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Hureau TJ, Weavil JC, Thurston TS, Wan HY, Gifford JR,
Jessop JE, Buys MJ, Richardson RS, Amann M. Pharmacological
attenuation of group III/IV muscle afferents improves endurance
performance when oxygen delivery to locomotor muscles is pre-
served. J Appl Physiol 127: 1257-1266, 2019. First published Sep-
tember 12, 2019; doi:10.1152/japplphysiol.00490.2019.—We sought
to investigate the role of group III/IV muscle afferents in limiting
endurance exercise performance, independently of their role in opti-
mizing locomotor muscle O, delivery. While breathing 100% O to
ensure a similar arterial O, content (Cag ) in both trials, eight male
cyclists performed 5-km time trials under control conditions (Hcrrr)
and with lumbar intrathecal fentanyl (Hrenrt) impairing neural feed-
back from the lower limbs. After each time trial, common femoral
artery blood flow (FBF) was quantified (Doppler ultrasound) during
constant-load cycling performed at the average power of the preced-
ing time trial. The assessment of end-tidal gases, hemoglobin content
and saturation, and FBF facilitated the calculation of leg O, delivery.
Locomotor muscle activation during cycling was estimated from
vastus lateralis EMG. With electrical femoral nerve stimulation,
peripheral and central fatigue were quantified by pre- to postexercise
decreases in quadriceps twitch torque (AQ.) and voluntary activation
(AVA), respectively. FBF (~16 mL-min~'"W™1; P = 0.6), Cao2 (~24
mL Oy/dL; P = 0.9), and leg O, delivery (~0.38 mL Oy'min~ "W~ 1;
P = 0.9) were not different during Herre and Heent. Mean power
output and time to completion were significantly improved by 9%
(~310 W vs. ~288 W) and 3% (~479 s vs. ~463 s), respectively,
during Heent compared with Herre. Quadriceps muscle activation
was 9 = 7% higher during Hrenr compared with Herre (P < 0.05).
AQ.» was significantly greater in Hpgnt compared with Herre
(54 = 8% vs. 39 = 9%), whereas AVA was not different (~5%; P =
0.3) in both trials. These findings reveal that group III/IV muscle
afferent feedback limits whole body endurance exercise performance
and peripheral fatigue by restricting neural activation of locomotor
muscle.

NEW & NOTEWORTHY Group III/IV muscle afferent feedback
facilitates endurance performance by optimizing locomotor muscle O»
delivery but also limits performance by restricting neural drive to
locomotor muscle. To isolate the performance-limiting effect of these
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sensory neurons, we pharmacologically attenuated their central pro-
jection during a cycling time trial while controlling for locomotor
muscle O, delivery. With no difference in leg O, delivery, afferent
blockade attenuated the centrally mediated restriction in motoneuro-
nal output and improved cycling performance.

blood flow; central fatigue; exercise limitation; metaboreflex; neural
feedback

INTRODUCTION

Within skeletal muscle, contraction-induced mechanical and
chemical stimuli activate thinly myelinated (group III) and
unmyelinated (group IV) nerve fibers (1, 31, 32) that project,
via the dorsal horn of the spinal cord (18), to various sites
within the central nervous system. These include areas that
regulate the cardiovascular and ventilatory response to exercise
(e.g., ventral lateral medulla, nucleus tractus solitarii) but also
neural circuits that determine central fatigue (e.g., motor cor-
tex, insular or cingulate cortex) (17, 35, 36). As such, group
III/TV afferent feedback from locomotor muscle plays an im-
portant role in the exercising human as it mediates critical
determinants of whole body endurance performance.

