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Abstract

Most of our knowledge about chronic musculoskeletal pain is based on cutaneous pain models. To
test the hypothesis that animals develop chronic muscular hyperalgesia following intramuscular
acidic saline injections, primary hyperalgesia within the gastrocnemius muscle was analyzed and
compared to secondary cutaneous hyperalgesia in the hind paw that develops following intramuscular
acid saline injection. Two acidic saline (pH 4.0) injections were administrated into the gastrocnemius
of female CF-1 mice. The results indicate that mice developed a robust hypersensitivity bilaterally
in primary (gastrocnemius muscle) and secondary (cutaneous hind paw) sites that lasted up to 2
weeks. In addition, primary hyperalgesia correlated well with levels of Fos expression. Fos
expression patterns in the spinal cord were different for primary and secondary site stimulation. Hind
paw palpation stimulated ipsilateral Fos expression in the superficial spinal laminae at L4/L5 levels,
and bilaterally in deep laminae at L2-L5 spinal levels. In contrast, gastrocnemius compression
stimulated widespread Fos expression in all regions of the ipsilateral dorsal horn within L2-L6 spinal
segments. These findings indicate that acidic saline injection induces primary hyperalgesia in muscle
and that the patterns of Fos expression in response to primary versus secondary stimulation are
strikingly different.
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PERSPECTIVE

This study assesses primary site muscular pain, which is the main complaint of people with
musculoskeletal conditions, and identifies spinal patterns activated by noxious mechanical
stimuli to the gastrocnemius. This study demonstrates approaches to test nociception arising
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from muscle and aids to our understanding of spinal processing of primary and secondary site
hyperalgesia.

Introduction

Pain associated with chronic musculoskeletal disorders poses a major clinical problem,
affecting nearly one-third of the world's population and costing approximately $100 billion
each year.413 Clinically, people report pain arising from joint, muscle, fascia or visceral tissues.
18 However, most of our knowledge concerning the mechanism and measurement of pain is
inferred from studies assessing cutaneous tissue. Little is known about muscle pain, in part
because of the complexity of muscle nociception!® and the lack of reliable laboratory measures.
Clinically, muscle pain is measured by the presence of edema and bruising, loss of strength,
and pain with palpation. In animals, muscle strength tests have been used for testing muscle
pain,19:26 byt these techniques are more feasible to assessing forelimb muscles. An effective
way to test hind limb deep tissue pain may be direct muscle compression,28:29:42 which
parallels clinical assessment of muscle palpation. Yu et al.#? first described a study in which
a compression was applied to the deep hind limb tissues using an instrumented forceps to
control the compressive force applied. This device has become a widely accepted and beneficial
tool for measuring deep tissue pain in various pain models.15:26,29,42

Animal models of muscle pain are induced by ischemia;8:*° various irritant chemicals;12:14:
19,25 muscle contraction via either electrical stimulation3439 or exercise;17 and acidic normal
saline.3% The model of acidic saline hyperalgesia is unique in that it causes no muscle damage
and the widespread hypersensitivity has been proposed to mimic fibromyalgia.3? Primary
muscle hyperalgesia induced by pH 4.0 saline injection is dependent on the presence of acid
sensing ion channel-3 (ASIC3)3! and mediated by central sensitization of spinall1:22:27:28,29,
30,31,32 and supraspinal mechanisms.38 Following 2 acidic saline injections, animals develop
widespread secondary hyperalgesia that spreads to bilateral cutaneous,’:11:27:28,30,32 yjsceral
tissues?? and primary muscle hyperalgesia.38:41 The development of chronic cutaneous
hyperalgesia has been reported in many studies, but development of chronic primary muscle
hyperalgesia following intramuscular acid saline remains to be tested.

Fos has been extensively used to examine neuronal activation following cutaneous application
of noxious chemical,>14:16,21,33 thermal, 40 and electrical stimuli.20:34 The activation and
expression of Fos in the dorsal horn in response to gastrocnemius muscle stimulation is limited
to two studies utilizing chemical or electrical stimuli.143% Here, we used
immunohistochemistry to map the distribution Fos in the dorsal horn in response to mechanical
stimulation of the gastrocnemius muscle and hind paw in the acid-induced non-inflammatory
chronic pain model. The purpose of the present study was to assess primary gastrocnemius
hyperalgesia using an instrumented forceps device and Fos activation in the acidic saline pain
model and compare patterns of Fos expression in response to either hind paw palpation and
gastrocnemius muscle compression. Investigating features of primary muscle hyperalgesia and
its spinal activation may provide a broader understanding of nociception and add to our
understanding of clinical testing of muscle palpation.

