervation is present. 
Thus, accurate knowledge of the peripheral distribution of 
nociceptors is essential to understanding the origin of low-
back pain.

The innervation of the spinal dura mater has been inves-
tigated in humans (Bridge 1959; Edgar and Nundy 1966; 
Groen et al. 1988), rats (Bridge 1959; Keller and Marfurt 
1991; Ahmed et  al. 1993; Kumar et  al. 1996; Nakamura 
et al. 1996; Sekiguchi et al. 1996; Yamada et al. 1998, 2001; 
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Konnai et  al. 2000; Saxler et  al. 2008), rabbits (Kallakuri 
et  al. 1998), dogs (Bridge 1959), and cats (Bridge 1959). 
In addition, some data are available on the innervation of 
the dorsal longitudinal ligament (DLL) in humans (Bridge 
1959; Groen et al. 1988), rats (Kojima et al. 1990; Ahmed 
et  al. 1993; Imai et  al. 1995; Kumar et  al. 1996; Yamada 
et  al. 2001), rabbits (Bridge 1959; Kallakuri et  al. 1998), 
dogs (Bridge 1959; Forsythe and Ghoshal 1984), and cats 
(Bridge 1959).

Nevertheless, the appraisal of the role of the dura mater 
in back pain has remained controversial in all species. 
Kumar et  al. (1996) described the sensory innervation of 
the rat dura mater as being limited, while Bridge (1959) 
reported a complete absence of any intrinsic innervation of 
the dura mater. They concluded that the spinal pachyme-
ninx may, at best, be marginally involved in the pathogen-
esis of pain. By contrast, other authors have found exten-
sive dural innervation and have consequently established a 
causative link to pain (Kallakuri et  al. 1998; Saxler et  al. 
2008). The situation regarding the specifics of the inner-
vation pattern in the spinal dura mater is even more con-
fusing. Whereas a predominantly ventral innervation was 
proposed by Groen et al. (1988) and Konnai et al. (2000), 
other groups reported an even fiber distribution in both the 
ventral and dorsal areas (Ahmed et al. 1993; Kallakuri et al. 
1998; Saxler et  al. 2008). With respect to current knowl-
edge, innervation in the dura’s dorsal areas seems to be less 
dense than in its ventral areas.

Despite the high incidence of IVD herniation in dogs, 
little is known about the origin of back pain in this species 
compared to humans and laboratory rodents. To our knowl-
edge, only two reports concerning the presence of nerve 
fibers in the canine vertebral canal are available (Bridge 
1959; Forsythe and Ghoshal 1984), but no information on 
fiber types has been published.

Although pain is generally regarded as being mediated 
by somatosensory neurons (Stoffel 2011), sympathetic neu-
rotransmitters such as neuropeptide Y (NPY) (Hökfelt et al. 
1986; Lundberg and Hökfelt 1986) may be involved in sen-
sory processing and neuropathic pain (Abdulla and Smith 
1999; Hökfelt et al. 2007). Furthermore, there is evidence 
that after spinal intervention such as laminectomy, sensory 
innervation increases in the rat dura (Saxler et al. 2008).

However, prior to investigating the neuronal reaction of 
the canine epidural tissue to painful stimuli and how sym-
pathetic fibers may affect sensory neurons, an analysis of 
normal innervation patterns of these epidural structures and 
the demonstration of sensory and sympathetic fibers are 
needed.

Accordingly, a major purpose of the present immunohis-
tochemical study was to provide new insight into the inner-
vation of the meninges and the DLL in the normal lumbar 

spine of the dog with regard to nerve fiber distribution and 
fiber modalities.

Materials and methods

Sample collection

Samples were collected from seven adult beagles (five 
females, two males; all were between 4 and 6  years old) 
that were euthanized for reasons unrelated to lumbar spine 
problems.

The vertebral column was excised from T10 to L7, and 
soft tissue was removed to expose the vertebrae. In one dog, 
each vertebra was bisected with an oscillating saw along 
the transverse plane at the mid-vertebral level, whereas 
soft tissues within the vertebral canal were transected with 
a microtome blade to avoid damage to the spinal cord and 
meninges. In the remaining six dogs, the vertebral arches 
were removed with an oscillating saw, and the spinal cord 
was extracted in toto together with its meningeal sleeves. In 
five of these dogs, the vertebral bodies with DLL from T10 
to L7 were partitioned at the mid-vertebral level. Vertebrae 
from the remaining dogs were discarded because of poor 
preservation.

Thus, sample collection yielded vertebral column–spinal 
cord (VC-SC) preparations from one dog, vertebral bodies 
with DLL (VB-DLL) but lacking the spinal cord from five 
dogs and six spinal cords in toto. All VC-SC and VB-DLL 
contained an intervertebral disc in the middle.

Tissue preparation

Immediately after removal, the samples were fixed in 4 % 
paraformaldehyde for 24 h at RT with gentle shaking. Fixa-
tion was followed by washing in 0.1 M phosphate-buffered 
saline (PBS; pH 7.4, Calbiochem, Canada) for several 
hours. The in toto spinal cords were kept in PBS until fur-
ther processing.

