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Abstract

Background The triangular fibrocartilage complex is the
main stabilizer of the distal radioulnar joint. While static
joint stability is constituted by osseous and ligamentous
integrity, the dynamic aspects of joint stability chiefly
concern proprioceptive control of the compressive and di-
rectional muscular forces acting on the joint. Therefore, an
investigation of the pattern and types of sensory nerve
endings gives more insight in dynamic distal radioulnar
joint stability.
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Questions/purposes We aimed to (1) analyze the general
distribution of sensory nerve endings and blood vessels; (2)
examine interstructural distribution of sensory nerve end-
ings and blood vessels; (3) compare the number and types
of mechanoreceptors in each part; and (4) analyze in-
trastructural distribution of nerve endings at different tissue
depth.

Methods The subsheath of the extensor carpi ulnaris
tendon sheath, the ulnocarpal meniscoid, the articular disc,
the dorsal and volar radioulnar ligaments, and the ul-
nolunate and ulnotriquetral ligaments were dissected from
11 human cadaver wrists. Sensory nerve endings were
counted in five levels per specimen as total cell amount/
cm? after staining with low-affinity neurotrophin receptor
p75, protein gene product 9.5, and S-100 protein and
thereafter classified according to Freeman and Wyke.
Results  All types of sensory corpuscles were found in the
various structures of the triangular fibrocartilage complex
with the exception of the ulnolunate ligament, which
contained only Golgi-like endings, free nerve endings, and
unclassifiable corpuscles. The articular disc had only free
nerve endings. Furthermore, free nerve endings were the
predominant sensory nerve ending (median, 72.6/cm?;
range, 0-469.4/cm®) and more prevalent than all other
types of mechanoreceptors: Ruffini (median, O; range, 0—
5.6/cm2; difference of medians, 72.6; p < 0.001), Pacini
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(median, O; range, 0—3.8/cm2; difference of medians, 72.6;
p < 0.001), Golgi-like (median, 0; range, O—2.1/cm2; dif-
ference of medians, 72.6; p < 0.001), and unclassifiable
corpuscles (median, 0; range, 0—2.5/cm2; difference of
medians, 72.6; p < 0.001). The articular disc contained
fewer free nerve endings (median, 1.8; range, O—l7.8/cm2)
and fewer blood vessels (median, 29.8; range, 0-112.2/
cm?; difference of medians: 255.9) than all other structures
of the triangular fibrocartilage complex (p < 0.001, re-
spectively) except the ulnolunate ligament. More blood
vessels were seen in the volar radioulnar ligament (median,
363.62; range, 117.8-871.8/cm”) compared with the ul-
nolunate ligament (median, 107.7; range, 15.9—410.3/01112;
difference of medians: 255.91; p = 0.002) and the dorsal
radioulnar ligament (median, 116.2; range, 53.9-185.1/
cm?; difference of medians: 247.47; p = 0.001). Free nerve
endings were obtained in each structure more often than all
other types of sensory nerve endings (p < 0.001, respec-
tively). The intrastructural analysis revealed no differences
in mechanoreceptor distribution in all investigated speci-
mens with the numbers available, showing a homogenous
distribution of proprioceptive qualities in all seven parts of
the triangular fibrocartilage complex.

Conclusions Nociception has a primary proprioceptive
role in the neuromuscular stability of the distal radioulnar
joint. The articular disc and ulnolunate ligament rarely are
innervated, which implies mainly mechanical functions,
whereas all other structures have pronounced propriocep-
tive qualities, prerequisite for dynamic joint stability.
Clinical Relevance Lesions of the volar and dorsal ra-
dioulnar ligaments have immense consequences not only
for mechanical but also for dynamic stability of the distal
radioulnar joint, and surgical reconstruction in instances of
radioulnar ligament injury is important.

Introduction

The distal radioulnar joint is one of the most important and
unique articulations in the wrist. The distal radioulnar joint,
together with the proximal radioulnar joint, is responsible
for the pronosupination movement of the radius and the
ulna [14]. Joint stability relies on fine interactions of me-
chanical and dynamic components. Although static joint
stability is constituted by osseous and ligamentous in-
tegrity, the dynamic elements of joint stability concern
proprioceptive control of the compressive and directional
muscular forces acting on the joint [3, 21]. The core of the
distal radioulnar joint stability is best described with the
concept of “tensegrity,” which entails stability through a
synergy of ligament tensile and joint compressive forces
[11]. This enables a harmonic rotation of the forearm. The

@ Springer

triangular fibrocartilage complex is of primary importance
in this synergy [19, 20].

