Chapter 22

Ensemble Input of Group III/IV Muscle
Afferents to CNS: A Limiting Factor

of Central Motor Drive During Endurance
Exercise from Normoxia to Moderate Hypoxia

Markus Amann and Jerome A. Dempsey

Abstract We recently hypothesized that across the range of normoxia to severe hypoxia the major
determinant of central motor drive (CMD) during endurance exercise switches from a predomi-
nantly peripheral origin to a hypoxic-sensitive central component of fatigue. We found that periph-
eral locomotor muscle fatigue (pLMF) is the prevailing factor limiting central motor drive and
therefore exercise performance from normoxia to moderate hypoxia (S5,0,>75 %). In these levels
of arterial hypoxemia, the development of pLMF is confined to a certain limit which varies between
humans—pLMF does not develop to this limit in more severe hypoxia (S,0,<70 %) and exercise
is prematurely terminated presumably to protect the brain from insufficient O, supply. Based on
the observations from normoxia to moderate hypoxia, we outlined a model suggesting that group
III/IV muscle afferents impose inhibitory influences on the determination of CMD of working
humans during high-intensity endurance exercise with the purpose to regulate and restrict the level
of exercise-induced pLMF to an “individual critical threshold.” To experimentally test this model,
we pharmacologically blocked somatosensory pathways originating in the working limbs during
cycling exercise in normoxia. After initial difficulties with a local anesthetic (epidural lidocaine,
L;-L,) and associated loss of locomotor muscle strength we switched to an intrathecally applied
opioid analgesic (fentanyl, L;—L,). These experiments were the first ever to selectively block loco-
motor muscle afferents during high-intensity cycling exercise without affecting maximal locomo-
tor muscle strength. In the absence of opioid-mediated neural feedback from the working limbs,
CMD was increased and end-exercise pLMF substantially exceeded, for the first time, the indi-
vidual critical threshold of peripheral fatigue. The outcome of these studies confirm our hypothesis
claiming that afferent feedback inhibits CMD and restricts the development of pLMF to an
individual critical threshold as observed from normoxia up to moderate hypoxia.
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22.1 Introduction

It is critical to recognize that this manuscript was written in 2009 and therefore
does not consider the more recent literature. Whole-body endurance exercise is
impaired in hypoxia. The reduction in aerobic performance of humans stems from
the diminished alveolar partial pressure of O, and the resulting curtailment in arte-
rial oxygenation affecting O, transport to various organ systems including two of
the key determinants of endurance performance—the skeletal muscles and the
brain. The heart has also been identified as a significant contributor to compromise
aerobic exercise in hypoxia. It was proposed that the myocardium is sensitive to
arterial oxygenation and that exercise intensity—and the associated pumping activ-
ity of the heart—is regulated/limited to ensure proper myocardial oxygenation and
to avoid severe myocardial hypoxia [51]. However, not only the lack of evidence
supporting this hypothesis, but especially the finding that the myocardium appears
to work adequately even in very severe hypoxia equivalent to the summit of Mt.
Everest [53, 63], speak against the theory of hypoxia-induced myocardial dysfunc-
tions limiting endurance exercise.

Aerobic exercise capacity is highly sensitive to even small reductions in arterial
oxygenation. This statement is supported by observations made at sea level, namely,
exercise-induced arterial hypoxemia [23] deteriorates whole-body endurance exer-
cise [6, 36] and accelerates the rate of development of locomotor muscle fatigue [56]
of trained humans. These phenomenon are exacerbated in hypoxia [2, 25, 41, 42],
but the extent of the effects of hypoxia on aerobic capacity are not uniform amongst
humans. Well-trained endurance athletes seem to be affected at lower degrees of
hypoxia and the decrease is more rapid at more severe levels of arterial hypoxemia
as compared to untrained or moderately trained humans whose aerobic capacity
suffers by about ~1 % for each 100 m ascended above ~1500 m above sea level
[16, 25, 27, 31, 54, 69]. In contrast, anaerobic exercise capacity (i.e., Wingate per-
formance, sprint efforts, maximal muscle contractile force) is not, or much less,
affected by hypoxia [2, 18, 42, 54].

