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ARTICLE INFO ABSTRACT

Keywords: The periosteum and mineralized bone are innervated by nerves that sense pain. These include both myelinated
Epiphysis and unmyelinated neurons with either free nerve endings or bearing nociceptors. Parasympathetic and sym-
Knee joint pathetic autonomic nerves also innervate bone. However, little is known about the route sensory nerves take
E(i)l;znen leaving the epiphyses of long bones at the adult knee joint. Here, we used transgenic mice that express fluor-

escent Venus protein in Schwann cells (Sox10-Venus mice) to visualize myelinated and unmyelinated nerves in
the tibial epiphysis. Inmunofluorescence to detect a pan-neuronal marker and the sensory neuron markers
calcitonin gene-related peptide (CGRP) and tropomyosin receptor kinase A (TrkA) also revealed Schwann cell-
associated sensory neurons. Foramina in the intercondylar area of the tibia were conserved between rodents and
primates. Venus-labeled fibers were detected within bone marrow of the proximal epiphysis, exited through
foramina along with blood vessels in the intercondylar area of the tibia, and joined Venus-labeled fibers of the
synovial membrane and meniscus. These data suggest that innervation of the subchondral plate and trabecular
bone within the tibial epiphysis carries pain signals from the knee joint to the brain through intercondylar

Sensory neuron
Schwann cells

foramina.

1. Introduction

Both myelinated and unmyelinated nerve fibers innervate the ske-
leton. Pain sensation and bone mass regulation are two extensively
studied functions of these fibers in the adult skeleton [1]. Bone pain is
associated with pathologies such as bone metastasis of malignant tu-
mors, bone fracture, and, in the elderly, osteoarthritis. Bone pain-sen-
sing nociceptors include both thinly myelinated A8 fibers and smaller-
diameter unmyelinated C fibers [2]. Neurons of both types express
calcitonin gene-related peptide (CGRP) and tropomyosin receptor ki-
nase A (TrkA), the latter a high affinity receptor for nerve growth factor
(NGF). Internalized NGF-TrkA complexes are transported to the dorsal
root ganglia (DRG) where they increase expression of genes encoding
CGRP and other neuropeptides, thereby increasing pain sensitivity.
Non-pain sensing proprioceptors and mechanoreceptors are also loca-
lized within long bones. The periosteum on the bone surface is more
densely innervated with sensory nerves than are bone marrow and
mineralized bone [3]. CGRP also mediates bone pain induced by fungal
infection and suppresses osteoinflammation [4]. The skeleton is also
significantly innervated by the autonomic nervous system, including

both adrenergic and cholinergic sympathetic nerve fibers [5]. Sympa-
thetic nerves modulate vascular tonus and pain sensing and regulate
bone remodeling by suppressing osteoblastic bone formation and en-
hancing osteoclastic bone resorption [6,7].

The tibia is the second largest weight-bearing bone after the femur
in mice and other mammals. The tibia is enveloped by the periosteum,
and the epiphysis develops at the secondary ossification center sand-
wiched between articular cartilage and the growth plate. The knee
joint, which is covered by the synovial membrane, is a major site of
bone pain in osteoarthritis. Sensory nerves at the knee joint are the
target of analgesic or pain-relieving treatments, and stimulation of
epiphyseal sensory nerves contributes to knee pain. Within the knee
joint, between the femur and tibia are two C-shaped fibrocartilages
called menisci, which when torn result in knee pain. Epiphyseal sensory
and autonomic innervation has been studied mostly in rat in developing
long bones at the knee joint [8,9]. However, the route taken by sensory
nerves as they leave epiphyses at the adult knee joint remains unclear.

In mammals, Schwann cells are derived from neural crest cells and
express the transcription factor Sox10 at all stages of differentiation [10].
To track Schwann cells, we previously generated mice expressing Venus, a
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bright version of green fluorescent protein (GFP), under control of the
Sox10 promoter and reported Venus expression in neural crest cells and in
both myelinating and non-myelinating Schwann cells [11]. Schwann cells
are associated with myelinated and unmyelinated peripheral nerve axons,
the former wrapped multiple times by the myelin sheath and the latter in
close association with Schwann cells [12].

