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Abstract

The aim of the present study was to investigate the presence of sympathetic innervation in human muscle
spindles, using antibodies against neuropeptide Y (NPY), NPY receptors and tyrosine hydroxylase (TH). A total
of 232 muscle spindles were immunohistochemically examined. NPY and NPY receptors were found on the
intrafusal fibers, on the blood vessels supplying muscle spindles and on free nerve endings in the periaxial
space. TH-immunoreactivity was present mainly in the spindle nerve and vessel. This is, to our knowledge, the
first morphological study concerning the sympathetic innervation of the human muscle spindles. The results
provide anatomical evidence for direct sympathetic innervation of the intrafusal fibers and show that
sympathetic innervation is not restricted to the blood vessels supplying spindles. Knowledge about direct
sympathetic innervation of the muscle spindle might expand our understanding of motor and proprioceptive
dysfunction under stress conditions, for example, chronic muscle pain syndromes.
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Introduction

Muscle spindles are specialized sensory receptors found in
most skeletal muscles. Being sensitive to changes in muscle
length, they play a central role in the control of movement
and posture. A muscle spindle comprises an encapsulated
bundle of small diameter muscle fibers, the intrafusal fibers,
receiving both sensory (group la and group Il) and motor
innervation. The intrafusal fibers are classified as nuclear
bag1, bag2 and nuclear chain fibers on the basis of their
morphological, structural and physiological properties
(Ovalle & Smith, 1972; Liu et al. 2002, 2003; Banks & Barker,
2004). The sensory innervation occupies the equatorial
region of the fibers, whereas both gamma (fusimotor) and
beta (skeletofusimotor) neurons are distributed to the polar
regions (Banks & Barker, 2004). Muscle spindles are supplied
by a spindle nerve and a spindle vessel that enter the cap-
sule (Cooper & Daniel, 1963; Peikert et al. 2014).

Autonomic innervation of muscle spindles has been
reported in some animal species. Fluorescence microscopy
revealed noradrenergic innervation distributed to some
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muscle spindles by axons supplied either through the
spindle nerve or from nearby perivascular nerves in the
cat hind limb (Barker & Saito, 1981). In the rabbit masse-
ter muscle, tyrosine hydroxylase (TH)-positive nerve fibers
are present among the intrafusal fibers, in the capsule
and the periaxial space of approximately 1/3 of the mus-
cle spindles. Moreover, alphala-adrenoreceptor immuno-
reactivity on the surface of the intrafusal fibers is present
in the polar region of a high percentage of muscle spin-
dles in the rabbit masseter muscle (Bombardi et al. 2006).
However, data on the possible presence of sympathetic
innervation on human muscle spindles is lacking. It has
been proposed that the sympathetic nervous system may
participate in the control of spindle output (Roatta et al.
2002; Hellstrom et al. 2005; Passatore & Roatta, 2006). In
animal models, it has been shown that sympathetic
activation reduces spindle sensitivity and might affect
motor control under stress conditions (Passatore & Roatta,
2006). Thus, muscle spindles have been hypothesized to
be involved in the pathophysiology of chronic muscle
pain syndromes (Johansson et al. 1999; Passatore &
Roatta, 2006). However, electrophysiological studies in
animal models and in humans have revealed conflicting
results under different experimental conditions (Bombardi
et al. 2006).

In order to provide a morphological basis for the physio-
logical concepts, the aim of the present study was to investi-
gate the presence of sympathetic innervation in human
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muscle spindles, using antibodies against neuropeptide Y
(NPY), NPY receptors and TH.

Neuropeptide Y is an amidated 36-amino acid peptide
that is stored and released with noradrenaline in many
sympathetic nerves (Lundberg et al. 1982; Ekblad et al.
1984; Potter, 1988). In the peripheral nervous system, NPY is
often co-localized in neurons with catecholamines (Ekblad
et al. 1984; Wan & Lau, 1995), and it interacts with norepi-
nephrine as a sympathetic co-transmitter, mainly in the reg-
ulation of vascular tone (Wan & Lau, 1995). Data suggest
that NPY also produces long-lasting, dose-dependent
changes in tension controlled by muscle spindles (Grassi
et al. 1996). Different receptor subtypes mediate NPY
effects (Michel et al. 1998; Ekstrand et al. 2003). TH is a
catecholamine-synthesizing enzyme and is a well-estab-
lished marker for sympathetic nerve fibers (Shibamori et al.
2004; Bombardi et al. 2006).

