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Nerve growth factor (NGF) induces local hyperalgesia for a few days after intramuscular injection, but
longer-lasting muscle pain upon systemic administration. As the muscle fascia is densely innervated
by free nerve endings, we hypothesized a lasting sensitization of fascia nociceptors by NGF. We admin-
istered 1 pg NGF (dissolved in 100 pL saline) ultrasound-guided to the fascia of the Musculus erector spi-
nae muscle at the lumbar level of 14 male volunteers and assessed hypersensitivity after 6 hours, and 1, 3,
7, 14, and 21 days. Pain upon mechanical stimuli (constant pressure and dynamic impact), upon exercise
and electrically induced M. erector spinae contraction, and upon injection of 100 pL phosphate buffer pH 4
(at day 7 and 14 only) to the fascia of both NGF- and saline-treated muscles, was investigated. Injections
into the muscle fascia did not cause acute pain. Local heat pain thresholds were unchanged following NGF
and saline (control) administration. NGF evoked a lasting (days 1-7) and significant reduction of pressure
pain, pressure thresholds, exercise-evoked muscle pain, and hyperalgesia to impact stimuli (12 m/s). Pain
upon injected protons was significantly elevated (P < 0.04) for 2 weeks. NGF induced a sensitization of the
muscle fascia to mechanical and chemical stimuli lasting for up to 2 weeks. As nociceptors in the fascia
appear to be particularly prone to sensitization, they may contribute to acute or chronic muscle pain.

© 2012 International Association for the Study of Pain. Published by Elsevier B.V. All rights reserved.

1. Introduction

Mechanical hypersensitivity is a cardinal symptom of acute and
chronic muscle pain. Thin unmyelinated nociceptors of the mus-
cles have been investigated intensely for their contribution to mus-
cle pain [10,11,16]. Muscle nociceptors and low-threshold
mechanosensitive muscle afferents can be excited by inflammatory
mediators such as adenosine triphosphate or tissue acidification
[10]. Only nerve growth factor (NGF) exclusively activated the
nociceptors [11]. Interestingly, intramuscular NGF injection caused
sensitization also at spinal level, with increased responses of sec-
ond-order neurons to electrical stimulation of the peripheral nerve
[12,34]. The injection of tumor necrosis factor into the gastrocne-
mius muscle increased intramuscular NGF levels and reduced mus-
cle pressure thresholds for at least 1 day [24], further indicating the
putative role of NGF in muscle pain. Noteworthy, muscle soreness
is dependent on the availability of TrkA, the high-affinity receptor
for NGF, and hyperalgesic behavior is increased by enhanced NGF
expression [9].
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The clinical implications of NGF have been convincingly shown
by profound analgesic effects of NGF-capturing antibodies (Tane-
zumab; Pfizer Inc, New York, NY, USA) in the treatment of patients
with low back pain [13]. Intramuscular injection of NGF in humans
does not elicit acute pain, but causes mechanical hyperalgesia last-
ing several days [1,19,31,33]. Following systemic application of
NGF, generalized muscle pain was reported [2]. The time course
of sensitization contrasts that of mechanical hyperalgesia follow-
ing intracutaneous NGF injections, which lasts several weeks
[5,22]. Apart from tissue-specific sensitization patterns including
central and peripheral mechanisms, the different time courses be-
tween dermal and muscular NGF responses might also be ex-
plained by sensitization of nociceptors innervating structures
other than skeletal muscle. Of the different muscle tissue struc-
tures, particularly the fascia - having been under-investigated in
muscle pain research during the last decades — may be a source
for muscle nociception and chronic back pain. The muscle fascia
has a dense neuronal (PGP9.5-positive) innervation with nonpept-
idergic nerve fiber endings [35] and encapsulated mechanorecep-
tors [29,38]; it determines a “viscoelasticity” that modifies the
activation of these receptors inside the fascia [30], and it is
functionally integrated within the muscle tissue providing smooth
gliding properties [15], but has less blood supply than the muscle
and therefore, slower healing properties [25], all of which had been
postulated to be relevant for clinical chronic back pain [25,27,30].
Experimentally induced muscle soreness by eccentric exercise
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elicits more pain upon hypertonic saline injected into the fascia
overlaying the over-exercised muscle as compared to intramuscu-
lar injections [7]. Eccentric muscle exercise might cause elevated
NGF levels that finally contribute to an enhanced sensitivity of
the fascia.