Materials and Methods

Animals

All experiments were approved by the Institutional Animal Care and Use Committee of the

University of Kansas Medical Center and adhered to the University's animal care guidelines.
Twenty female CF-1 mice purchased from Charles River (Wilmington, MA) were randomly
assigned to either acidic saline (experiment; pH 4.0) or neutral saline (control; pH 7.4) groups.
Two 20 pl injections of either pH 4.0 or pH 7.4 normal saline were administered 2 days apart
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into the right gastrocnemius muscle to induce wide spread hypersensitivity. Injections were
made with a 1 ml latex-free insulin syringe with 10 ul increments (Becton Dickinson, Franklin
Lakes, NJ). The examiner was blinded to group assignment for all experiments.

Behavioral Assessments

Secondary Cutaneous Sensitivity—Cutaneous sensation of both hind paws was
measured using 1.0 g von Frey monofilaments according to a previous study.’ For all animals,
the monofilament was applied 5 times to each hind paw with 15-30 seconds between each
application for a total of 3 trials. Three days prior to the initial testing, animals were acclimated
under small plastic chambers on wire mash table for 30 minutes each day until the day of
testing. The numbers of positive responses were recorded, and the percent withdrawal response
for each paw was calculated. A positive response was defined as retraction of the paw. Animals
were tested pre-injection and 1, 10 and 15 days following the 2" acid injection to examine the
chronic stage of cutaneous hyperalgesia.

Primary Muscle Sensitivity—Deep tissue hyperalgesia following acidic saline injections
was assessed by a forceps compression device similar to the one described by Yu et. al.#2 Our
device is a modified version, built internally in our Neuromuscular Research laboratory. The
device consists of a forceps, a pressure sensor, a signal amplifier, and a laptop computer. Yu
et. al.*2 used a strain gage sensor affixed in the middle portion of a forceps' arm. The
deformation of the forceps arm was measured during the experiment and later converted to the
compressive force applied at the tip of the forceps. Here, we used a commercial pressure sensor,
(LCKD subminiature compression load cells, Omega Engineering, Inc. Stanford, CT, USA),
which was mounted on the inner tip flat surface of the forceps. This modification makes the
device more reliable and allows a direct measure of the compressive force applied to the tissue
through the tip of the forceps. The signal from the load cells was amplified through a DMD-465
Bridgesensor AC Powered Signal Conditioner (Omega Engineering, Inc. Stanford, CT, USA),
digitized using an A/D board, and stored in a laptop computer. The examiner applied manual
force from a marked area using the forceps (Fig. 1). The contact area of the pressure sensor
measured the direct compressive force applied to the tissue. The recorded force signal was
processed using a custom-written Mat-Lab computer program (Matlab 6.5, The MathWorks
Inc., Boston, MA, USA) to identify the force peaks and the respective loading time. The peak
force was defined as the amount of force when the animal either withdrew its hind limb or
vocalized.

Three days prior to each testing session, mice were acclimated in a 50 ml restraining tube for
10 minutes 3 times a day. Each gastrocnemius muscle was compressed 3 times in 1 trial for a
total of 3 trials. Only peak forces with a loading time (defined as the beginning of loading to
the point of peak) of less than 1.0 second were used for the final calculations.Occasionally, a
gastrocnemius muscle was compressed up to 5 times when the examiner sensed a longer
loading period. Later these trials were included in analysis if they meet the criteria of 1.0 second
loading time. Thus a mean of 9-11 peak forces over 3 trials was calculated for each hind limb.
Testing was conducted prior to acidic saline injection and 3 and 16 days post-second acidic
saline injection.

Hind Paw Palpation and Gastrocnemius Compression to Induce Fos Expression
—Miice were further tested for differences in spinal cord neuronal activation in response to
paw and gastrocnemius compression. In order to produce a strong enough mechanical stimulus
to induce Fos expression in the spinal cord, a manual compression was given to either right
paw (n=10; 5 with pH 7.4; control group and 5 with pH 4.0; experiment group) or the right
gastrocnemius muscle (n=10; 5 with pH 7.4; control group and 5 with pH 4.0; experiment
group) following 18 days post second acidic saline injection. For secondary hyperalgesia, mice
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were restrained in 50 ml conical tubes with their hind paws exposed, and the right hind paw
was manually compressed with a circular motion for 2 minutes as described in a previous study.
7 For primary hyperalgesia, mice were similarly restrained and the right gastrocnemius was
squeezed with examiner's thumb pad and manually compressed with a circular motion for two
minutes. The manual compression to hind paw and gastrocnemius muscle was applied by the
same individual who was blinded to the group assignments. The amount of pressure for paw
and gastrocnemius was attempted to be the same and determined by animal vocalization.