Ulnar-sided wrist pain is one of the most common
clinical disorders of the wrist and may be dependent on
injuries or degenerative disease. At the core of ulnar-sided
wrist pain is an afferent painful stimuli from one of the
seven structures constituting the triangular fibrocartilage
complex, namely the subsheath of the extensor carpi ul-
naris tendon sheath, the ulnocarpal meniscoid, the articular
disc, and the dorsal and volar radioulnar, ulnolunate, and
ulnotriquetral ligaments [10].

The general innervation of the triangular fibrocartilage
complex has been described and consists of innervation by
dorsal sensory branches of the ulnar nerve in 100%, by the
medial antebrachial cutaneous nerve in 91%, by volar
branches directly from the ulnar nerve in 73%, by the an-
terior interosseous nerve in 27%, by the posterior
interosseous nerve in 18%, and by volar cutaneous
branches of the median nerve in 9% [7, 16, 24].

The microscopic innervation of ligaments is character-
ized by specific sensory nerve endings, which can be
classified regarding typical morphologic features and neu-
rophysiologic traits according to Freeman and Wyke [4].
Ruffini endings, type I, are responsible for joint position
sense. Pacini corpuscles, type II, react to joint acceleration
or deceleration. Golgi-like endings, type III, respond to
extreme ROM. Free nerve endings, type IV, function as
nociceptors. Corpuscles, which cannot be classified as
Ruffini, Pacini, Golgi-like endings, or free nerve endings,
are regarded as unclassifiable corpuscles, type V [8].

A previous histologic analysis of the triangular fibro-
cartilage, separated in five areas according to dorsal,
palmar, ulnar, radial, or central position, showed that the
central area is noninnervated, but the periphery of the tri-
angular fibrocartilage has all types of sensory nerve
endings [2]. However, a gold chloride technique was used,
which impregnates not only nerve tissue, but also elastic
fibers in blood vessels and reticular fibers, thus providing
nonspecific imaging of neural elements in tissue [6, 15, 25].
Furthermore, the seven different structures of the triangular
fibrocartilage complex were not separately dissected. A
thorough analysis of the distribution of sensory nerve
endings in the triangular fibrocartilage complex may pro-
vide more insight into the proprioceptive function of these
structures and, consequently, their role in the neuromus-
cular stability of the distal radioulnar joint, which may
allow conclusions for their treatment for injured, degen-
erative, and painful clinical conditions.

Therefore, the aim of our study was to investigate the
pattern and type of sensory nerve endings and the overall
vascularity in the seven structures of the triangular fibro-
cartilage complex using designated immunohistochemical
markers. Specifically, we aimed to (1) analyze the general
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distribution of sensory nerve endings and blood vessels; (2)
examine interstructural distribution of sensory nerve end-
ings and blood vessels; (3) compare the numbers and types
of mechanoreceptors in each part; (4) analyze intrastruc-
tural distribution of nerve endings at different tissue depth;
and (5) correlate our findings of triangular fibrocartilage
complex neuroanatomy to known clinical entities.

Materials and Methods
Cadaver Specimens

All protocols in this study were approved by the local
ethics committee review board. Eleven wrists from nine
subjects, six left and five right hands, with a mean age of 80
+ 9.8 years (range, 68—100 years) were included in this
study. The wrists were refrigerated (4° C) pending harvest
of the triangular fibrocartilage complex. All were assessed
macroscopically and radiographically to exclude posttrau-
matic changes, arthritis, and/or bony lesions. The triangular
fibrocartilage complex with its seven parts, namely the
subsheath of the extensor carpi ulnaris, the ulnocarpal
meniscoid, the articular disc, and the dorsal and volar ra-
dioulnar, ulnolunate, and ulnotriquetral ligaments, were

harvested (Fig. 1). The dorsal and volar radioulnar liga-
ments were harvested with inclusion of their bony
insertions at the sigmoid notch and the ulnar styloid.