Hypothesizing a particular sensitivity of the muscle fascia, we
examined NGF sensitization of this tissue, which might possibly
be linked to chronic muscle pain. We studied the time course of lo-
cal hyperalgesia following an ultrasonic-controlled injection of
NGF into the Musculus erector spinae fascia at lumbar level (L4-
L5) in human subjects. Additionally, we explored whether NGF also
had sensitized acid-sensing ion channels (ASICs) or transient
receptor potentials (TRPV1) by injection of phosphate buffer
(pH 4) into the pretreated fascia sites.

2. Methods

The local Ethics Committee of the Medical Faculty Mannheim,
University of Heidelberg, approved the experimental protocol on
human volunteers according to the Declaration of Helsinki. Four-
teen healthy Caucasian male volunteers (mean age 24 + 3 years)
without history of low back pain (body mass index 22.5 + 2 kg/
m?) participated in the study after having signed the written in-
formed consent form. Prior to the NGF and saline administration,
all volunteers underwent a training session to become familiarized
with the test procedures and to acquire a “baseline quantitative
sensory test.” None of the volunteers withdrew from the study
prematurely.

2.1. NGF administration

Injections of 1 pg human recombinant lyophilized NGF (Milte-
nyi Biotec GmbH, Bergisch Gladbach, Germany), dissolved in
100 pL isotonic 0.9% saline (Braun, Melsungen, Germany), were
administered into the fascia of the M. erector spinae at lumbar level
(L4-L5) and about 5-6 cm lateral to the midline. Injections of
100 pL 0.9% saline into the fascia at the contralateral site served
as reference control. The fascia was precisely identified by ultra-
sound (Acuson X150; Siemens, Munich, Germany) (Fig. 1A) and
solutions were administered under ultrasound control using a
27-g cannula and a 1-mL tuberculin syringe (Becton-Dickinson,
Heidelberg, Germany) (Fig. 1B).

Volunteers were blinded to the substances injected into the fas-
cia. The injection sites were marked with a felt-tip pen. Both labels
were transferred to a translucent acetate sheet for future identifi-
cation, particularly for the ultrasound-guided injections of the
phosphate buffer pH 4 at day 7 and 14 (Fig. 1C).

Noteworthy, within day 1 to 3 of the investigation, the research-
ers and volunteers were no longer blinded due to the site differ-
ences of pain perception.

2.2. Experimental protocol

The test series described below were performed in randomized
order at the saline and NGF sites at 6 hours and 1, 3, 7, 14, and
21 days after injections into the fascia. These tests included a
variety of mechanical stimulation protocols, which were newly
developed in order to specifically assess sensitization processes
of the muscle fascia upon mechanical load and upon muscle
contraction. Following the mechanical tests, 100 pL phosphate
buffer (pH 4) was injected under ultrasound control into the fascia
of the M. erector spinae at the NGF- and saline-pretreated sites at
day 7 and 21 in order to estimate for TRPV1 sensitization. Thermal
threshold tests of fascia nociceptors could not be performed for
technical reasons.

Fig. 1. Ultrasound images of a specimen depicting the fascia of the Musculus erector
spinae (white arrows) before (A) and immediately after the injection of 100 pL
nerve growth factor (B) and 100 pL phosphate buffer pH 4 (C). The edges of the
resulting “blebs” located in the fascia are marked by arrowheads.

2.3. Exercise of paravertebral lumbar muscles

Prior to the test series, the volunteers were interviewed about
movement-related pain at the injection sites. They were instructed
to extend the lumbar spine actively by bending forward (touching
toes with fingertips), rotate their upper body maximally left and
right, and perform lateral flexion to stretch and activate paraverte-
bral muscles. Any signs of discomfort or pain occurring during
these movements were documented. Thereafter, volunteers lay
on a bench (face down) for the remaining tests.

2.4. Mechanical impact pain

In order to assess mechanical impact pain, a cylindrical plastic
bullet (12-mm height, 5-mm diameter, 0.5-g weight) was acceler-
ated computer-controlled in a guiding barrel (length 8 cm) to
12 m/s and directed perpendicularly towards the skin surface at
the injection sites. For a detailed description of this stimulation
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method, see [14]. Volunteers were asked to rate the magnitude of
impact pain on a visual analogue scale (VAS; Somedic, Hérby, Swe-
den) with the endpoints 0 (no pain) and 100 (worst pain imagin-
able). Impact stimuli were repeated 3 times for each site in 10-
second intervals, and averaged VAS values were calculated for sta-
tistical analysis.

2.5. Mechanical pressure pain

A series of mechanical pressure sensitivity tests were per-
formed to specifically assess sensitivity of muscle and fascia.