Indeed, when group II/IV muscle afferent feedback from
the locomotor muscles to the central nervous system is phar-
macologically attenuated during exercise, the ventilatory (2, 3,
22) and cardiovascular (7, 8, 29) responses are substantially
attenuated, and muscle efficiency is decreased (12) compared
with exercise performed with intact neural feedback. This
results in lower arterial oxygenation and compromised O,
delivery to the locomotor muscles that together exacerbate the
development of peripheral fatigue (44) and limit performance
(3, 47). Conversely, temporary blockade of group III/IV mus-
cle afferents during cycling exercise concomitantly attenuates
central fatigue (a centrally mediated restraint of motoneuronal
output), resulting in an increase in voluntary locomotor muscle
activation (10), which would be expected to facilitate an
improvement in exercise performance. However, this expected
improvement in performance is not actually evident because of
the opposing, negative consequences of hindering oxygen
delivery and muscle efficiency.
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Previous experiments clearly highlight two opposing conse-
quences of group II/IV muscle afferent feedback, with one
improving endurance exercise performance by minimizing the
development of peripheral fatigue and the other limiting per-
formance by promoting central fatigue. The net effect of
temporarily blocking these sensory neurons on whole body
exercise performance, therefore, depends on the balance be-
tween these two opposing mechanisms. Overall, recent work
has documented a compromised (3) or, at best, no change in
performance with the blockade of group III/IV muscle afferent
feedback (10, 47). For example, during a 5-km cycling time
trial performed with attenuated group III/IV muscle afferent
feedback, power output was, compared with the control trial
performed with intact afferent feedback, ~10% greater during
the first half and ~10% lower during the second half (10).
Interestingly, although the pacing strategy adopted by the
participants was drastically different and end-exercise periph-
eral fatigue substantially greater during the time trial with
attenuated feedback, overall exercise performance was nearly
identical compared with the control trial. It was therefore
concluded that neither of the opposing consequences of the
afferent blockade prevailed, with the net effect being no
difference in performance time in both conditions.

Because of the “double-edged sword” nature of group III/IV
muscle afferent feedback in terms of exercise performance, the
actual relevance and magnitude of effect of these sensory
neurons remain unclear. To isolate the central fatigue-mediated
impact of muscle afferents on endurance performance, the
consequences of manipulating afferent feedback on arterial
oxygenation and limb O, delivery need to be controlled. To
address this issue, we asked healthy participants to perform
5-km cycling time trials with intact and blocked group HI/IV
muscle afferent feedback while ensuring similar locomotor
muscle O, delivery during both trials by providing a hyperoxic
inspirate. This approach eliminated the impact of afferent
blockade on exaggerating the development of peripheral fa-
tigue and ensured a suitable scenario to study the central
fatigue-mediated impact of muscle afferents on endurance
performance. We hypothesized that, compared with the control
time trial performed with an intact neural feedback system, the
time trial performed with blocked group III/IV muscle affer-
ents would yield improved exercise performance and that this
would result in greater end-exercise peripheral fatigue.

METHODS
Subjects

Eight healthy, recreationally trained or competitive (19) male
cyclists participated in this study (age: 29 £ 6 yr, height: 177 = 2 cm,
body mass: 71 £7 kg, maximal O, consumption: 54 =5 mL.-
min~"kg™!, peak power output: 317 = 36 W). The subjects were
nonsmokers, were not medicated, and were asymptomatic for cardio-
vascular or respiratory disease, and each refrained from vigorous
exercise, caffeine, and alcohol for 24 h before the studies. The
subjects did not take dietary supplements or performance-enhancing
drugs before and during the course of the study. Written informed
consent was obtained from each participant before the beginning of
the study. All experimental procedures were reviewed and approved
by the Institutional Review Boards of the University of Utah and the
Salt Lake City Department of Veterans Affairs Medical Center and
conducted according to the Declaration of Helsinki for human exper-
imentation.
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Experimental Protocol

During preliminary visits, anthropometric measurements were col-
lected and subjects were thoroughly familiarized with the neuromus-
cular testing procedures. During the first preliminary session, subjects
performed a maximal incremental exercise test (20 W + 25 W/min)
on a cycle ergometer (Velotron, Elite Model; RacerMate, Seattle,
WA) to determine peak power output and maximal O, consumption.
In two or three familiarization sessions, the subjects practiced 5-km
cycling time trials during which they were able to alter power output
by changing the gear ratio and/or pedaling frequency ad libitum. To
avoid an initial peak in power output, the time trial commenced once
the subjects reached and held 80-90% of peak power output for 2-3
s. During the time trial, subjects were blinded to exercise time, power
output, pedaling frequency, and gearing ratio but received visual
feedback regarding distance completed. Participants were given
strong verbal encouragement throughout exercise but were instructed
to remain seated during the time trial. Familiarization with the time
trial exercise modality was considered acceptable when the difference
in time to completion between two successive practice trials was <2%
(50). Although seven of the eight participants archived this goal with
two sessions, one participant needed three practice sessions. Then, on
separate days and in random order, subjects performed three 5-km
time trials (Fig. 1). One of the time trials was performed while the
subjects, blinded to the respective fraction of inspired oxygen (Floz),
breathed a normoxic gas mixture (NORM, FIO2 = 0.21), and two time
trials were performed with a 100% O, inspirate. The hyperoxic trials
were completed with intact (Herri) and with blocked (lumbar intra-
thecal fentanyl; Hren) afferent feedback from the locomotor muscle.
To test for the effects of intrathecal fentanyl on resting quadriceps
function and to evaluate whether fentanyl migrated beyond the cer-
vical level, resting neuromuscular quadriceps function and ventilatory
responses to arm cranking (15 and 30 W for 3 min each), respectively,
were assessed before and after drug administration (2). Subjects
started the time trial ~30 min after fentanyl administration. Every time
trial was preceded by a standardized warm-up (50, 75, and 100 W for
3 min each; referred to as “workload” below) performed under the
same Fip (0.21 or 1.0) as the subsequent time trial. To quantify
exercise-induced locomotor muscle fatigue, neuromuscular quadri-
ceps function was assessed before and again 30 s after the end of
exercise. The Fig during the assessment of neuromuscular function
was always 0.21. After the postexercise neuromuscular assessment, all
participants performed a 3-min constant-load cycling bout with the
same FIO2 as the preceding 5-km time trial and at the power output
corresponding to the average power output achieved during that time
trial. Femoral arterial blood flow (FBF) was continuously assessed
during the warm-up and the 3-min constant-load cycling bout. The
experimental sessions were separated by 3—7 days and performed at
the same time on each day.

