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Abstract

Group 11 and IV muscle afferents originating in exercising limb muscle play a significant role in
the development of fatigue during exercise in humans. Feedback from these sensory neurons to the
central nervous system (CNS) reflexively increases ventilation and central (cardiac output) and
peripheral (limb blood flow) hemodynamic responses during exercise and thereby assures
adequate muscle blood flow and O, delivery. This response depicts a key factor in minimizing the
rate of development of peripheral fatigue and in optimizing aerobic exercise capacity. On the other
hand, the central projection of group 111/ muscle afferents impairs performance and limits the
exercising human via its diminishing effect on the output from spinal motoneurons which
decreases voluntary muscle activation (i.e. facilitates central fatigue). Accumulating evidence
from recent animal studies suggests the existence of two subtypes of group 111/IV muscle
afferents. While one subtype only responds to physiological and innocuous levels of endogenous
intramuscular metabolites (lactate, ATP, protons) associated with ‘normal’, predominantly aerobic
exercise, the other subtype only responds to higher and concurrently noxious levels of metabolites
present in muscle during ischaemic contractions or following, for example, hypertonic saline
infusions. This review discusses the mechanisms through which group I11/1V muscle afferent
feedback mediates both central and peripheral fatigue in exercising humans. We also briefly
summarize accumulating evidence from recent animal and human studies documenting the
existence of two subtypes of group 111/IVV muscle afferents and the relevance of this discovery for
the interpretation of previous work and the design of future studies.
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Both whole body (e.g. cycling) and single joint (e.g. isometric / dynamic knee extension)
exercise of sufficient duration and intensity reduces the force / power generating capacity of
muscles involved in the task. This exercise-induced decrease is determined by a peripheral
and a central [i.e. related to the central nervous system (CNS)] component (3, 26).
‘Peripheral fatigue’ encompasses biochemical changes within the contracting muscle leading
to an attenuated force / power response to neural excitation. ‘Central fatigue’, structurally
including the brain and the spinal cord, refers to the decrease in force / power secondary to a
reduction in descending motor drive and the efficacy of the afferent pathways which
combined result in a decrease in the output from spinal motoneurons and thus voluntary
muscle activation. Both components of fatigue have previously been linked to group Il and
IV muscle afferent feedback.

In order to assure a sufficient link to the original work in the face of a restricted number of
references, we would be citing various other review articles.

Group IlI/IV Muscle Afferent Feedback and Exercise: Some Basics

With the onset of exercise, contraction-induced mechanical and chemical stimuli begin to
activate molecular receptors located on the terminal end of both thinly myelinated (group
I11) and unmyelinated (group 1V) nerve fibers with their receptive fields within skeletal
muscle. The exercise-induced activation of these receptors increases the spontaneous
discharge of the thin fiber muscle afferents (1, 37, 40) (Figure 1) that project via the dorsal
horn of the spinal cord (62, 63) to various spinal and supraspinal sites within the CNS (18,
20, 21). Although the role of group I11/1VV muscle afferents in the circulatory regulation
during exercise has been recognized nearly 80 years ago [(2), for review see (51)], their
fundamental importance in determining exercise hyperpnea was not unanimously agreed
upon until recently [for review see (22)], and their contribution to the development of central
fatigue has only been investigated in the last 40 years (16).

With the exception of a few experimental approaches to reduce sensory feedback during and
after exercise in humans [e.g. (28)], the majority of investigations have “artificially’
increased neural discharge of group I11/1V muscle afferents to study their role in
cardiovascular muscle reflex mechanisms and central fatigue. This approach has included,
but was not limited to, intramuscular hypertonic saline (or other metabolite) infusions to
stimulate nociceptive muscle afferents (e.g. (42) and post exercise circulatory occlusion
(PECO) techniques (e.g. (23)) to trap metabolites within a muscle via a blood pressure cuff
to maintain/raise neural feedback for as long as the muscle is held ischaemic.

Group lI/IV Muscle Afferent Feedback Effects on the Development of
Peripheral Fatigue

The role of group I11/IV muscle afferents on the development of peripheral fatigue is
manifested through their contribution to the cardiovascular, hemodynamic, and ventilatory
adjustments occurring during exercise. Increases in these parameters arising with the onset
of exercise are, next to central command (60), largely determined by neural feedback from
the working muscle and assure augmented blood flow and O, delivery to the working
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muscle (13, 19, 33, 35, 43, 59). Both of these variables depict key components in the rate of
development of peripheral fatigue during exercise (15, 24, 36). Specifically, decreases in
blood flow/O, delivery exacerbate this rate, whereas increases in blood flow/O, delivery
attenuate this rate [for review see (6)].