First, a handheld algometer (Somedic) equipped with a 9-mm
rounded probe (cylindrical with a spherical tip, similar to [6])
was employed to deliver a constant force of 150 kPa for 10 seconds
to the NGF- and saline-pretreated sites. The rate of application and
static pressure was manually controlled, keeping the displayed val-
ues in a range between 145 and 155 kPa. Maximum perceived pain
was recorded on a VAS (Somedic).

Secondly, pressure pain thresholds were assessed by delivering
increasing forces (approximately 30 kPa/s) with the algometer
(Somedic; 9-mm rounded probe) until the volunteers indicated
the perception of pain. Assessments were repeated 3 times at each
pretreated fascia site in 15-second intervals, and mean pressure
pain thresholds were recorded for statistics.

Thirdly, tonic pressure pain was also tested using a larger stim-
ulation surface (convex arc of a circle, radius 42.5 mm, length
67 mm, and width 50 mm) attached to an algometer (Wagner
Instruments, Greenwich, CT, USA). A force of 1.79 N/cmz, or
17.9 kPa, respectively, was applied for 10 seconds to the convex
arc circle attached to the skin surface overlaying the muscle fascia
by delivering a constant pressure of 60 N (Wagner Instruments).
Volunteers rated the pressure-induced pain on a VAS (Somedic),
and tests were repeated 3 times in 15-second intervals per site.

2.6. Pain upon muscle contraction during tonic pressure

Since pilot experiments revealed that tonic pressure was more
painful when the underlying muscle was contracted, we combined
tonic pressure stimulation with lumbar muscle exertion. A force of
150 kPa (algometer with 9-mm rounded probe, Somedic) was
delivered to the skin above the injection sites and volunteers were
asked to move their ipsilateral leg up and down by lifting it 30 cm
from the surface and to lower it back subsequently. This exercise
was repeated 3 times in 10-second intervals while the leg was kept
relaxed in between. Volunteers estimated their muscle pain per-
ceived during the 3 leg lifts on a VAS (Somedic). Possible increases
of the tonic pressure stimulus during the muscle contraction were
recorded.

2.7. Pain upon electrically induced muscle contraction

Two electrocardiogram electrodes of 15 mm diameter (Tyco
Healthcare, Bayern, Germany) were attached to the skin surface
of the M. erector spinae equidistantly at 2.5 cm cranial and caudal
from the NGF and saline injection sites, respectively. Electrocardio-
gram electrodes were connected to a constant current stimulator
(Digitimer DS7, Hertfordshire, UK) attached to a pulse generator
(PG1; Rimkus, Parsdorf, Germany). Electrical pulses (width
0.5 ms) were delivered at 2 Hz with increasing intensity. Volun-
teers were instructed to indicate when the electrical pulses were
perceived and when they induced pain. Electrical pulses were fur-
ther increased (~5 mA per second) until muscle twitches were ob-
served. Following a resting period of 15 seconds, this current
intensity that individually induced the muscle twitch was deliv-
ered continuously for 10 seconds (2 Hz, pulse width 0.5 ms) and
the corresponding volunteers’ pain sensation recorded on the

VAS (Somedic). For each day and each site of investigation, the
individual stimulus intensity that was required to induce a muscle
twitch was determined.

2.8. Heat pain thresholds

To control for sensitization of skin nociceptors by NGF, heat pain
thresholds were recorded by a 25 x 50 mm Peltier thermode
(Somedic, Sweden) attached to the skin surface of both injection
sites. The surface temperature was increased from 32°C at a rate
of 1°C per second (SenseLab, Somedic) until the volunteer indicated
heat pain by pressing a handheld switch. At that time, the temper-
ature value was stored on a computer and the temperature was
immediately decreased to 32°C. Thermal thresholds were assessed
3 times with 10-second intervals in between, and average heat pain
temperature values were calculated for statistical analysis.

2.9. Pain upon phosphate buffer pH 4

An approved pharmacist provided sterile phosphate buffer pH 4
solutions, of which 100 pL was administered under ultrasound
control to the fascia of the M. erector spinae at both NGF- and sal-
ine-pretreated sites at days 7 and 14 of the study (Fig. 1C). The NGF
and saline sites were exactly identified by means of the labels
transferred to the acetate sheet. Volunteers rated pain intensity
using an 11-point numerical rating scale with 2 anchor points, 0
(no pain) and 10 (worst pain imaginable). The subjects were asked
to rate pain intensity at 2-second intervals within the first 10 sec-
onds, and thereafter in 5-second intervals for another 50 seconds.
This narrow time investigation of proton-induced pain required
the use of a numerical rating scale instead of the previously men-
tioned VAS.