Of fundamental importance in the discussion on hypoxia limiting endurance
exercise is not only the degree of arterial hypoxemia, but also whether certain
observations were made during acute (<1-2 days) or chronic (>2 days) altitude
exposure since the latter is known to evoke adaptations, like increases in hemo-
globin concentration promoting convective O, transport, which partially com-
pensate for exercise impairments as observed in acute hypoxia. The focus of this
evaluation is on acute normobaric hypoxia and I discuss, based on data from
experiments in normoxia and hypoxia, the role of locomotor muscles and brain
in limiting endurance exercise under conditions of reduced convective O,
transport.
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22.2 Effects of Hypoxia-Exposure on the Development
of Peripheral Locomotor Muscle Fatigue

Alterations in O, delivery to the working muscles affect the development of peripheral
fatigue during whole body endurance exercise. Its rate of development is mediated
by the rate of accumulation of intracellular metabolites known to cause failure of
excitation—contraction coupling within the muscle fiber (e.g., H*, phosphates)
[26, 47, 70]. Since the rate of accumulation of protons [1, 39] and the hydrolysis of
phosphocreatine and concomitant cytoplasmic inorganic phosphate (P;) accumula-
tion [37, 39] are faster under conditions of reduced—and slower under conditions
of increased—O, delivery to the working muscle, both metabolites are considered
as major determinant of the rate of development of peripheral fatigue in conditions
of altered muscle O, delivery [61].

The effect of altitude-exposure on oxygen delivery to the locomotor muscles
is twofold. First, reductions in the inspiratory partial pressure of oxygen (P,O,;
hypobaric hypoxia, i.e., exposure to altitude) or inspiratory oxygen fraction
(F10,) (normobaric hypoxia) cause a reduction in arterial hemoglobin saturation
(S.0,) and arterial partial pressure of oxygen (P,0,) which combined result in a
lower arterial oxygen content (C,0,) compared to sea level conditions. Although
various compensatory mechanisms—Iike increases in limb blood flow and/or
oxygen extraction fraction [14, 44, 45]—are available to reduce these forfeits in
limb O, transport at lower exercise intensities, cardiac output and leg blood flow
at high intensities of exercise approach their peak values and are no longer capa-
ble of compensating for the reduced C,0,. And second, hyperventilation of heavy
sustained exercise (>85% VO,,,) causes substantial increases in respiratory
muscle work leading to respiratory muscle fatigue [22]. Accumulation of metab-
olites in these muscles activates unmyelinated group IV phrenic afferents which,
in turn, increase sympathetic vasoconstrictor activity in the working limb via a
supra-spinal reflex [22]. The result is a work of breathing-induced reduction in
limb blood flow and a corresponding reduction in O, delivery to the working
muscles—even at sea level [35]. Now, hypoxia not only reduces C,0, compared to
normoxia but also substantially increases respiratory muscle work during exercise
compared to the identical exercise performed in normoxia [8, 21]. These two factors
lead to a faster and more severe development of respiratory muscle fatigue [66]
which potentiates the metaboreflex described above. Amann et al. have previously
shown that both of these factors, namely the reduction in C,0, and the increased
respiratory muscle work, significantly and independently contribute to the acceler-
ated rate of development of peripheral locomotor muscle fatigue in hypoxia
(Fig. 22.1) [8].
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Fig. 22.1 Individual (solid symbols) and group mean (open symbols) effects of cycling exercise in
acute moderate hypoxia (F;0, 0.15) on quadriceps muscle fatigue expressed as a percent reduction
in 1 Hz potentiated twitch force (Qyypo) from pre- to 2-min post-exercise. All trials were conducted
at identical work rate (273+6 W) and identical duration (8.6+0.2 min). The figure illustrates the
independent effects of inspiratory muscle work (W,) and hemoglobin saturation (S,0,) on periph-
eral locomotor muscle fatigue. A proportional assist ventilator (PAV) was used to reduce W,. By
comparing conditions of (1) identical levels of reduced S,0, in combination with significantly
different levels of W, (Hypoxia-CTRL vs Hypoxia-PAV, Panel a) and (2) identical levels of reduced
W, in combination with significantly different levels of S,0, (Normoxia-PAV vs Hypoxia-PAV,
Panel b), we were able to isolate the two main effects of hypoxia on peripheral locomotor muscle
fatigue. Panel (a) shows the isolated effects of W, in hypoxia on quadriceps fatigue. W, was
reduced by about 70 % whereas S,0, (~82 %) was unchanged from Hypoxia-CTRL to Hypoxia-
PAV. Panel (b) shows the isolated effects of S,0, on quadriceps fatigue. S,0, was reduced from
~95 % to ~82 % whereas W, was unchanged from Normoxia-PAV to Hypoxia-PAV. Panel (¢) shows
the exacerbating effects of reductions in S,0, (~14 %) combined with increases in W, (~36 %) on
peripheral fatigue when exercising in hypoxia vs normoxia. From Amann et al. [8]

