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This study was designed to evaluate the effect of aging on the activity of metabosensitive
afferent fibers (thin muscle afferents from group III and IV) and to determine if physical
activity performed at old age may influence the afferent discharge. Afferents from
tibialis anterior and soleus muscles were recorded on non-exercised rats aged of 3,
6, 12, and 20 months and on animals aged of 12 and 20 months performing a daily
incremental treadmill exercise protocol during the last 8 weeks preceding the recordings.
Metabosensitive afferent fibers were activated with potassium chloride (KCl) and lactic
acid (LA) injections into the blood stream or by muscle electrically-induced fatigue
(EIF). Results indicated that aging is associated to a decrease in the magnitude of the
responses to chemical injections and EIF. Unfortunately, physical activity did not allow
restoring the metabosensitive afferents responses. These results indicate an alteration
of the thin afferent fibers with aging and should be taken into account regarding the
management of muscle fatigue and potential alterations of exercise pressor reflex (EPR)
occurring with aging.
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INTRODUCTION

Muscle contractions enhance neuronal adjustments regulated by activation of afferents originating
from activated muscles. Indeed, among muscle afferents, metabosensitive fibers from groups III
and IV are activated by metabolic, mechanical and thermal modification of their receptive fields
occurring during and after repetitive contractions (Laurin et al., 2015). Metabolic agents such
as lactic acid (LA) and potassium chloride (KCl), and electrically induced exercise (EIF) are also
known to be specific activators of these thin metabosensitive afferents fibers (Rotto and Kaufman,
1988; Victor et al., 1988; Decherchi et al., 1998, 2001). When stimulated, these afferents change the
motoneurons excitability in the spinal cord (Dousset et al., 2004; Laurin et al., 2010). Furthermore,
these afferents are responsible for the sensation of muscle pain (Mense, 2009) and also project to
brainstem level to induce an exercise pressor reflex (EPR), a neural drive originating from skeletal
muscles that result in an increase in the sympathetic activity associated with an up-regulation of
both heart and ventilation rate, and arterial blood pressure (McCloskey and Mitchell, 1972).

Frontiers in Aging Neuroscience | www.frontiersin.org 1 November 2018 | Volume 10 | Article 367

https://www.frontiersin.org/journals/aging-neuroscience/
https://www.frontiersin.org/journals/aging-neuroscience#editorial-board
https://www.frontiersin.org/journals/aging-neuroscience#editorial-board
https://doi.org/10.3389/fnagi.2018.00367
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/fnagi.2018.00367
http://crossmark.crossref.org/dialog/?doi=10.3389/fnagi.2018.00367&domain=pdf&date_stamp=2018-11-12
https://www.frontiersin.org/articles/10.3389/fnagi.2018.00367/full
http://loop.frontiersin.org/people/387977/overview
https://www.frontiersin.org/journals/aging-neuroscience/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/aging-neuroscience#articles


fnagi-10-00367 November 8, 2018 Time: 19:30 # 2

Caron et al. Metabosensitive Afferent Responses and Aging

Neuromuscular system is highly malleable at young age, but
this plasticity tends to be reduced at old age. Indeed, muscle
strength progressively declines (Vandervoort and McComas,
1986) mostly because of sarcopenia, a phenomena resulting to a
decrease in the number of type I and II muscle fibers, and to a type
II muscle fiber atrophy (Lexell, 1995). Because muscle mass and
phenotype were shown to take part in determining the magnitude
of the EPR and the response of the metabosensitive afferents
(Iwamoto and Botterman, 1985; Wilson et al., 1995; Xing et al.,
2008; Caron et al., 2015), sarcopenia could be at the origin of a
down regulation of the EPR and a decrease in the metabosensitive
activity. This was suggested by some authors reporting a down
regulation of the EPR with aging (Markel et al., 2003; Houssiere
et al., 2006) but disputed by other showing that the EPR was
maintained with aging (Ng et al., 1994; Greaney et al., 2013).
Nevertheless, a recent study underlined an age-related alteration
of the contribution of the metabosensitive muscle afferents to the
hemodynamic response to exercise (Sidhu et al., 2015). Finally,
because it was described that a period of inactivity induces a
lower EPR during leg isometric exercise and during post-exercise
ischemia (Kamiya et al., 2004) and an abnormal EPR in many
forms of hypertension, heart failure or muscular dystrophy,
exercise training has been proposed to restore the EPR (Murphy
et al., 2011; Smith et al., 2014).