In a recent study designed to investigate the role of group I111/IV locomotor muscle afferents
in the development of peripheral locomotor muscle fatigue, intrathecal fentanyl was used to
attenuate sensory feedback from the lower limb during constant-load leg cycling (5).
Peripheral fatigue was quantified via the pre- to post-exercise decrease in quadriceps twitch
force evoked via supramaximal femoral nerve stimulation. Earlier studies utilizing an
identical pharmacological approach to temporarily block group I11/1V muscle afferents have
documented that exercise in the absence of sensory feedback is characterized by substantial
hypoventilation and an attenuated exercise pressor response including decreased central (i.e.
cardiac output) and peripheral (leg blood flow) hemodynamic responses during exercise (4,
5, 7-9, 25). Consequently, when constant-load leg cycling is performed in the absence of
locomotor muscle afferent feedback, leg blood flow and O, delivery are markedly attenuated
compared to the same exercise performed with an intact neural feedback mechanism. Given
the critical role of blood flow/O, delivery in the development of fatigue [see above; (6)], the
rate of accumulation of peripheral fatigue is up to 60% faster during exercise with impaired
vs intact group H1/1V muscle afferent feedback (5, 54, 55). Taken together, by facilitating
circulatory and ventilatory responses, group I11/IV muscle afferent feedback ensures
adequate muscle blood flow/O5 delivery during exercise and thereby prevents premature
fatigue at the level of the locomotor muscle. This neural feedback mechanism plays an
important role in optimizing fatigue resistance during physical activities in healthy humans.

The arterial baroreflex has been suggested to attenuate the central effects of group HI/IV
muscle afferents on the exercise pressor response via their interaction in the nucleus tractus
solitarii (38, 52, 61). In other words, group I11/1V-mediated pressor responses to exercise
have been documented to be larger in the absence of the arterial baroreflex. Based on
previous experiments in endurance exercising humans showing that attenuated feedback
from group I11/1VV locomotor muscle afferents causes a reduced muscle blood flow/O,
delivery and accelerated rate of peripheral fatigue (4, 5, 9), it could be speculated that
arterial baroreflex buffering of group 111/IV-mediated muscle reflexes exacerbates the
development of peripheral fatigue during exercise. However, Waldrop and Mitchell have
shown that the arterial baroreflex modulates the pressor response without changing muscle
blood flow during induced muscular contraction in anesthetized cats (61). Although
unknown in humans, if baroreceptor buffering of muscle afferents does not restrict blood
flow to the working muscle, it could be argued that it does not affect the development of
peripheral fatigue.

It is important to note that the role of group 111/IV muscle afferents in the development of
peripheral fatigue might be different in patients with heart failure (12) which are
characterized by muscle reflex abnormalities (29, 49) with exaggerated afferent feedback as
the likely underlying mechanism (44, 46, 48). Although feedback from these neurons still
facilitates central hemodynamics in this population (12), it has been documented to account
for the excessive hyperventilatory response (47) and exaggerated sympathoexcitation (12,
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46) during physical activity in these patients. Recent data demonstrates that when heart
failure patients perform single-leg knee-extensor exercise with pharmacologically (lumbar
intrathecal fentanyl) blocked group I11/1VV muscle afferents, sympathetic outflow is
attenuated and leg blood flow/O, delivery significantly increased compared to control
exercise. Importantly, this increase secondary to reduced input from group I11/1V muscle
afferents causes an attenuated rate of fatigue development in these patients (12) (Figure 2).
Therefore, in contrast to healthy individuals in which group 111/IV muscle afferent feedback
attenuates the rate of peripheral fatigue during exercise (5, 54, 55), the abnormally elevated
neural feedback associated with chronic heart failure exacerbates the rate of development of
fatigue in these patients (12). To our knowledge, there is currently no data available on the
effects of other diseases characterized by abnormal neural feedback from group 111/1V
muscle afferents (e.g., hypertension) on the development of central and peripheral fatigue
during exercise.

Group II/IV Muscle Afferent Feedback Effects on the Development of

Central Fatigue

The involvement of group 111/1V muscle afferents in the development of central fatigue
during exercise is mediated through their inhibitory effect on the output from spinal
motoneurons (i.e. neural ‘drive’ to motor units) which causes a reduction in muscle
activation and consequently exercise performance (7, 8, 11, 16, 27, 54-56). This was initially
shown during maximal isometric exercise of a single muscle / muscle group [for a review
see (26)]. For example, when the discharge rate, and thus the central projection, of group
I11/1V muscle afferents is maintained following a 2 min maximal voluntary elbow flexor
contraction (via PECO), spinal motoneuronal output and voluntary muscle activation remain
low and do not recover until circulation is restored and the firing frequency of group I11/IV
muscle afferents recovers (27, 57).