Neuromuscular Function

Contractile properties and voluntary activation of quadriceps. For
the assessment of neuromuscular function, subjects were seated on
a custom-made bench, arms folded across the chest, with a trunk/
thigh angle of 120° and a right knee joint angle of 90°. A
noncompliant cuff attached to a calibrated linear strain gauge
(MLP 300; Transducer Techniques, Temecula, CA) was connected
to the subject’s right ankle, just superior to the malleoli. A
self-adhesive electrode (3 X 3 c¢cm, Ag-AgCl; Nikomed, Hunting-
don Valley, PA) was placed at the stimulation site that resulted in
the maximal torque response. The cathode was placed on the
femoral triangle, and the anode, a 3 X 3-cm self-adhesive stimu-
lation electrode, was placed on the greater trochanter. A constant-
current stimulator (model DS7AH; Digitimer, Welwyn Garden
City, UK) delivered a square-wave stimulus (200 ws). To ensure
supramaximality during these tests, the stimulation intensity
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Fig. 1. Schematic illustration of the experimental design. NORM, normoxia; Hcrre, control hyperoxia; Heent, fentanyl hyperoxia; TT, time trial.

(164 = 24 mA) was set to 120% of the intensity eliciting the
maximal spatial recruitment of the quadriceps, as confirmed by
both maximal torque response and maximal vastus lateralis muscle
compound action potential (Mmax). For the evaluation of quadri-
ceps function, potentiated quadriceps twitch torques were mea-
sured after each 3-s maximal voluntary contraction (MVC). Three
MVCs, separated by 30 s, were performed before and again 30 s
after the completion of each trial. Quadriceps twitch torque (Qw)
was evoked by single electrical stimulation of the femoral nerve 2
s after each MVC. The peak torques for all Qv and MVC were
averaged over the three measurements. Superimposed twitches
were delivered during the peak torque of each MVC to calculate
voluntary activation (VA) of the quadriceps (39). Fatigue indexes
were expressed as a percent reduction from pre- to postexercise
values. To evaluate the effect of intrathecal fentanyl on resting
quadriceps function, the assessment procedure was performed
before and ~15 min after the drug administration.

Surface electromyography. Electrical activity of the vastus lateralis
of the right quadriceps muscle was recorded from two pairs of
Ag-AgCl surface electrodes (diameter = 10 mm; interelectrode dis-
tance = 20 mm) placed on the muscle belly connected to an electro-
myography (EMG) system (16-bit Micro 1401 mk-II; Cambridge
Electronic Design, Cambridge, UK). EMG electrodes were placed
according to SENIAM recommendations (25). The skin was shaved,
abraded with emery paper, and cleaned with alcohol. The position of
the electrodes was marked with indelible ink to ensure identical
placement at subsequent visits. EMG signals were amplified (500X),
filtered (bandwidth frequency 202,000 Hz), and recorded (sampling
frequency 2 kHz) with commercially available software (Spike 2;
Cambridge Electronic Design, Cambridge, UK). With a custom-made
MATLAB (MATLAB 7.12; MathWorks, Natick, MA) algorithm,
each burst onset and offset of the rectified EMG signal, recorded
during the time trials, was determined. The criteria for the onset and
offset values were based on a minimum threshold of two standard
deviations from the resting baseline and a minimum burst duration of
100 ms. Careful visual inspection confirmed accurate identification of
the timing of each burst. The root mean square (RMS) of the EMG
signal recorded during each time trial was calculated and normalized
to the RMS recorded during the preexercise MVCs. RMS during each
MVC was calculated as the average value over a 0.5-s interval during
the plateau phase of the MVC. To minimize movement artifacts
during exercise, all cables were secured to the leg with medical tape
and the subjects wore a fishnet tight to prevent cable movement
throughout the trial.