Immunohistochemistry

Specimens were immediately fixed in 4% buffered
formaldehyde solution (pH = 7.4), decalcified with EDTA,
and embedded in paraffin. Sections of 4 pm were cut and
mounted on silane-coated slides for conventional staining
and immunohistochemistry. All specimens were cut at five
levels with a 50-um cutting interval between each level.
Anti-S100 (S100; working dilution: 1:500; code Z 0311;
DakoCytomation, Glostrup, Denmark), antinerve growth
factor receptor p75 (working dilution: 1:200; code N-3908;
Sigma, St Louis, MO, USA), and anti-Protein Gene Pro-
duct 9.5 (PGP 9.5) (working dilution: 1:500; code: 7863-
0504; AbD Serotec, Diisseldorf, Germany) were used to
identify sensory nerve endings. Blood vessels were inves-
tigated using antihuman smooth muscle-actin (working
dilution: 1:750; Code: M 0851; DakoCytomation). Details
regarding the immunohistochemical protocol, a description
of antibodies, and control stainings performed were dis-
cussed in a previous study [21].

Fig. 1A-E (A) The triangular fibrocartilage complex consists of
seven separate structures, namely the subsheath of the extensor carpi
ulnaris tendon sheath (1 = SS-ECU), the articular disc (2 = AD), the
volar radioulnar ligament (3 = VRUL), the dorsal radioulnar ligament
(4 = DRUL), the ulnolunate ligament (5 = UL), the ulnotriquetral
ligament (6 = UTq), and the ulnocarpal meniscoid (7 = UCM). (B)
The subsheath of the extensor ulnaris tendon sheath is seen after
removal of the extensor retinaculum. (C) Parts 2 through 6 of the
triangular fibrocartilage complex are seen after removal of the carpal

bones from the sagittal plane. (D) The ulnotriquetral ligament (6)
inserts at the volar aspect of the triquetrum and originates on the
radiovolar base of the ulna styloid. The ulnolunate ligament (5)
inserts at the volar aspect of the lunate and originates mainly on the
volar border of the articular disc (2). The dorsal radioulnar (4) and
volar radioulnar (arrow 3) ligaments begin at the dorsoulnar or
ulnovolar margin of the radius at the sigmoid notch and run toward
the ulnar styloid. (E) A close-up view shows the ulnocarpal meniscoid

.
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Fig. 2A-D Immunohistochemical
staining of the sensory nerve end-
ings using low-affinity nerve
growth factor receptor p75 are
shown. (A) The Ruffini ending is
characterized by p75 immunoreac-
tive dendritic nerve endings
(arrowhead), a clearly visible, but
non-immunoreactive central axon
(white arrow), and a thin, at times
partial encapsulation of the cor-
puscle (black arrow). (B) In
contrast, the Pacini corpuscle has
an onion-layered p75 immunore-
active capsule (black arrow) and
central axon (white arrow). (C)
The Golgi-like ending is larger
with an afferent nerve fascicle
(white arrow) coursing to the cen-
ter of the corpuscle. Typically
smaller corpuscles in the Golgi-
like ending are seen
(arrowheads). (D) Free nerve end-
ings  (arrowhead) are  p75
immunoreactive (Stain, low-affi-
nity nerve growth factor receptor
p75;  original  magnification,
x400).

Morphologic Analysis and Cell Counting

Histologic examination of the stained tissue sections was
performed using a Leica™ light microscope (Leitz DMRB,
Leica ® Biosystems Nussloch, Germany) with a Leica®
camera (Leica® DC 300; Leica® Microsystems CMS
GmbH, Wetzlar, Germany).

Hematoxylin and eosin-stained slices were used for
determination of morphologic features of the tissue before
starting the analysis of sensory nerve endings. The latter
were analyzed according to the classification of Freeman
and Wyke [4], modified by Hagert [8] (Fig. 2). Ruffini,
Pacini, Golgi-like, free nerve endings, and unclassifiable
corpuscles were counted in the S100, p75, and PGP 9.5
stainings in all five levels with respect to total cell count
per section at an original magnification of x400 (high-
power field). A standard 10 x 10 grid was used for de-
termination of mechanoreceptor size. Sensory corpuscles,
which could not be defined as Ruffini, Pacini, Golgi-like
corpuscles, nor free nerve endings, were deemed as un-
classifiable according to Hagert [8].

Blood vessels were counted at two representative levels
in the smooth muscle-actin stain, identified by specific
immunoreactivity of smooth muscle-actin of the smooth
muscle cells in the wall of the vessels. All specimens were
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blinded for cell counts. Visual fields were counted at an

original magnification of x 100 to calculate the size of the
analyzed slice, which is reported in cm?.

Statistical Analysis

Medians with minimum and maximum have been used for
descriptive statistics throughout the article. The values
represent the corpuscles/cm?.