Immunohistochemistry—Two hours following gastrocnemius or hind paw compression,
10,14,39 mice were deeply anesthetized with 500 pl 1.25 % Avertin (20 ul / g; 100% Avertin in
109 2,2,2-tribromoethyl alcohol and 10 ml tert-amyl alcohol) and perfused intracardically with
50 ml 1x PBS followed by 500 ml 4% paraformaldehyde (pH 7.4). The lumbar spinal cord was
removed and the ventral surface of the spinal cord was nicked on one side to identify the right
and left sides. The cord was postfixed overnight then cryoprotected overnight with 30%
sucrose. Serial 20 um sections of frozen lumbar cord were cut and mounted on microscope
slides. Approximately every 3' slide was chosen for Fos immunocytochemistry. The sides
were incubated in 0.5% Triton X-100 for 20 minutes, followed by 2 washes and 10% normal
horse serum for 10 minutes at room temperature. Sections were incubated overnight with a
rabbit polyclonal Fos primary antibody (1:3000, Santa Cruz Biotechnology, Santa Cruz, Ca)
at4°Cinahumidified tray. The sections were washed 3 times and incubated with the secondary
antibody (donkey anti-rabbit CY3; 1:200 in 0.1M PBS; Jackson ImmunoResearch) for one
hour at 4°C. Sections were washed in PBS and coverslipped before viewing.

To assess the rostrocaudal extent of spinal Fos activation in response to the primary site
gastrocnemius or the secondary site paw stimulation, the lumbar spinal cord was subdivided
into 3 segments: L2/3 (rostral), L4/5 (central) and L6 (caudal). Furthermore, each dorsal horn
was divided into 3 regions on each side: lamina I and 11 (superficial region); lamina Il and IV
(intermediate region); lamina \V and VI (deep region). Every 34 section on each slide was used
to count Fos-positive cells. The dorsal horns were photographed using a Nikon E800
microscope attached to a Magnafire digital camera (Optronics, Goleta, CA). An investigator
blinded to the animals' grouping manually counted positive cells in each area of the ipsilateral
and contralateral dorsal horns.

Statistical Analysis

For all measures, ipsilateral and contralateral sides were analyzed separately. A repeated
measures analysis of variance (RM ANOVA) was used to analyze von Frey withdrawal
responses and muscle compression withdrawal peak forces before and after acidic saline
injections. In addition, a t-test was conducted to examine the group differences related to
secondary (cutaneous) and primary (muscle) hyperalgesia at different time points when group
differences or interactions (time*acid) were significant using RM ANOVA. Group differences
in the number of Fos-positive cells in L4/L5 segment were also analyzed between and the two
saline groups (pH 4.0; experiment and 7.4; control) using RM ANOVA to account for possible
laminar interactions. Further analysis was conducted using t-tests to examine differences in
specific laminae when either group or interactions were significant with RM ANOVA.
Additionally, correlations were performed between behavioral measures and the number of
Fos-positive cells in the ipsilateral superficial, intermediate and deep dorsal horns using
Pearson's Correlation Coefficients. Values were considered significant at o level P < 0.05.
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Results

Behavioral Assessments

Secondary Cutaneous Sensitivity—Saline injections of pH 4.0 (acidic saline) into the
right gastrocnemius muscle produced secondary cutaneous hyperalgesia in both hind paws as
assessed by paw withdraw in response to von Frey monofilaments. In pH 7.4 saline-injected
mice (control group), withdrawal responses remained relatively constant on the ipsilateral and
contralateral sides (Fig. 2A, B). Whereas the % withdrawal response in the ipsilateral paw of
pH 4.0 saline-injected mice (experiment group) increased from 22.67% + 5.28 SEM to 66.00%
+7.20 SEM (P < 0.05) 15 days following acidic saline injection (Fig. 2A). The % withdrawal
response in the contralateral paw of acidic saline-injected mice also increased from 21.33% +
4.07 SEM t0 65.33% + 5.33 SEM (P < 0.05) 15 days following pH 4.0 saline injection (Fig.
2B). These results indicate changes in the withdrawal threshold level of ipsilateral and
contralateral sides in animals following acidic saline injections and confirm the development
of cutaneous hyperalgesia in the acidic saline-induced pain model.