Femoral Blood Flow and Leg O> Delivery

With the participants exercising in upright position (i.e., with the
handlebars raised) to facilitate access to the femoral artery, FBF was
measured with ultrasound Doppler and averaged over the last minute
of each workload. Specifically, measurements of common femoral
artery blood velocity and artery diameter, 2-3 cm proximal to the
superficial/deep bifurcation, were performed with an ultrasound
Doppler system in duplex mode (Logiq 7; General Electric Medical
Systems, Milwaukee, WI) equipped with a linear array transducer
functioning at an imaging frequency of 10 MHz. Artery diameter,
measured as internal diameter, was assessed during the peak of the
electrocardiogram R wave (average of 4 or 5 measurements). Femoral
artery blood velocity was assessed with a Doppler frequency of 5
MHz operated in the high-pulsed repetition frequency mode (2-25
mHz), as described previously (9). Blood velocity was assessed with
an insonation angle of =60° (42), with the sample size maximized and
centered according to vessel size and position in real time. All
ultrasound data were calculated with Logiq 7 software. Ultimately,
FBF (mL/min) was calculated with the equation FBF = [(mean blood
velocity) X 7 (vessel radius)? X 60], where mean blood velocity is
expressed in centimeters per second and radius is expressed in
centimeters.

Arterial O, saturation (Saoz) was measured with a pulse oximeter
(Nellcor OxiMax, Pleasanton, CA) with optodes placed on the fore-
head, and hemoglobin concentration ([Hb]) was obtained from a
venous blood draw (15.9 = 0.8 g/dL). Arterial (Pag,) partial pressure
of O, (Po,) was estimated by subtracting an assumed alveolar-arterial
Po, difference of 20 mmHg from end-tidal Po, (5). Arterial O»
content (Cag ) was calculated as follows: Cao2 (mL/dL) = ([Hb] X
1.39 X SaOZ/ 100) + (P.a02 X 0.003). Leg O, delivery was calculated
as the product of FBF and Caoz. Even if there was a 15-mmHg
difference in alveolar-arterial Po, difference between the hyperoxic
trials, the discrepancy in Cag, would have been negligible (5).

Exercise Responses

Pulmonary ventilation (VE) was measured during the time trials
and during the arm cranking test with a calibrated open-circuit
calorimetry system (Innocor; Innovision, Glamsbjerg, Denmark) with
custom configuration to allow data acquisition in hyperoxia. Heart rate
(HR) was measured from the R-R interval recorded at 1 kHz with a
12-lead electrocardiogram (CardioCard; Nasiff Associates, Central
Square, NY). Sag, was measured during warm-up and all time trials.
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Intrathecal Fentanyl

Subjects were seated in a flexed position, and 0.025 mg of fentanyl
was delivered intrathecally at the vertebral interspace Li—L4 as pre-
viously described (6). Intrathecal fentanyl eliminates approximately
half of the central projection mediated by group III/IV muscle affer-
ents (29).

Arm Cranking Test

The migration of fentanyl within the cerebrospinal fluid beyond the
cervical level and the resulting effect of the drug on p-opioid recep-
tors located within brain structures mediating breathing and central
fatigue would complicate the interpretation of the findings (33).
Therefore, to evaluate whether a cephalad drug migration to the brain
occurred, the ventilatory response to arm cranking (15 W and 30 W
for 3 min each; Monark-Crescent, Varberg, Sweden) was assessed
before and 10 min after fentanyl injection (2). To ensure a similar
protocol across all testing days, the arm cranking assessment was also
performed on the Herrr. and NORM days.