Thus, the aim of the present study was to record, with
electrophysiological tools, the response of metabosensitive
afferent fibers originating from tibialis anterior and soleus
muscles to chemical injections of LA and KCl, EIF at 3, 6, 12 and
20 months of age in non-exercised rats, and at 12 and 20 months
of age after 8 weeks of incremental treadmill running protocol.
We hypothesized that metabosensitive afferents response is
altered with aging and that repeated physical activity could
reverse this alteration.

MATERIALS AND METHODS

Animals and Ethical Approval
Sixty-nine male Sprague Dawley rats (Janvier Lab R©, France)
were housed in smooth-bottomed plastic cages at 22◦C in a
room maintain on a 12-h light/dark cycle. Food (Safe R©, France)
and water were available ad libitum. Forty-eight were randomly
allocated into 4 groups according to their age: 3 months (3 M,
n = 12), 6 months (6 M, n = 12), 12 months (12 M, n = 12)
and 20 months (20 M, n = 12), and allowed to age until
electrophysiological recordings. Two other groups performed
treadmill training during 8 weeks before the electrophysiological
session: 12 months old (12M-EXE, n = 10) and 20 months old
(20M-EXE, n = 11). The exercise effects in the 12M-EXE and
20M-EXE groups were compared to the 12 M and 20 M animals
from the non-exercised groups, respectively.

All procedures outlined in this study were approved
(license n◦A 13.013.06) by the animal ethics committee of
Aix-Marseille University (AMU) and Centre National de la
Recherche Scientifique (CNRS). All experiments were performed
in accordance with the recommendations listed in the Guide
for Care and Use of Laboratory Animals (U.S. Department of

Health and Human Services, National Institutes of Health) and
the European Community’s council directive of 24 November
1986 (86/609/ EEC).

Exercise Training Protocol
Rats were first familiarized with the treadmill for 1 week. Then,
animals were trained 3 times per week on a treadmill with a
progressive 8 weeks protocol inspired from Pasini et al. and
previously described (Pasini et al., 2012; Caron et al., 2016).
Briefly, duration of the exercise in the first and the second week
was 10 and 20 min, respectively, with a running speed fixed
at 13.5 m/min. For the next 3 weeks, running time and speed
were progressively increased to reach at the 5th week a duration
of 50 min at 15 m/min speed. Finally, for the last 3 weeks,
exercise was performed for 60 min and speed was increased
up to 18 m/min until the 8th week. All animals ran steadily
on the treadmill. Rats were anesthetized for electrophysiological
recordings within the 48h after the end of the exercise-training
protocol.

Electrophysiological Recordings
When animals reach the age of their respective group, they
were anesthetized with urethane (1.1 g.kg−1 i.p.), and atropine
(1 mg.kg−1, i.p.) was administered to reduce airway secretions.
The surgery and the afferent recordings were performed as
previously described (Decherchi et al., 1998; Caron et al., 2014,
2015). Briefly, a catheter was inserted into the right femoral
artery to let the blood flow freely to the left lower limb
muscles and pushed up to the fork of the abdominal aorta
in order to transport chemicals (i.e., potassium chloride [KCl]
and lactic acid [LA]) to the controlateral muscle. Branches of
nerves innervating the soleus and tibialis anterior muscles were
dissected free from surrounding tissues, cut distally, immersed
in paraffin oil and placed on two pairs of tungsten bipolar cuff
electrodes for afferents recordings. The knee and ankle were
firmly held by clamps on a horizontal support in order to avoid
disturbing movements and to maintain the 90◦ knee joint angle
during electrical muscle stimulation inducing an EIF. Animal
temperature was maintained between 36 and 37◦C with a blanket
controlled by a rectal temperature probe.