Based on a preliminary assessment of various decalci-
fication protocols, the VC-SC and VB-DLL preparations 
were decalcified in DC3 (Labonord, Templemars, France) 
for 5 days at RT with gentle shaking. After decalcification, 
samples were again washed in PBS for several hours. After 
slight trimming, transverse slices of approximately 0.5 cm 
in thickness were excised from all the samples at the level 
of the intervertebral discs between T13/L1 (alternatively 
L1/2), L2/3 and L4/5 and at the mid-vertebral level of T13, 
L2 (alternatively L1) and L4. VC-SC and VB-DLL slices 
were freed of dispensable disc and osseous material, and 
the trimmed slices were transferred to cassettes for further 
processing.
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To reduce autofluorescence, the VC-SC and VB-DLL 
slices and the in toto spinal cords were processed accord-
ing to Alanentalo et  al. (2007). In summary, the samples 
were dehydrated in an ascending methanol series (33, 66, 
100  %), incubated in modified Dent’s bleach for 24  h, 
washed in methanol and rehydrated in a series of Tris-
buffered saline containing 0.1  % Triton X-100. The per-
meabilization step reported by Alanentalo et al. (2007) was 
omitted.

Paraffin embedding of the VC-SC and VB-DLL slices 
was performed according to standard protocols, and 3-µm-
thick sections were cut on a rotary microtome and collected 
on APES-coated slides. The collection of sections from the 
intervertebral levels mentioned previously started at one 
end of the IVD, and every tenth section up to a total of 20 
slices was collected for further study. In addition, approxi-
mately ten serial sections were collected from the mid-ver-
tebral levels.

The meningeal sleeves were collected from the in toto 
spinal cords by carefully performing a right lateral inci-
sion with microdissection scissors. The dural sleeves were 
gently separated from the arachnoidal sleeves, and the pre-
served dura wholemounts were kept in PBS until further 
processing.

Immunohistochemistry

Sections

The VC-SC and VB-DLL sections were dewaxed in xylol, 
rehydrated in a descending series of ethanol, and subse-
quently washed in PBS, with all steps lasting 5 min. Resid-
ual HRP activity was quenched with 3 % H2O2 in PBS for 
1 h before the procedure was repeated for the next primary 
antibody/lectin. The prescribed washing and quenching 

steps were performed in cuvettes to achieve the best possi-
ble results. After mounting the sections in immunostaining 
chambers (Coverplate TM System, Thermo Shandon, Zug, 
Switzerland) and washing again with PBS, a permeabiliza-
tion step with 0.2 % Triton X-100 in PBS for 30 min at RT 
followed. Immunohistochemistry was performed with tyr-
amide signal amplification kits (TSA Kits: T20912 Alexa 
488, T20927 Alexa 350, and T20934 Alexa 568; Molecular 
Probes, LuBioScience, Switzerland) according to the man-
ufacturer’s instructions. For triple staining, the respective 
primary antibodies and lectin were mixed together for over-
night incubation at 4 °C. All of the antibody–lectin combi-
nations and dilutions used are summarized in Table 1. Dilu-
tions were made in 1 % blocking solution, as recommended 
by the TSA Kit.

Washing steps after incubation of primary antibod-
ies were executed in PBS supplemented with 0.1  % 
Tween. Finally, the sections were washed in PBS and 
mounted in Fluorescent Mounting Medium® (Dako, Baar, 
Switzerland).

Dura wholemounts

Immunohistochemistry with dura wholemounts from six 
dogs was performed according to a method described by 
Kallakuri et al. (1998). Samples were incubated with per-
tinent primary antibodies/lectin overnight at 4 °C (for com-
binations, see Table 1). The immunohistochemical incuba-
tion procedure was the same as for the sections, except that 
the washing steps were performed in 0.25 % Triton X-100 
and 0.1 % Tween in PBS. For the incubation with the anti-
bodies, the tissue was placed in sealable plastic bags but 
all washing steps were performed in 50-ml tubes. Prior to 
being mounted on slides, the dura wholemounts were lon-
gitudinally sectioned in the middle corresponding to a left 

Table 1   Specifications of antibodies and lectin used

Tag: g = Alexa 488 (green), r = Alexa 568 (red), b = Alexa 350 (blue)

rb rabbit, ms mouse, p polyclonal, m monoclonal

Antibody/lectin Host Target Protein (µg/ml) Combinations + Tag Manufacturer

I II III

PGP 9.5 rb, p Abundant cytoplasmatic neuron and neu-
roendocrine-cell specific protein, general 
neuronal marker

Not specified  
1:7,500

g RA95101, Ultraclone, 
Isle of Wight, UK

Tuj-1 ms, m Neuron-specific class III-b tubulin, microtu-
bules, general neuronal marker

2 g MO15013, Neuromics, 
Edina, USA

CGRP ms, m C-terminal ten amino acids of CGRP, marker 
of sensory fibers

0.8 r r ab10987, abcam, Cam-
bridge, UK

NPY rb, p Peptide mapping at the C-terminals of NPY, 
cytoplasmatic, marker of sympathetic fibers

0.2 r g sc-14728-R, Santa Cruz, 
Heidelberg, Germany

Biotinylated TL Endothelial cells, microvasculature 10 b b b L0651, Sigma, Buchs, 
Switzerland
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mid-lateral level in situ. This yielded a dorsal strip and a 
ventral strip which were transversely cut into pieces of 
appropriate sizes.

Antibody characterization

Antibodies were selected as based on their capability to dif-
ferentiate between fiber types and on their applicability to 
canine tissue.

Information regarding all primary antibodies and the 
lectin used is provided in Table 1.

Protein gene product 9.5 (PGP 9.5) is an abundant neu-
ronal cytoplasmatic protein being specific for neurons and 
neuroendocrine cells (Wilson et al. 1988; Day and Thomp-
son 2010). The polyclonal rabbit–anti-human PGP 9.5 anti-
body used reacts with PGP 9.5 in all mammalian species 
tested (Jackson et  al. 1985). The staining pattern in our 
positive controls was fully congruent with published data 
(Wilson et al. 1988; Willenegger et al. 2005; Peleshok and 
Ribeiro-da-Silva 2011).