Statistical Analysis

Normality of every dependent variable and sphericity of the vari-
ance of the distributions (equal variance) were confirmed with the
Kolmogorov—Smirnov test and the Mauchly test, respectively. A
Greenhouse—Geisser correction was used when sphericity was vio-
lated. Student’s paired ¢ tests with Bonferroni correction for multiple
comparisons were used to determine the effect of afferent blockade on
MVC, Qu, VA, HR, and VE. Two-way ANOVA with repeated
measures (condition X distance) was used to test differences during
exercise in power output, surface EMG, VE, and HR. Two-way
ANOVA with repeated measures (condition X time) was used to test
differences before and after exercise on fatigue parameters (i.e.,
MVCs, peripheral and central fatigue). Two-way ANOVA with re-
peated measures (condition X workload) was used to test differences
during warm-up and trials in FBF and O transport. When a significant
difference was found, multiple-comparison analysis was performed
with Tukey’s honestly significant difference test. Statistical analyses
were conducted with Statistica 8.0 (StatSoft, Tulsa, OK). Coefficients
of variation (CVs) and intraclass coefficient correlations (ICCs) were
calculated to assess reproducibility of the 5-km time trial between
familiarization sessions. Data presented in RESULTS are expressed as
means = SD except in the figures, where SE is used for clarity.
Statistical significance was set at P < 0.05.

RESULTS

Resting Neuromuscular Quadriceps Function and
Cardiorespiratory Response to Arm Exercise

In the resting state, intrathecal fentanyl had no effect on
quadriceps MVC (221 = 53 vs. 215 =51 Nm; P = 0.2), VA
(91 = 7% vs. 91 = 7%; P = 0.8), or Qq (61 *= 22 vs. 59 + 22
Nm; P = 0.2). Additionally, both VE and HR during arm
cranking at 15 W (VE: 26 = 3 vs. 27 = 5 L/min, HR: 91 * 11
vs. 88 £ 12 beats/min; P > 0.2) and 30 W (VE 33 £5 vs.
34 = 5 L/min, HR: 102 £ 10 vs. 99 = 11 beats/min; P > 0.2)
were not different before and after the fentanyl injection.

Femoral Blood Flow and Leg O> Delivery

Within each condition, FBF increased in a linear fashion
with exercise intensity (P < 0.001), as supported by high linear
regression coefficients (7% 0.95-0.99), calculated on an indi-
vidual basis (Fig. 2A). As illustrated in Fig. 2B, FBF at the
three submaximal workloads was not different between Hcrry,
and Heent (P = 0.89), but these data were all ~8% lower than

MUSCLE AFFERENTS LIMIT ENDURANCE EXERCISE PERFORMANCE

NORM (P < 0.001). At the differing mean power outputs
achieved during the time trials, FBF was 4,942 + 1,421 mL/min
in NORM (261 =38 W), 4,677 = 1,291 mL/min in Hcrre
(288 £ 57 W), and 5,130 £ 1,175 mL/min in Heent (310 = 49
W). However, when normalized for the mean power achieved
during the time trials (wattage), FBF was not different between
Herre and Heenr (P = 0.9), but these FBFs were significantly
lower than NORM (Fig. 2C). Cao2 was not different in Hergrr, and
Heent 24 £ 1 mL Oo/dL vs. 24 = 1 mL O,/dL; P = 0.9), but
these values were higher than NORM (22 = 1 mL Oy/dL; P <
0.001). Leg O, delivery was not different in all three conditions
(P =0.9; Fig. 2, D and E).

Time Trial Performance: Time to Completion, Quadriceps
EMG, and Power Output

Based upon the time trial performances achieved during the
familiarization trials (in normoxia), reliability for both time to
completion (P = 0.9, CV =0.6 £ 0.5%, ICC =0.99) and
power output (P = 0.5, CV = 1.4 = 1.3%, ICC = 0.99) were
“excellent” (according to the criteria set by Cicchetti et al., i.e.,
ICC > 0.90) (15).

Time to completion of each time trial is illustrated in Fig.
3A. Herre Was, on average, 17 = 125 (3.5 £ 2.4%) faster than
NORM (P < 0.01), and Hgent Was, on average, 16 = 13 s
(3.3 = 2.5%) faster than Herre (P < 0.01). Importantly, all
eight participants improved their time to completion from
Herre to Heent (range: 0.2-7.9%; Fig. 3). Vastus lateralis
EMG was augmented by 8 = 5% from NORM to Herrr, and
again by 9 = 7% from Hcrre to Heent (Fig. 3B). Maximal
vastus lateralis muscle compound action potential remained
unchanged in the three conditions (P = 0.8), reflecting invari-
ant membrane excitability across experimental conditions. As
illustrated in Fig. 3C, power output in all three trials followed
the classic “U” shape, with significant variations in wattage
throughout each trial (P < 0.001), a typical characteristic of the
pacing strategy adopted in this exercise modality. No interac-
tion effect (distance X condition) was evident (P = 0.6), indi-
cating that there was no difference in pacing strategy between
conditions. However, mean power output was augmented by
10 £ 8% from NORM to Herre (P < 0.01) and again by
9 £ 7% from HCTRL to HFENT (P < 005)