The phosphate buffer was injected at the end of the investiga-
tion in order to rule out that possible hyperalgesic responses
may confound the experimental protocol.

2.10. Statistics

Data were compiled in Microsoft Office Excel 2003 (Microsoft
Corporation, Redmond, WA, USA) and analyzed using Statistica
7.0 software package (StatSoft, Tulsa, OK, USA). Significant differ-
ences (P-level 0.05) were evaluated by analysis of variance (ANO-
VA) with the factorial groups “substance” (NGF vs saline) and
“time” of investigation, followed by Fisher’s least significant differ-
ence post hoc test. All values are depicted as means + SEM.

3. Results

Injection of saline or NGF into the fascia did not evoke acute
pain. Rotation and flexion of the lower back caused a sensation
of discomfort at the NGF application sites at 6 hours and at days
1 and 3, but volunteers reported this sensation as not disturbing
or irritating during activities of daily life.

3.1. Sensitization to mechanical stimuli

Baseline quantitative sensory tests were performed during the
training session, and these did not differ significantly from those
recorded at the saline injection site, at which the impact stimula-
tion evoked a sensation of VAS 9.2+0.8 at 6 hours to VAS
5.8+ 0.6 at day 21 (P> 0.05, ANOVA). The pain sensation had a
pounding quality. At the NGF site, impact pain was significantly
elevated as compared to saline control (P < 0.03, ANOVA; Fisher’s
least significant difference post hoc test) with maximum responses
of VAS 13.8 £ 1.4 at day 1 and VAS 13.4 + 1.8 at day 3 (Fig. 2A).
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Fig. 2. Pain induced by mechanical impact stimulation (velocity 12 m/s; (A) and tonic pressure (150 kPa for 10 seconds); (B) recorded from muscle fascia at 6 hours, and 1, 3,
7, 14, and 21 days after injection of 1 pg nerve growth factor (solid symbols) and 0.9% NaCl (open symbols) into the contralateral fascia of the Musculus erector spinae.
Significant differences between the pretreated sites are indicated by asterisks (analysis of variance, Fisher's least significant difference post hoc test; P < 0.05).

The pressure pain sensation thresholds assessed with the
rounded 9-mm algometer probe decreased significantly at day 1
from 881 + 147 kPa at the saline-treated site to 392 + 56 kPa after
NGF administration (P < 0.03, ANOVA). Accordingly, mild pressure
of 150 kPa caused virtually no pain at the saline and NGF fascia.
However, the magnitude of pressure-induced pain was perceived
significantly stronger at the NGF sites (P < 0.007, ANOVA) at day
1-7 with a VAS of 13.9 + 2.6 on average (Fig 2B). Delivering a con-
stant pressure of 17.9 kPa via a convex arc covering the pretreated
muscle fascia also evoked an altered pain response. On average, at
the saline-treated sites, perception was recorded at VAS 1.2+ 0.8
throughout the 21-day observation period, whereas at the NGF
sites, sensation was elevated significantly (P<0.02, ANOVA) at
day 1-3 (average VAS 8.2 + 2, data not shown).

3.2. Pain upon muscle contraction

The tonic pressure of 150 kPa directed to the injection sites
was slightly increased when the subjects were lifting their ipsilat-
eral leg by 30 cm, thereby contracting their M. erector spinae. The
peak force measured during lifting the ipsilateral leg was
169 £ 3 kPa at the saline site and 183 kPa + 9 kPa at the NGF site
(P> 0.05; ANOVA). The pain during leg lifting was significantly en-
hanced at the NGF injection sites (VAS 22 + 3 up to day 7) as com-
pared to the saline-treated fascia, at which the leg lifting was

A Tonic pressure during muscle contraction

perceived as basically pain-free (VAS 2 +1.3, P<0.002, ANOVA)
(Fig. 3A).

Electrical stimuli of 22 + 2 mA were applied to provoke twitches
of the M. erector spinae at the injection sites. The perceived pain re-
corded during the 10 seconds of electrically induced muscle con-
tractions did not differ significantly between the fascia
pretreatments (P> 0.3, ANOVA) and was, on average, recorded at
VAS 27 £ 10 for saline and VAS 38 * 6 for the NGF sites (for time-
course, see Fig. 3B).

3.3. Sensitization to chemical stimuli

Phosphate buffer solutions (100 pL, pH 4) were administered to
the fascia pretreated with saline and NGF at day 7 and 14. Pain
intensity was maximal during the proton injection and gradually
declined throughout the 1-minute recording period (Fig. 4). Pre-
treatment with NGF enhanced proton-induced pain at 7 and
14 days after the injection (P < 0.04, ANOVA), particularly within
the initial 30 seconds after administration of the low pH solution
(Fig. 4).