To analyze the general distribution of sensory nerve
endings in the seven parts of the triangular fibrocartilage
complex, the Friedman test was performed followed by the
Wilcoxon with post hoc Bonferroni adjustments. The level
of significance was set at a p of 0.005 or less owing to five
different types of mechanoreceptors resulting in 10 test
comparisons.

To examine the interstructural distribution of sensory
nerve endings among the seven parts of the triangular fi-
brocartilage complex, a Kruskal-Wallis test was performed
followed by Mann-Whitney test with post hoc Bonferroni
adjustments. The Kolmogorov-Smirnov test found that the
data did not have a normal distribution. The final sig-
nificance level was set at a p of 0.0024 or less because of
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Table 1. Multiple comparisons

Receptor type Ruffini Golgi

Pacini Unclassifiable

Free nerve endings Difference of medians

Difference of medians,

Difference of medians, Difference of medians,

72.6, p < 0.001 p =72.6; p < 0.001 p =72.6; p < 0.001 p = 72.6; p < 0.001
Ruffini Difference of medians 0, Difference of medians 0, Difference of medians 0,
p=0.81 p =0.775 p=0.01
Golgi Difference of medians 0, Difference of medians 0,
p=0.59 p = 0.015
Pacini Difference of medians 0,
p=0.011
Table 2. Relationship between the sensory nerve endings* 20 ) o
Sensory nerve endings Relationship °
Ruffini: Pacini 1.33:1
Ruffini: Golgi 1.29:1 7 ] ’
Ruffini: unclassifiable 1:1.72 t *
Pacini: Golgi 1:1.03 5 . :
Pacini: unclassifiable 1:2.3 g 7 ’ *
Golgi: unclassifiable 1:2.2 S * :
Free nerve endings: Ruffini 497:1 i . :
Free nerve endings: Pacini 661:1 05+ Z H -4
Free nerve endings: Golgi 644:1 H *
Free nerve endings: unclassifiable 287:1
Free nerve endings: blood vessels 1:2.4 00 - - -
Ruilﬁni Pa::ini Gollgi Unclaslsiﬁable

* Calculated with the mean of all parts of the triangular fibrocartilage
complex (n = 77).

21 tests among the seven parts of the triangular fibrocar-
tilage complex.

To compare the total number and types of mechanore-
ceptors in each part of the triangular fibrocartilage
complex, Fisher’s exact test was performed with sig-
nificance set at p of 0.05 or less.

To analyze the intrastructural distribution of sensory
nerve endings in each part of the triangular fibrocartilage
complex among the five levels studied, to assess whether
the sensory nerve endings are distributed homogenously, a
Kruskal-Wallis test followed by the Mann-Whitney test
with post hoc Bonferroni adjustments was used. The five
levels allowed 10 possible test comparisons, which results
in a significance level of p of 0.005 or less.

Results

General Distribution

Free nerve endings (median, 72.6; range, 0—469.4/cm2)
were the predominant mechanoreceptor (Table 1) and were

more common than all other types of sensory nerve endings
(p < 0.001, respectively) followed by unclassifiable

Fig. 3 The general distributions of sensory nerve endings are shown
as medians with minimum and maximum. There were no significant
differences between all sensory corpuscles. * = values, which are
more than 1.5-fold away from minimum or maximum; o = values,
which are more than threefold away from minimum or maximum.

corpuscles (median, 0; range, 0—2.5/cm2), Ruffini endings
(median, 0; range, 0—5.6/cm2), Golgi-like endings (median,
0; range, 0-2.1 /cmz), and Pacini corpuscles (median, 0;
range, 0-3.8/cm?) (Table 2; Fig. 3). More blood vessels
(median, 186.6; range, 0—1090.6/cm2) than free nerve
endings (median, 72.6; range, 0-469.4 /cmz; difference of
medians 114; p < 0.001) were observed (Fig. 4).

Interstructural Distribution and Mechanoreceptor Types

All types of sensory corpuscles were found in the subsheath
of the extensor carpi ulnaris, the ulnocarpal meniscoid,
dorsal and volar radioulnar ligaments, and ulnotriquetral
ligaments. However, the ulnolunate ligament did not con-
tain Ruffini nor Pacini corpuscles, and the articular disc
lacked all corpuscles except for free nerve endings, which
was present only in its ulnar part. As for unclassifiable
corpuscles, the articular disc (0; range, 0—0/cm2) had fewer
numbers than the subsheath of the extensor carpi ulnaris

@ Springer



3250 Rein et al.

Clinical Orthopaedics and Related Research®

800 — 8
700
600 —
500 —
400 —
300 — 2

200 T

100 —

. == i

T T
Free Nerve Endings Blood Vessels

Numbers / cm?