Exercise-Induced Locomotor Muscle Fatigue

Baseline neuromuscular quadriceps function was not differ-
ent between conditions (MVC ~218 Nm, Qu ~6 Nm, VA
~91%, RMS MVC ~1.1 mV; P = 0.2). Postexercise quadriceps
torque-generating capacity was significantly reduced after all
time trials (Fig. 4). The decrease in MVC was not different in
NORM and Herre (P = 0.9) but was significantly greater in
Heent (Fig. 4A). Similarly, the decrease in Qu, was not
different in NORM and Herre (P = 0.6) but was greater in
Hgent (P < 0.01). The documented exercise-induced decrease
in VA was not different in all three conditions (P = 0.3).

Cardioventilatory Responses to Exercise

HR and VE during the 5-km time trials are presented in
Table 1. HR increased linearly throughout the 5-km time trials
(P < 0.001), without any differences between conditions (P =
0.48). VE also increased throughout all trials (P < 0.001).
Compared with NORM, VE in Herre and Hpegnt was
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Fig. 2. Femoral artery blood flow (FBF) and leg O, delivery during cycling exercise. A: the linear relationship between FBF and exercise intensity of a
representative subject with the associated linear regression coefficients calculated for each condition and on an individual basis (> range across all subjects:
0.95-0.99). B and D: blood flow response and O delivery during 3 different workloads. NORM, normoxia; Hcrre, control hyperoxia; Heenr, fentanyl hyperoxia.
C and E: as the average wattage during the 3 time trials was different between conditions, FBF and O delivery were normalized for the mean power output
achieved in each trial (NORM 261 W, HCTRL 288 W, HFENT 310 W) *P < 0.05 vs. HCTRL and HFENT~

13 = 10% and 12 = 10% lower throughout the exercise (P <
0.05). However, despite the ~10% greater power output in
Hgent, VE was not different from Herrr, (P = 0.99). Because
of the hyperoxic inspirate, measurements of O, consumption
and CO; production were not feasible.

DISCUSSION

Because of the double-edged sword nature of group II/IV
muscle afferent feedback with regard to exercise performance,
the actual relevance and magnitude of effect of these sensory
neurons remain unclear. To address this issue, we asked
healthy male cyclists to perform 5-km cycling time trials with
intact and with blocked group III/IV muscle afferent feedback

while minimizing potential differences in locomotor muscle O,
delivery during Herre and Hegnt by providing a hyperoxic
inspirate. The temporary blockade of group III/IV muscle
afferents attenuated the centrally mediated restriction in mo-
toneuronal output (i.e., less central fatigue), which resulted in
significantly greater muscle activation and a substantial im-
provement in exercise performance. The faster time to com-
pletion in Hppnt wWas associated with greater end-exercise
peripheral fatigue compared with the (slower) time trial per-
formed with intact neural feedback (i.e., Hcrry). These find-
ings indicate that group III/IV muscle afferents limit cycling
performance and peripheral fatigue by restricting the neural
activation of locomotor muscle. It is important, however, to
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reemphasize that the experimental exposure of the perfor-
mance-limiting aspect of these sensory neurons requires care-
ful control of locomotor muscle O, delivery.

Role of Group III/IV Muscle Afferents in Regulating
Endurance Performance and Neuromuscular Fatigue

Blockade of group II/IV muscle afferent increased muscle
activation (i.e., reduced central fatigue) during cycling exercise in
earlier studies but also resulted in hypoventilation (6, 10) and
attenuated limb blood flow (7), which, in combination, compro-
mise locomotor muscle O, delivery and exaggerate the develop-
ment of peripheral fatigue (3). The net effect of the blockade-
induced attenuation in central fatigue combined with the simulta-
neous exaggeration of peripheral fatigue was an unchanged
exercise performance (6, 10). In light of these previous findings,
the present study used hyperoxia to facilitate arterial oxygenation
and verified comparable locomotor muscle O, delivery, both with
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Distance (km)

and without fentanyl, by quantifying Cag and FBF during Heree
and Heent. As a consequence of this approach, the development
of peripheral fatigue was not affected by a difference in O,
delivery between the two conditions, and the blockade-induced
decrease in central fatigue resulted in higher power output and a
faster time to completion. The exact mechanisms accounting for
this centrally mediated improvement in locomotor muscle activa-
tion and endurance performance were not elucidated here. How-
ever, potential explanations include an attenuation of the group
HI/TV-mediated inhibition of voluntary descending drive “up-
stream” of the motor cortex (51) and/or a reduction of the
afferent-mediated depression of corticospinal pathway excitability
(37, 48).