In this study, we used SoxI10-Venus transgenic mice to trace both
myelinated and unmyelinated nerve bundles and determine how they
entered into the proximal epiphysis of tibia. Using this approach com-
bined with marker analysis, we detected extensive sensory innervation
of the proximal tibial epiphysis through foramen(-ina) between the two
condyles.

2. Materials and methods
2.1. Animals and human subjects

Establishment of the Sox10-Venus transgenic mouse strain was re-
ported previously [11]. Adult mice (1.5-, 3-, 5-, 6-, 7-, 9-, 10-, 12-, and
14-months-old; a total of > 48) were anesthetized and sacrificed by
transcardial perfusion or cervical dislocation. Both left and right legs
were analyzed. Experimental protocols were approved by the Keio
University Institutional Animal Care and Use Committee.

For micro-CT analyses, isolated hind limbs of Sprague-Dawley rats
(Japan SLC) were used. Experimental protocols were approved by the
Experimental Animal Ethics Committee at Asahi Kasei Pharma Corp.

Isolated dried tibiae of male Japanese macaques (Macaca fuscata
fuscata, n = 9) from the collection at the Primate Research Institute,
Kyoto University, were also used. The research protocol was approved
by the Animal Welfare and Animal Care Committee, Primate Research
Institute, Kyoto University. All animal experiments were carried out in
accordance with Institutional Guidelines on Animal Experimentation.
Human proximal tibiae were isolated from a formalin-embalmed ca-
daver (female, 97 years old) in accordance with the Declaration of
Helsinki. The procedure had been approved by the Institutional Review
Board at Keio University School of Medicine.

2.2. Lightsheet microscopy

Mice were deeply anesthetized and transcardially perfused with
phosphate-buffered saline (PBS) containing 10 U/ml heparin followed
by 4% paraformaldehyde (PFA) in PBS. Tibiae were decalcified in 10%
EDTA in 0.1 M Tris (final pH 7) for 2 weeks at 4 °C on a rotator. Samples
were washed in PBS and then cleared using CUBIC-L solution (T3740,
Tokyo Chemical Industry) at 37 °C for 4 days on a shaker (70 rpm) [13].
CUBIC-L solution was removed and samples were washed in 0.1 M
phosphate buffer containing 0.5M NaCl, and then incubated in 1:1
water-diluted CUBIC-R + (T3741, Tokyo Chemical Industry) solution at
37 °C for 1day and then undiluted CUBIC-R+ for 2 days on a shaker
(70 rpm). Samples were then stored at room temperature until ob-
servation. For analysis, samples were transferred to acrylic tubes filled
with CUBIC-R + and sealed with plastic paraffin film, which were then
hung in a chamber filled with silicone oil AR20 (10,836, SIGMA-Al-
drich) and analyzed by lightsheet microscopy (Lightsheet Z.1, Carl
Zeiss). Approximately 100 slices were obtained at 488 nm excitation
with a 5x dry lens (1.372um/pixel, 1920 x 1920). Z-projection
images were generated using IMARIS software (Bitplane).

2.3. Fluorescence stereo microscopy
Fluorescence stereo microscopes (Leica M205FA and Nikon SMZ25)

were used with a Leica GFP filter (Excitation 545 nm/30, Emission
620 nm/60 BP) and a Nikon P2-EFL GFP-L Filter Cube.
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2.4. Histology

For lectin perfusion, anesthetized mice were lightly sedated by in-
traperitoneal (IP) injections of a mix of medetomidine (0.3 mg/kg),
dormicum (4 mg/kg) and butorphanol tartrate (5 mg/kg) and then in-
jected through the proximal tail vein with 1 mg/ml DyLight 594
Lycopersicon esculentum (TOMATO) LECTIN (DL-1177, Vector
Laboratories) using a 30-G needle. Thirty minutes later, mice were re-
anesthetized and perfused through the heart using a syringe pump
(KDS100, Muromachi Kikai) connected to a 26-G needle, set at a
pumping rate of 0.41 ml/min. Perfusion fluids included 10ml of
10 units/ml heparin followed by 10 ml of 4% PFA in PBS. After perfu-
sion tissues were dissected, fixed at 4 °C in 4% PFA in PBS overnight on
a rotator, and frozen in preparation for sectioning.