The anti-Tuj-1 antibody (MO15013, Neuromics, Edina, 
USA) recognizes the neuron-specific class III β-tubulin and 
is regarded as a general neuronal marker as the expression 
of βIII-tubulin is limited to neuronal cells (Tropel et  al. 
2006; Higuero et al. 2010). In the present study, staining of 
axonal projections was in accordance with previous reports 
(Portmann-Lanz et al. 2010).

Neuropeptide Y is a 36 amino acid protein that con-
sists of a polyproline stretch followed by an amphip-
athic α-helix. The polyclonal antibody NPY(C-20)-R: 
sc-14728-R (Santa Cruz Biotechnology, Inc., Santa Cruz, 
CA, USA) is an affinity purified antibody directed against 
a peptide of 15–25 amino acids mapping within the last 50 
amino acids at the C-terminus of the human NPY (manu-
facturer’s information, personal communication). NPY 
is present in sympathetic neurons (Lundberg and Hök-
felt 1986) and co-localizes with noradrenergic nerves 
(Giordano 2005). Thus, NPY immunoreactivity was used to 
identify sympathetic neurons (Yamada et al. 2001). Stain-
ing of perivascular neuronal fibers in positive control tissue 
(see below) was consistent with findings in previous studies 
(Lundberg and Hökfelt 1986; Roudenok 2000; Giordano 
2005; Arrighi et al. 2008).

The mouse monoclonal calcitonin gene-related peptide 
(CGRP) antibody (clone 4901, abcam, Cambridge, UK) 
recognizes an epitope that resides within the C-terminal ten 
amino acids of rat alpha CGRP. It reacts with its antigen 
in humans, rats, and dogs. The CGRP epitope is present in 
C-cells of the thyroid and in central and peripheral nerves 
(manufacturer’s data sheet). Specificity of the staining of 
this anti-CGRP clone (4901) was confirmed by pre-incubat-
ing the primary antibody with pure CGRP antigen as well 
as with structurally unrelated peptides such as substance P, 

tachykinins, and others (Wong et  al. 1993). CGRP immu-
noreactivity was demonstrated to be specific for primary 
sensory neurons (Rosenfeld et  al. 1983). In our positive 
controls, the staining pattern of CGRP immunoreactivity of 
canine dorsal root ganglion (DRG) sections was consistent 
with findings reported by others (Hoover et al. 2008).

The lectin from Lycopersicon esculentum [Tomato Lectin 
(TL)] stains endothelial cells. Staining of positive control tis-
sue with the biotinylated TL (Sigma) revealed a labeling pat-
tern being consistent with published data (Ezaki et al. 2001).

Control experiments included the omission of the pri-
mary antibody as well as the combined omission of both the 
primary and secondary antibodies. In addition, an insulin 
antibody (mouse, monoclonal, ab6995, abcam, Cambridge, 
UK) and a calcitonin antibody (rabbit, polyclonal, 1720-
7904, Anawa, Zürich, Switzerland) were used as irrelevant 
substitutes for pertinent primary antibodies. As a negative 
control for TL, the lectin was pre-incubated with 1 M chitin 
hydrolysate as a blocking sugar (SP-0090, Vector Laborato-
ries, Burlingame, USA). Experimental and control tissues 
in every single experiment originated from the same animal 
and were processed simultaneously. Furthermore, specific-
ity of the NPY staining was assessed by pre-absorption of 
the primary antibody with the NPY-antigen (sc-14728 P, 
Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA) for 
2 h at RT. Sections of spinal cord with DRG (CGRP), adre-
nal gland, and sympathetic trunk (NPY), and vessel–nerve 
trunks (PGP 9.5, Tuj-1, and TL) were used as positive con-
trol tissues to demonstrate specific labeling of nerve or vas-
cular structures. For control experiments, see Figs. 1 and 2.

Imaging

Sections and dura wholemounts were examined using a 
Zeiss AxioImager Z1 equipped with a digital high-resolu-
tion AxioCam MRm (Carl Zeiss Vision, Munich, Germany) 
and with the Zeiss filter sets 49, 38HE, and 43HE. Immu-
noreactive structures were analyzed on micrographs taken 
with the Mosaix Module (Axiovision Software v. 4.8.2, 
Carl Zeiss Vision, Munich, Germany). Images were pro-
cessed uniformly as a whole with respect to brightness and 
contrast, and balance between the channels was adapted 
as appropriate. Images to be compared were processed 
identically.

Results

DLL paraffin sections

Nerve fibers immunoreactive to PGP 9.5, Tuj-1, CGRP, and 
NPY and vessels positive to TL were observed in all inves-
tigated DLL specimens from all six dogs.
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PGP 9.5 and Tuj‑1 (general neuronal markers)

Nerve fibers immunoreactive to PGP 9.5 and Tuj-1, respec-
tively, were detected as both running in bundles and as iso-
lated small-diameter fibers. The longitudinal fiber orienta-
tion prevailed, while some fibers ran perpendicular to the 
longitudinal axis.

A similar innervation pattern was found throughout the 
lumbar spine. The highest innervation density occurred in 
the lateral regions of the DLL. Laterally, the fibers were 
evenly distributed throughout the deep and superficial layers 
(Fig.  3c), whereas medially, the fibers were almost exclu-
sively localized to the superficial layers (Fig.  3b). Clear 
differences in innervation density were noted between 
the intervertebral and mid-vertebral levels. Compared to 
the mid-vertebral levels, intervertebral levels were more 
densely innervated, both laterally and medially. PGP 9.5- or 
Tuj-1-positive innervation of medial superficial layers was 
present in intervertebral DLL (Fig. 3a, b), whereas medial 
innervation was almost completely lacking at mid-vertebral 
levels (Fig. 3d, e).

