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5.1.2 Sensory Nerve Endings in Muscles

Functionally, two major types of receptors have to be distin-
guished: mechanoreceptors, which are designed to monitor the
length of muscles and the tension of tendons, and polymodal
nociceptors, which are specialised in thermal and chemical and
stimuli that are potentially damaging to the tissues.

Nociceptors are found in the connective tissue of muscles
(endomysium, perimysium and epimysium). They are fine
branches of thin myelinated (A?-) or unmylinated (C-) nerve
fibres forming numerous free nerve endings [5]. They play an
important part in muscle soreness [6] and may affect muscle
tone and shoulder movement through reflexes. Polymodal noci-
ceptors are not regarded as mechanoreceptors and are thus out-
side the focus of this chapter.

Two types of mechanoreceptors are found in muscles: muscle
spindles and Golgi tendon organs. Muscle spindles are the
largest mechanoreceptors found in man. They can reach a
length of several millimetres and a diameter of about 0.2 mm.
Their number varies widely between different types of muscles
[7]. The number of muscle spindles is usually larger in muscles
that are involved mainly in postural control than in muscles
performing mainly fast movements. The number of muscle
spindles appears to be relatively constant throughout life [8].

In longitudinal sections (Fig. 5.3A) the equatorial region
can be distinguished from the two thinner polar regions.
Muscle spindles contain intrafusal muscle fibres and sensory,
motor and autonomic nerve fibres with the corresponding
nerve endings, and they are surrounded by a capsule formed as
an extension of the perineurium of the supplying nerve. The
intrafusal fibres and the axons are covered by a spindle sheath
consisting of endomysial cells. Between spindle sheath and cap-
sule is a periaxial cleft (“s” in Fig. 5.3A, B). Depending on the

arrangement of the nuclei of the intrafusal muscle fibres,
nuclear chain fibres and nuclear bag fibres can be distinguished
[9, 10]. The numbers of intrafusal muscle fibres per muscle
spindle vary between 1 and 5 for nuclear bag fibres and between
2 and 11 for nuclear chain fibres.

The sensory nerve fibres are myelinated, with diameters of
6–15 µm (type Ia fibres) or about 6 µm (type II fibres). Each
muscle spindle is usually supplied by one Ia and one type II
fibre. The Ia fibre loses its myelin sheath in the equatorial region
and forms primary “anulospiral” nerve endings. The type II
fibres form secondary nerve endings outside the equatorial
region in the shape of anulospiral or flower-spray endings.
Motor nerve fibres of the A?- or, occasionally, the A?-type sup-
ply the intrafusal muscle fibres. In this way the sensitivity of the
sensory fibres can be adjusted to monitor not only the length of
muscle but also small sudden changes (for review see [11]).

Golgi tendon organs (GTO) are found almost exclusively
(94%) at the junction between muscle and tendon (Fig. 5.3C),
while only about 6% are seen in the main tendons [12]. Their
number depends again on the type of muscle: in “fast” muscles
(e.g. the gastrocnemius) there are usually fewer GTOs than in
“slow” muscles (e.g. the soleus muscle). GTOs are usually spin-
dle shaped, with diameters of about 0.16 mm and a maximum
length of 1.6 mm, running into pointed ends on both sides. The
muscular end is normally about 25% thicker than the end fac-
ing the tendon. Most GTOs consist of only one cylinder, while in
about one third more than one can be found. Histologically,
GTOs are surrounded by a perineural capsule, which is lacking
at the pointed ends. The sensory nerve fibres of 5–15 µm diam-
eter (type Ib) branch intensively, forming enlarged nerve termi-
nals between bundles of collagen fibres (Fig. 5.3D) running
through the capsule of the GTO. GTOs are designed to monitor
the tension in the muscles [13–15].

Fig.5.3A–C. Muscle spindles and Golgi
tendon organs from the shoulder of Mon-
odelphis domestica. Silver-stained lon-
gitudinal section of a muscle spindle of
supraspinatus muscle (i intrafusal mus-
cle fibre,s subcapsular space,C perineur-
al capsule; magnification x400) A Semi-
thin cross section of a muscle spindle
from supraspinatus muscle.Close to the
muscle spindle is a bundle of myelinat-
ed nerves marked with an asterisk.
(x1200) B Semithin cross section of a
Golgi tendon organ (GTO).The GTO is be-
tween the muscle and tendon of teres
minor muscle (M striated muscle, T ten-
don,G Golgi tendon organ;(x1200) C De-
tail of a Golgi tendon organ. Bundles of
collagen fibres (marked +) run between
nerve terminals (t).The nerve terminals
are covered by a terminal glial cell (g)
(x10,000)
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5.1.2 Sensory Nerve Endings in the Joint Capsule

Free nerve endings, or nociceptors, are found in large numbers
inside joint capsules [16]. They are mainly terminal branches of
thin myelinated fibres (about 2 µm diameter), losing their
myelin sheath in the fibrous layer of the capsule before branch-
ing intensively to form networks of nerve terminals between
collagen fibrils. The nerve terminals are only partly covered by
glial cells and contain accumulations of mitochondria. Like
those in muscles, they are not primarily involved in mechanore-
ception.