22.3 Effects of Peripheral Locomotor Muscle Fatigue
and Hypoxia on Muscle Afferent Activity

With the onset of exercise, but especially when peripheral fatigue develops, mechan-
ical and chemical stimuli change the activity of various intramuscular receptors
(metaboceptive/nociceptive) which is reflected in the firing frequency of the respective
large- and small diameter afferents (group I/II and group III/IV, respectively) [30].
Group III/IV muscle afferents have also been shown to be stimulated by intra-
arterial injections of metabolic byproducts of muscle contraction/peripheral muscle
fatigue [30, 43, 48, 49, 57, 58, 62]. Furthermore, during prolonged maximal efforts
and especially during contractile fatigue characterized by the intramuscular accu-
mulation of metabolic byproducts, muscle afferent feedback is thought to cause a
reflex inhibition of the a-motoneuron pool of the working muscles at spinal, but
especially via supraspinal levels [28, 29].

In addition, small diameter muscle afferents are also sensitive to reductions in
arterial oxygenation, per se. Acute arterial hypoxemia increases baseline discharge
frequency of group III, and especially of group IV muscle afferents in resting cats
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[38, 46] and rabbits [12]. Furthermore, during muscle contraction, the net firing
frequency of group III/IV muscle afferents is higher in hypoxia compared to nor-
moxia. Hill et al. directly recorded from group III and IV fibers of triceps surae
muscles of barbiturate-anesthetized cats and found potentiated responses of these
afferents to electrically induced static muscle contraction in acute hypoxia vs nor-
moxia (P,0, ~23 mmHg vs. ~108 mmHg, respectively) [38]. This increased net
discharge results from the higher resting firing frequency plus the increase in dis-
charge frequency evoked by the hypoxia-induced exaggerated accumulation of
metabolites [39] known to stimulate small diameter afferents.

22.4 Effects of Hypoxia-Exposure on Brain

Insufficient O, transport to the brain depresses electrical activity of cerebral neu-
rons. Blunted activity and excitability of cortical neurons result not only from a
hypoxia-induced disturbance of ionic homeostasis of cerebral nerve cells [33], but
also from the extracellular release of neurotransmitter affecting the postsynaptic
membrane [32]. This derangement of the turnover of several CNS neurotransmitters
(i.e., dopamine, norepinephrine, serotonin) might affect the limbic-to-motor link
within the basal ganglia [50], motivation [60], preparation and execution of move-
ment [20], and cognitive functions [34] involving both the prefrontal cortex and the
basal ganglia [20].