The majority of fibers were associated with vessels, 
but fibers running independently were also observed. 
Many vessels were noted in the lateral regions at the 
insertions of the intervertebral DLL and were very often 
associated with a dense PGP 9.5- or Tuj-1-positive inner-
vation (Fig. 3c).

CGRP (marker of sensory fibers)

Fibers immunoreactive to CGRP ran in both bundles and as 
isolated small-diameter fibers. The distribution pattern was 
similar as for the general neuronal markers. However, the 
density of CGRP-positive structures tended to decrease from 
the cranial to the caudal regions. Innervation was most dense 
in lateral regions. Intervertebral levels tended to be more 
densely innervated compared to mid-vertebral levels. In the 

medial superficial layers, few CGRP-positive fibers were 
present.

The majority of CGRP-positive fibers co-localized with 
PGP 9.5 and accounted for a fraction of the whole PGP 
9.5-positive fiber population.

CGRP-positive fibers were partly associated with ves-
sels but were also detected as independent fibers.

Fig. 1   Sections of canine vessel–nerve trunk (a–f), sympathetic 
trunk (g, h), and adrenal gland (i–l) for positive (left column) and 
negative (right column) control experiments. a, c Positive immu-
nostainings of a nerve fibers with anti-PGP 9.5 and anti-Tuj-1. b, d 
No staining is detected in the corresponding negative controls when 
irrelevant substitutes for pertinent primary antibodies are used. e 
Positive staining of vessels with TL and f absence of staining after 
pre-incubation of the lectin with its blocking sugar. g Positive immu-
nostaining of ganglion cells of the sympathetic trunk with anti-NPY 
and h absence of staining after pre-incubation of the primary anti-
body with the NPY-antigen (NPY-preinc.). i Positive staining of nerve 
cells (arrow) with anti-NPY next to the adrenal cortex (asterisk). k 
Positive staining of perivascular neuronal plexus (arrow) with anti-
NPY next to the adrenal gland and within the cortex (asterisks). j, l 
Corresponding negative controls after pre-incubation of the antibody 
with NPY-antigen. All figures are shown in gray scale. Scale bars 
100 µm (a–d, i–l) and 200 µm (e–h)

▸
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Fig. 2   Positive control for CGRP in DRG. a Merged channels of CGRP-positive and PGP 9.5-positive staining of ganglion cells in DRG. b PGP 
9.5 positive ganglion cells and c CGRP-positive cells. Scale bars 100 µm (a–c)

Fig. 3   Low-power micrographs of DLL cross sections at the L4/
L5 intervertebral level (a) and at the L4 mid-vertebral level (d), with 
regions of interest at higher magnifications (b, c, e). Asterisks desig-
nate the median plane (a, d), and lines with double arrows indicate 
the thickness of the DLL (b, c). a, c In lateral regions of the interver-
tebral DLL, PGP 9.5-positive nerve fibers are evenly distributed 
throughout the superficial and deep layers. b Innervation of medial 

regions of the intervertebral DLL is clearly restricted to the superfi-
cial layers. d Innervation density of DLL at the mid-vertebral level in 
lateral (arrow) as well as in medial (asterisk) regions is lower com-
pared to intervertebral levels (a). e Medial innervation is lacking at 
mid-vertebral levels. a–c Combination I d, e Combination II. Scale 
bars 400 µm (a, d) and 50 µm (b, c, e)
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NPY (marker of sympathetic fibers)

Fibers immunoreactive to NPY ran in bundles and as iso-
lated small fibers. The respective distribution patterns were 
similar to PGP 9.5 and Tuj-1. Likewise, fiber density was 
higher in lateral regions compared to medial DLL. Interver-
tebral levels also tended to contain more NPY-positive 

fibers both laterally and medially than at the mid-vertebral 
levels. Similarly, medial superficial innervation was partic-
ularly prominent in intervertebral DLL.

NPY-positive fibers co-localized with Tuj-1. They con-
stituted a subpopulation of the Tuj-1-positive fibers. By 
matching the appropriate consecutive sections, not every 
PGP 9.5- or Tuj-1-positive fiber was either CGRP- or 

Fig. 5   Innervation of dural sheath. a, b Cross sections of the lateral 
dural sheath at L4/L5. Nerve fibers are mostly located at the outer lay-
ers of the dural sheath. Arrows indicate outer surface. a PGP 9.5-posi-
tive nerve fibers running in a transverse plane and associated with a 

TL-positive blood vessel. b Tuj-1-positive nerve fibers either associ-
ated with TL-positive vessels or running independently. a Combina-
tion I, b Combination II. Scale bars 50 µm

Fig. 4   Overview of the dorsal half of the dura wholemount at L3–L5 
(a) and regions of interest at higher magnification (b–d). b High fiber 
density surrounding dural root sleeve (L3). Fibers are either associated 

with vessels or run independently from the vascular system. c Areas 
lacking any innervation alternate with networks of high fiber density 
d. a–d Combination IV. Scale bars 2,000 µm (a) and 500 µm (b–d)
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NPY-positive. Overall, NPY-positive fibers were more 
common than CGRP-positive fibers.

NPY-positive fibers were frequently associated with 
vessels, especially in the lateral DLL. Some fibers ran 

independently from vessels. NPY-positive fibers were also 
found in vessel walls.

Dura wholemounts

Nerve fibers immunoreactive to PGP 9.5, Tuj-1, CGRP and 
NPY, and vessels positive to TL were observed throughout 
the dura wholemount specimens.

PGP 9.5 and Tuj‑1 (general neuronal markers)

Nerve fibers immunoreactive to PGP 9.5 and Tuj-1 were 
detected in bundles of 4–50  µm in diameter and as small 
isolated fibers of 0.3–4  µm in diameter, respectively 
(Fig. 4a). PGP 9.5- and Tuj-1-positive fibers were present 
throughout the full length of the lumbar dura wholemounts 
in the six dogs investigated.