Primary Muscle Sensitivity—The assessment of primary hyperalgesia was tested with a
forceps compression device as shown inFig 1. In the ipsilateral limb of ph 7.4 saline-injected
mice (neutral saline; control group), the compression withdrawal threshold increased from
99.58g + 8.74 SEM pre-injection to 170.27g + 5.04 SEM (P < 0.05Fig. 2C) 16 days following
the 2" injection. Likewise, the compression withdrawal thresholds in the contralateral limb of
neutral saline-injected mice also increased (74.63g + 7.12 SEM pre-injection to 97.71g £+ 5.59
SEM post 16 days 2" injection; P < 0.05;Fig. 2D). This suggests that the neutral saline-injected
mice became acclimated to the test and were able to endure greater compression at later tests.

In contrast to neutral saline-injected mice, acidic saline-injected mice developed robust muscle
hypersensitivity in response to pH 4.0 saline injection (Figs 2C, D). In the ipsilateral limb of
acidic saline-injected mice, compression withdrawal thresholds significantly decreased from
129.39g £ 10.59 SEM pre-injection to 103.47g £ 6.13 SEM (P < 0.01) 16 days following pH
4.0 saline injections. In the contralateral limb of acidic saline-injected mice, the compression
withdrawal thresholds also significantly decreased after pH 4.0 saline injection (63.43g + 6.79
SEM to 61.09¢g + 3.82 SEM 16 days post-acidic saline injections; P < 0.05). These decreases
in compression withdrawal thresholds were also evident 3 days post acidic pH saline injection
in both limbs and were significantly different from neutral saline-injected mice (P < 0.05,Fig.
2C, D). These results indicate that mice developed bilateral muscle hyperalgesia that lasted up
to 16 days.

Acidic Saline-Induced Spinal Fos Expression From Hind Paw and Gastrocnemius

The early immediate gene c-Fos is upregulated in spinal cells following the administration of
peripheral noxious stimuli. Here, the number of Fos-positive neurons in L4/5 segment was
quantified in neutral saline- and acidic saline-injected animals in response to either rigorous
hind paw palpation or compression of the gastrocnemius. Both stimuli were performed in the
leg ipsilateral to pH 7.4 or 4.0 saline injection. Hind paw or gastrocnemius compression was
performed 18 days following the second injection. As shown in Table 1 and Fig. 3, paw
palpation induced the expression of a total of 39.89 + 2.84 SEM Fos-positive cells in neutral
saline-injected mice and 46.49 + 2.88 SEM Fos-positive cells in acidic saline-injected mice.
However, this increase was not statistically significant (P > 0.05).

In contrast to paw palpation, gastrocnemius compression resulted in 25.80 + 1.35 SEM Fos-
positive cells in neutral saline-injected mice (Table 1, Fig. 3). However, Fos expression in
acidic saline-injected mice was higher than neutral saline-injected mice (36.24 + 1.50 SEM
Fospositive cells), nearly reaching significant level (P = 0.054). Further analysis revealed that
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the effects of pH 4.0 saline on increased Fos expression were mainly restricted to the ipsilateral
superficial laminae of L4/5 spinal level (P < 0.05). Thus fig 3 shows only ipsilateral dorsal
horn of lumbar segments. This increased expression of Fos is consistent with the robust
mechanical hypersensitivity and suggests that chronic primary hyperalgesia can be induced
with acidic saline in mice. Moreover, even though no significant differences were observed
following paw palpation, a similar trend was observed in that acidic saline increased Fos
expression in the superficial laminae only, suggesting laminar-specific changes in response to
acidic salineinduced hyperalgesia.