The inhibitory effect of group I11/1V muscle afferents on the output from spinal motoneurons
and the associated decrease in exercise performance (secondary to reduced muscle
activation) is also of critical relevance during whole-body exercise. Specifically, when
subjects perform high-intensity cycling exercise with pharmacologically blocked group
I11/1V locomotor muscle afferents, the inhibitory effect of these sensory neurons is
‘attenuated’ and the output from spinal motoneurons less restricted and significantly higher
compared to that observed during the identical exercise performed with intact feedback (5,
7, 8). More recent cycling studies used lumbar intrathecal fentanyl to block group HI/IV
locomotor muscle afferents during strenuous cycling exercise to investigate their role on
maximal voluntary muscle activation (key indicator of central fatigue) after exercise. While
maximal voluntary quadriceps activation was substantially decreased immediately after
exhaustive bike exercise with intact feedback, this impact was abolished when the same
exercise was repeated with blocked locomotor muscle afferents (54). Furthermore, it is
interesting that group 111/1VV-mediated locomotor muscle feedback associated with
exhaustive leg cycling also compromise maximal voluntary muscle activation (during and
after exercise) of a remote muscle group (i.e. elbow flexors) not directly involved in the task
(55). These recent findings directly emphasize the significant involvement of group 11/1V
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muscle afferents in the development of central fatigue during intense whole body endurance
exercise.

Investigating the effect of group I11/1V muscle afferents on whole body exercise
performance is challenging. The difficulty has been arising from the twofold role these
neurons play in an exercising human. Specifically, although they limit spinal motoneuronal
output and facilitate central fatigue (i.e. limiting effect on performance), their contribution to
the prevention of premature peripheral fatigue by facilitating circulatory and ventilatory
responses during exercise is essential (i.e. facilitating effect on performance; see above).
Therefore, manipulating muscle afferents during exercise affects both sides and the net
effect depends on how one effect outweighs the other. In a recent study designed to
circumvent this caveat, subjects were asked to perform dynamic single leg knee-extensor
exercise to exhaustion in one leg immediately followed by the identical task in the other leg
(11). The goal was to determine whether afferent feedback arising from the knee-extensor
exercised/exhausted first inhibits spinal motoneuronal output and thereby limits endurance
exercise performance of the consecutively exercising contralateral knee-extensor. The
design of the study and additional control experiments allowed the exclusion of other
limiting and confounding influences on the endurance performance of the consecutively
exercising contralateral knee-extensor (e.g. lack of peripheral fatigue, uncompromised
ventilatory and/or hemodynamic responses, etc.). Afferent feedback associated with exercise
to exhaustion in the first leg (~9 min) reduced endurance time to exhaustion of the
consecutively exercised contralateral leg by ~49% (from ~9 min to ~5 min). It was
concluded that group 111/ muscle afferent feedback associated with exhaustive endurance
exercise has an inhibitory effect on the CNS which limits the output of spinal motoneurons
and therefore endurance performance (11).

How do group IlI/IV muscle afferents limit the output from spinal motoneurons?

Decreases in the output from spinal motoneurons have been suggested to result from group
I11/1V muscle afferent feedback inhibiting voluntary descending drive ‘upstream’ of the
motor cortex and/or a afferents-mediated depression of the net responsiveness of the
corticospinal tract including motor cortical cells and spinal motoneurons (32, 41, 54, 55, 57,
58). Although the inhibition of voluntary descending drive through muscle afferents acting
upstream of the motor cortex is generally accepted as the key mechanism of group 11/1V-
related central fatigue, the significance of the corticospinal tract responsiveness (and its
susceptibility to neural feedback) in the context of central fatigue remains ambiguous. Four
types of inconsistent observations fuel this controversy.

First, studies based on maximal isometric single muscle contraction and PECO suggest a
dissociation between group I11/1VV muscle afferent feedback and alterations in the
responsiveness of the corticospinal tract (27, 57). Specifically, the responsiveness of both
spinal motoneurons and motor cortical output cells was shown to recover despite continuous
afferent firing following exercise (via PECO) (57). Second, in direct contrast to this, other
single-joint studies suggest that stimulation of group 111/1V muscle afferents via PECO or
hypertonic saline causes a net corticospinal depression resulting from a motor cortical
inhibition combined with either facilitated (42) or inhibited (41) spinal motoneurons. Third,

Auton Neurosci. Author manuscript; available in PMC 2016 March 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Amann et al.

Page 6

exercise-induced decreases in voluntary muscle activation during maximal, isometric single-
joint contractions may be unrelated to alterations in corticospinal responsiveness. This was
concluded based on the observation that despite continuous afferent firing following
fatiguing elbow flexion (via PECQ), the responsiveness of both the spine and the brain
recovered while voluntary muscle activation remained depressed and only recovered after
the cuff was released and afferent firing decreased (27, 57). Fourth, studies using
pharmacological blockade of group 111/1V muscle afferents during exhaustive whole body
endurance exercise (i.e. cycling) suggest that exercise-induced decreases in the
responsiveness of motor cortical output cells coincide with a restricted output from spinal
motoneurons and a decrease in voluntary muscle activation (54, 55). Taken together, the
actual role of exercise-induced alterations on corticospinal tract responsiveness in central
fatigue, and the influence of group I11/1V afferents on these changes, remain elusive. Some
of the controversial observations briefly mentioned in this section might be explained by
potential differences between exercise modalities (53) and/or a combination of issues
discussed below.