Only small numbers of Ruffini corpuscles are found in the
capsule of the shoulder joint (see Fig. 5.2), mainly in areas
without muscles, such as the axillary fold [3].

Morphologically, three types of Ruffini corpuscles can be
distinguished: corpuscles without a capsule, corpuscles with a
capsule formed by connective tissue and perineural cells, and

corpuscles resembling Golgi tendon organs [17, 18]. The last
type is only found in the fibrous layer of the joint capsule.
Perineural cells form cylinders with open ends through which
bundles of collagen fibres enter, running through the cylinder
(Fig. 5.4A). Myelinated nerve fibres 4–6 µm in diameter enter
the cylinder on the long side. Their perineural sheath merges
with the perineural sheath of the cylinder. Within the cylinder
the nerve fibre loses its myelin sheath and branches several
times before forming terminal enlargements anchoring it
between bundles of collagen fibres (Fig. 5.4B). The nerve termi-
nals are only incompletely covered by terminal glial cells.
Stretching of the collagen fibres results in deformation of the
nerve terminals, opening mechanically gated channels resulting
in receptor potentials and eventually causing the characteristic
slowly adapting discharge pattern of action potentials [19]. In
this way, Ruffini corpuscles are designed to monitor tissue
stretch [20–22].

Fig.5.4a,B. Ruffini corpuscles from the
joint capsule of a cat knee joint. A Silver
stained longitudinal section (N myeli-
nated nerve fibre,t terminal nerve fibre,
C perineural capsule; x600) B Semithin
cross section from collateral lateral liga-
ment of a dog knee joint (N myelinated
nerve fibres,*nerve terminal,C perineur-
al capsule, g terminal glial cells; x1200)
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Pacinian corpuscles (also referred to as Vater-Pacini corpus-
cles) have a longish oval shape, with a long diameter of 0.2–1.0
mm (Fig. 5.5A). The afferent axon in the centre of the corpus-
cle is surrounded by an inner core of lamellae formed by termi-
nal glial cells and an outer perineural capsule (Fig. 5.5B). The
myelinated afferent axon has a diameter of 6–10 µm. In typical
Pacinian corpuscles there is only one axon. The corpuscles with
two or more axons and corresponding inner cores are often
referred to as Golgi–Mazzoni corpuscles. Reinnervation follow-
ing lesions of the afferent nerve can also result in multiple
axons supplying one corpuscle [23, 24].

Within the inner core, the axon loses its myelin sheath and
the nerve terminal is characterised by accumulations of empty
vesicles and mitochondria (Fig. 5.5C). Finger-like protrusions
are often seen extending from the axon between the cells of the
inner core. Clear vesicles are found at the origin of these
“spikes” from the nerve terminal. Within the inner core, the ter-
minal glial cells are arranged in the form of symmetrical menis-
cal lamellae around the nerve terminal. The number of layers
varies with the size of the corpuscle, and there can be as many

as 70 in large Pacinian corpuscles. The glial cells have their
nuclei in the peripheral part of the inner core. The cytoplasmic
lamellae are covered with basal lamina, sometimes with small
clefts left between adjoining basal laminae. The axon is placed
like a “hot dog” between two lamellar systems, leaving a cleft on
either side into which the aforementioned “spikes” extend.

The perineural capsule consists of layers of flat perineural
cells (Fig. 5.5C) extending from the perineurium of the afferent
axon [25]. Structurally, they are similar to cells of the perineuri-
um and are covered on both sides with basal lamina. Thin colla-
gen fibrils run through the clefts between adjacent basal lami-
nae. Capillaries can be found in the subcapsular cleft between
inner core and perineural capsule [26]. Functionally, Pacinian
corpuscles respond best to vibration stimuli in the frequency
range of 200–300 Hz and with extremely small amplitudes that
can be as low as 1 µm [27, 28].
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ver-stained longitudinal section of a
Pacinian corpuscle from a cat knee joint.
The middle dark cylinder is an inner core
(I) covered by a perineural capsule (C)
consisting of several layers (x400) B Elec-
tron microscopic (EM) cross section of a
Pacinian corpuscle from the interosseous
membrane of the leg of Monodelphis do-
mestica. In the middle the inner core (I)
with the axon terminal (t) can be seen.
The perineural capsule (C) contains about
25 layers of thin perineural cells (x1200)
C Detail from a Pacinian corpuscle in EM.
Inner core with axon terminal (t) packed
with mitochondria is placed between
thin lamellae of inner core cells. In the
lower part of the picture details of the
subcapsular space (s) and the perineur-
al capsule (C) cells can be seen (x6000)
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