Activities originating from the nerves were recorded and
referred to a ground electrode implanted in a nearby muscle,
amplified (1–100 K), filtered (30 Hz to 10 kHz) with a
differential amplifier (P2MP R© SARL, France) and fed into an
amplitude window discriminators (P2MP R© SARL) analyzing
action potentials. The discriminators separated action potentials
on the basis of their amplitude and provided an output pulse
for the desired signal. For every waveform peak that appears
within the window aperture (crossing the lower level of the
windows) set by the user, a rectangular pulse was generated.
Signals exceeding the upper level of the window (crossing the
lower and upper levels) were not considered. Multiplexing the
input signal and window discriminators provided convenient
oscilloscope visualization and ease of setting up the experiment.
It eliminated adjusting the oscilloscope levels for drift. In absence
of any movement, only metabosensitive afferent fibers exhibiting
spontaneous tonic low frequency baseline activity were active
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(Decherchi et al., 1998). Thus, metabosensitives afferent activities
were selected according to their action potential amplitudes
which were higher than the background noise. The output
provided noise-free tracings (discriminated units) on which
action potentials were displayed on a computer and then counted
using data analysis system (Biopac MP150 R© and AcqKnowledge R©

software, United States) at 1s intervals (in Hz). Baseline discharge
was calculated during the 1-min period preceding injections or
EIF, and its change was measured following specific activations.
Afferent response variations were expressed in percentage of the
corresponding baseline discharge rate (Fimpulses.s−1, % of baseline
activity).

In a first step, distinct concentrations of KCl (1, 5, 10, and
20 mM / 0.5 ml) and LA (0.5, 1, 2, and 3 mM / 0.1 ml) were
randomly injected into the catheter and were washed with 0.1 ml
of normal saline. Each injection was separate by 10 min of
recovery in order to let the afferent activity go back to its baseline
activity.

In a second step, after a 30-min resting period, a 3-min EIF was
performed. For this purpose, rhythmic muscle contractions were

produced by a stimulator (Grass S88K R©, United States) delivering
rectangular pulse trains to a pair of steel electrodes placed on the
muscle surface (pulse duration: 0.1 ms; frequency: 10 Hz, i.e.,
5 shocks in each 500 ms train; duty cycle: 500/1000 ms). The
voltage used was 20% higher than that used to elicit a maximal
contraction.

At the end of the experiments, animals were sacrificed
by an overdose (3 ml, i.a) of sodium pentobarbital solution
(60 mg.kg−1, Nembutal R©, Sanofi Santé Animale, France).

Statistics
Data processing was performed using Sigmaplot R© 14 SPSS. Data
were expressed as mean ± SEM. Differences were tested by
two-way analysis of variance (ANOVA test, factors: group x
timing) completed by a Student-Newman-Keuls post hoc test
to compare the metabosensive afferent responses to KCl and
LA injections during aging process and after treadmill training
(factors: age x doses). One-way ANOVA were used to compare
EIF and muscle properties during aging process, while t-test
were used to evaluate the differences after the training protocol.

FIGURE 1 | Response of metabosensitive afferents fibers to chemical injections (LA and KCl). Whatever the dose injected, a significant (p < 0.05) increase in the raw
afferent activity was recorded as compared to baseline activity in all groups. (A) The response of afferent fibers from the tibialis anterior muscle to 1 mM LA injection
was significantly (∗p < 0.05) lower in the 12 M group compared to the 3 M group, and in 20 M group compared to the 3 M (∗∗∗p < 0.001) and to the 6 M
(##p < 0.01) groups. (B) The response afferent fibers from the tibialis anterior muscle to 20 mM KCl injection was significantly lower in the 12 M group compared to
the 3 M (∗∗p < 0.01) and the 6 M (#p < 0.05) groups, and in the 20 M group compared to the 3 M (∗∗∗p < 0.001) and to the 6 M (###p < 0.001) groups. (C) The
response of afferent fibers from the soleus muscle to 1 mM LA injections was significantly lower in the 20M group compared to the 3 M (∗∗p < 0.01) and the 6 M
(##p < 0.01) groups. (D) The response of afferent fibers from the soleus muscle to 10 mM KCl injection was significantly (p < 0.05) lower in the 20 M group
compared to the 3M group. Furthermore, the response to 20mM KCl injection was significantly lower in the 20 M group compared to the 3 M (∗∗∗p < 0.001) and to
the 6 M (###p < 0.001), and the response to 10 mM KCl injection is significantly lower (∗p = 0.015) for the 20 M compared to 3 M group.
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Results were considered statistically significant if the p-value fell
below 0.05.