Materials and methods

Tissue preparation

Specimens from lumbrical, biceps, levator scapulae and deep mus-
cles of the neck were obtained from previously healthy subjects
shortly after death, following the Swedish transplantation law and
with the approval of the Medical Ethical Committee, Umea Univer-
sity, Sweden. Serial cross-sections and longitudinal sections (5 um
thick) of the frozen muscle samples were processed for immunohis-
tochemistry (Liu et al. 2009).

Antibodies

Rabbit polyclonal antibodies (PAb) against NPY (Amersham Inter-
national, Amersham, UK; Norevall & Forsgren, 1999), NPY receptors
Y1 (Uddman et al. 2002), Y2, Y4 and TH (Code P40101-0; Biologi-
cals Divisions, Rogers, Arkansas, USA) were used. A mouse mono-
clonal antibody (MADb) against neurofilament protein (NF) was
used to identify nerves (Clone NR4, Code MO0762, Dako, Glostrup,
Denmark). Antibodies against myosin heavy chain isoforms were
used for the purpose of intrafusal fiber typing: mouse MAb ALD19
(kind gift from Donald A. Fischman, Cornell University, New York,
USA) and rabbit PAb MYH7b (kind gift from Stefano Schiaffino,
CNR Inst. of Neuroscience, Padova, Italy) against slow tonic myosin
were used to detect nuclear bag fibers (Liu et al. 2002, 2003; Rossi
et al. 2010; Janbaz et al. 2014), mouse MAb A4.74 (Developmental
Studies Hybridoma Bank, lowa City, IA, USA) against fast adult
myosin was used to detect nuclear chain fibers (Liu et al. 2002,
2003; Osterlund et al. 2013). The MAbs against laminin alpha5-
chain (sold as MAb 1924; Chemicon, Temecula, CA, USA) and
against laminin alpha2-chain (kindly provided by Eva Engvall, La
Jolla, CA, USA) were used to label basement membranes (Pedrosa-
Domellof et al. 2000).

The PAb against the Y2 receptor (kind gift of Susanne Nystrom
formerly at AstraZeneca R&D, Sweden and Jonas Ekstrand formerly
at Medivir AB, Sweden) was raised by synthesizing two peptides,
KKVACTEKWPGEEKSIYGTVYS, corresponding to amino acid
residues 200-220 in the third extracellular loop, and CKA-
KKNLEVRKNSGPNDSFTE, corresponding to amino acid residues
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357-377 located in the C-terminal tail of human Y2 receptor (KJ
Ross—Petersen AS, Horsholm, Denmark). The peptides were each
conjugated to bovine serum albumin (BSA) and administered to
rabbits (AgriSera AB, Vannas, Sweden). Serum from boosted rabbits
was collected and IgG was isolated by chromatography on Protein
G Sepharose according to the manufacturer's recommendation
(Amersham-Pharmacia Biotech, Uppsala, Sweden). The PAbs were
further affinity-purified on Sulfo-Link columns (Pierce, Rockford, II,
USA) to which the corresponding peptide antigen had been cou-
pled by its cysteine residue. A PAb for the human Y4 receptor (kind
gift of Susanne Nystrom formerly at AstraZeneca R&D, Sweden and
Jonas Ekstrand formerly at Medivir AB, Sweden at the time of anti-
body development) was similarly produced using a synthetic pep-
tide, KKKENRSKPLGTPYNFSEHCQDS, corresponding to amino acid
residues 18-30 located in the N-terminal domain of human Y4
receptor. The selectivity of the affinity-purified PAbs was tested on
Western blots containing lysates of cells producing recombinant
hY1, hYz and hY4, respectively.