For immunofluorescence, frozen 10 pm sections were generated
using Kawamoto's film method [14]. We used rabbit anti-CGRP poly-
clonal antibody (CA1134, BIOMOL, 1:500), rabbit anti-TrkA polyclonal
antibody (06-574, Merck, 1:100), rat anti-GFP monoclonal antibody
(GFO90R, Nacalai, 1:1000), hamster anti-CD31 monoclonal antibody
(MAB1398Z) and rabbit and rat normal IgG (SIGMA-Aldrich) and
hamster normal IgG (ab18479, abcam) as primary antibodies, and
Alexa568-conjugated goat anti-rabbit IgG (A-11036, Invitrogen, 1:500),
Alexa594-conjugated donkey anti-rabbit IgG (ab150068, abcam,
1:500), Alexa594-conjugated goat anti-rat IgG (A-11007, Invitrogen,
1:500), Alexa647-conjugated goat anti-rat IgG (A-21247, Invitrogen,
1:500), Alexa488-conjugated donkey anti-rat IgG (A-21208, Invitrogen,
1:1000), and biotin-conjugated goat anti-hamster IgG (405,501, Bio-
Legend) with Alexa647-conjugated Avidin as secondary antibodies.
Nuclei were stained with 1 pg/ml DAPI (SIGMA-Aldrich). Sections were
analyzed by confocal laser scanning microscopy (Zeiss LSM710,
Olympus FV3000). For serial cross sections, samples were decalcified
and embedded in a reagent used to prepare frozen sections, 30 slices at
50 um intervals (total thickness, 1.5 mm) (FSC 22, Leica).

2.5. Whole-mount staining

Isolated tibiae were cut at the diaphysis, and proximal halves were
fixed overnight in 4% PFA/PBS at 4 °C. A part of the proximal epiphysis
was removed manually using a 76 um thick-blade (76 Cutting Blade,
Nisshin EM). Samples were incubated in 0.3% Triton X-100/PBS at RT for
10 min. After blocking, samples were stained with rabbit Neuro-Chrom
Cy3-conjugated anti-pan neuronal marker antibody (ABN2300C3,
Millipore, 1: 50) and 2 pg/ml DAPI (SIGMA-Aldrich). Samples were ana-
lyzed using a confocal laser scanning microscope (Zeiss LSM710).

2.6. Micro-CT analysis

For phosphotungstic acid (PTA) staining, mice were dissected and,
after removal of skin and most muscles, lower legs were fixed in 4%
PFA/1% glutaraldehyde (4F1G) in PBS overnight at 4 °C on a rotator.
After washing first in PBS and then in H,0, the sample was placed on a
rotator and immersed once in 35% ethanol for 15 min at 4 °C, twice in
70% ethanol for 15 min at 4 °C, and then in 0.3% PTA in 70% ethanol
for 12 days at 4 °C [15]. The sample was washed in 70% ethanol, and
CT imaging was performed in 70% ethanol using the R_.mCT2 system
(Rigaku) at a field of view of 5mm (isotropic voxel size,10 um), as
previously described [16]. Distal tibia was fixed in 70% ethanol over-
night at 4 °C on a rotator and air-dried.

Isolated hind limbs of Sprague-Dawley rats were imaged using a
cone-beam X-ray micro-CT system (ScanXmate-RB090SS150;
Comscantechno, Kanagawa, Japan), which was operated at 70kV,
100 pA, and an isotropic voxel size of 28.5 or 76.2 pm. Isolated tibiae
from Japanese macaques or from human cadavers were imaged using
the R_mCT2 system (Rigaku) at a field of view of 30 mm (isotropic voxel
size, 60 um). 3D images were analyzed using TRI/3D-Bon (RATOC
System Engineering) and ImageJ (NIH) software.
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3. Results

