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Introduction 

Muscle pain is a common condition with multiple etiologies. Delayed-onset muscle soreness 

(DOMS) is a frequently occurring condition that usually appears after intense exercise and 

lengthening contractions (LC) of the muscle. It's characterized by muscle soreness on movement but 

not during rest. Tenderness appears after some delay and peaks between 24 to 48 hours after the 

exercise and disappears usually within a week. 

Nerve growth factor (NGF), a neurotrophic protein involved in maintenance and differentiation of 

sensory and sympathetic neurons and later in adulthood in nociception and pathological pain 

conditions and the ion channel Transient receptor potential vanilloid 1 (TRPV1), known to respond 

to noxious heat, capsaicin and low pH, seem to play important roles in the development of 

mechanical hyperalgesia after exercise. While there are many reports on the involvement of NGF 

and TRPV1 on mechanical and heat sensitization of nociceptors in different tissues, no reports have 

been made on the effect of NGF on heat sensitivity of muscle nociceptors. 

In this study we hypothesized that heat and capsaicin nociception was facilitated during DOMS, 

possibly mediated by NGF and tested it through a series of experiments in humans and animals. 

 

Materials and methods 

For the human study eleven healthy, adult subjects (6 male and 5 females), aged between 20-37 

years participated as volunteers. The subjects filled a daily diary with a modified Likert scale for the 

perceived muscle soreness. The experimental protocol is shown in Figure 1A. Pressure pain 

thresholds (PPTs) were measure on the tibialis anterior (TA) muscle of both legs. On days 0 and 4 

i.m. injections of isotonic saline at room temperature (control saline), isotonic saline heated to 48 

degrees Celsius and capsaicin were performed and the pain induced by the injections was measured 

using a visual analog scale (VAS). In day 3, after the first PPT measurements DOMS was induced in 

one of the legs of the subject by an exercise protocol that involved lengthening contractions of the 

TA muscle.   

For the animal study (single fiber recording), male Sprague-Dawley rats (340 - 440 g, 10 - 13 

weeks old) were used. A group of animals received LC 48 hours previous to the recording. 

Preparations were placed in a chamber, after a single unit was isolated, conduction velocity was 

measured and C-fibers were used for the study. After this the receptive field was stimulated 

mechanically (Figure 1B), then with slowly-increasing heat stimulation (Figure 1C) and finally 

capsaicin. In the second study after the mechanical stimulations the preparations received heat 

stimulation and thereafter were either injected with NGF or PBS near the receptive field and heat 

stimulations were repeated every 10 minutes after the injections for one hour. The heat thresholds 

and response intensity were recorded and compared. 
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Statistical analysis 

Collected data from all the experiments was analyzed using GraphPad Prism 5 Software, Sigma 

Plot 11 (Systat Software, Inc) or Statistica (Statsoft). Human PPTs and VAS were analyzed by a 

three-way repeated measures analysis of variance (RM-ANOVA). Animal experiments were 

analyzed by the Mann-Whitney test, Fishers’ exact probability test or two-way RM-ANOVA as 

needed. A p value of < 0.05 was considered significant. All data were expressed as mean  standard 

error (SEM), or median and interquartile range (IQR) when appropriate. 

 

Results 

1.  Mechanical and heat sensitivity during DOMS in humans 

One day after exercise subjects reported muscle soreness of the exercised leg on the modified 

Likert scale diary (Figure 2A). The analysis of PPTs at days 3 to 7 showed that on day 4-pre the 

PPTs in the LC leg were significantly reduced compared with the control leg, pre-exercise (day 3) 

and day 7 levels (NK test: p < 0.03). Independent of injection type the PPT levels after injections 

were significantly reduced at day 4 compared with pre injection values and values at days 3 and 7 

(Fig. 2B-right, NK test: p < 0.02). Likewise, the post-injection PPT values in both legs at day 0 were 

reduced compared with the pre-injection levels (Fig. 2B-left, RM-ANOVA: F(1) = 6.7, p < 0.03; NK 

test: p < 0.03). There was no significant difference between CTR and LC group (p = 0.2) 

The VAS scores following injections on day 0 and 4 (after LC) showed that the VAS peak after 

capsaicin gave higher scores than heated saline (RM-ANOVA: F(2) = 48.2, p < 0.000001; NK test: p 

< 0.0006) and control saline (average: 2.4 ± 0.1 cm).  

2.  Mechanical and heat sensitivity of muscle thin-fiber afferents after LC in animals 

The mean CV for all recorded fibers was 0.7 m/s (n = 57, range between 0.3 m/s to 1.6 m/s, 

mostly C fibers). Mechanical stimulations showed that afferents from the LC group had a median 

mechanical threshold (3.4 kPa, IQR 1.7 – 11.7 kPa, n = 25), which was significantly lower than that 

of the control group (Figure 3A, 14.3 kPa, IQR 9.2 – 34.6 kPa, n = 32, p < 0.001). The response 

intensity to mechanical stimulation was higher in the exercised group (Figure 3B, p < 0.01).  

Of the fibers studied in the control group, 50% (n = 16) responded to heat stimulation while 66 % 

(n = 14) of the LC group fibers responded, this difference not being significant (p > 0.05, Fischer’s 

exact test). Neither the median response threshold temperature nor the median of the response 

magnitude to the heat stimuli in the control was significantly different from the LC group (p = 0.5,  

p = 0.6).  