Immunofluorescence

Selected air-dried sections were postfixed in 3% (for NPY) and 2%
(for TH) paraformaldehyde, respectively, and rehydrated in 0.01 m
phosphate-buffered saline (PBS) containing 0.05% Tween. Air-
dried sections designated to be treated with the other primary
antibodies were rehydrated in 0.01 m PBS. Then, all sections were
immersed in 5% normal donkey serum (Dakopatts, Glostrup, Den-
mark) prior to incubation with the primary antibody — appropri-
ately diluted in 0.01 m PBS containing 0.1% BSA- overnight at
4 °C. After washing in PBS, an appropriate secondary antibody was
added for 30 min at 37 °C: donkey anti-rabbit FITC for green fluo-
rescence, donkey anti-mouse rhodamine Red-X for red fluores-
cence (Jackson Immunoresearch Laboratories, West Grove, PA,
USA). After washing with PBS, the sections were mounted with
Vectashield DAPI mounting medium (Vector Laboratories, Burlin-
game, CA, USA). The use of DAPI allows detection of nuclei. Dou-
ble-staining was performed using sequential and/or simultaneous
procedure protocols combining NPY/laminin, Y2 receptor/laminin,
TH/NF and MYH7b/A4.74.

Control sections were prepared by replacing the primary anti-
body with 0.01m PBS containing 0.1% BSA. No staining was
observed in the control sections.

Analysis and data collection

The sections were examined and digital images were taken using a
Spot camera (RT KE slider, Diagnostic Instruments, MI, USA) con-
nected to a Nikon microscope (E800; Eclipse, Tokyo, Japan). A total
of 232 muscle spindles were examined: 52 muscle spindles were
examined for NPY; 43 for NPY receptors; and 137 for TH. All muscle
spindles were randomly surveyed in the A, B or C region. The A
region is defined by the presence of the periaxial space, the B
region is found on either side of the A region, where the intrafusal
fibers are closely surrounded by the capsule, and the C region com-
prises the extracapsular portions of the spindles (Banks & Barker,
2004). Some selected muscle spindles were followed and studied on
a series of consecutive sections.

In the initial survey rather equivalent staining patterns were
observed with all different antibodies against NPY receptors. How-
ever, the PAbs against Y2 were predominantly used because of
more clear-cut and stronger staining.
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Results

NPY and NPY receptors

Specific fluorescence was found in 12 out of 52 muscle spin-
dles treated with the PAb against NPY (Fig. 1). In six muscle
spindles, the NPY labeling was found on the bag fiber
either on the surface of the fiber or slightly indented into
the fiber. NPY labeling was seen on a chain fiber in three
muscle spindles, between the fibers in one muscle spindle,
and on a capillary (in the periaxial space and in the capsular
wall) in two other muscle spindles. NPY staining was seen in
the muscle spindles sectioned in the A or B region, but it
was not seen in the C region of the eight muscle spindles
stained outside the capsule.

The PAbs against NPY receptors specifically labeled 17
out of 43 muscle spindles studied (Fig. 2). In seven muscle
spindles, staining was found on the surface of a bag fiber,
in four muscle spindles on the surface of a chain fiber. In six
muscle spindles, specific fluorescence was located between
the fibers where no blood vessels were seen.

Staining with NPY was often, but not always, present only
in a single section of a given consecutive series, likely

reflecting the varicose morphology of these thin axons. Spe-
cific fluorescence was also found on the surface of a small
number of extrafusal fibers. Staining for NPY and NPY
receptors was sporadically seen in the space between small
extrafusal fibers, in the vicinity of nerves. The media of arte-
rioles and small arteries was strongly stained by all PAbs
against NPY receptors and NPY (Fig. 3). Finally, strong spe-
cific fluorescence was also found in some axons inside nerve
trunks and in streaks located in the perineurium of some
sporadic nerves in the nerve trunks and in their perineu-
rium.

