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Abstract

Purpose—Characterize the distribution of nerves within a single S1 vertebral body, with
particular emphasis on the superior endplate that interfaces with the L5/S1 disc.

Methods—Musculature and connective tissue surrounding the sacrum was carefully dissected
away for close visual inspection of penetrating nerve fibers. The S1 vertebral body was then
isolated for histology and serial coronal sections were cut and stained with a ubiquitous neural
antibody marker (PGP 9.5). Slides were analyzed and nerves were manually marked on high
resolution, composite captured images, rendering 3D depictions of internal nerve distribution.

Results—The vast majority of nerves were closely associated with blood vessels within the
marrow space with a uniform distribution in both the superior and inferior endplates of the S1
vertebral body. The highest nerve density was seen at the centrum (anatomic center) of the S1
vertebral body with smaller peaks seen at the lateral borders. Nerve fibers were observed
branching from anterior sacral nerves and penetrating the lateral border of the S1 (during
dissection), corresponding with peaks on nerve density maps.

Conclusions—Our results demonstrate that the S1 body and endplate are densely innervated and
the peak in nerve density at the vertebral center coincides with vasculature patterns previously
described in lumbar vertebral bodies. In the sacrum, however, there is no posterior nutrient
foramen that facilitates nerve penetration through the vertebral cortex. Rather, our data indicate
that nerves penetrate the S1 via the lateral aspects, consistent with being branches of the anterior
sacral nerve. Since PGP 9.5 is a ubiquitous neural marker these identified nerves are likely
composed of a mixed population of nociceptive and autonomic fibers.
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INTRODUCTION

Chronic low back pain (CLBP) is a severe condition of the spinal column, with a lifetime
prevalence of nearly 80% [1]. Up to 80% of CLBP cases are classified as non-specific,
indicating that the pain-causing mechanism is unknown [2]. Yet nearly 40% of CLBP
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coincides with disc degeneration [3]. Additionally, damage to the vertebral endplate is also
suspected to be a common mechanism for disc degeneration [4, 5] since the bony vertebral
endplate is innervated, and damage can lead a painful response [6]. While several studies on
vertebral innervation focus on the lumbar spine [7-9], the S1 vertebrae may also be
substantially affected by adjacent disc degeneration and is anatomically and functionally
distinct from the lumbar vertebrae. Consequently, it is unclear how the origin and patterns of
innervation of S1 compare to what is known for other lumbar bones. This is important since
higher biomechanical loading at the L5-S1 intervertebral disc induces a greater degree of
disc degeneration [10, 11], making surgical intervention at this site common. Therefore, the
possibly distinct innervation patterns that accompany the unique S1 anatomy may be
important for clinical management of patients with L5-S1 pathology.

Bone is an innervated source of pain [12, 13], making the vertebral body a candidate pain
generator associated with adjacent disc degeneration [6, 7]. Evidence for endplate pain is
supported by histologic studies demonstrating increased sensory nerve innervation at the
endplate adjacent to degenerated discs [8, 9, 14], surgical reports demonstrating that the
endplate is painful when touched [15, 16] and the positive association between Modic
endplate abnormalities on MRI and the perception of pain [17, 18]. In further support of this,
clinical studies indicate that vertebroplasty that disrupts vertebral innervation can alleviate
pain [19], with similar findings reported for sacroplasty [20].

Presumably, the S1 innervation patterns would follow what already has been reported for
lumbar vertebrae. Bailey [7] observed that nerves within L4 and L5 are associated with
blood vessels and as such, the resulting distribution of nerves throughout the vertebral body
follow historically established vascular patterns [21-26]. However, Bailey [7] also
established that the primary origin of lumbar vertebrae innervation is the nutrient foramen
on the posterior border, where lumbar arteries penetrate the cortex. Yet, since S1 is
anatomically and functionally unique to the lumbar vertebrae, with the presence of the
laterally adjacent large sacral nerves, the origin of innervation within S1 may significantly
differ to that of the lumbar spine. Understanding S1 vertebral body innervation may help
refine surgical methods and treatments involving the S1 vertebrae.