To visualize Schwann cells inside the tibia, we assessed tibiae from
adult Sox10-Venus mice using fluorescence stereo microscopy. As ex-
pected, the periosteum showed an enriched network of Sox10-Venus-
positive cells (Supplemental Fig. S1A, arrows). We next decalcified ti-
biae and treated them with tissue-clearing reagents in preparation for
lightsheet microscopy [13]. Analysis of the proximal epiphysis revealed
Sox10-Venus-positive cells that extended to the synovial space
(Fig. 1A). We then asked whether these Venus-positive cells were in the
marrow of the tibial epiphysis. After removing the articular surface,
which was cut parallel to the tibial growth plate (Fig. 1B, line), we
observed a network of Sox10-Venus-positive cells mainly in the bone
marrow of the epiphysis (Fig. 1C, D). Maximum Intensity Projection
(MIP) images of epiphysis revealed Schwann cell networks (Fig. 1E).

Bone 120 (2019) 297-304

Serial cross sections of the epiphysis and growth plate revealed that
abundant epiphyseal Sox10-positive fibers traveled within the epiphysis
but did not enter the growth plate. (Fig. 1F, Supplemental Fig. SIB-G).
All Sox10-Venus-positive signals were also GFP-positive, and analysis
with an anti-GFP antibody was helpful to detect small fibrous structures
in epiphyseal bone marrow (Supplemental Fig. S2). These data suggest
that Schwann cells are abundant in the proximal epiphysis of the tibia.

To confirm whether Sox10-Venus-positive cells are associated with
nerve fibers, we first performed whole-mount immunostaining of the
tibial epiphysis (Fig. 2A). Venus-positive cells (Fig. 2B) closely co-lo-
calized with distinct linear structures likely to be nerve axons, as they
were marked by the Neuro-Chrom pan-neuronal marker (Fig. 2C, D).
We then assessed staining for the sensory neuron marker CGRP in a
frozen section of the tibial epiphysis (Fig. 2E). At high magnification,
we detected Venus-positive cells (Fig. 2F) associated with CGRP-

Fig. 1. Sox10-Venus-positive Schwann cells in the tibial epiphysis. (A) Lightsheet microscopy of pseudo-left tibia (right tibia was flipped in silico) isolated from a 6-
week-old male Sox10-Venus mouse. Posterior view of the mid anteroposterior plane, as visualized by Z-projection images. Arrows, Sox10-Venus-expression in the
epiphysis. Asterisk, an extension of Sox10-positive cells to the synovial space. EP, epiphysis; GP, growth plate; MT, metaphysis. Scale bar, 500 um. (B) Posterior view
of left tibia of a 3-month-old male mouse. Horizontal yellow line indicates cutting surface of (C, D). 1, lateral. m, medial. Scale bar, 1 mm. (C) Top view of a
horizontally-cut epiphysis of the left tibia from a 12-month-old female Sox10-Venus mouse taken on a stereo microscope. Scale bar, 500 um. Dotted square indicates
approximate area shown in (E). (D) Sox10-Venus-positive cells (arrows) in the horizontally-cut epiphysis. Scale bar, 500 um. (E) MIP image of horizontally-cut
epiphysis of a 14-month-old male mouse. Image is generated using a 10 X objective and from 24 slices at 3-um intervals (total thickness, 69 um). Higher magni-
fication of boxed area in (C). Image was acquired using a 40 X objective and assembled from 13 slices at 3 um intervals (total thickness, 36 um). Scale bar, 50 um. (F)
Proximal tibial EP-GP boundary in a 2-month-old male mouse (n = 2). Image was acquired using a 40 X objective and assembled from 31 slices at 1 pm intervals
(total thickness, 30 um). Scale bar, 100 um. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 2. Co-localization of Schwann cells with CGRP-positive neurons in the ti-
bial epiphysis. (A) Horizontal section of tibial epiphysis in a 6-month-old male
mouse (n = 2). Scale bar, 1 mm. Boxed area is analyzed by confocal microscopy
in (B)-(D) with magnified views (insets). (B) Sox10-Venus-positive lines re-
presenting Schwann cells. (C) Staining of the sample in (B) with the pan-neu-
ronal marker Neuro-Chrom. Arrowhead, node of Ranvier. (D) Merge of (B), (C)
and DAPI staining. Scale bars, 20 pm. (E) Sagittal section of tibial epiphysis in a
7-month-old male mouse (n = 2). GP, growth plate. Scale bar, 200 um. Boxed
area is analyzed by confocal microscopy in (F)-(H). (F) A Sox10-Venus-positive
network of Schwann cells. (G) CGRP-positive axons (arrowheads). (H) Merged
image of (F), (G) and DAPI. Scale bars, 50 um.