Although substantially augmented during Hgpnt compared
with Herre, and with no significant interaction effect for
wattage, power output followed, in both conditions, the classic
U-shaped pattern characteristic for time trials (Fig. 3C). The
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Fig. 4. Neuromuscular fatigue following the three 5-km cycling time trials. A:
maximal voluntary contraction (MVC). NORM, normoxia; Hcrre, control
hyperoxia; Hrent, fentanyl hyperoxia. B: quadriceps twitch torque (Quw). C:
voluntary quadriceps activation (VA). *P < 0.05 vs. NORM and Hcrre.

fact that power output during Hgpnt was, compared with
Herre, significantly greater within 10 s of the start of the time
trial emphasizes the significance of group III/IV muscle affer-
ents in limiting exercise almost immediately and, interestingly,
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at a point at which intramuscular metabolic perturbations are
likely minimal. Given the presumably low metabolic stimuli at
this early stage of the time trial, this observation might be
indicative of a significant role, in terms of limiting perfor-
mance, for the mechanosensitive group III/IV muscle afferents,
which are stimulated by muscle length and tension as well as
being sensitive to fentanyl blockade (16, 24). Regardless, the
early and considerable effect of afferent blockade is consistent
with the sharp increase in both group III and IV afferent firing
immediately at the onset of even light-intensity exercise (1)
and the significance of these neurons in determining the spon-
taneous cardiovascular and ventilatory response at the onset of
whole body exercise at any given intensity (2).

Similar to earlier studies (6, 10), end-exercise peripheral
fatigue was greater after Hrgnt compared with Hergry, but was
not different between the two trials with intact afferent feed-
back (i.e., NORM and Hcrre) (Fig. 4). This finding reempha-
sizes the centrally mediated role of group III/IV muscle affer-
ents in limiting locomotor muscle activation, likely to restrict
the development of peripheral fatigue to a “critical threshold,”
a level of muscle fatigue that is not exceeded during exercise
with an intact neural feedback system. Briefly, the concept of
the critical threshold of peripheral fatigue is based on the idea
that a negative feedback loop operates to protect the muscles of
the exercising limb from severe threats to muscle homeostasis
and fatigue (4, 14, 27). Afferent blockade temporarily suspends
this regulatory mechanism, and the brain allows a larger degree
of intramuscular metabolic perturbation and a resultant in-
crease in the level of locomotor muscle fatigue. Of note, the
explanation for the greater end-exercise peripheral fatigue
following the time trial with fentanyl blockade in earlier
studies (i.e., similar performance compared with the control
time trial) (6, 10) was the blockade-induced decrease in leg O,
delivery and the resulting exaggerated rate of development of
peripheral fatigue (3, 44). This difference in locomotor muscle
O, delivery was eliminated in the present study (Fig. 2, D and
E) and therefore did not contribute to the difference in fatigue
between Hppnt and Herre- In fact, in the present study the
most likely explanation for the augmented end-exercise periph-
eral fatigue following Hppnt Was the greater power output
characterizing the time trial performed with blocked muscle
afferents (Fig. 3C).

The exercise-induced decrease in VA was comparable after
Heent and Herre. Although this similarity (i.e., no difference
in the degree of central fatigue after exercise) does not directly
support the increased motoneuronal output and muscle activa-
tion during Hpgnt compared with Herry, (Fig. 3B; i.e., atten-

Table 1. Cardioventilatory responses during 5-km cycling time trials

Start Ist km 2nd km 3rd km 4th km 5th km

VE, L/min

NORM 70 £ 33 112 =23 142 = 31 147 = 37 150 = 33 165 = 26

Herre 57 =23 99 + 26 121 £ 30* 126 £ 29* 136 = 31 154 £ 39

Heent 54 £ 16 92 + 27 118 = 37* 128 *+ 34* 139 = 38 152 =28
HR, beats/min

NORM 115 = 17 145 = 11 158 = 14 165 = 13 170 = 12 176 = 12

Herre 122 £ 22 146 = 14 156 £ 15 163 £ 12 173 £ 17 178 £ 14

Heent 117 = 16 147 = 13 161 =10 167 = 11 173 = 11 179 = 11

Data are presented as group means * SD (n = 8 subjects). Herre, 5-km cycling time trial, intact afferent feedback, 100% O-; Hrent, 5-km cycling time trial,
blocked afferent feedback, 100% O-; HR, heart rate; NORM, 5-km cycling time trial, intact afferent feedback, room air; VE, minute ventilation. *P < 0.05 vs.