The percentage of fibers responding to capsaicin and the response magnitude to it was not 

different between groups. (p= 0.1). The heat sensitive fibers from the LC group (n = 14) showed a 

lower mechanical threshold (p < 0.05) and higher mechanical response than the CTR group (n = 16). 

To the contrary the heat insensitive fibers showed similar mechanical thresholds and similar 

discharge rate to a mechanical stimulus after LC compared with control fibers (Figure 4D).  
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The capsaicin sensitive fibers showed a decreased mechanical threshold in the LC group (median 

3.2 kPa, IQR 2.2 – 11.3 kPa, n = 12) vs the control group (median 15 kPa, IQR 10.6 – 38.1 kPa, n = 

13, p < 0.01), while the capsaicin insensitive did not show any difference between groups (p = 0.2). 

The mechanical response followed the same pattern in the capsaicin sensitive group and was 

significantly higher in the LC group vs the control group (p < 0.05). The capsaicin insensitive group 

did not show any difference in the response to mechanical stimulation between groups (p= 0.2). 

3. The effect of NGF on the heat sensitivity of muscle thin-fiber afferents 

Forty three fibers were recorded and their conduction velocities were lower than 1 m/s and thus 

considered to be C-fibers. Of them 24 fibers responded to heat stimulation, these preparations 

randomly received either an NGF (n = 10) or PBS (n = 13) injection. The afferents in the 

PBS-injected group followed a pattern of gradual desensitization after repeated stimulations with 

heat. The NGF-injected group did not show any increase in the heat response threshold through the 

experiment. From 20 minutes after the injection, heat response thresholds were significantly higher 

in the control group than in the NGF group and remained like that until the end of the experiment 60 

minutes after the injection (Figure 5A; F(1) = 14.1, p < 0.005, Two way repeated measures 

ANOVA). The response of the NGF group remained significantly higher than in the PBS group 20 

minutes after injection and later (Figure 5B; F(1) = 8.3, p < 0.01, two-way RM-ANOVA). 

Following the NGF administration no sensitization was observed in the form of a significant 

increase in spontaneous activity (Fig. 5C, two-way RM-ANOVA, p > 0.05).  

 

Discussion 

The novel findings of the present study were that heat sensitization was not observed during 

DOMS in humans and an animal model of DOMS, where NGF is assumed to be upregulated. 

Nonetheless, it was shown in rats that NGF could induce heat sensitization in muscle thin afferents.  

In an effort to evaluate if sensitization of TRPV1 is involved in hyperalgesia in humans in DOMS 

induced after LC, the muscle afferents of the tibialis anterior muscle were stimulated with both 

heated saline and capsaicin, but no change was observed. It is possible that the mechanical 

hyperalgesia induced by the injections causes a decrease in the PPTs so drastic that there is not 

enough room to observe a summation effect between the DOMS and the injection induced 

mechanical hyperalgesia. It is also possible that the heated saline used in this experiment was not 

warm enough to induce any response from the TRPV1 channel, but testing higher temperature 

stimulation was impossible due to the risk of tissue damage.  

We were unable to detect any difference in heat sensitivity between the exercised and the control 

preparations. This was in line with the present human experiment. Interestingly it was the heat 

sensitive afferents, which were sensitized to mechanical stimuli. The capsaicin sensitive fibers also 

showed decreased mechanical thresholds after LC and their mechanical response was also increased 

when compared with the controls. These capsaicin sensitive fibers must express TRPV1. How 

TRPV1 is related with mechanical sensitization and thus mechanical hyperalgesia is to be studied.  
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The previous results suggest that C-polymodal afferents are mainly responsible for increased 

mechanical sensitivity after eccentric exercise. NGF does not alter the mechanical response in 

muscle thin-fiber afferents immediately after intramuscular injection, but after 20 minutes it causes 

increased mechanical sensitivity for at least 2 hours. The present results showed for the first time 

that NGF can sensitize muscle afferents to heat. The mechanism of heat sensitization is still unclear. 

Possible mechanisms would include an NGF-induced phosphorylation of TRPV1 through 

phosphatidylinositol-3-kinase and protein kinase C, translocation of TRPV1 channels to the cell 

membrane or an increase of the expression of TRPV1. 

When injected intramuscularly, NGF decreases the mechanical withdrawal threshold of rats in a 

dose dependent manner; if the mechanisms and pathways for the effect of NGF on heat sensitivity 

are similar, heat sensitization could also be induced in a dose dependent way. If this is the case, NGF 

released by LC might be too little and insufficient to cause a detectable heat sensitization. This is one 

possible explanation for absence of heat hyperalgesia/ sensitization after LC. 

In the DOMS setting, GDNF may also play an important part in the sensitization of nociceptors. 

NGF and GDNF collaborate in inducing pronounced mechanical hyperalgesia. Possible interaction 

between NGF and GDNF in thermal hyperalgesia and the involvement of TRPA1 in DOMS are 

open for future study. 

 

Conclusion 

Heat sensitization was not observed during DOMS in humans and after LC in animals where NGF 

is upregulated according to previous findings. However, this study showed that in rats NGF can 

induce heat sensitization in muscle thin afferents. The mechanism behind this effect is still unclear. 
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