Fos Expression Patterns in Response to Mechanical Compression of Hind Paw or
Gastrocnemius Muscle

As part of the analysis of Fos expression, we mapped the rostrocaudal and
ipsilateralcontralateral expression of Fos-positive cells in response to either secondary site paw
palpation or primary site gastrocnemius compression. The number of Fos-positive cells from
3 different lumbar segments within each lamina from both ipsilateral and contralateral sides
were quantified and represented schematically in Fig. 4. First, paw palpation induced Fos
expression predominantly in deeper laminae in lumbar segments L2-L5; the greatest number
of Fospositive cells were located in laminae V/VI. Second, paw palpation induced a noticeable
bilateral expression of Fos. Finally, paw palpation induced Fos expression in superficial
laminae that was restricted to lumbar segments L4/L5. In comparison to paw palpation,
gastrocnemius compression led to a very different pattern of Fos expression (Fig. 4). First,
gastrocnemius compression induced a relatively uniform pattern of Fos expression with
superficial to deep laminae. This is in contrast to paw palpation in which the predominant
pattern was in deep layers of the dorsal horn. Second, the Fos positive cells were restricted to
the ipsilateral dorsal horn. Finally, gastrocnemius compression led to a much broader
rostrocaudal pattern of expression that stretched from L2-L6. These results reveal that there
are differences in the patterns of Fos expression with the dorsal horn (superficial to deep) in
response to distal paw or proximal gastrocnemius compression sites. In addition, there are
important differences in the rostrocaudal limits to Fos expression induced by paw or
gastrocnemius compression.

Correlations Between Behavioral Measures and Fos-Positive Cells

In addition, we performed an analysis of the correlation between behavioral responses and Fos
expression of the superficial, intermediate and deep laminae at different spinal levels (Table
2, Fig. 5). The correlations between the superficial laminae and behavioral responses are also
depicted in Fig. 5 as the superficial lamina displayed the most Fos activity from the primary
site stimulation and significant changes in response to acidic saline injections. The analysis
suggests that Fos expression in the dorsal horn correlates strongly with measures of primary
site gastrocnemius behavioral sensitivity (Table 2, Right Panel; Fig. 5D, E, F). The correlations
were significant at L4/5 superficial (p = 0.04) and L6 superficial (p = 0.01) and deep laminae
(0.01; Table 2). Related to secondary site paw palpation, correlations were non-significant
(Table 2, Left Panel; Fig. 5A, B, C), suggesting both measures of mechanical stimulus are
distinct.

Discussion

Muscular pain is relatively understudied and approaches to quantify muscle pain are limited.
Here, we compared primary and secondary hyperalgesia that develops after acidic saline
injection into the gastrocnemius muscle and analyzed the patterns of Fos expression following
primary site gastrocnemius and secondary site paw stimulation. Our results suggest that acidic
saline injection induces long-lasting primary muscle hyperalgesia and the patterns of Fos
expression vary in response to gastrocnemius or paw stimulation. These results provide further
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evidence about our understanding of the acid-induced model of pain and give new insight about
the patterns of spinal activation that arise from mechanical stimulation of different anatomical
sites.

Acidic Saline-Induced Primary and Secondary Hyperalgesia

The intramuscular acidic saline model is proposed to mimic aspects of musculoskeletal pain
associated with secondary hyperalgesia that spreads to the paws and viscera.22:30 This model
does not rely on peripheral inflammation to elicit changes, and central mechanisms likely
contribute to the maintenance of the hyperalgesia.1127:30:32 Convergent input in the spinal
cord from muscle/paw fibers and receptive field plasticity likely underlie the acidic saline-
induced secondary hyperalgesia. For example, after acidic saline injection, wide dynamic range
(WDR) neurons that respond to multiple peripheral stimuli and have broad receptive fields.
After acidic saline injection, WDR neurons increase their responsiveness to mechanical stimuli
and expand their receptive fields. These changes are thought to be critical for the appearance
of the secondary hyperalgesia.31:38 As the use of intramuscular acidic saline injections
increases, reports are emerging that pH 4.0 saline injection does not always generate
demonstrable hypersensitivity. For example, a recent study by Ambalavanar et al.2 reported
that pH 4.0 saline injection into the masseter muscle failed to induce nociceptive behavioral
responses. This has led some to question the reliability of acidic saline to induce hyperalgesia,
but this result could also be explained simply by the inherent differences in various muscles
to acidic saline injection (masseter versus gastrocnemius). Our assessment of cutaneous
secondary hyperalgesia is consistent with previous findings using this model, both from our
laboratory and others.”:30

Our assessment of acidic saline-induced primary hyperalgesia adds to previous findings36:41
and suggests that pH 4.0 saline also induces muscle hyperalgesia that persists for at least 2
weeks. The response thresholds to gastrocnemius muscle compression significantly decreased
bilaterally and remained decreased up to 2 weeks. Additional analysis of primary site
hyperalgesia with Fos expression revealed significant differences in deep tissue sensitivity
between neutral saline- and acidic saline-injected mice. These differences in Fos expression
mirrored the behavioral assessments and suggest that pH 4.0 injection does lead to a primary
hyperalgesia in mice and is consistent with previous reports in rats that propose acidic saline
induces primary hyperalgesia.36:41 Our results extend their findings as the primary site
hyperalgesia lasted for over 2 weeks, suggesting that this hyperalgesia is not transient.