Indirect evidence suggests that cerebral oxygenation as seen during high inten-
sity whole body endurance exercise is unlikely to play an important limiting role for
endurance exercise performance in normoxia and acute moderate hypoxia
(5.0,>80%) [11, 67], whereas severe hypoxia might impose cerebral hypoxia of
sufficient severity to limit whole body exercise [11]. This postulate is based on vari-
ous classical “reoxygenation” studies. For example, Amann et al. had subjects per-
form the identical strenuous constant-load cycling exercise to task failure (pedal
frequency drops below 70 % of self selected cadence for >5 s) in normoxia (F,0,
0.21, S,0,~93 %), acute moderate hypoxia (F,0, 0.15, S,0,~82%), and acute
severe hypoxia (F,0, 0.10, S,0,~66 %) [11]. At task failure, arterial oxygenation
was surreptitiously increased via switching the inspirate to a hyperoxic gas mixture
(F1O, 0.30) and the subjects, unaware of the gas switch, continued to exercise to
exhaustion (pedal frequency drops below 60 % of self selected cadence for >5 s).
Frontal cerebral cortex oxygenation was continuously measured throughout the tri-
als via near-infrared spectroscopy. At task failure, just prior to the increase in F,0,
to 0.30, cerebral oxygenation in the normoxic trial was slightly below resting values
(~6 %, not significant), whereas in acute moderate and severe hypoxia, cerebral cor-
tex oxygenation was substantially reduced below resting normoxic baseline levels
(by 18 % and 24 %, respectively). Following the increase in F,O, to 0.30, C,0, in the
normoxic and moderate hypoxic trial increased towards resting normoxic levels
within seconds and cerebral tissue oxygenation substantially increased. However,
despite the increase in brain O, delivery, the subjects were not able to maintain or
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further increase central neural drive to continue the exercise suggesting that cerebral
oxygenation might not have limited performance [11]. In contrast, following reoxy-
genation at task failure in severe hypoxia, C,0, increased to resting normoxic base-
line levels within seconds, cerebral oxygenation immediately and significantly rose,
and the subjects were able to continue the exercise for an additional ~3.4 min until
exhaustion was reached in hyperoxia (Fig. 22.2a). These findings are supported by
other experiments in acute and chronic hypoxia [15, 17, 42, 64, 65].

22.5 What Determines the Regulation of Central Motor
Drive and the Voluntary Cessation of Endurance
Exercise in Normoxia and Hypoxia? The Development
of a Hypothesis

Previous findings in humans showed that during incremental cycling exercise to
voluntary exhaustion in normoxia and moderate normobaric hypoxia (F,0, 0.14,
S.0,~81 %), changes in sarcoplasmic reticulum Ca* cycling [24] and Na*-K*-
ATPase [59] determined from muscle biopsies obtained at voluntary exhaustion
were identical, despite marked differences in time to exhaustion (~13 %) and peak
work rate (~19 %). Furthermore, magnetic resonance imaging measurements during
incremental plantar flexion exercise to voluntary exhaustion showed hypoxia-
induced (F,0, 0.10, P,O,~45 mmHg) acceleration and hyperoxia-induced (F,0O,
1.00, P,O,~600 mmHg) slowing of intra-cellular P; and H* accumulation in calf
muscle and identical levels of these muscle metabolites, which are known to cause
peripheral fatigue, were achieved at end-exercise—despite markedly different peak
work rates and exercise times [39]. In a different study, Hogan and Welch [40] had
subjects cycling at the same absolute workload and for the same duration but breath-
ing different F;0,s (0.16 or 0.60) during exercise. By doing so, the authors induced
different levels of [H*] and [La~] and investigated these effects on subsequent (4 min
break) cycling performance trials in normoxia. Blood [H*] and [La] at the begin-
ning of these constant workload performance trials were significantly higher fol-
lowing the hypoxic vs hyperoxic “pretreatment” and resulted in a significantly
shorter time to exhaustion for the subsequent constant load exercise trial.
Nevertheless, [H*] and [La] at exhaustion were not significantly different between

»