The fibers often emerged from the root sleeves and ran 
both cranially and caudally along the dura. Thus, high 
nerve fiber density occurred near the dural root sleeves 
(Fig. 4b). Many fibers, especially bundles, ran in a longitu-
dinal direction. Notably, small fibers showed an independ-
ent distribution, mainly branching in wide fiber networks 
(Fig. 4d).

Innervation density varied considerably along the lumbar 
dura, without a clear common distribution pattern. Never-
theless, overall innervation densities for PGP 9.5 and Tuj-1 
tended to be the highest in lateral areas, intermediate in dorsal 
areas, and lowest in ventral areas. The majority of the signal 
was localized to the outer layers of the dural sheath (Fig. 5). 
Dura samples from cranial segments (from T11 to the middle 
of T13/L1) displayed few fibers in the dorsal and ventral areas 
and an intermediate innervation density in lateral areas. The 
innervation density increased caudal to L1. This increase was 
more pronounced in the ventral and dorsal areas compared to 
lateral areas (Fig.  6). Sparsely innervated areas occurred at 
several spinal cord levels but varied between individual dogs 
(Fig. 4a, c). Highest innervation density was always observed 
near the dural sleeves of the spinal nerve roots and cranial to 
it. Small zones lacking any innervation were observed in all 
specimens but were irregularly distributed. By contrast, zones 
with a dense fiber network were established in all specimens 
but also lacked a general pattern (Fig. 4c, d).

PGP 9.5- and Tuj-1-positive fibers were encountered in 
either close association with vessels or without noticeable 
connection to the vascular network. Vessel-associated fib-
ers frequently flanked the vessels on two sides. They rarely 
appeared to overlap the vessel over a longer distance (Fig. 7).

The endings of small-diameter fibers faded away or 
showed a corpuscular-like shape (Fig.  8a, b). They either 
ended freely in the tissue, independently from vessels, or 
their endings were associated with a vessel.

Fig. 6   The schematic drawing from spinal cord segments T11–L7 
depicts the relative innervation densities in the dura mater (density 
increases with darkness of gray shades). In the thoracic region, den-
sity is low in dorsal and ventral areas and intermediate in the lateral 
areas of the dura



441Histochem Cell Biol (2014) 142:433–447	

1 3

CGRP (marker of sensory fibers)

CGRP-positive fibers appeared in all the specimens, run-
ning in either bundles of 4–50 µm in diameter or as small 

isolated fibers of 0.3–4.2 µm in diameter. The CGRP-pos-
itive fiber density was high around the dural root sleeves, 
due to fibers originating from the spinal nerve roots. The 
innervation pattern for CGRP-positive fibers was similar to 

Fig. 7   Immunostaining of dura wholemounts. Nerve fibers are either 
related to blood vessels or run independently from the vascular sys-
tem. a, b NPY-positive fibers flanking blood vessels ambilaterally (a: 
merged, b: NPY and TL). c PGP 9.5-positive nerve fibers ambilater-
ally running with blood vessel and crossing it. Fibers running longi-

tudinally on top or underneath the vessel were not observed. d Tuj-1 
positive fibers fade away (arrow) or show corpuscular-like endings 
(asterisk), while NPY-positive fibers always fade away (arrowhead) 
(see also a, b). a, b, d Combination IV, c Combination III. Scale bars 
100 µm

Fig. 8   Dura wholemounts (a, b: optical sections in ApoTome mode). 
a, b CGRP-positive nerve fibers either fade away (a) or show cor-
puscular-like endings (b). c–f NPY-positive and CGRP-positive 
nerve fibers running partially in close association with each other (c: 

merged, d: merged, e: NPY and TL, f: CGRP and TL). a, c–f Com-
bination V, b Combination III, Scale bars 50 µm (a, b) and 100 µm 
(c–f)
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those of general neuronal markers. Innervation was sparse 
cranially to T13/L1 and clearly increased caudal to L1. Cra-
nially, CGRP-positive fibers tended to be more frequent in 
the lateral areas, spreading from spinal nerve sleeves. Little 
innervation occurred in the dorsal and ventral areas. How-
ever, the CGRP-positive fiber distribution extended all over 
the tissue at the caudal level. Dorsal and ventral sensory 
innervation density from T11 to L4 varied between speci-
mens from different individuals. The increase in innerva-
tion density caudal to L4 was more pronounced ventrally 
than dorsally. Zones of very dense CGRP-positive fiber 
networks and zones of no CGRP-positive innervation 
appeared throughout the specimens but failed to follow a 
consistent pattern.

Most CGRP-positive fibers co-localized with PGP 
9.5-positive fibers, whereas very small fibers tended to 
be minimal or negative for PGP 9.5. Fibers positive with 
CGRP accounted for a fraction of the whole PGP 9.5-posi-
tive nerve fiber population.

The majority of fibers ran by themselves, while few 
were associated with vessels. They faded away or ended 
as corpuscular-like endings (Fig.  8a, b). The fibers ended 
freely in the tissue or in contact with a vessel wall (Fig. 8c, 
f).

NPY (marker of sympathetic fibers)

Nerve fibers immunoreactive to NPY appeared in bundles 
of 4–50 µm in diameter and as small-diameter fibers with 
0.3–2 µm in diameter. As for CGRP-positive fibers, a high 
proportion of NPY-positive fibers originated from the spi-
nal nerve roots. The distribution pattern of NPY-positive 
fibers was similar to the spreading of the general neuronal 
markers, with the highest innervation density observed in 
the lateral areas of the dural sheath. NPY-positive innerva-
tion was sparse cranially to T13/L1, and more fibers were 
detected in the ventral areas than in the dorsal areas. The 
fiber density generally increased caudally to T13/L1. As 
for CGRP-positive fibers, the dorsal and ventral density 
of NPY-positive fibers varied among individuals up to L4. 
However, a marked increase in innervation density ven-
trally near L4/L5 was noted. Zones of dense NPY-positive 
fiber networks and zones lacking NPY-positive innervation 
were occasionally noted, but no constant pattern emerged.