positive neurons (Fig. 2G,H), suggesting that sensory axons innervate
the tibia epiphysis.

The mammalian epiphysis is largely encased by articular cartilage
and cortical bone, and fibers in neuronal networks must exit the epi-
physis to travel to the central nervous system. To search for that exit in

300

Fig. 3. CT images of intercondylar foramina in the tibial proximal epiphysis. (A,
B) PTA-stained right knee joint of a 9-month-old female mouse (n = 2). t, tibia.
fi, fibula PCL, posterior cruciate ligament. Arrowheads, anterior (yellow) and
posterior (red) intercondylar foramina. Scale bars, 1 mm. (C, D) Unstained right
knee joint of 6-week-old male rat. Scale bars, 1 mm. (E, F) Unstained right tibia
of a 6-year-old male Japanese macaque (n = 4). Scale bars, 5mm. (G, H)
Unstained right tibia of a 97-year-old human female. Scale bars, 10 mm. (A),
(C), (E) and (G), Lateral view, anterior is towards right (lateral part of the tibia
was removed in silico). (B), (D), (F) and (H), Superior view, anterior is towards
top. Femurs were removed in (B) and (D) in silico. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web
version of this article.)

mouse, we examined the tibial epiphysis using micro-CT. Proximal tibia
stained with the soft tissue contrast agent phosphotungstic acid (PTA)
exhibited foramina between condyles connecting epiphyseal bone
marrow to the synovial space (Fig. 3A). Fig. 3B shows a superior view
from the knee joint, clearly revealing foramina, including one near the
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Fig. 4. Sox10-Venus-positive Schwann cells pass through intercondylar foramina of the proximal tibial epiphysis in mouse. (A) Proximal right tibia with synovial
membranes around menisci from a 10-month-old female mouse. Dotted lines, menisci. a, anterior. p, posterior. m, medial. 1, lateral. (B) Sox10-Venus-positive signals
in sample shown in (A). (C) Superior view of articular surface of the tibia from 12-month-old male mouse. (D) Intercondylar foramina (boxes) revealed after removal
of articular cartilage shown in (C). (E) Sox10-Venus-positive cells around foramina (arrowheads) in (D). (F) Posterior view of the right tibia from a 7-month-old
female. Sox10-Venus-positive cells are visible in the intercondylar foramen (arrowhead). fi, fibula. (G) Superior view of the tibia shown in (F). Arrowheads indicate
intercondylar foramina. (H) Trabecular bone (arrows) within the foramen associated with Sox10-Venus-positive cells (arrowhead) shown in (G, box). Scale bars,

(A)-~(G) 500 pm, (H) 200 pum.

posterior cruciate ligament (PCL). Similar intercondylar foramina were
readily observable in rat knee (Fig. 3C, D) and in tibiae of Japanese
macaques (Fig. 3E, F) and humans (Fig. 3G, H). These data suggest the
presence of intercondylar foramina in a wide range of mammalian
species.