Fig. 22.2 (continued) twitch force (Qu.po) as measured pre- vs post-exercise in response to supra-
maximal femoral nerve stimulation. On separate days, peripheral fatigue was assessed following
task failure (left bar of the respective condition) and following exhaustion (right bar). Note that
peripheral fatigue at task failure and exhaustion were identical in normoxia and moderate hypoxia;
whereas at task failure in severe hypoxia, the locomotor muscles were significantly less fatigued.
Following reoxygenation, peripheral fatigue continued to increase during the additional 205 s of
cycling to reach the similar level at exhaustion as seen in normoxia and moderate hypoxia.
#P<0.05. Modified from Amann et al. [11]
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Fig. 22.2 The subjects performed constant-load cycling exercise (333+9 W) in normoxia (F,0,
0.21, S,0,~93 %) and two levels of hypoxia (F,O, 0.15/S,0,~82% and F,0O, 0.10/S,0,~66 %).
The target pedal frequency was individually chosen but had to be held constant throughout exer-
cise. At task failure (pedal frequency drops below 70 % of self selected cadence for >5 s), arterial
and cerebral oxygenation was surreptitiously increased via switching the inspirate to a slightly
hyperoxic gas mixture (F;0, 0.30) and the subjects, unaware of the gas switch, continued to exer-
cise to exhaustion (pedal frequency drops below 60 % of self selected cadence for >5 s). (a) Time
to task failure and additional time to exhaustion. Note that the subjects were not able to signifi-
cantly prolong exercise following reoxygenation at task failure in normoxia and moderate hypoxia.
In contrast, exercise was significantly prolonged after reoxygenation at task failure in severe
hypoxia. (b) Exercise-induced quadriceps fatigue assessed via changes in potentiated quadriceps
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trials despite the marked differences in exercise performance time [40]. Combined,
these experiments suggest that exercise is regulated to preserve a certain intramus-
cular metabolic milieu.

Based on these findings and knowing that endurance exercise performance and
the rate of exercise-induced fatigue development critically depend on convective O,
transport [2] (see above), Amann et al. conducted a study in which four different
5-km cycling time trials (power output voluntarily adjustable, [7]) were performed
at different levels of C,0,—from moderate hypoxia (F,O, 0.15, S,0,~78 %) to
hyperoxia (F,0, 1.00, S,0, 100 %) [6]. Central motor drive and power output were
upregulated with increased and downregulated with reduced C,O,; however, the
magnitude of peripheral locomotor muscle fatigue developed at end-exercise was
identical. Since the rate of accumulation of peripheral fatigue (i.e., fatigue causing
metabolites) is enhanced with reduced C,0, and slowed with increased C,0O,, the
downregulation of central neural drive and consequently power output in the pres-
ence of reduced C,0, ensured that the rate of development of peripheral locomotor
muscle fatigue was slowed and prevented from exceeding a certain limit. Hence,
end-exercise peripheral locomotor muscle fatigue was identical between the time
trials of various levels of C,0, and limited to an “individual critical threshold” [6].
The existence of this individual critical threshold of peripheral fatigue that is never
exceeded during high intensity whole body endurance exercise was confirmed in
various other investigations [4, 8, 11, 55, 59] and the idea of peripheral locomotor
muscle fatigue as a sensed and regulated variable in normoxia and moderate hypoxia
was introduced [3, 5, 19].

The postulate claims that peripheral locomotor muscle fatigue develops only up
to a threshold unique for each individual and endurance exercise is either volun-
tarily terminated once peripheral fatigue has reached this critical threshold (in case
of constant workload trials) or the exercise intensity is drastically reduced once a
critical rate of fatigue development is reached (in case of time trial exercise where
power output is voluntarily adjustable). We interpreted existing correlative evidence
to mean that the rate of development of peripheral fatigue is associated with increas-
ing sensory feedback (i.e., group III/IV muscle afferents which are sensitive to
fatigue metabolites) from locomotor muscles to the central nervous system (CNS).
In turn this feedback influences the regulation of central motor drive—and conse-
quently locomotor muscle power output—in order to limit the level of peripheral
fatigue development and thereby avoid intolerable levels of effort/“pain” perception
and/or excessive muscle dysfunction as presumably associated with peripheral
fatigue beyond the individual critical threshold (Fig. 22.3).

In other words, our fatigue theorem claims that neural afferent feedback associ-
ated with peripheral locomotor muscle fatigue exerts an inhibitory influence on the
central motor drive resulting in a centrally mediated limitation of exercise in nor-
moxic and moderately hypoxic (S,0,>76 %) exercise [6, 11]. To be very explicit
here, I distinctively emphasize that peripheral locomotor muscle fatigue and/or its
rate of development might only be one of many potential mechanisms [52] available
to consciously and/or subconsciously influence the determination of central motor
output and performance during high intensity whole body endurance exercise.
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Fig. 22.3 Schematic illustration of our proposed fatigue theorem. The solid line indicates efferent
nerve activity (central motor drive), the dashed line indicates afferent nerve activity. This regula-
tory mechanism suggests that the cortical projection of muscle afferents (inhibitory feedback)
affects the determination of the magnitude of central motor drive which in turn determines power
output of the locomotor muscles. The magnitude of power output determines the metabolic milieu
within the working muscles which in turn determines the magnitude of the inhibitory afferent
feedback. Based on our data, the purpose of this feedback loop is apparently to restrict peripheral
locomotor muscle fatigue to an individual threshold and/or sensory tolerance limit which is never
exceeded