3.4. Heat pain thresholds
We additionally assessed the heat pain thresholds of skin noci-

ceptors to control for possible sensitization by NGF diffusing from
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Fig. 3. Pain induced by tonic pressure during active muscle contraction (leg lift) (A) and upon electrically induced contraction of the muscle (B) at 6 hours, and 1, 3, 7, 14, and
21 days after injection of 1 pg nerve growth factor (solid symbols) and 0.9% NaCl (open symbols) into the contralateral fascia of the Musculus erector spinae. Significant
differences between the pretreated sites are indicated by asterisks (analysis of variance, Fisher’s least significant difference post hoc test; P < 0.05).
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Fig. 4. Pain induced by the injection of 100 pL acidic solution (phosphate buffer pH 4) into the fascia of the Musculus erector spinae at day 7 (left panel) and day 14 (right
panel) after administration of 1 pug nerve growth factor (solid symbols) and 0.9% NaCl (open symbols). Significant differences between the pretreated sites are indicated by
asterisks (analysis of variance, Fisher’s least significant difference post hoc test, P < 0.05). Note that pain upon proton injection was recorded at short intervals (2, 5, 7, and
10 seconds and thereafter, every 5 seconds), which demands a numeric rating scale (NRS) instead of a visual analogue scale.

the injection sites in the fascia toward the skin nerve fiber endings.
At both injection sites, a reduced heat pain threshold of 42 + 0.9°C
(saline) and 42 + 0.3°C (NGF) was recorded at 6 hours. Heat pain
thresholds continuously increased up to 44 +0.5°C (saline) and
44 + 0.6°C (NGF) at 2 weeks after the injections. Changes of ther-
mal thresholds were virtually identical at the saline and NGF injec-
tion sites (P>0.6, ANOVA) throughout the entire 21-day
observation period (data not shown).

4. Discussion

We injected NGF into the fascia of the M. erector spinae at lum-
bar level (L4-L5) and observed a long-lasting sensitization to
mechanical pressure and to chemical stimulation with acidic solu-
tion. Sensitization was confined to deeper tissues, as we did not ob-
serve heat sensitization of the skin. Sensitization to brush or light
touch can be precluded due to our previous observations [22].
The present data suggest that NGF sensitizes nociceptors terminat-
ing in the muscle fascia. Their specific assessment required the
development of mechanical sensitivity test protocols. Even though
some of the test procedures were not used before, our data provide
evidence that the sensitization of muscle fascia nociceptors to
mechanical and chemical stimuli may contribute to the pathophys-
iology of chronic musculoskeletal pain.

4.1. NGF-evoked nociceptor sensitization of the muscle fascia

NGF has been reported to exert substantial sensitizing effects on
skin and muscle nociceptors in response to mechanical, thermal,
chemical, and electrical stimuli [20,22,31,32]. A dense network of
nociceptors was also found in the fascia [35,38], which is a colla-
gen- and elastin-containing structure separating the contractile
elements of the muscle from neighboring tissue.

Upon injection into the fascia, NGF might also have reached the
superficial skin layers. Sensory tests of hypersensitivity employing
contact heat stimuli activate nociceptors of the uppermost skin
layers [36]. Furthermore, mechanical impact stimuli cause an acti-
vation of superficially located skin nociceptors. After injection of
NGF into the dermis of forearm skin, both mechanical pinprick
and impact stimuli, as well as heat, cause an intense hyperalgesia
peaking at about 1 week for heat and 3 weeks for mechanical re-
sponses [5,22]. While supra-threshold mechanical impact stimuli
(12 m/s) delivered to the NGF-treated fascia evoked elevated pain,
but supra-threshold heat stimuli applied to the overlaying skin of
the NGF-injected fascia did not provoke heat hyperalgesia, we as-
sume that the NGF did not diffuse into the superficial skin layers.

Independent of NGF, we found a short-lived heat hyperalgesia at
both investigation sites 6 hours after injection of the substances,
which is most probably linked to the injury-induced release of
inflammatory mediators, for instance, prostanoids from keratino-
cytes [4].

4.2. Hypersensitivity to constant pressure and contraction-related pain

Pressure pain can be evoked in absence of cutaneous sensory in-
put and is mediated by group Il and IV muscle-afferent fibers [8].
Here, pressure pain thresholds were reduced after NGF and pain
ratings of static pressure significantly increased. Interestingly,
when the tested muscle was contracted during the tonic pressure
stimulus, pain increased. This indicates that the sensitized free
nerve fiber endings within the muscle fascia are stimulated more
effectively when the fascia is “pre-stretched” by the muscle
contraction.