TH

Specific fluorescence was found in 31 out of 137 muscle
spindles (Figs 4 and 5). Strong TH-immunoreactivity was
present in the NF-positive spindle nerve within the capsule
of 12 muscle spindles, mostly in their A region. In the C or
far B region of six muscle spindles, very fine specific TH-posi-
tive reactions could be found closely associated with both
nuclear chain and nuclear bag fibers. In two muscle spindles
in the outer A region, a similar pattern was observed. How-
ever, in most of the muscle spindles in the A and B region,

Fig. 1 Immunofluorescence micrographs of
three human lumbrical muscle spindles in the
equatorial region double-stained for
demonstration of laminin (red) and NPY
(green). (A) Longitudinal section where
specific labeling for NPY (arrow) appears on
the surfaces of a nuclear chain fiber (CF). The
capsule (C) is stained with laminin (red) and
the nuclear bag fiber (BF) is filled with nuclei
labeled blue with DAPI. (B and C) Cross-
sections showing specific staining (arrow,
green) on the surface of a bag fiber. Scale
bar: 50 pm.
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Fig. 2 Immunofluorescence micrographs of
two human lumbrical muscle spindles cross-
sectioned in the equatorial region and
double-stained for demonstration of laminin
(red) and NPY Y2 receptors (green). Specific
fluorescence for Y2 receptors (arrow) appears
as a strong dot on the surface of a bag fiber
(BF) and in between the fibers (arrowheads, A
and B), presumably on free nerve endings.

C, capsule. Scale bar: 25 um.
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Fig. 3 Examples of immunolabeling (arrowheads) with antibodies against NPY (A), Y2 (B) and TH (C) on the walls of arterioles. Scale bar: 25 um.

there was no clear evidence for TH-immunoreactivity
among the intrafusal fibers. In longitudinally sectioned
muscle spindles, the positively stained axons were thin, run-
ning along with the intrafusal fibers and had a varicose
morphology, as shown in Fig. 4D-F. TH labeling was only
present in the nuclei of some fibers and this was considered
as unspecific staining. In a total of 11 muscle spindles (A
and B region), specific fluorescence was located around the
spindle vessel or capillaries found within the periaxial space
and/or in small vessels in the capsular layers.

Moreover, specific reactions were sporadically present in
between the extrafusal muscle fibers, as well as in axons
inside nerve trunks and in small nerves around blood vessels
(Fig. 3) in the muscle specimens.

Discussion

This is, to our knowledge, the first study describing the
presence of sympathetic innervation in human muscle spin-
dles. The antibodies against NPY, NPY receptors and TH are
well characterized, affinity-purified and the appropriate
controls were negative. Therefore, our data provide ana-
tomical evidence for direct sympathetic innervation of intra-
fusal fibers. These findings confirm previous results in the
cat and the rabbit regarding the presence of the autonomic

innervation of the muscle spindle (Ballard, 1978; Barker &
Saito, 1981; Bombardi et al. 2006).

In muscle spindles labeled with antibodies against NPY,
NPY receptor and TH, specific staining was found between
the fibers where no blood vessels were seen. Based upon
previous studies (Ballard, 1978; Barker & Saito, 1981; Bom-
bardi et al. 2006), we conclude that this staining is most lik-
ely located on free nerve endings/nerves with varicose
appearance. Autonomic innervation was present only in a
low number of intrafusal fibers, but the proportion of mus-
cle spindles receiving autonomic axons found in the present
study was in agreement with previous data on the cat (Bar-
ker & Saito, 1981). In the rabbit masseter muscle, TH-posi-
tive axons were found in a higher percentage of muscle
spindles. This might be due to methodical differences as the
muscle spindles have been examined in serial sections along
the entire length of the capsule (Bombardi et al. 2006). In
the present study, however, a higher number of spindles
have been studied only randomly in A, B or C regions. Nev-
ertheless, the finding of sympathetic free nerve endings
among the intrafusal fibers, the presence of TH-positive ax-
ons in the spindle nerve and the detection of NPY receptors
on the intrafusal fibers provide strong evidence concerning
the presence of the sympathetic nervous system in human
muscle spindles. However, at this point, it is not possible to
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Fig. 4 Immunofluorescence micrographs of
human muscle spindles of the deep neck
muscles. (A and B) Two consecutive sections
of a muscle spindle in the far A region. The
NF-positive (red) spindle nerve contains TH-
immunoreactive axons (green, arrow). Around
both the MYH7b-positive (green) bag fibers
(BF) and A4.74-positive (red) chain fiber (CF),
very fine but specific labeling with TH
(arrowheads) is present and shown at higher
magpnification in the inset in B. (C) Cross-
section of a muscle spindle in the A region
showing TH-positive axon (green, arrow)
within a spindle nerve alongside with axons
labeled with NF (red). In the inset in C, the
spindle nerve is shown at higher
magnification. (D-F) Longitudinally running
axons, with varicose morphology and strongly
labeled with the antibody against TH (green,
arrowheads) are shown running in parallel
with intrafusal fibers (IF) along different parts
of the A region of one single muscle spindle
from the deep neck muscles. (G and H)
Annulospiral endings, strongly labeled with
the antibody against NF (red), in the same
muscle spindle as above, are shown for
comparison. Nuclei are labeled blue with
DAPI. C, capsule. Scale bar: 50 um (A-C and
H); 10 um (D-F); 25 um (G).