However, what happens if humans are exposed to more severe levels of arterial
hypoxemia? Is the exercise-induced magnitude of peripheral locomotor muscle
fatigue and/or the rate of development of fatigue of these muscles still as important
a regulated variable at extreme altitudes/arterial hypoxemia? Or does the priority
change and other organ systems, like the brain, take over the hierarchy of regulated
variables due to the increased threat associated with severe systemic hypoxemia
induced by exercise beyond moderate hypoxia (S,0,<76 %)? We have suggested
that the relative effects of centrally vs peripherally originating impairments of
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central motor drive (and consequently limitations in exercise performance) change
with the level of convective O, transport as affected by acute hypoxia [2, 11]. In a
carefully designed study, subjects were instructed to pedal against a heavy intensity
fixed workload to exhaustion in normoxia, and moderate and severe hypoxia (F,0,/
S.0,:0.21/94 %, 0.15/82 %, and 0.10/67 %, respectively). Clear criteria for task fail-
ure (drop in pedal cadence below 70 % of self-selected target cadence for >5 s) and
exhaustion (drop in pedal cadence below 60 % of self-selected target cadence for
>5 s) were established prior to the study. When the subjects, unaware of the proce-
dure, reached task failure in each condition, arterial hypoxemia was rapidly removed
by surreptitiously switching to an F,O, of 0.3 (reoxygenation). A significant
prolongation of exercise time to exhaustion was not achieved following reoxygen-
ation at task failure in normoxia (S,0, ~ 94 %, time to task failure ~660 s) and mod-
erate hypoxia (S,0,~ 82 %, time to task failure ~280 s). However, in severe hypoxia
(5,0,~67 %, time to task failure ~130 s), reoxygenation at task failure elicited a
significant prolongation (~170 %) of time to exhaustion (Fig. 22.2a).

Why this difference with severe hypoxia? At task failure in normoxia and moder-
ate hypoxia peripheral locomotor muscle fatigue—assessed via changes in quadri-
ceps twitch force as measured pre- versus post-exercise in response to supramaximal
femoral nerve stimulation—was identical (despite different exercise performances)
and presumably reached the individual critical threshold. As expected, the magni-
tude of peripheral fatigue did not change further within the additional few seconds
of exercise to exhaustion following reoxygenation in normoxia or moderate hypoxia
(Fig. 22.2b) [11]. This is consistent with the literature indicating that reoxygenation
has no instant alleviating effect on the already induced magnitude of peripheral
muscle fatigue. Interestingly however, at task failure in severe hypoxia peripheral
muscle fatigue was significant but only about two-thirds of the level of fatigue mea-
sured at task failure in normoxia and moderate hypoxia and therefore far below the
individual critical threshold. Following reoxygenation in severe hypoxia, subjects
continued to exercise and peripheral fatigue continued to develop to the same level
(individual critical threshold) as observed at exhaustion in normoxia and moderate
hypoxia (Fig. 22.2b) [11].

So, what limits endurance exercise in normoxia and moderate hypoxia vs severe
hypoxia and why was there significantly less locomotor muscle fatigue at task fail-
ure in severe hypoxia? The data indicate that exercise- and altitude-induced arterial
hypoxemia and the associated reduction in cerebral oxygenation as experienced at
sea level and up to moderate hypoxia, per se, might not be severe enough to impose
an inhibitory influence on central motor drive in healthy humans [2, 11, 64, 65]. The
CNS at these levels of hypoxemia/cerebral oxygenation “allows” the development
of peripheral locomotor muscle fatigue until the individual critical threshold is
reached, which then in turn curtails central motor drive presumably via strong inhib-
itory neural feedback to the brain as proposed above. The roles seem to be reversed
in severe hypoxia (S,0,<68 %). The level of arterial hypoxemia during exercise at
those extreme altitudes might impose a severe threat to cerebral oxygenation.
Accordingly, central motor output might be constrained largely independent from
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any inhibitory afferent feedback originating in the periphery. This central inhibitory
effect of severe hypoxia probably serves to avoid severe cerebral dysfunction far in
advance of reaching the individual critical threshold of peripheral muscle fatigue.