We did not find signs of muscle soreness or movement-related
pain, as reported before in masseter or tibial muscle after intra-
muscular injection of 5 pg NGF [1], but volunteers still reported a
sensation of discomfort. These differences between the studies
might be due to the dose of administered NGF (1 vs 5 pg). In addi-
tion, local muscle contraction evoked by electrical stimulation was
not perceived as more painful at the NGF site. Therefore, it can be
suggested that 1 png NGF had not sensitized the fascia sufficiently
to cause pain upon bending/stretching or electrically induced mus-
cle contraction.

4.3. Hypersensitivity to acidic solutions

Acidic pH activates and sensitizes muscle nociceptors [10,17,21]
most likely via ASICs and TRPV1. Accordingly, increased responses
to acidic pH might indicate sensitization of ASICs and TRPV1. Here,
we recorded increased pain upon acidic phosphate buffer adminis-
tered to muscle fascia at the NGF sites, as compared to the saline-
treated fascia for about 2 weeks. In accordance with a recent study
investigating enhanced NGF-mediated heat responses of trigemi-
nal neurons [26], the present experimental data suggest that NGF
might cause facilitated activation of muscle fascia ASIC3 and/or
TRPV1 receptors [28,37]. Unfortunately, selective activation of
muscle fascia TRPV1 by heat cannot be performed easily.

Interestingly, in the human muscle soreness model of eccentric
exercise, the injection of hypertonic saline into muscle fascia was
more painful as compared to the pain responses recorded upon
intramuscular injections [7]. Moreover, pain in response to intra-
muscular saline injections was not different between the eccentric
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exercised and normal muscle [7]. As NGF has been assumed to con-
tribute to exercise-induced muscle soreness [18], our data would
suggest a particular contribution of the muscle fascia nociceptors
in muscular pain, possibly mediated by NGF-induced sensitization
processes.

4.4. Time course of NGF-evoked hypersensitivity

NGF-evoked hypersensitivity of human muscle nociceptors
lasted for up to 7 days [1,31,32], whereas human skin was hyper-
sensitive for several weeks [5,20,22]. The time course of mechani-
cal hyperalgesia from previous studies administering NGF
intramuscularly revealed a peak of hyperalgesia at day 1, which re-
turned to baseline after 4-7 days [1,19]. In our study regarding NGF
administration to the muscle fascia, a slightly prolonged sensitiza-
tion of at least 7 days was observed for mechanical stimulation,
whereas upon injection of protons, elevated pain was recorded
even after 2 weeks. Strikingly, higher doses of intramuscular NGF
provoked a shorter-lasting hyperalgesia [19,33]. Distal application
sites, such as the anterior tibial muscle, did not evoke a more pro-
tracted hyperalgesia [1], which would have been expected consid-
ering the concept of internalization of the NGF-trkA-receptor
complex, its axonal transport to the dorsal root ganglia, and the
consecutive induction of receptor protein expression changes in-
volved in the hyperalgesic responses. Thus, the most probable
explanation for the different time courses of NGF-evoked hyper-
sensitivity might be a differential response to NGF between muscle
and fascia. Such tissue specificity might be suggested when com-
paring the time difference of NGF-induced hyperalgesia in skin
[22] vs muscle [1,33].

NGF-evoked sensitization processes may contribute to clinical
musculoskeletal pain, as suggested by analgesic effects of anti-
NGF antibodies in patients suffering from low back pain [3,13] or
by the elevated cerebrospinal fluid levels of NGF in fibromyalgia
patients [23]. Our results indicate that NGF provokes a distinct
and long-lasting sensitization of nociceptors within the fascia of
the M. erector spinae. Although a link to clinical musculoskeletal
pain conditions is apparent, it should be noted that there are
marked differences of this model as compared to chronic back pain
patients; for instance, there is no pain upon spontaneous muscle
use, but only upon stimulation under experimental conditions.
Yet, the sensitization of acid-induced pain following NGF injection
appears to be of particular importance for the translation from the
experimental pain model presented herein to the clinical condition
of muscular pain, as the increased sensitivity of muscle fascia noci-
ceptors to inflammatory mediators (including tissue acidification)
may contribute to the pathophysiology of clinical low back pain.