Fig. 5 Immunofluorescence micrographs of a
human muscle spindle of the deep neck
muscles. Two consecutive cross-sections in
the C region, double-stained for
demonstration of TH (green) and NF (red) (A)
and MyHC slow tonic (green) and MyHC fast
(red) (B). The C region fibers — two MyHC
slow tonic positive bag fibers (BF) and one
MyHC fast positive chain fiber (CF) — are
closely associated to a TH- and NF-positive
nerve (arrows). Very fine but specific labeling
with TH (arrowheads) is present on the
surface of a BF and shown at higher
magnification in the inset. Scale bar: 25 pm.
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speculate whether only a subgroup of human muscle spin-
dles receives sympathetic innervation or whether the low
number of intrafusal fibers receiving autonomic innervation
detected here only reflects a sampling problem due to
sparse innervation.

Over a century ago, Ruffini suggested that the existence
of sympathetic innervation of the muscle spindle implied
the possibility of additional sympathetic modulation of
muscle spindle afferent discharge (Ruffini, 1898). This would
enable the autonomic system to influence functions attrib-
uted to the muscle spindles, i.e. motor reflex functions,
coordination and proprioception. It has been suggested
that the action of sympathetic innervation on spindle affer-
ents may be one of the mechanisms involved in adjusting a
motor act during states of physical and emotional stress
(Roatta et al. 2002). An important implication of the sympa-
thetic innervation is that an increase in sympathetic outflow
depresses the feedback control of muscle length (Schwartz-
man & Kerrigan, 1990; Roatta et al. 2002; Hellstrom et al.
2005; Passatore & Roatta, 2006). Low feedback gain may be
useful in a motor condition typically associated with sympa-
thetic activation, such as the fight-or-flight reaction, in
which precision and fine control of movements can be sacri-
ficed for stability and reliability of fast running or fighting
movements. Otherwise, when motor tasks requiring preci-
sion and continuous proprioceptive feedback are per-
formed under conditions of strong excitement and stress,
the enhanced sympathetic outflow may affect accurate
motor performance output.

The present data showing direct sympathetic innervation
of the human muscle spindle fibers are of crucial impor-
tance for the understanding of motor and proprioceptive
dysfunction seen under conditions of enhanced sympathetic
activity, for example, during stress, which may lead to
work-related myalgia and chronic muscle pain syndromes
(Johansson et al. 1999; Passatore & Roatta, 2006), as well as
the specific conditions grouped under the name of sympa-
thetically maintained pain (e.g. Schwartzman & Kerrigan,
1990). Because previous electrophysiological studies on jaw
and neck muscles of felines (Hellstrom et al. 2005) and rab-
bits (Roatta et al. 2002) have shown that sympathetic out-
flow influences the activity of muscle spindle afferents
whereas studies performed on human toe and ankle mus-
cles (Macefield et al. 2003; Matre & Knardahl, 2003) do not
show such effect, the present data are of importance as
they provide the morphological basis of sympathetic inner-
vation of muscle spindles in a variety of human muscles.

Conclusion

This study provides for the first time clear morphological
evidence of sympathetic innervation of human muscle spin-
dles. Further studies are needed to determine whether this
occurs in only a proportion of muscle spindles, or there is a
sparse innervation of all spindles.
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