22.6 Experimental Challenge and Verification of Hypothesis
Under Normoxic Conditions

Again, based on strong correlative evidence as partly outlined above [4, 6, 8, 11, 39,
55], we have formulated a hypothesis. Namely, somatosensory feedback from the
fatiguing locomotor muscles exerts inhibitory influence on central motor drive to
modulate and/or limit the development of peripheral muscle fatigue during high
intensity whole body endurance exercise (S,0,>~70%), presumably to avoid a
severe disturbance of locomotor muscle homeostasis—and this postulate had to be
challenged experimentally. As a reminder, the key component of our proposed
“regulatory mechanism” (Fig. 22.3) is the afferent arm consisting of both myelin-
ated (group III) and unmyelinated (group IV) nerve fibers which increase their
spontaneous discharge—and therefore their cortical projection—in the presence of
metabolic byproducts of fatigue.

As a first step in testing our hypothesis experimentally, we blocked the cortical
projection of locomotor muscle afferent feedback during a 5 km cycling time trial
via the lumbar epidural injection of a local anesthetic (0.5 % lidocaine, vertebral
interspace L;-L,) [9]. However, lidocaine also affected efferent motor nerves lead-
ing to a significant loss in resting locomotor muscle strength (~22 %). These con-
founding effects did not allow us to adequately test the role of afferent feedback
effects, per se, on exercise performance. And indeed, power output during the time
trial performed with the local anesthetic was lower as compared to the control trial.
However, several lines of evidence were observed which support a higher central
neural drive during the time trial performed with blocked afferent feedback from
the locomotor muscles. For example, electromyographic (EMG) activity (relative
to the maximal EMG measured during pre-race maximal voluntary muscle con-
tractions—which was lower with vs without epidural lidocaine) obtained from the
vastus lateralis suggests that on average and over time the “drive” to race averaged
about 9 % stronger when neural feedback was blocked [9]. Furthermore, cardiore-
spiratory variables (minute ventilation, heart rate, blood pressure) are well known
to reliably reflect increases in central motor drive [13, 68]. A substantially increased
central command during the time trial with impaired neural feedback was reflected
by the similar or even greater cardiorespiratory response to exercise despite the
significantly lower workload and metabolic rate during the lidocaine vs the control
time trial. In other words, heart rate and mean arterial blood pressure were nearly
identical and minute ventilation was even significantly increased despite the lower
power output and metabolic rate during lidocaine vs control 5 km time trial [9]
(Fig. 22.4).
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Fig. 22.4 Power output and physiological responses during a 5 km cycling time trial without
(control, solid symbols) and with (experimental, lumbar epidural anesthesia, open symbols)
blocked somatosensory neural feedback from the fatiguing locomotor muscles. The subjects were
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To circumvent the lidocaine-induced forfeit of locomotor muscle force generating
capacity and to adequately determine the effect of neural feedback from exercising
muscle on power output and the development of peripheral fatigue during high
intensity whole body endurance exercise, Amann et al. then used fentanyl (intrathe-
cally, Ls-L,) an opioid analgesic, to selectively block the cortical projection of
ascending sensory pathways without affecting motor nerve activity or maximal
force output [10]. Again, the subjects had to perform a 5 km cycling time trial either
with (fentanyl) or without (placebo) opioid-mediated neural feedback from the
locomotor muscles. Blocking these fibers attenuated the centrally mediated reflex
inhibition and central motor drive during the fentanyl time trial was less restricted
and significantly higher as normally chosen by the athlete, i.e., in the placebo time
trial (Fig. 22.5). This higher central neural drive resulted in a substantially higher
power output during the first half of the race and the CNS “allowed” or “tolerated”
the exercise-induced development of peripheral locomotor muscle fatigue drastically
beyond levels as observed following the same exercise but with an intact neural feed-
back system (Figs. 22.5 and 22.6) [10]. In the absence of afferent feedback, the
magnitude of central neural drive was thus uncoupled from the intramuscular meta-
bolic milieu of the locomotor muscles. As a consequence, the “naive” CNS did not
limit the development of excessive peripheral fatigue beyond the individual critical
threshold which caused ambulatory problems like short-term difficulties with
upright standing and walking. Nevertheless, the resulting metabolic and respiratory
acidosis eventually prevented the performance to be improved during the fentanyl
vs placebo time trial.