We next asked whether Venus-labeled fibers in Sox10-Venus mice
pass through the intercondylar foramen by evaluating fluorescent sig-
nals of Schwann cells contained in nerve bundles in Sox10-Venus mice.
To do so, we first removed the femur and exposed the articular surface
of the knee joint. Analysis by fluorescence stereo microscopy revealed
abundant Sox10-Venus-positive cells in lateral and medial menisci
(Fig. 4A, B). We then removed the menisci and synovial membrane
(Fig. 4C) and further scraped off the articular surface and subchondral
plate of tibia. As expected, we observed foramina edged with Sox10-
Venus-positive cells located in the intercondylar region (Fig. 4D, E). We

observed co-localization of the intercondylar foramen and Venus-posi-
tive cells in every tibia examined (Fig. 4F, G). Venus-positive fibers
associated with trabecular bone were also visible inside the foramen
(Fig. 4H). These data indicate that fibers containing Venus-labeled
Schwann cells pass through intercondylar foramina in the tibia.

We next asked whether neural foramina exist in the distal epiphysis
of the tibia. MicroCT analysis revealed foramina at anterior and medial
epiphyseal external surfaces of the distal tibia in mice (Supplemental
Fig. S3, A-D). We detected Venus expression at an anterior foramen in
Sox10-Venus mice, indicative of a neural foramen (Supplemental Fig.
S3, E-G). We also observed epiphyseal foramina at anterior and medial
external surfaces of the distal tibia in rats (Supplemental Fig. S3, H-K).
On the other hand, Japanese macaques showed foramina on the medial
articular surface of the epiphysis (Supplemental Fig. S3, L and O) in
addition to anterior and medial external surfaces (Supplemental Fig. S3,
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Fig. 5. Association of Schwann cells with TrkA-positive neurons in the tibial intercondylar foramen. (A) Longitudinal section of the tibial epiphysis in an 8-month-old
male mouse (n = 2). Scale bars, 200 um. Boxed area is analyzed by confocal microscopy in (B)-(C). EP, epiphysis; GP, growth plate. (B) Sox10-Venus-positive and
TrkA-positive signals (arrowheads). Scale bars, 20 pm. (C) IgG control. Scale bars, 20 pm.

M and N). These data suggest that neural foramina are located at the
epiphyses of long bones beyond species.

During endochondral ossification, NGF-TrkA signaling by sensory
nerves coordinates vascularization with ossification [17]. We therefore
asked whether TrkA and Sox10-Venus expression co-localize at the in-
tercondylar foramen (Fig. 5A). Nerves visualized by anti-TrkA antibody
were closely associated with Sox10-Venus-positive structures (Fig. 5B,
C), suggesting that TrkA-expressing sensory neurons pass through the
intercondylar foramen.

Finally, we analyzed possible association of sensory fibers with
blood vessels in the tibial epiphysis. Perfusion of Sox10-Venus mice
with fluorochrome-labeled tomato lectin, which binds to the internal
surface of blood vessels, revealed that Sox10-Venus-positive structures
were closely associated with blood vessels at the intercondylar foramen
of the proximal tibia (Fig. 6A). As expected, CD31-positive endothelial
cells largely overlapped with tomato lectin-labeled blood vessels
(Fig. 6A, B). In cross-sections of blood vessels at the intercondylar
foramen, Sox10-Venus-positive cells and their thin fibers were asso-
ciated with blood vessels (Fig. 6C). These data indicate that blood
vessels are present in close proximity with cells expressing Sox10-Venus
in the tibial epiphysis.
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4. Discussion

In this study, we focused on the tibial proximal epiphysis and found
that the subchondral plate and trabecular bone within the epiphysis is
innervated by sensory nerves, based on the close association between
Schwann cells and cells positive for a pan-neuronal marker or for CGRP
or TrkA. These nerves left the tibial epiphysis through intercondylar
foramina and likely contribute to sensations of pain in the knee.