NORM.
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uated central fatigue during Hrgnr), the finding is not surpris-
ing, as both central motor drive and afferent feedback contrib-
ute to exercise-induced decreases in VA (28). Specifically,
afferent blockade increased central motor drive while lowering
afferent feedback during Hppnt and therefore altered two
determinants of central fatigue at the same time. Although
somewhat speculative, the facilitative effect of increased motor
drive on central fatigue might have counterbalanced the atten-
uating influence related to the reduced afferent feedback, with
the net effect of no difference between AVA in Hpgnt and
Herre.

The relationship between the submaximal workload (20—
80% peak workload) and FBF was linear in all trials (Fig. 2A)
and comparable to some (40, 41), but not all (52), previously
documented FBF values quantified by dye dilution or the
constant-infusion thermodilution technique. As expected (23,
43, 52), FBF was higher at any given workload in NORM
compared with both hyperoxic conditions (Fig. 2, B and C).
However, the remarkably similar, and experimentally fortu-
itous, FBF in Hcrre and Hepnt Was rather unexpected, as it
differs from the previously documented decrease in FBF dur-
ing single-leg knee-extension exercise performed under nor-
moxic conditions with blocked group III/IV lower limb muscle
afferents (7). As a consequence, leg O, delivery was not
different between trials (Fig. 2, D and E). Although this
serendipitously similar FBF response in the hyperoxic condi-
tions certainly simplified our efforts to match leg O, delivery in
Herre and Heenr, the explanation for the apparently different
FBF responses to afferent blockade during single-leg knee
extension compared with cycling exercise remains unclear.
While we recognize that hyperoxia may have played a role,
further studies are needed to address the influence of group
III/TV muscle afferents on regulating FBF during both small
muscle mass and whole body exercise.

Finally, in addition to augmenting Cao2 and convective O,
transport during exercise, hyperoxia can also alter peripheral
and cerebral blood flow through its vasoactive properties (13),
impair skeletal muscle mitochondrial efficiency (34), lower
muscle sympathetic nervous activity (49), and suppress neural
activity in the brain (46). Although these systemic effects
might have contributed to the overall consequence of hyper-
oxia for the time to complete the time trial (i.e., NORM vs.
Herre), the gain in performance resulting from afferent block-
ade was likely independent of the hyperoxia-related systemic
repercussions, as arterial oxygenation was similar in Hggnr
and HCTRL~

Significance of Group IIlI/IV-Mediated Limitation to
Endurance Exercise

To highlight the substantial magnitude of the improvement
in exercise performance following afferent blockade, it should
be noted that the enhancement in power output (+9%) and
time to completion (—4%) from Herre to Heent Was six times
greater than the day-to-day variability observed during prelim-
inary practice sessions. Indeed, the improvement was compa-
rable to the considerable performance-enhancing effect of the
~10% increase in arterial oxygenation from NORM to Herry
(Cag, 22 vs. 24 mL Oo/dL, respectively) (Fig. 3) or, from the
literature, the result of blood doping (i.e., a 400-mL red blood
cell infusion) before a 10-km running race (11). Furthermore,

MUSCLE AFFERENTS LIMIT ENDURANCE EXERCISE PERFORMANCE

the magnitude of the improvement in performance resulting
from the afferent blockade is twice that reported for caffeine [5
mg/kg; 4-km cycling time trial (21)] and acetaminophen [1.5 g;
16-km cycling time trial (38)] ingestion. Finally, it should be
emphasized that the improvement in endurance exercise per-
formance as a result of blocking the group II/IV muscle
afferents documented here is likely an underestimation of the
true potential impact, as intrathecal fentanyl only eliminates
approximately half of the central projection mediated by these
muscle afferents (29). Collectively, these observations high-
light the substantial effect of group III/IV muscle afferent
feedback in limiting whole body endurance performance.

Finally, although the influence of sex on the development of
neuromuscular fatigue during exercise remains unclear (26, 45,
53), exercise pressor reflex function has been documented to
differ between men and women (20, 30). Therefore, as afferent
blockade might have different cardiovascular consequences in
men versus women, we chose to limit this investigation to male
participants. The generalizability of the present findings might
therefore be limited.

Conclusions

Group III/IV muscle afferents limit whole body endurance
performance and peripheral fatigue by imposing a centrally
mediated restriction on the neural activation of the locomotor
musculature during exercise. Given the multifaceted role of
group III/IV muscle afferent feedback, the experimental expo-
sure of the performance-limiting aspect of these neurons re-
quires careful control of locomotor muscle O, transport and the
resulting consequences for peripheral fatigue.
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