22.7 Summary

We have formulated and tested a model with the intent to provide an alternative
approach to the “traditional” way of explaining hypoxia-induced endurance exercise
limitations in terms of reduced O, transport into the muscle cell or changes in rela-
tive exercise intensity. Our model suggests that exercise- and hypoxia-induced alter-
ations of the metabolic milieu (and associated peripheral fatigue) of locomotor
muscles affect, in a dose-dependent manner, the firing rate—and thus the cortical

<
<

Fig. 22.4 (continued) required to reach an individual target power output before the race was
launched. Group mean performance was significantly reduced from the control trial (7.35 +0.10 min)
to the experimental trial (7.66+0.17 min). Mean iEMG of the vastus lateralis was normalized to
the iEMG obtained from pre-exercise MVC maneuvers performed either without or with epidural
lidocaine. Each point represents the mean iEMG of the preceding 0.5 km section. Despite the
substantially lower power output during the experimental trial, central neural drive was higher during
the experimental trial vs the control trial. This is indicated by (1) the increased relative integrated
EMG (iEMG), (2) ventilation (VE) increased out of proportion to the metabolic rate (VE/VCO,),
and (3) similar heart rate and blood pressure (not shown) despite the higher power output during
the control trial. From Amann et al. [9]
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Fig. 22.5 Effect of modified somatosensory feedback on neural drive and power output during a
5 km cycling time trial. All subjects raced with no intervention (Control), with a placebo injection
(Placebo; interspinous ligament injection of sterile normal saline, L;—L,), and with intrathecal
fentanyl (Fentanyl, L;-L,). (a) Effects of opioid analgesic (fentanyl) on group mean integrated
EMG ((EMG) of vastus lateralis. Mean iEMG of the vastus lateralis was normalized to the iEMG
obtained from pre-exercise MVC maneuvers performed either without (Placebo and Control) or
with (Fentanyl) intrathecal fentanyl. Each point represents the mean iEMG of the preceding 0.5 km
section. (b) Group mean power output during the 5 km time trial with and without impaired affer-
ent feedback. The subjects were required to reach an individual target power output before the race
was launched. *P <0.05 (Fentanyl vs Placebo). From Amann et al. [10]

projection—of muscle afferents providing inhibitory feedback to the determination
of central motor drive during high intensity whole-body endurance exercise. The
purpose of this proposed feedback-loop might be to regulate and restrict the level of
exercise-induced peripheral locomotor muscle fatigue to an “individual critical
threshold” and ultimately to prevent an excessive disturbance of muscle homeosta-
sis. We believe that this regulatory mechanism is applicable during strenuous endur-
ance exercise at sea level and up to moderate hypoxia (S,0,>~75 %), whereas in
acute severe hypoxia (5,0,<~70 %), a critical level of CNS hypoxia presumably
precedes the development of significant peripheral muscle fatigue and dominates
the decision to reduce central motor drive and/or to terminate the exercise.
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Fig. 22.6 Individual (solid symbols) and group mean (open symbols) effects of 5 km time trial
without (control trial, placebo trial) and with intrathecal fentanyl (fentanyl trial) on quadriceps
twitch force (Qypo)- Exercise performance was similar between Control and Placebo (~7.49 min,
P=0.75) which was also reflected in similar exercise-induced reductions in Qyy from before to
3-min after the time trial. Despite a similar overall exercise performance (7.51+0.13 min), end-
exercise quadriceps fatigue was significantly exacerbated following the Fentanyl vs Placebo trial
(P<0.001). From Amann et al. [10]
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