Conlflict of interest statement
The authors declare no conflicts of interest.
Acknowledgements

This work was supported by the German Federal Ministry of
Education and Research (Bundesministerium fiir Bildung und Fors-
chung (BMBF): LOGIN consortium) and the Kompetenzzentrum
Schmerz Baden-Wiirttemberg.

References

[1] Andersen H, Arendt-Nielsen L, Svensson P, Danneskiold-Samsoe B, Graven-
Nielsen T. Spatial and temporal aspects of muscle hyperalgesia induced by
nerve growth factor in humans. Exp Brain Res 2008;191:371-82.

[2] Apfel SC, Kessler JA, Adornato BT, Litchy W], Sanders C, Rask CA, NGF Study
Group. Recombinant human nerve growth factor in the treatment of diabetic
polyneuropathy. Neurology 1998;51:695-702.

[3] Cattaneo A. Tanezumab, a recombinant humanized mAb against nerve growth
factor for the treatment of acute and chronic pain. Curr Opin Mol Ther
2010;12:94-106.

[4] Derow A, Izydorczyk I, Kuhn A, Reeh PW, Petho G. Prostaglandin E(2) and 1(2)
facilitate noxious heat-induced spike discharge but not iCGRP release from rat
cutaneous nociceptors. Life Sci 2007;81:1685-93.

[5] Dyck PJ, Peroutka S, Rask C, Burton E, Baker MK, Lehman KA, Gillen DA,
Hokanson JL, OBrien PC. Intradermal recombinant human nerve growth factor
induces pressure allodynia and lowered heat-pain threshold in humans.
Neurology 1997;48:501-5.

[6] Finocchietti S, Nielsen M, Morch CD, Arendt-Nielsen L, Graven-Nielsen T.
Pressure-induced muscle pain and tissue biomechanics: a computational and
experimental study. Eur ] Pain 2011;15:36-44.

[7] Gibson W, Arendt-Nielsen L, Taguchi T, Mizumura K, Graven-Nielsen T.
Increased pain from muscle fascia following eccentric exercise: animal and
human findings. Exp Brain Res 2009;194:299-308.

[8] Graven-Nielsen T, Mense S, Arendt-Nielsen L. Painful and non-painful
pressure sensations from human skeletal muscle. Exp Brain Res 2004;159:
273-83.

[9] Hayashi K, Ozaki N, Kawakita K, Itoh K, Mizumura K, Furukawa K, Yasui M, Hori
K, Yi SQ, Yamaguchi T, Sugiura Y. Involvement of NGF in the rat model of
persistent muscle pain associated with taut band. ] Pain 2011;12:1059-68.

[10] Hoheisel U, Reinohl ], Unger T, Mense S. Acidic pH and capsaicin activate
mechanosensitive group IV muscle receptors in the rat. Pain 2004;110:
149-57.

[11] Hoheisel U, Unger T, Mense S. Excitatory and modulatory effects of
inflammatory cytokines and neurotrophins on mechanosensitive group IV
muscle afferents in the rat. Pain 2005;114:168-76.

[12] Hoheisel U, Unger T, Mense S. Sensitization of rat dorsal horn neurons by NGF-
induced subthreshold potentials and low-frequency activation. A study
employing intracellular recordings in vivo. Brain Res 2007;1169:34-43.

[13] Katz N, Borenstein DG, Birbara C, Bramson C, Nemeth MA, Smith MD, Brown
MT. Efficacy and safety of tanezumab in the treatment of chronic low back
pain. Pain 2011;152:2248-58.

[14] Kohlloffel LU, Koltzenburg M, Handwerker HO. A novel technique for the
evaluation of mechanical pain and hyperalgesia. Pain 1991;46:81-7.

[15] McCombe D, Brown T, Slavin ], Morrison WA. The histochemical structure of
the deep fascia and its structural response to surgery. J Hand Surg Br
2001;26:89-97.

[16] Mense S. Sensitization of group IV muscle receptors to bradykinin by 5-
hydroxytryptamine and prostaglandin E2. Brain Res 1981;225:95-105.

[17] Mense S. Algesic agents exciting muscle nociceptors. Exp Brain Res
2009;196:89-100.

[18] Murase S, Terazawa E, Queme F, Ota H, Matsuda T, Hirate K, Kozaki Y,
Katanosaka K, Taguchi T, Urai H, Mizumura K. Bradykinin and nerve growth
factor play pivotal roles in muscular mechanical hyperalgesia after exercise
(delayed-onset muscle soreness). ] Neurosci 2010;30:3752-61.