The majority of NPY-positive fibers co-localized with 
Tuj-1-positive fibers. They accounted for the majority of 
all Tuj-1-positive fibers. Overall, more NPY-positive fibers 
than CGRP-positive fibers were present. CGRP- and NPY-
positive fibers ran either on their own or in close associa-
tion with one another (Fig. 8c–f).

The majority of NPY-positive fibers were closely related 
to vessels, while some ran independently from vessels 
(Figs. 7b, 8d, e).

Endings of small-diameter fibers faded away, whereas 
NPY-positive fibers rarely showed a corpuscular-like shape 
in contrast to CGRP-positive fibers. Fibers either ended 
freely in the tissue or in contact with a vessel wall.

Discussion

The purpose of this survey was to describe the normal 
innervation pattern of the dura and the DLL and to assess 
the significance of these epidural structures in the media-
tion of low-back pain. The present study is the first to 
show the innervation pattern of the spinal dura and DLL in 
healthy dogs, taking into account different neuronal modal-
ities. This report reveals accurate information on the distri-
bution of sensory and sympathetic fibers in the canine dura 
and the DLL and, thus, supports the contention that pain 
may originate from both structures. Due to regional differ-
ences in sensory innervation patterns and densities, trauma 
to intervertebral DLL and lateral dura is expected to be par-
ticularly painful.

To provide a three-dimensional analysis, an effort was 
made to use optical projection tomography in combina-
tion with immunolabeling. However, the obtained signal 
intensities and specificities did not meet our expectations 
(data not shown). Therefore, wholemount specimens of the 
dura mater were investigated, and triple staining immuno-
histochemistry was used to relate sensory and sympathetic 
innervation to the vascular system. This approach yielded 
a comprehensive coverage of lumbar dural innervation 
patterns. Innervation densities in different regions were 
assessed on a comparative basis. Innervation of the DLL 
was studied on paraffin sections with identical antibodies. 
Based on a preliminary assessment of various antibodies 
and lectins, PGP 9.5, Tuj-1, CGRP, NPY, and TL turned out 
to be most appropriate for canine tissues.

Antibodies from different host species were selected in 
accordance with the requirements for triple staining. Con-
gruency of sensory fiber labeling with CGRP and Sub-
stance P (SP) has been demonstrated in co-localization 
studies (Hoover et  al. 2009). CGRP has been used fre-
quently as a neuronal sensory marker (Wong et  al. 1993; 
Imai et al. 1995; Kallakuri et al. 1998; Arrighi et al. 2008; 
Hoover et  al. 2008, 2009). As the anti-CGRP clone 4901 
from Abcam had been shown to provide specific labe-
ling of sensory fibers in canine tissue, this antibody was 
favored (Hoover et  al. 2008, 2009). Tyrosine hydroxylase 
(TH) is a well-established marker of sympathetic neurons 
(Ahmed et al. 1993; Imai et al. 1995; Kallakuri et al. 1998). 
Yet, anti-TH antibodies tested on canine adrenal gland 
and nerve-vessel trunk as a positive control tissue yielded 
unsatisfactory results in preliminary experiments. Mark-
ers detecting sympathetic neurons in canine tissue are few. 
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However, NPY has been shown to provide a reliable alter-
native to TH in rats (Ahmed et al. 1993). The demonstra-
tion of NPY-positive fibers in the DRG (Wakisaka et  al. 
1991) and the colocalization of NPY and CGRP in some 
nerve cells within the submucosal ganglia of the mouse 
ileum (Mongardi Fantaguzzi et al. 2009) have raised ques-
tions about the specificity of this marker for sympathetic 
fibers. However, Mongardi Fantaguzzi et al. 2009 reported 
the colocalization of NPY and CGRP signals to be very 
rare, and the observation of Wakisaka et  al. (1991) was 
exclusively limited to animals that had undergone periph-
eral axotomy. Thus, NPY-positive fibers had never been 
located in purely sensory regions in healthy subjects. Simi-
larly, NPY staining was completely absent in DRG in our 
control experiments. Therefore, we consider NPY to be a 
reliable marker for sympathetic fibers, this being in accord-
ance with Yamada et al. (2001). To maximize the sensitivity 
of the testing system, tyramide-based signal amplification 
was used. Care was taken to ensure complete wetting of the 
samples in order to avoid staining artifacts.

As the samples originated exclusively from beagles, no 
statements regarding possible differences between breeds 
can be made.

Sensory innervation and pain

Primary sensory neurons are a heterogeneous group of cells 
which have been shown to synthesize a number of specific 
proteins and to exhibit typical lectin binding patterns. Cor-
respondingly, expression of CGRP, NaV1.8, and/or the 
transient receptor potential vanilloid type 1 and binding of 
the isolectin from Bandeiraea simplicifolia have been used 
to define different though partially overlapping subgroups 
of sensory neurons (Andres et  al. 2010). By using CGRP 
as the only marker, some additional nociceptors may thus 
have escaped detection in the present study. However, 
CGRP-immunoreactive cells have been shown to represent 
a substantial proportion of all the sensory neurons includ-
ing nociceptors (Averill et al. 1995; Russo et al. 2013).