In this current study we sought to map the patterns of innervation within the S1 vertebral
body. To accomplish this we stained serial histologic sections from a single S1 vertebral
body using PGP 9.5, a pan-neural marker. PGP 9.5 is a pan-neural marker, not specific for
nociceptive nerves, but it has been shown that the majority of PGP 9.5 positive nerves in
bone and bone marrow also express markers for nociception [27]. The PGP 9.5 stained
sections were then imaged and reconstructed in 3-dimensions so as to render the neural
pattern. Using nerve density analysis and gross anatomic dissection, we define the origins
and endpoints of nerves in S1.

MATERIALS AND METHDOS

Tissue Preparation and Histology

The S1 vertebral body used in this study came from a non-pathologic lumbosacral spine
from a 42-year-old male within 72 hours post mortem (Willed Body Program, University of

Eur Spine J. Author manuscript; available in PMC 2017 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Degmetich et al.

Page 3

California, San Francisco). The musculature and connective tissue surrounding the sacrum
was carefully removed to minimize disruption of nerves penetrating the S1 vertebral body.
For optimum tissue processing, the S1 was first cut into 4 equally spaced coronal slabs
(approximately 7-9 mm thick) using a band saw. Each of the slabs was fixed in 10% neutral
buffered formalin for 7 days. Specimens were then decalcified by ion exchange and
confirmed by radiography. The slabs were then dehydrated with an ascending series of
ethanol changes, cleared with Clearite, and embedded by paraffin infiltration. Serial coronal
sections were cut 7um thick, and one section every 300 um was stained with a ubiquitous
neural antibody marker (PGP 9.5) and counterstained with Mallory-Heidenhain to contrast
marrow and trabecular elements. Nerves were identified using PGP 9.5 staining. PGP 9.5
was used because it stains well on paraffin histology and it had less artifact staining than
other pan-neural markers (NF200). PGP 9.5 is a pan-neural marker that has shown to co-
localize with CGRP, a nociceptive nerve marker [7].

Nerve quantification

A total of 45 stained histological sections were used in our analysis. High-resolution images
of the stained sections were taken at 40x total magnification and tiled together using a
motorized stage in conjunction with image analysis software (NewCAST, Visopharm,
Horsholm, Denmark). Resulting composite images were equally sized (8064 x 8496 pixels)
and aligned using the superior endplate and anterior sacral foramen as a guides. The
composite images from each slide were analyzed microscopically at 100x total
magnification. PGP 9.5 positive nerves were manually marked on an overlying layer (Figure
1). Then using image analysis software (Image J, NIH) we quantified the total pixel area of
individual nerves within 81 equally sized (896 x 944 pixel) regions of interest (ROIs)
gridded across each image. All 81 non-overlapping ROIs created a 9 x 9 grid covering the
entire coronal section (Figure 2). Two-dimensional color maps of nerve density were
generated using Matlab (The MathWorks, Inc., Natick, MA, USA) and used to visualize
innervation patterns (Figure 3-5).

Investigative Gross Dissection

RESULTS

We harvested a second lumbosacral spine from a 50-year-old male within 48 hours post-
mortem (Willed Body Program, University of California, San Francisco, CA). The
musculature and connective tissue surrounding the sacrum was carefully dissected away
without disrupting any free nerve roots or connective tissue associated with the sacrum. The
bony wings that make up the lateral borders of the cranial sacrum were separated from the
S1 through the sacral foramen. This allowed us to visualize the lateral borders of the S1 that
makes up the medial border of the left and right anterior sacral foramen. The entire S1 was
inspected for major sites of nerve entry.