Subtypes of Group lllI/IV Muscle Afferents: Critical Considerations on

Anatomical and Functional Differences

Recently, two different subtypes of chemosensitive group 111/IV muscle afferents
characterized by anatomical and functional differences have been discovered in animals (17,
30, 34, 40, 45) and humans (50). One subtype, the so-called metabo- or ergoreceptors, was
documented to only respond to innocuous levels of intramuscular metabolites (lactate, ATP,
protons) associated with ‘normal’ (i.e. freely perfused and predominantly aerobic) exercise
(14, 31, 39) up to strenuous intensities. In contrast, the other subtype, the so-called
metabonociceptors, only respond to higher (and concurrently noxious) levels of metabolites
present in muscle during ischaemic contractions or following hypertonic saline infusions —
but not to non-noxious metabolite concentrations associated with normal exercise (34, 40,
50).

The specific phenotypical distinction of metaboreceptors vs metabo-nociceptors remains
elusive to date. It is, however, recognized that molecular differences between the subtypes
includes the differential expression of purinergic receptors (P2X2,3,4), transient receptor
potential vanilloid type 1 and/or 2 (TRPV1/2), and acid-sensing ion channels 1, 2, and 3
(ASIC 1-3) (17, 30, 34, 40). Although the two different subtypes of group HI/IV muscle
afferents project to the same location in the superficial dorsal horn (34), it is currently
unknown to what degree each subtype is anatomically linked to lamina | neurons which
have direct projections to various supraspinal sites.

The recent recognition of functional and structural differences between metaboreceptors and
metabo-nociceptors (17, 30, 34, 40, 45, 50) suggests that PECO or hypertonic saline
infusions may no longer be considered optimal techniques for investigating the role of those
group H1/IV muscle afferents which are active during normal, freely perfused exercise of
light to strenuous intensity (i.e. ergoreceptors) on circulation, ventilation and central fatigue.
This is simply because these techniques likely evoke neural feedback which is mediated via
the metabo-nociceptors which may not even be active during normal exercise/activity.
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Furthermore, investigations addressing the effects of cardiovascular pathologies (e.g. heart
failure) in humans and animals on the sensitivity of group Il vs group IV muscle afferents
using PECO or other noxious stimuli might focus more on metabo-nociceptive pathways
and thereby contribute to the controversy surrounding this question (44, 48). Taken together,
recent critical discoveries addressing the existence of different subtypes of group HI/IV
muscle afferents (17, 30, 34, 40, 45, 50) caution a careful consideration of hypertonic saline
and PECO studies (i.e. musculoskeletal pain) intended to address the role of group I1/1V-
mediated neural feedback during exercise.

Conclusion

Group 11 and IV muscle afferents play a significant role in the development of fatigue
during exercise in humans. These sensory neurons determine autonomic responses to
exercise which assure adequate muscle blood flow/O, delivery during physical activity and
are a key determinant in minimizing the rate of peripheral fatigue development and
optimizing exercise performance. However, the very same muscle afferents also exert
inhibitory effects on the CNS which diminishes the output from spinal motoneurons,
decreases voluntary muscle activation (i.e. facilitates central fatigue), and impairs exercise
performance. Despite the fact that group 111/IVV muscle afferents might be considered a
“double-edged sword” (10), feedback from these sensory neurons assures adequate
ventilatory and circulatory responses and protects the exercising human from potentially
catastrophic exercise-induced homeostatic failure by a CNS-mediated restriction of
muscular activities.
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Figure 1.

Discharge frequency [impulses per 2 seconds; (Imp/2 s)] of group 111 (panel A) and group
IV (panel B) muscle afferents recorded from dorsal root before, during, and after locomotor
exercise evoked by electrical stimulation of the mesencephalic locomotor region in
decerebrate cats. The horizontal bar denotes the exercise period. Note the immediate
increase of both group 111 and IV locomotor muscle afferent discharge at the onset of
exercise and the maintained response until the exercise is terminated. From Adreani et al.

Q.
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Figure 2.
Reduction in quadriceps maximal voluntary contraction strength (MVC) induced via 9

minutes of constant-load single leg knee-extensor exercise (25/50/80% of peak workload, 3
min each) in patients with chronic heart failure. The exercise was performed with intact
(Control) and blocked (Fentanyl) neural feedback from the lower limb. From Amann et al.
(12).
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