Taken together, our findings provide unequivocal evi-
dence of putative sensory nerve fibers in both the dura 
mater and the DLL. As a consequence, low-back pain in 
the dog may arise from both these structures. Identification 
of prominent innervation of the DLL is in accordance with 
findings in rats (Kojima et  al. 1990; Ahmed et  al. 1993; 
Imai et al. 1995) and rabbits (Kallakuri et al. 1998). In the 
lateral DLL, nerve fibers are present in both the superficial 
and deep layers, whereas medial regions were only superfi-
cially innervated. This is in contrast to the situation in rab-
bits, in which the innervation of the DLL was reported to 
be evenly distributed throughout all layers (Kallakuri et al. 
1998). Our findings, however, are consistent with the clini-
cal observation that chronic IVD herniation often involves 

little pain (Nelson and Couto 2010), whereas in acute IVD 
herniation, pain is the predominant clinical sign (Simp-
son 1992). Acute IVD herniation often results in nuclear 
extrusion (Hansen Type-I) (Macias et  al. 2002; Nelson 
and Couto 2010). Although the involvement of the DLL in 
IVD herniation remains unclear, empirical evidence shows 
that the extrusion of nuclear material entails damage to 
the surrounding tissues, including the DLL. By contrast, 
chronic IVD herniation often occurs as an annular protru-
sion (Hansen Type-II), and the process of prolapsing is 
more gradual compared to nuclear extrusions (Macias et al. 
2002). As a result, the DLL is likely to be less affected and 
typically escapes rupture.

The innervation of the spinal dura has been a topic 
of controversial debate for many years. Bridge (1959) 
reported a complete absence of any intrinsic innervation of 
the canine dura mater and therefore ruled out this structure 
as a possible source of low-back pain. In laboratory rodents 
and rabbits, nerve fibers have been observed in all areas of 
the dura (Ahmed et al. 1993; Kallakuri et al. 1998; Saxler 
et al. 2008), whereas a predominantly ventral innervation is 
reported in humans (Groen et al. 1988) and in rats (Konnai 
et al. 2000). These accounts vary somewhat from our own 
findings, which showed intrinsic innervation in all areas of 
the lumbar spinal dura and revealed the overall innervation 
density to be highest in the lateral areas, intermediate in the 
dorsal areas, and lowest in the ventral areas (Fig. 6).

Likewise, controversial opinions have been proposed 
concerning the distribution of sensory fibers in the dura. In 
rats, a sparse innervation with CGRP- and substance P-pos-
itive fibers was reported in a narrow ventral strip (Kumar 
et  al. 1996), whereas other groups observed a sensory 
innervation in both the ventral area and, to a lesser extent, 
the dorsal areas in rabbits (Kallakuri et al. 1998) and rats 
(Saxler et al. 2008). The present study shows CGRP-posi-
tive sensory fibers to be present in the ventral, dorsal, and 
lateral areas, although fiber densities in the lumbar dura 
were variable. As a consequence of these regional differ-
ences in sensory innervation patterns, trauma to the lateral 
dura, especially if caudal to T13/L1, is likely to be particu-
larly painful compared to other regions (Fig. 6).

Furthermore, varying zones of very dense dural sen-
sory fiber networks as well as zones without any innerva-
tion occurred throughout the specimens. It is known from 
humans that neurological pathologies may remain asymp-
tomatic despite morphological evidence of IVD herniation 
(Boden et al. 1990). Irregular innervation patterns provide 
a plausible explanation for this observation and may also 
account for interindividual differences in pain perception in 
dogs.

Labeling was the most prominent in the outer layers of 
the dural sheath, thus making the dura especially suscepti-
ble to any extrinsic impairment.
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The endings of CGRP-positive nerve fibers either faded 
away or were corpuscular (Fig. 8a, b). Faded nerve fibers 
are the morphological correlates of nociceptors (Messlinger 
1997). This is consistent with the contention of a nocic-
eptive innervation of the lumbar dura mater in the dog. 
Corpuscular-like endings resemble Ruffini corpuscles and 
are usually considered to act as mechanoreceptors (Halata 
1977) and stretch receptors (Kannari et al. 1991). However, 
they have also been reported to be present in the dura mater 
encephali of the rat (Andres et al. 1987).

Surgical treatment

Various surgical treatments have been used for thoracolum-
bar IVD herniation in dogs: dorsal laminectomy, pediculec-
tomy, partial or extended pediculectomy, mini-hemilami-
nectomy and hemilaminectomy, with the latter being the 
most popular approach for the spinal cord (Brisson 2010). 
The present study provides a rationale to validate surgical 
approaches with the goal of reducing postoperative pain. 
In areas with high fiber density, procedures minimizing 
trauma (mini-hemilaminectomy, pediculectomy, partial or 
extended pediculectomy) should be favored, as they have 
been shown to achieve sufficient spinal cord decompres-
sion (Braund et al. 1976; Bitetto and Thacher 1986; Black 
1988; Jeffery 1988; Brisson 2010).

In humans, persisting or recurring pain after surgery at 
the site of the lumbo-sacral spine occurs in up to 40 % of 
patients (Wilkinson 1992). Similar data exist with regard to 
the dog: 39 % of dogs with IVD herniation show residual 
deficits after laminectomy (Cudia and Duval 1997), and 
persisting pain remains in approximately 30 % of patients 
(Suwankong et al. 2008). An increase in sensory fiber den-
sity in the lumbar dura following a laminectomy has been 
reported in the rat (Saxler et al. 2008) and provides a ration-
ale for persisting or recurring pain after surgery. Preventing 
dural sensory hyper-innervation, therefore, may contribute 
to the reduction of low-back pain following spinal surgery 
(Saxler et al. 2008). To elucidate the role of altered innerva-
tion densities in epidural structures after traumatic damage 
on persisting or recurring back pain, further investigations 
in affected dogs and comparison with physiological data 
will be needed.