RESULTS

Afferents characterized as metabosensitive fibers exhibit
spontaneous tonic low frequency baseline activity (4–10 Hz)
under our experimental conditions. Whatever the dose and the
stimulus used (LA or KCl and EIF), a significant (p < 0.05)
increase in the raw afferent activity was recorded as compared
to baseline activity within each type of muscle and experimental
groups. In this experiment, in accordance with previous ones
performed in the tibialis anterior and soleus muscles of Sprague-
Dawley rats, we observed that the activation of muscle afferents
by LA culminated for the 1 mM concentration and then declined
whereas there was a relationship between the doses of KCl and
the change in afferent discharge rate (Decherchi et al., 1998;
Martin et al., 2009; Caron et al., 2014, 2015).

Response to LA and KCl Injections
The pattern of responses of metabosensitive muscle afferents
activated by increased interstitial concentrations of LA or KCl
consisted of a burst of activity beginning within 5–10 s after

the bolus injection. Recovery of baseline spontaneous discharge
rate value always occurred within 3 min. For the tibialis anterior
muscle, the responses to LA injections were decreased only for
the concentration of 1 mM in animals aged of 12 (p < 0.05) and
20 (p < 0.001) months, compared to animals aged of 3 months
(Figure 1A). The response to KCl injections was also decreased
for the highest concentration of 20 Mm in the 12 M (p < 0.01) and
20 M (p < 0.001) groups (Figure 1B). For the soleus muscle, only
the response to 1 mM LA concentration was decreased (p < 0.01)
in animals from the 20 M group (Figure 1C). The response to
KCl injections was also decreased for the 10 mM (p < 0.05) and
20 mM (p < 0.001) concentration in the 20 M group (Figure 1D).

Exercise training did not change the responses to KCl and LA
injections for both muscles compared to the corresponding non-
exercised animals (Figure 2).

Response to EIF
An alteration of the response to EIF was observed with aging.
Indeed, a significant (p < 0.05) lower afferent discharge following
a 3-min EIF was observed in the 20 M groups for both muscles
(Figure 3A). However, physical activity did not induce notable
changes in the afferents response to EIF in aged animals although,
for the both tibialis anterior and soleus muscles, there is a

FIGURE 2 | Comparison of the response of metabosensitive afferents fibers to chemical injections (LA and KCl) between non-active and active aged rats. Whatever
the dose injected, a significant (p < 0.05) increase in the raw afferent activity was recorded as compared to baseline activity in all groups. The response of afferent
fibers from tibialis anterior muscle to LA (A) and KCl (C) injections did not differ between old non-exercised and old trained animals. The response of soleus muscle
afferents to LA (B) and to KCl (D) injections also did not show any difference between old non-exercised and old exercised animals.

Frontiers in Aging Neuroscience | www.frontiersin.org 4 November 2018 | Volume 10 | Article 367

https://www.frontiersin.org/journals/aging-neuroscience/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/aging-neuroscience#articles


fnagi-10-00367 November 8, 2018 Time: 19:30 # 5

Caron et al. Metabosensitive Afferent Responses and Aging

FIGURE 3 | Comparison of the response of metabosensitive afferents fibers to
muscle electrically-induced fatigue (EIF) between non-active and active aged
rats. In all groups, a significant (p < 0.05) increase in activity was recorded
after 3-min EIF. (A) In sedentary groups, the magnitude of the response to EIF
decrease with age and was significantly (p < 0.05) lower in the 20 M group
compared to the 3 M group whatever the muscle considered. (B) In the older
animals, whatever the muscle considered and despite an increasing tendency
for 12M-EXE group, no difference was noted. (C). Example of extracellular
recording of afferent fibers from tibialis anterior muscle in 12 M-EXE group.

tendency to increase for 12M-EXE groups (Figure 3B). An
example of raw recording obtained in the 12M-EXE group is
showed in Figure 3C.