Fig. 4 The general distributions of free nerve endings and blood
vessels are shown as medians with minimum and maximum. There
were significantly more blood vessels than free nerve endings (p <
0.001). o = values, which are more than threefold away from
minimum or maximum.
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Fig. 5 Medians with minimum and maximum for the sensory nerve
endings are shown for each part of the triangular fibrocartilage
complex. The subsheath of the extensor carpi ulnaris (SS-ECU) and
the ulnocarpal meniscoid (UCM) had significantly more unclassifiable
corpuscles than the articular disc (AD) (#p = 0.002). All other
comparisons of the sensory nerve endings between the seven different
structures of the triangular fibrocartilage complex were not statisti-
cally significant. UTq = ulnotriquetral ligament; UL = ulnolunate
ligament; VRUL = volar radioulnar ligament; DRUL = dorsal
radioulnar ligament; * = values, which are more than 1.5-fold away
from minimum or maximum; o = values, which are more than
threefold away from minimum or maximum.
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(median, 0.42; range, 0-0.97/cm?; difference of medians
0.42; p = 0.002) and the ulnocarpal meniscoid (median,
0.49; range, 0-2.55/cm?; difference of medians, 0.49; p=
0.002) (Fig. 5). As for free nerve endings and blood ves-
sels, the articular disc contained fewer free nerve endings
(median, 7.74; range, 0-72.65 /sz) and fewer blood
vessels (median, 29.86; range, 0-1 12.24/cm2) than all other
structures of the triangular fibrocartilage complex (p <
0.001) except the ulnolunate ligament (Fig. 6).

Regarding blood vessels of the volar radioulnar ligament
(median, 363.62; range, 117.8—871.17/cm2) had a higher
number than the ulnolunate ligament (median, 107.71;
range, 15.94-410.33/cm?; difference of medians, 255.91; P
= 0.002) and the dorsal radioulnar ligament (median,
116.15; range, 53.91—185.1/cm2; difference of medians,
247.47; p = 0.001) (Fig. 6).

Comparison of Mechanoreceptor Type in Each
Structure

Free nerve endings were obtained in each structure more
often than all other types of sensory nerve endings. The
medians and ranges are: for the subsheath of the extensor
carpi ulnaris (free nerve endings: median, 66.3, range, 34.9—
267/cm2; Ruffini: median, 0, range, O—O.6/cm2, difference of
medians, 66.3, p < 0.001; Pacini: median, 0, range, 0-0.6/
cmz, difference of medians, 66.3, p < 0.001; Golgi-like:
median, 0, range, 0—1 .7/cm2, difference of medians, 66.3,p <
0.001; and unclassifiable: median, 0.4, range, 0-1/cm?, dif-
ference of medians, 65.9, p < 0.001); for the ulnocarpal
meniscoid (free nerve endings: median, 126.9, range, 34.8—
298.2/cm2; Ruffini: median, 0, range, 0—0.7/cm2, difference
of medians, 126.9; Pacini: median, 0, range, 0—1/cm2, dif-
ference of medians, 126.9; Golgi-like: median, 0, range, 0—
1.5/cm2, difference of medians, 126.9; and unclassifiable:
median, 0.5, range, 0-2.6/cm?, difference of medians,
126.4); for the articular disc (free nerve endings: median, 7.7,
range, 0-72.6/cm?; Ruffini: median, 0, range, 0-0/cm?, dif-
ference of medians, 7.7; Pacini: median, 0, range, 0-0/cm?,
difference of medians, 7.7; Golgi-like: median, 0, range, 0-0/
cm2, difference of medians, 7.7; and unclassifiable: median,
0, range, O—O/cmz, difference of medians, 7.7); for the distal
radioulnar ligament (free nerve endings: median, 82.3,
range, 19.6—151.4/cm2; Ruffini: median, 0, range, 0-1.3/
cmz, difference of median, 82.3; Pacini: median, 0, range, 0—
1.4/cm2, difference of medians, 82.3; Golgi-like: median, O,
range, 0-0.4/cm?, difference of medians, 82.3; and unclas-
sifiable: median, 0, range, 0—0.8/cm2, difference of medians,
82.3); for the volar radioulnar ligament (free nerve endings:
median, 170.3, range, 23.4-3 10.2/cm2; Ruffini: median, 0.4,
range, 0—5.6/cm2, difference of medians, 169.9; Pacini:
median, 0, range, 0-3.8/cm?, difference of medians, 170.3;
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Fig. 6 The distributions of free
nerve endings and blood vessels
are seen as medians with minimum
and maximum. The subsheath of the