Nerve Density

Transverse plane nerve maps showed a uniform nerve distribution at both the superior and
inferior region of S1 adjacent to the endplate with the vast majority of area density at the
center of the vertebral body (Figure 3). The central-most sections reveal a large isolated peak
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in nerve area density at the vertebral centrum (anatomic center) with lesser peaks, nearly
half as dense as the centrum, spanning the distance from the centrum to the lateral borders of
the S1 vertebral body [FigB]. A similar pattern is shown between the centrum and the
anterior border, however unlike the lateral borders, nerve presence ceases 10mm from the
anterior border. The posterior region appears sparsely innervated, similar to the superior and
inferior endplate regions [Fig 3B].

Coronal plane nerve maps support trends observed in the transverse plane maps. Differences
include the position of density peak in the centrum, although there is a expansive zone of
elevated nerve density through the central coronal plane, it appears the peak of density is
located 5mm closer to the superior endplate (Figure 4B). Lastly, sagittal plane nerve maps
also support trends found in both transverse and coronal planes, but with emphasis on
elevated nerve density at the lateral borders (Figures 5A & 5C) and mid-sagittal distribution
of nerve density showing a significant central peak that tappers toward the superior and
inferior endplates (Figure 5B).

Investigative Gross Dissection

We observed evidence of a large plexus of nerves emanating from both the left and right
branches of the anterior sacral nerve. These coursed into the lateral border of S1 as they

passed through their respective left and right anterior sacral foramen. We did not observe
any gross evidence of inter-body innervation in any other region of the S1 (Figure 6).

DISCUSSION

We sought to establish the innervation pattern of the human S1 vertebra. Results from the 3-
dimensional distributions indicate that nerves are densely present at the mid-lateral borders
of the S1 vertebral body, while not present at the mid-posterior border, suggesting the main
point of entry for nerves is at the sacral foramen (Figure 6). S1 does have an apparent
nutrient foramen on the posterior border, but the lack of nerves along the posterior border of
the S1 vertebral body indicates that the neural anatomy is distinct from lumbar vertebra. On
the other hand, once inside the S1 vertebral body, like L4/L5, the nerves form a large cluster
in the center of the body then taper in the directions of the cranial and caudal endplates. This
pattern follows already established vascularity trends of the lumbar vertebral bodies [21, 22,
25, 26].

Para-sagittal and mid-coronal distribution maps demonstrate clear peaks in the lateral
borders of S1 [Figures 3, 4]. In addition gross dissection of a lumbosacral spine shows the
presence of penetrating nerve fibers branching from the anterior sacral nerve at the same
region [Figures 5, 6]. This suggests that fibers from the anterior sacral nerve may play a
significant role in the contribution of nociceptive fibers to the vertebral centrum and
endplate.

The S1 nerve root, seen depicted in [Figure 7], joins with the lumbosacral trunk (L4/L5) and
S2/S3 nerve roots to form important motor and sensory structures of the pelvis and lower
extremities. Patients who experience sciatica resulting from compression or disruption of the
sciatic nerve or any of its supplying nerve roots often experience symptoms of CLBP. This
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notion is clinically important for vertebrogenic pain, as we have demonstrated S1 sacral
nerve roots as a likely source neural architecture in S1.

A limitation of our study is that nerves were identified using a pan-neural marker, PGP 9.5,
that is not specific to pain fibers. However, we have previously demonstrated that within
vertebra, PGP 9.5 co-localizes with calcitonin gene-related-peptide (CGRP), a known
nociceptive marker [7]. CGRP immunohistochemistry is associated with high background
staining, and consequently doesn’t lend itself to three-dimensional mapping as we
performed here. However, we expect that 80% of PGP 9.5-positive nerves in bone and bone
marrow could express CGRP. A previous study, measuring the expression of TrkA in
skeletal tissues demonstrated that TrkA is expressed in the majority of PGP 9.5 positive
nerves in paraffin histology and in 80% of CGRP positive nerves in frozen histology [27].
Additionally, the presence of pain eliciting nerves within the S1 vertebral body is further
supported by previous studies reporting pain alleviation following sacroplasty [20]. While
the vast majority of nerves were observed adjacent to blood vessels, PGP 9.5 nerves were
seen in all elements of our slides including marrow elements, cartilage, and bony structures.
This further substantiates our claim that our PGP 9.5 stained nerves represent a mixed
population of autonomic and nociceptive fibers.