DISCUSSION

Our study reported that the response of metabosensitive afferent
fibers from tibialis anterior and soleus muscles decreased with
age for the doses of KCl and LA inducing the highest responses.

Namely, from age of 12 months for the tibialis anterior muscle
and 20 months for the soleus muscle, the responses to the dose of
KCl (20 mM) and LA (1 mM) that induced the highest afferents
response were reduced. Furthermore, the response to EIF was
reduced for the soleus muscle at age of 20 months. Our results also
indicated that 8 weeks of incremental treadmill running exercise
did not reverse these alterations observed at 12 or 20 months.

Effect of Aging on Metabosensitive
Response.
Considering that the afferent discharge depends of the amount
of metabolites released during EIF, of the number of receptors
(TRPV1, ASIC3 and P2X) of terminals endings binding the
metabolites endogenously released or exogenously injected, and
of the number of afferents fibers on the nerve (Gao et al., 2006,
2007; Light et al., 2008), any change in any of these elements may
affect the recorded response. However, it is difficult to determine
the cause of this diminished response although some hypotheses
can be advanced.

Anatomical studies have indicated that aging may be
associated to a loss of thin myelinated and unmyelinated afferents
fibers (Ceballos et al., 1999). This loss could start in the tibial
nerve at 12 months of age (−59% of thin myelinated and
−15% of unmyelinated fibers) and could reach 50% of fiber
loss in very old animals (33 months) (Ceballos et al., 1999).
However, other study founded no significant difference in the
total number of neurons in lumbar dorsal root ganglia (DRG)
between young and old animals (30 months) (Bergman and
Ulfhake, 1998). Finally, electrophysiological study in human
indicated that aging is also associated with a relative atypical
unmyelinated C-fiber increase (Namer, 2010). In view to these
studies, it is difficult to assume that the reduction of the number
of thin myelinated and unmyelinated metabosensitive afferent
fibers during aging could be responsible for the deterioration of
their response.

Another explanation could be found in the receptors on
the surface of the metabosensitive terminations. Wang et al.
(2006) reported a decline in TRPV1 (transient receptor potential
vanilloid type 1) expression in DRG and in nerve afferents
innervating hind-limbs with aging but no change in TRPV1
mRNA level indicating a lower protein expression. Reduced
levels of TRPV1 were also found in tibial nerve of aged
animals, suggesting that TRPV1 transport is less efficient when
getting older. TRPV1 level is suggested to be modulated by
trophic factors, especially artemin, which receptors (GFRα3
or GDNF family receptors alpha-3) are highly co-localized
with TRPV1 (Orozco et al., 2001; Elitt et al., 2006). In aged
animals, because it was reported a concomitant decreased
level of TRPV1 and GFRα3, and a decreased trophic support
in the DRG (Wang et al., 2006), we can assume that the
decrease of growth factors with aging may reduce the number
of TRPV1 in metabosensitive nerve endings and consequently
their responses when stimulated by metabolic agents released
by muscles. However, a study indicated that the numbers of
discharges induced by low pH, ATP, bradykinin, cold and heat
stimuli were not different with aging (Taguchi and Mizumura,
2011).

Frontiers in Aging Neuroscience | www.frontiersin.org 5 November 2018 | Volume 10 | Article 367

https://www.frontiersin.org/journals/aging-neuroscience/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/aging-neuroscience#articles


fnagi-10-00367 November 8, 2018 Time: 19:30 # 6

Caron et al. Metabosensitive Afferent Responses and Aging

It was reported that the conduction velocity of myelinated
fibers decreases about 10–15% with age in nerve innervating the
gastrocnemius and soleus muscles and in vagus nerve but not in
unmyelinated fibers (Sato et al., 1985). Because metabosensitive
afferents are composed of thinly myelinated and unmyelinated
fibers, any change in the myelin sheath will affect the response of
these afferents in a lesser extent.