extensor carpi ulnaris (SS-ECU), 800 1
ulnocarpal meniscoid (UCM), ul-
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Golgi-like: median, 0, range, 0-0.5/cm?, difference of me-
dians, 170.3; and unclassifiable: median, 0, range, 0—1.8/
cmz, difference of medians, 170.3); for the ulnolunate liga-
ment (free nerve endings: median, 31.9, range, 4.1-206.3/
sz; Ruffini: median, 0, range, 0—0/cm2, difference of me-
dians, 31.9; Pacini: median, 0, range, 0—0/cm2, difference of
medians, 31.9; Golgi-like: median, 0, range, 0-2.1/cm?,
difference of medians, 31.9; and unclassifiable: median, O,
range, 0—1.4/cm?, difference of medians, 31.9); and for the
ulnotriquetral ligament (free nerve endings: median, 135.4,
range, 70.6—469.4/cm2; Ruffini: median, 0, range, O—l/cmz,
difference of medians, 135.4; Pacini: median, 0, range, O—
0.8/cm2, difference of medians, 135.4; Golgi-like: median, 0,
range, 0—0.7/cm2, difference of medians, 135.4; and un-
classifiable: median, 0, range, 0—2.4/cm2, difference of
medians, 135.4).

Intrastructural Distribution at Different Tissue Depths

The intrastructural analysis revealed no differences in
mechanoreceptor distribution in all investigated specimens
with the numbers available, showing a homogenous dis-
tribution of proprioceptive qualities in all seven parts of the
triangular fibrocartilage complex.

Discussion
Background, Rationale, Aims

The triangular fibrocartilage complex plays a fundamental
role in stabilization of the distal radioulnar joint. The dorsal

]
ﬂ .
o
T T T T T

T

UTq uL AD VRUL DRUL

and volar radioulnar ligaments are the most studied com-
ponents of the triangular fibrocartilage complex as they are
the principle stabilizers of the distal radioulnar joint [5, 27].
However, the triangular fibrocartilage complex consists of
seven different structures and their sensory role in dynamic
distal radioulnar joint stabilization is unclear. Sensory
nerve endings react on mechanical stimuli, for example,
joint position change, transforms them in neural excita-
tions, which are sent to the spinal cord where a part of this
information is sent directly to the muscles which stabilize
the joint. Another part of the information is sent to the
central nervous system for central integration and proc-
essing. The different types of sensory nerve endings are
assigned different functions as outlined in the introduction.
In the current study, the sensory nerve endings of the seven
parts of the triangular fibrocartilage complex were exam-
ined in detail.

Limitations

Unclassifiable corpuscles were the second most common
mechanoreceptor type, suggesting a high morphologic va-
riety of sensory nerve endings, also observed in other
studies [18, 26]. It also points to a possible limitation of the
existing gold standard classification of Freeman and Wyke
[4], modified by Hagert [8], because many sensory nerve
endings apparently will not fit into the established and
limited classification schemes. The high number of un-
classifiable corpuscles is also a limitation of the applied
descriptive  analysis using two-dimensional light-
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microscopy, which does not permit a complete represen-
tation of the whole mechanoreceptor [21]. Nevertheless,
even three-dimensional reconstructions of multiple levels
of ligaments have revealed a large portion of unclassifiable
corpuscles in wrist ligaments [26].

General Distribution

Free nerve endings were the predominant mechanoreceptor
type in all of the examined structures of the triangular fi-
brocartilage complex, which is in accordance with a
previous study [24] and studies of the human ankle [21], fat
tissue in the human sinus tarsi [23], and the human knee
capsule [12]. The predominance of free nerve endings
indicates an important role in perceiving noxious, chemi-
cal, mechanical, and inflammatory stimuli. Ruffini endings
were the third most common mechanoreceptors closely
followed by Golgi-like endings and Pacini corpuscles. A
study on ligaments at the ankle revealed higher amounts of
Ruffini endings followed by Pacini corpuscles and Golgi-
like endings with the following ratios: Ruffini: Pacini =
4.7:1; Ruffini: Golgi = 15.5:1, and Pacini: Golgi = 3.3:1
[21]. The more equal relationships among Ruffini, Pacini,
and Golgi-like endings in the current study (Table 2)
indicate that the ulnocarpal and distal radioulnar joints
require a homogenous distribution of proprioceptive
qualities.