The use of quantitative approaches to measure deep tissue pain thresholds is relatively new.
Using similar measures in rats, investigators have reported average threshold around 15,000 -
23,000 mN29+42 ynder inflammatory conditions and 1500 mN following acidic saline-induced
hyperalgesia.2® All of these studies used a flat contact surface with a relatively large area of
pressure applied to the animals' muscle belly. In comparison, Schafers et. al.28 reported an
average threshold of 1000 mN when pressure was applied to the muscle belly using a small
contact area.

Our study is the first to report changes in muscle tissue pain thresholds using this approach in
mice. Here, we used a small contact area to measure direct compressive force applied parallel
to the muscle belly. We found the muscle compression threshold values for mice were
approximately 75 to 100 g (1000 mN), indicating that mice may have similar threshold levels
as rats when using the same size contact area. It is important to note that the mechanical
threshold levels were greater for ipsilateral compared to the contralateral sides. This difference
may be due to the testing paradigm, as the ipsilateral side was always tested before the
contralateral side. It is possible that animals anticipated testing of the contralateral side and
responded to a smaller amount of compression force. Moreover, mice were able to tolerate
greater force over time, and these threshold changes could be attributed to acclimation to
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repeated testing and handling. Both of these effects may need to be accounted for in future
studies.

Patterns of Fos Expression In Response to Hind Paw or Gastrocnemius Stimulation

Besides acidic saline-induced Fos analysis, we also assessed spinal cord activation pattern from
two anatomical sites, hind paw and gastrocnemius nociception. These anatomical sites may
have different central projections to the spinal cord. Previous studies have reported that afferent
fibers from rat hind paw project predominantly to lamina I and 118 at L4/5 spinal segments?:
35 with additional projections to adjacent segments (L3-L6).20 Accordingly, we observed the
highest Fos expression in superficial laminae within spinal L4/L5 segments. In addition, we
observed substantial Fos expression in deeper layers (laminae 1VV/V) following paw palpation,
suggesting that mechanical palpation activates Fos expression significantly in deeper layers of
the dorsal horn.

In comparison, patterns of Fos expression following gastrocneimus stimulation are not well
understood. Wang and colleagues3® examined Fos expression following electrical stimulation
to the gastrocnemius muscle and reported Fos expression predominantly in laminae I, 11 and
V. Similarly, Hunt et. al.14 reported Fos expression in laminae 1/11 following the introduction
of chemical irritants into the gastrocnemius. Our findings support the idea that gastrocnemius
nociception activates Fos in laminae I, 11 and V, but also suggest that mechanical compression
induces Fos in intermediate laminae as well. However, it is plausible that cutaneous afferents
were also activated overlying the gastrocnemius, as our muscle compression included the
overlying skin. Thus, the pattern of Fos reflects the anatomical site, the type of tissue stimulated,
and the pain state of that tissue for acidic saline-induced animals.

One clear finding from this study is that compared to distal paw stimulation, proximal
gastrocnemius stimulation induced Fos expression in a much broader pattern within the
rostrocaudal axis. We observed relatively equal Fos expression in L2 and extending back to
L6, suggesting that gastrocnemius compression leads to a broad activation of spinal neurons.
This rostrocaudal expansion of Fos intensity into all dorsal horn layers within lumbar segments
L2-L6 is in agreement with previous studies,8:34 supporting the idea that deep tissues project
to multiple spinal segments compared to cutaneous projections.