Sympathetic innervation

Preganglionic sympathetic neurons are nicotinergic cholin-
ergic. As opposed to the situation in humans, however, all 
the postganglionic sympathetic fibers are aminergic includ-
ing those innervating effector organs within the soma such 
as blood vessels or glands. NPY is usually a co-transmitter 
in noradrenergic postganglionic neurons and may be absent 
from a subset of sympathetic neurons expressing TH only. 

Thus, visualizing neurons with NPY alone may constitute 
an underestimate of the overall sympathetic innervation. 
NPY has been shown to affect the excitability of sensory 
nerve fiber endings (Just and Heppelmann 2001). Consider-
ing the lack of sympathetic target organs other than blood 
vessels within the epidural space, NPY-positive adrenergic 
neurons are likely to represent the most relevant subset.

Our findings provide evidence of putative sympathetic 
nerve fibers in both the dura mater and the DLL. Unlike 
Ahmed et al. (1993), who claimed that all sympathetic (i.e., 
NPY-positive) fibers run independently from blood vessels 
in the rat dura, our results show that many NPY-positive 
fibers were closely associated with vessels. In addition to 
being related to vessels, however, NPY-positive fibers were 
often associated with CGRP-positive sensory fibers in both 
the dura and the DLL.

Neuropathic pain and NPY

In addition to arising from nociceptive sensory fibers due 
to IVD herniation, pain may also arise as a consequence 
of an immediate neuronal lesion or disease affecting the 
somatosensory system (Treede et  al. 2008). A neuronal 
lesion triggers the release of different inflammatory media-
tors and neurotransmitters (Schuh-Hofer and Treede 2012). 
Through neuroblastic changes, these mediators induce a 
sensitization of nociceptive neurons and lower the stimu-
lus threshold (Messlinger 1997; Woolf and Costigan 1999; 
Hucho and Levine 2007; Cheng and Ji 2008; Ji et al. 2009; 
Schuh-Hofer and Treede 2012). Accordingly, nociceptive 
fibers may respond to sympathetic efferent activity, which 
they would not react to under normal conditions (Roberts 
and Elardo 1985; Tracey et  al. 1995b; Schlereth and Bir-
klein 2008).

Treatment of this so-called neuropathic pain has 
remained a major challenge (Ossipov et  al. 2000; Stacey 
2005; Eisenberg et al. 2006) and calls for innovative thera-
peutic approaches. Because our results provide a morpho-
logical basis for potential interactions between sympathetic 
and sensory neurons, they may be of interest to research in 
current pain treatment concepts that take the sympathetic 
system into account (Cougnon et al. 1997; Silva et al. 2002; 
Brumovsky et  al. 2007; Hökfelt et  al. 2007; Smith et  al. 
2007).

NPY release in dorsal root ganglia has been reported to 
affect spinal sensory processing and to be involved in neu-
ropathic pain (Hökfelt et al. 2007). The effects of NPY are 
described as being pro- or anti-nociceptive, mostly depend-
ing on the dose, the receptor type (Y1, Y2 receptor) and 
the site of action (Walker et al. 1988; Tracey et al. 1995b; 
Abdulla and Smith 1999; Silva et  al. 2002; Hökfelt et  al. 
2007; Smith et al. 2007). In laboratory rodents, the Y1 and 
Y2 receptors have been shown to occur not only in the 



445Histochem Cell Biol (2014) 142:433–447	

1 3

central nervous system but also in the peripheral neuronal 
fibers as well (Tracey et al. 1995b; Zhang et al. 1997; Bru-
movsky et  al. 2005; Brumovsky et  al. 2007). Nociception 
in peripheral neuronal fibers in the skin is modified by NPY 
and its receptor-agonists and receptor-antagonists, respec-
tively (Tracey et  al. 1995a). These authors suggested that 
a neuronal lesion leads to the upregulation of the density 
or affinity of NPY receptors or to the amplification of their 
intracellular effects. Similar to the skin, sympathetic pro-
cesses may modify pain perception in peripheral sensory 
fibers in both the dura and the DLL as well. Although we 
show that sympathetic NPY-positive and sensory CGRP-
positive neurons are present in the dura and DLL, further 
studies will be needed to assess the presence of specific 
NPY receptors such as Y1 and Y2 receptors on neurons in 
the canine dura and DLL.

Another mechanism of sympathetic pain amplification 
was recently hypothesized (Tracey et al. 1995a; Perl 1999; 
Schlereth and Birklein 2008). These authors showed that 
the expression of α-adrenergic receptors on nociceptive 
afferents provoked adrenergic sensitization.

Conclusions

In the current study, the presence of extensive innerva-
tion is clearly demonstrated in the lateral, dorsal, and ven-
tral canine dura mater and in the DLL. The abundance of 
CGRP-positive fibers provides strong evidence for sensory 
innervation of these structures and strongly suggests that 
low-back pain in the dog may arise from both the dura and 
the DLL. Taking into account the regional differences in 
sensory innervation patterns, iatrogenic trauma to interver-
tebral DLL and lateral dura, especially caudal to T13/L1 
must be expected to entail the most violent pain. Consid-
ering the sensory innervation of the dura, efforts to limit 
hyper-innervation following surgery may contribute to 
successful pain management. The close proximity of NPY-
positive and CGRP-positive fibers is indicative of an inter-
action between sympathetic and sensory neurons and there-
fore suggests a possible involvement of sympathetic fibers 
in pain mediation. Therefore, NPY and its receptors should 
be taken into account when addressing low-back pain, most 
notably low-back pain of neuropathic origin.
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