Interstructural Distribution and Mechanoreceptor Types

The subsheath of the extensor carpi ulnaris, the ulnocarpal
meniscoid, the volar radioulnar ligament, the dorsal ra-
dioulnar ligament, and the ulnotriquetral ligament were all
richly innervated, containing all types of sensory nerve
endings. In contrast, the ulnolunate ligament was sparsely
innervated with only Golgi-like endings, free nerve end-
ings, and unclassifiable corpuscles. The articular disc had
only free nerve endings in its ulnar portion. This is in
contrast to Calvacante et al. [2], who reported that the
central area was noninnervated, but the periphery of the
articular disc had all types of sensory nerve endings. The
primary difference between our study and that of Calva-
cante et al. [2] is that we mapped the mechanoreceptor
population using a combination of immunohistochemical
markers: S-100 protein, the neurotrophic receptor p75, and
PGP 9.5. These three antibodies allow precise differen-
tiation of mechanoreceptors owing to selective delineation
of specific neural and perineural structures in sensory nerve
endings [22]. However, gold chloride impregnates not only
nerve tissue, but also elastic fibers in blood vessels and
reticular fibers, thus providing nonspecific imaging of

@ Springer

neural elements in tissue [6]. Furthermore, in the current
study, all seven parts of the triangular fibrocartilage com-
plex were dissected separately and analyzed in five levels,
respectively. An additional study of innervation of the
triangular fibrocartilage complex only detected free nerve
endings, but no Ruffini, Pacini, or Golgi-like corpuscles,
using PGP 9.5 and calcitonin gene-related peptide [24].
However, the analyzed sections had a thickness of 100 pm,
and the amount of each neural element was counted in
randomly selected areas of each structure at only one level.

Intrastructural Analysis

No differences have been observed among the five levels of
each structure, which indicates a homogenous distribution
of sensory nerve endings resulting in a stable and consis-
tent innervation pattern. A recent study investigating
ligaments around the ankle in five levels had similar find-
ings [22]. Therefore, a partial ligament rupture may not
result in complete ligamentous denervation.

Clinical Relevance

The greatest amount of Ruffini endings was observed in the
volar radioulnar ligament, indicating that this ligament has
an important role in detecting joint position during forearm
rotation. The radioulnar ligaments are the primary static
stabilizers of the distal radioulnar joint and, as we found,
also are important for neuromuscular stability with their
consistently rich innervation. Patients with distal radioulnar
joint instabilities attributable to foveal tears should be
treated primarily with open or arthroscopic reattachments
to restore static and dynamic distal radioulnar joint stability
[17]. The inclusion of proprioceptive exercises after ana-
tomic reattachment of the volar and dorsal radioulnar
ligaments is recommended during the postoperative fol-
lowup, after the required period of immobilization for
ligament healing has passed [9]. Contrarily, surgical pro-
cedures aiming to reconstruct the radioulnar ligaments with
a tendon graft [1], will not address the sensory function of
the volar and dorsal radioulnar ligaments, and consequently
fail to account for the dynamic aspects of distal radioulnar
joint stability [13].

Free nerve endings were the predominant mechanore-
ceptor type followed by unclassifiable corpuscles and then
by a fairly equal distribution of Ruffini, Pacini, and Golgi-
like corpuscles. Nociception therefore must be considered
as having great importance in the proprioceptive and neu-
romuscular control of the distal radioulnar joint. The
articular disc and ulnolunate ligament were rarely inner-
vated, indicating a primarily mechanical function, whereas
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the subsheath of the extensor carpi ulnaris, ulnocarpal
meniscoid, volar and dorsal radioulnar ligaments, and ul-
notriquetral ligament, with their rich innervations, have
distinct proprioceptive qualities. Lesions of the volar and
dorsal radioulnar ligaments have immense consequences
not only for mechanical but also for dynamic stability of
the distal radioulnar joint, and surgical reconstruction of a
radioulnar ligament injury is of great importance.
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