Fos as a Correlate of Mechanical Sensitivity

Fos has been extensively used as a marker of activation of spinal cells in response to
inflammatory1:2:5:12,14,16,21 and neuropathic pain.23:24 One important aspect of the current
study is that we compared the von Frey monofilament-induced responses of mice with the
expression of Fos following paw palpation. Interestingly, no correlation between these 2
measures of pain sensitivity was observed at any segmental level. In contrast, correlations
between gastrocnemius muscle compression with forceps device and Fos expression induced
by manual compression were strong and significant. This is expected as muscle compression
is a noxious stimulation compared to von Frey monofilament stimulation, which is considered
non-noxious. Our finding of acidic saline-induced primary hyperalgesia via behavioral
measures and Fos activity indicates that the compression device used in the present study is a
reliable tool to test deep tissue hyperalgesia in mice.

One important limitation to our study is that compressive force was manually delivered to
induce Fos expression. A quantifiable method such as the forceps compression device used for
behavioral testing in the present study should be utilized in future studies. Secondly, future
studies should also consider anesthetizing skin overlying the gastrocnemius to minimize
activation of cutaneous afferents during mechanical perturbation.
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Finally, this study assessed whether acidic saline injection alters the patterns of Fos expression
following compression of the gastrocnemius or paw. Surprisingly, acidic saline did not
significantly change Fos expression of spinal cord in response to secondary hyperalgesia (paw
palpation). However, select differences within the superficial dorsal horn were noted in
association with the primary hyperalgesia (gastrocnemius compression). The inability of acidic
saline to substantially increase overall spinal Fos patterns may support the view that spinal Fos
expression is a better reflection of primary nociceptor drive from the periphery and may not
indicate the pain status nearly as well in settings of central sensitization.

Conclusion

The present study assessed acidic saline-induced deep tissue hyperalgesia and spinal Fos
expression following two anatomical sites, paw and gastrocnemius in mice. Our results
confirms previous studies in rats that acidic saline does induce primary muscle
hyperalgesia36:4, in addition to the cutaneous and visceral pain that has been reported.”+22:
30 This study adds to the growing knowledge of muscle thresholds and primary hyperalgesia
in this model of widespread pain and provides new information about Fos-related patterns of
spinal activation in response to mechanically stimulated gastrocnemius afferent fibers.
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Figure 1.

Photograph of the forceps device used to measure muscle compression threshold. Arrows
indicate the pressure sensor (which is also the contact area with the tissue) and the site where
force was applied by the examiner.
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Figure 2. Quantification of Hind Paw Withdrawal to Von Frey Stimulation of the Paw and
Compression of the Gastrocnemius Muscle
Mice displayed significant increase in cutaneous withdrawal responses from pre-injection to
post-injection on the ipsilateral (A) and on the contralateral (B) sides following pH 4.0 saline
injection. Likewise, mice displayed significant reductions in muscle withdrawal thresholds on
both ipsilateral (C) and contralateral (D) sides following pH 4.0 saline injection. Arrows
illustrate the time point at which pH 4.0 saline was injected into the right gastrocnemius. Data
represented as mean + S.E.M. Asterisks denote significant differences between neutral saline-
and acidic saline-injected mice (P <0.05). Neutral saline-injection (pH 7.4) represents control
group and acidic saline-injection (pH 4.0) represents experiment group.
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Figure 3. Acidic Saline-Induced Fos Expression in Ipsilateral Lumbar Dorsal Horn Following Paw
Palpation or Gastrocnemius Compression

Expression of Fos positive cells in ipsilateral L2/3, L4/5 and L6 dorsal horn of neutral and
acidic saline-injected animals following paw palpation (left side) and gastrocnemius
compression (right side). Images are displayed with scale bar equals 100 ums.
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Figure 4. Schematic Representation of Fos Expression in the Lumbar Spinal Cord

A representation of the segmental distribution of the entire lumbar spinal cord following
mechanical stimulation to hind paw (A) and gastrocnemius (B) anatomical sites. Following
paw palpation, the largest number of Fos-positive cells was concentrated in superficial dorsal
horn of segment L4/5 on ipsilateral side and deeper layers from L2-L5. Following
gastrocnemius compression, widespread Fos activity was observed throughout the rostrocaudal
extent of the lumbar spinal cord, L2-L6.
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Figure 5. Correlation of Behavioral Responses and Fos Expression
Correlations between von Frey-induced withdrawal responses and paw palpation-induced Fos
expression (secondary hyperalgesia; A, B, C) and between gastrochemius compression peak

forces and gastrocnemius compression-induced Fos expression (primary hyperalgesia; D, E,

F) in the ipsilateral superficial dorsal horn. Correlations were significant only with primary

hyperalgesia at L4/5 and L6 segments.
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