Another limitation is the small sample size. Because of the large number of histology slides
required for three-dimensional nerve mapping, and the method by which the nerve maps
where identified manually, the sample size was limited to 1. However, our results are
consistent with a previous study examining innervation patterns with a lumbar vertebra [7].
This notion is also supported by previous studies showing consistent distribution of nerves
and blood vessels across donors [21, 22, 7].

In summary, S1 innervation by the anterior sacral nerve has not been reported previously.
Previous studies have shown the internal structure of lumbar vertebral bodies are innervated
via nerves passing through the basivertebral foramen (a single posterior structure) [7]. This
is in contrast to data we report here that indicates S1 innervation is via two points at the
lateral/inferior vertebral borders, where branches from the anterior sacral nerve penetrate the
vertebral cortex. Further investigation into these new potential sites of origin may provide
therapeutic options for future procedures in spine surgery.
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Figure 1.
Demonstrates the methodology used in identifying PGP 9.5 positive nerves. (a) Microscopic

view of an unmarked histology image containing a vessel with surrounding neural elements.
(b) Nerves on the image are manually marked on a blank overlying layer. (c) Background
layer is removed leaving the marked binary layer available for image analysis.
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Figure 2.
Methodology used in quantifying the spatial distribution of PGP 9.5 positive nerves. (a) 40x

total magnification view of a marked coronal slide. (b) Image is divided into 81 distinct ROI.
(c) With 81 ROI per slide and 45 slides total, there was a total of 3,645 ROIs used in this
study. The data were combined to form a single 3 dimensional rendering.
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Figure 3.
Coronal view color maps of the nerve area density in the S1. Maps (a & b) represent coronal

views near the anterior and posterior border respectively. Map B represents and a central
coronal view approximately half way between the anterior and posterior vertebral surfaces.
The red dashed lines shown in (a & c¢) represent boundary sites were no bone is present. The
zero point on the x-axis represents the midpoint between the left and right boarders of the
S1. The zero point on the y-axis represents the halfway point between the S1 superior and
inferior EP.
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Figure 4.
Axial view color maps of the nerve area density in the S1. Maps (a & c) represent axial

views near the superior and inferior EP respectively. Map B represents and a central axial
view approximately half way between the superior and inferior EP. The red dashed lines
shown in (b & c) represent boundary sites were no bone is present. The zero point on the x-
axis represents the midpoint between the left and right borders of the S1. The zero point on
the y-axis represents the halfway point between the anterior and posterior border of the S1
while running along the superior EP.
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Figure5.
Sagittal view color maps of the nerve area density in the S1. Maps (a & ¢) represent sagittal

views near the left and right borders respectively. Map B represents and a central axial view
approximately half way between the left and right borders. The red dashed lines shown in (a,
b & c) represent boundary sites were no bone is present. The zero point on the x-axis
represents the midpoint between the anterior and posterior borders of the S1. The zero point
on the y-axis represents the halfway point between the S1 superior and inferior EP.
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Sacral promontory

Figure®6.
Inferior-anterior view of a dissected S1 vertebral body. The bony lateral boarder of the

anterior sacral foramen (ASF) has been removed exposing its normally hidden medial
boarder. Nerve fibers are clearly seen branching from the anterior sacral nerve (ASN)
leading into the sacral vertebral body.
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Figure7.
Depicts a right parasagittal section through the sacrum demonstrating the anatomic and

neural architecture observed during gross dissection. The S1 anterior sacral nerve
demonstrates medial branching of small coursing fibers before other sacral and lower lumbar
nerves join to form distal neural structures of the lower limb.
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