[19] Nie H, Madeleine P, Arendt-Nielsen L, Graven-Nielsen T. Temporal summation
of pressure pain during muscle hyperalgesia evoked by nerve growth factor
and eccentric contractions. Eur J Pain 2009;13:704-10.

[20] Obreja O, Kluschina O, Mayer A, Hirth M, Schley M, Schmelz M, Rukwied R.
NGF enhances electrically induced pain, but not axon reflex sweating. Pain
2011;152:1856-63.

[21] Rukwied R, Chizh B, Lorenz U, Obreja O, Margarit S, Schley M, Schmelz M.
Potentiation of nociceptive responses to low pH injections in humans by
prostaglandin E2. ] Pain 2007;8:443-51.

[22] Rukwied R, Mayer A, Kluschina O, Obreja O, Schley M, Schmelz M. NGF induces
non-inflammatory localized and lasting mechanical and thermal
hypersensitivity in human skin. Pain 2010;148:407-13.

[23] Sarchielli P, Mancini ML, Floridi A, Coppola F, Rossi C, Nardi K, Acciarresi M,
Pini LA, Calabresi P. Increased levels of neurotrophins are not specific for
chronic migraine: evidence from primary fibromyalgia syndrome. ] Pain
2007;8:737-45.

[24] Schafers M, Sorkin LS, Sommer C. Intramuscular injection of tumor necrosis
factor-alpha induces muscle hyperalgesia in rats. Pain 2003;104:579-88.

[25] Schleip R, Vleeming A, Lehmann-Horn F, Klingler W. Letter to the Editor
concerning “A hypothesis of chronic back pain: ligament subfailure injuries
lead to muscle control dysfunction” (M. Panjabi). Eur Spine ] 2007;16:
1733-5.

[26] Shinoda M, Asano M, Omagari D, Honda K, Hitomi S, Katagiri A, Iwata K. Nerve
growth factor contribution via transient receptor potential vanilloid 1 to
ectopic orofacial pain. ] Neurosci 2011;31:7145-55.

[27] Simons DG, Mense S. Understanding and measurement of muscle tone as
related to clinical muscle pain. Pain 1998;75:1-17.

[28] Sluka KA, Price MP, Breese NM, Stucky CL, Wemmie JA, Welsh M]. Chronic
hyperalgesia induced by repeated acid injections in muscle is abolished by the
loss of ASIC3, but not ASIC1. Pain 2003;106:229-39.

[29] Stecco C, Gagey O, Belloni A, Pozzuoli A, Porzionato A, Macchi V, Aldegheri R,
De CR, Delmas V. Anatomy of the deep fascia of the upper limb. Second part:
study of innervation. Morphologie 2007;91:38-43.

[30] Stecco C, Stern R, Porzionato A, Macchi V, Masiero S, Stecco A, De CR.
Hyaluronan within fascia in the etiology of myofascial pain. Surg Radiol Anat
2011;33:891-6.

[31] Svensson P, Cairns BE, Wang K, Arendt-Nielsen L. Injection of nerve growth
factor into human masseter muscle evokes long-lasting mechanical allodynia
and hyperalgesia. Pain 2003;104:241-7.



S. Deising et al./PAIN" 153 (2012) 16731679 1679

[32] Svensson P, Castrillon E, Cairns BE. Nerve growth factor-evoked masseter
muscle sensitization and perturbation of jaw motor function in healthy
women. | Orofac Pain 2008;22:340-8.

[33] Svensson P, Wang K, Arendt-Nielsen L, Cairns BE. Effects of NGF-induced
muscle sensitization on proprioception and nociception. Exp Brain Res
2008;189:1-10.

[34] Taguchi T, Hoheisel U, Mense S. Dorsal horn neurons having input from low
back structures in rats. Pain 2008;138:119-29.

[35] Tesarz ], Hoheisel U, Wiedenhofer B, Mense S. Sensory innervation of the
thoracolumbar fascia in rats and humans. Neuroscience 2011;194:302-8.

[36] Tillman DB, Treede RD, Meyer RA, Campbell JN. Response of C fibre nociceptors
in the anaesthetized monkey to heat stimuli: estimates of receptor depth and
threshold. ] Physiol 1995;485:753-65.

[37] Tominaga M, Caterina M], Malmberg AB, Rosen TA, Gilbert H, Skinner K,
Raumann BE, Basbaum Al Julius D. The cloned capsaicin receptor integrates
multiple pain-producing stimuli. Neuron 1998;21:531-43.

[38] Yahia L, Rhalmi S, Newman N, Isler M. Sensory innervation of human
thoracolumbar fascia. An immunohistochemical study. Acta Orthop Scand
1992;63:195-7.