Afferent nerve fibers carrying sensory information from the sub-
chondral plate and trabecular bone within the epiphysis pass through
evolutionally conserved intercondylar foramina, at least in mice, rats,
macaques and humans, into the knee joint. Intercondylar foramina face
the synovial membrane and are in the vicinity of cruciate ligaments.
PCL are less vulnerable to injury compared with the anterior cruciate
ligament (ACL) [18]. Mouse models representing various stages of os-
teoarthritis have been created through a combination of ligament
transection and menisectomy [19]. In these models, epiphysis-derived
sensory nerves are likely to be injured and participate in the pathology.
Retrograde tracing experiments from the distal femoral epiphysis or
distal tibial epiphysis in rat pups has revealed labeling primarily in L2-
L5 DRG, and 31-33% of labeled DRG neurons were reportedly CGRP-
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Fig. 6. Association of Schwann cells with CD31-positive blood vessels in the tibial intercondylar foramen. (A) Transmission light microscopy (TL) showing a
longitudinal cut of a frozen section of tibial epiphysis in a 2-month-old male mouse (n = 2). Scale bar, 30 um. Asterisk indicates intercondylar foramen between bone
(b). Fluorescence Z-projection detection of SoxI10-Venus, tomato-lectin-labeled blood vessels (Lec), CD31-positive endothelial cells, and nuclei (DAPI). Scale bars,
30 um. (B) IgG control for the CD31 antibody. (C) A different field showing association between Sox10-Venus-positive Schwann cells and tomato-lectin-labeled
endothelial cells (Lec) in cross-sections of blood vessels at an intercondylar foramen of the proximal tibia. Scale bars, 30 um.

positive [20,21], suggesting that sensory inputs from the proximal tibial
epiphysis likely reach the DRG. In humans, knee pain is particularly
associated with osteoarthritis in the elderly. A limitation of this study is
that the sample size was too small to allow comparisons between age
groups. However, this study should shed light on the organization of
sensory nerves in the epiphysis in the context of human diseases.

The lateral and medial articular surfaces of the tibia are covered by
cartilage, while the intercondylar region is cartilage-free and provides
attachment sites for menisci, synovial membranes, and cruciate liga-
ments. In this context, intercondylar foramina are located close to but
outside of articular surfaces. This anatomy may exquisitely position
foramina to serve as exits for nerves from the epiphyses of long bones
other than tibia. The intercondylar fossa of the distal femur is perfo-
rated and harbors vascular foramina in humans [22]. Co-patterning of
the vascular and neuronal system is well documented: for example,
migrating neurons in the CNS use blood vessels as scaffolds, and in the
PNS sensory neurons and Schwann cells provide a template for pat-
terning of arteries [23,24]. We show that cells expressing Sox10-Venus
are associated with blood vessels at intercondylar foramina in adult
mice (Fig. 6). While Sox10-positive cells reportedly differentiate into
vascular mural cells [25], we conclude that Sox10-Venus cells in in-
tercondylar foramina are Schwann cells, as they co-localized with cells
positive for neuronal markers (Fig. 2, Fig. 5). These data suggest that
vascular foramina also act as neural foramina in the tibial epiphysis.

Secondary ossification centers at the epiphysis, which require
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vascularization and innervation, were likely acquired during mammalian
evolution [26]. Blood vessels are crucial for endochondral ossification
[27,28], and Tomlinson et al. reported that sensory neurons coordinate
vascularization with ossification in long bones [17]. Curiously, they ob-
served that nerves from the epiphyseal surface enter and inhabit epiphy-
seal vascular canals. Indeed, TrkA signaling is required for formation of
secondary ossification centers in the developing femur [17].

Studies in mouse indicate that once bones develop, sensory nerves
are required for skeletal adaptation to mechanical loads by increasing
load-induced bone formation [29,30]. Furthermore, CGRP inhibits os-
teoclast activity and bone resorption [31,32], and others have reported
involvement of CGRP-containing nerve fibers in bone remodeling
[33,34]. CGRP and TrkA nociceptive markers are upregulated in neu-
rons innervating the subchondral bone in a rat osteoarthritis model
[35], and the density of synovial CGRP-positive nerve fibers is re-
portedly lower in rheumatoid arthritis than in osteoarthritis patients
[36]. However, the functional significance of sensory nerves in tibial
and femoral epiphyses in knee pathologies remains unclear.

In summary, we demonstrate innervation of the subchondral bone
plate and trabecular bone in the epiphysis. Besides pain sensing, epi-
physeal sensory neurons may function in maintenance of subchondral
bone. This matter should be further investigated as relevant to phar-
maceutical and surgical intervention of the knee joint.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.bone.2018.11.007.
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