Finally, because the EIF response results in metabosensitive
afferent activation following muscle metabolite production, any
decrease in metabolite production should affect their response.
In our study, the EIF response was significantly reduced in
metabosensitive afferents from soleus and gastrocnemius muscles
at age of 20 months. This result suggests that the production of
metabolites (lactate, K+, inflammatory mediators) by fatigued
muscle could be affected with age. The literature described
muscle anatomical changes during aging process. Indeed, aging
is characterized by a progressive loss in muscle mass and a
decrease number of type I (slow) and II (fast) muscle cells
(muscle cell apoptosis), associated with type II cell atrophy
(Lexell et al., 1988; Lexell, 1995; Narici et al., 2003). Because
the metabosensitive response depends, among others, of the
muscle mass and muscle phenotype (Caron et al., 2015),
any change in muscle architecture may alter the release of
metabolites during fatigue and consequently the afferent response
to EIF.

Effect of Exercise
Many studies show the benefit of physical exercise on pathologies
or during aging. For example, it was shown the beneficial
effect of aerobic exercise training on neuropathic pain (Dobson
et al., 2014). It was also shown that exercise can reduce
hyperglycemia and the risk to develop diabetes associated illness
(Balducci et al., 2010; Li and Hondzinski, 2012), or can help
to recover from peripheral nerve injury (Marqueste et al.,
2004; Keeler et al., 2012; Wilhelm et al., 2012). As previously
mentioned exercise training can also be an effective strategy
to normalize the EPR in case of hypertension, heart failure or
muscular dystrophy (Murphy et al., 2011; Smith et al., 2014).
Finally, the literature reports that exercise training partially
prevented the decreased of TRPV1 in DRG afferents in rats
with chronic heart failure (Wang et al., 2012). Moreover,
physical activity has been shown to maintain normal levels
of artemin and GDNF after spinal cord injury (Detloff et al.,
2014).

Assuming that alteration of the metabosensitive response
with aging (20 M group) is due to a decrease in TRPV1
level and that our daily incremental treadmill exercise protocol
during the last 8 weeks preceding the recordings may maintain
normal level of TRPV1, we should have observed a restored
response in the 12M-EXE and 20M-EXE groups. This has
not been the case; the responses to KCl and LA injections,
and to EIF were similar in exercised animals (12M-EXE and
20M-EXE groups) compared to non-exercised animals (12 M
and 20 M groups). Only in group 12M-EXE, we observed a
response that tended to increase in response to EIF. However,
because of the large variability among animals, this increase

was not significant. The lack of significant results could be
due to the duration of the exercise we chose. Indeed, it
was previously shown in rodents that a 6-month duration
of aerobic exercise induced a better neuroprotection in mice
model of Alzheimer disease (Garcia-Mesa et al., 2011). The
authors showed that this long-lasting exercise induced benefits
on synapse, redox homeostasis and general brain function. Even
if our exercise protocol during the last 8 weeks preceding
the recordings was not detrimental in older rats, one could
hypothesize that a longer duration of exercise over months could
have led to maintain an efficient afferent activity from trained
muscles.

CONCLUSION

Our study showed that the metabosensitive responses to
metabolite injections and EIF were altered with aging and
that a daily incremental treadmill exercise protocol during the
last 8 weeks preceding the recordings does not restore these
responses. Because these fibers are involved in regulation of
sensorimotor loop, muscle pain sensation and EPR, and in
physiological adjustments (Mitchell et al., 1977; Mazzone and
Geraghty, 1999; Coull et al., 2003; Decherchi and Dousset, 2003;
Edwards et al., 2003; Decherchi et al., 2004, 2007; Cole et al.,
2010), their alteration may be responsible of some troubles
observed with aging during walking and running (Markel
et al., 2003; Houssiere et al., 2006), and at rest (Ng et al.,
1994; Markel et al., 2003). If a repeated exercise performed
when adult does not seem to reverse the effects of aging
on metabosensitive afferents, it has been proved that exercise
induces many positive outputs on neuromuscular functions
(Koceja et al., 2004). In the future, it would be interesting to
compare the type of exercise we have chosen in this study to
others types of exercise or to animals that have been performed
repeated exercises since they were young (i.e., throughout
life).
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