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Conclusion
Elevating muscle temperature by 5C above physiological temperature

accelerates recovery in mouse muscle in vitro and in human muscle in vivo. The

accelerated recovery was associated with increased glucose uptake and

increased production of reactive oxygen/nitrogen species following fatigue.

Results – Mouse single fiber experiments

Methods
Mouse single fiber experiments

Intact fibers from the flexor digitorum brevis (FDB) muscle (Fig. 1) were fatigued at 31˚C without glucose until

initial force decreased to 30% (70Hz 350ms tetani once every 10s) (Fig.2).

During a two hour recovery period after fatigue, fibers were perfused in Tyrode solution with or without [5mM]

glucose at either 31C (physiological temperature), at a higher temperature of 36C, or lower temperature of

26C. Isometric force and cytoplasmic free [Ca2+] ([Ca2+]i) were measured during 30Hz tetani evoked periodically

during the recovery period.

Human experiments

Subjects performed fatiguing arm exercise consisting of 3 x 5 min maximal effort arm cycling at 100 rpm followed

by glycogen-depleting exercise (4 x 15 min at an intensity of 50% of VO2peak). Thereafter followed two hours of

recovery during which both arms were either heated or not heated at 5˚C above physiological temperatures using

arm cuffs continuously perfused with temperature-regulated water; the order of heating vs. not heating was

randomized between two visits. Intramuscular temperature was recorded with probes inserted 1.5 cm into the

lateral head of the triceps brachii muscle (Fig. 5A). During the recovery period, subjects consumed 1.0 g/hr/kg

body weight carbohydrates to support glycogen repletion. After recovery, the subjects repeated the 3 x 5 min time

trials to evaluate the effect of the recovery intervention.
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Background
 Altering limb muscle temperature in the rest period after fatiguing exercise is a

commonly employed method believed to improve the recovery of muscle

function among athletes.

 Muscle glycogen depletion is a major cause of fatigue (Nielsen et al., 2014).

Increased muscle temperature accelerates enzymatic reactions (Edwards et

al., 1972), which could lead to increased glucose uptake and glycogen re-

synthesis in the rest period following fatigue.

Hypothesis
Elevating muscle temperature by 5C above physiological temperature will 

accelerate recovery in mouse muscle in-vitro and in human muscle in-vivo.

Typical records of [Ca2+]i and force during fatigue induction

Results – Human experiments
Mean arm cycling power is greater after two hours of recovery with muscle 

heating (38C) vs. no muscle heating (control 33C).

Figure 1 - Image of living single FDB muscle

fiber with intact tendons at 120 x magnification.

The fiber is microinjected with fluorescent Ca2+

indicator Indo-1 to measure cytoplasmic free

[Ca2+]. One tendon is attached to a force

transducer to allow for force measurement.

The fiber is approximately 30µm in diameter.
Figure 3 - In the presence of glucose [5mM] (A,B), recovery of tetanic [Ca2+]i and force was greatest at 36C

vs 31C vs 26C (main effect, p<0.05). In the absence of glucose (C,D), tetanic [Ca2+]i and force do not

recover at any temperature. n=5 fibers/group. Data are mean ± SEM. (Note: force and [Ca2+]I always

briefly assessed at 31C)

Antioxidants inhibit acute recovery of 30Hz force 

Figure 5. A) Intramuscular temperature during two hour recovery was maintained at 38C (heating) vs. 33C

(control conditions). There was no difference in body core temperature between heating vs. control conditions. B)

Mean power was greater in Set 6 following heating compared with control († p<0.05, n=5). Data are mean± SEM.

Production of reactive oxygen and nitrogen species (ROS) is increased at higher temperatures (Arbogast and

Reid, 2004) and ROS stimulate glucose uptake (Sandström et al., 2006).

Fibers were superfused with Tyrode (Control), a nitric oxide synthase inhibitor (L-NAME), or a mitochondrial-

specific antioxidant (mitoTEMPO) to determine whether the accelerated force recovery at 36C was related to

increased ROS production at higher temperatures.

Figure 4 - Antioxidant treatments impaired the force recovery at 36C († main effect, p<0.05), which implicates

increased ROS production at higher temperatures is involved in the accelerated force recovery at 36C. n=3-4

fibers/group. Data are mean± SEM.

(Note: Antioxidant treatments were superfused for 30min before, 

during fatigue, and throughout the 1h recovery period)
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Recovery of tetanic [Ca2+]i and force is both temperature- and glucose-dependent
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Figure 2 – Repeated contractions show decreased [Ca2+]i and force during muscle fatigue.
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