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Introduction
Endurance exercise is an effective therapeutic tool for promoting 

healthy brain, skeletal muscle, and cardiovascular function. It can also 
be valuable in the prevention of metabolic and cardiovascular diseases1. 
Although much work has been done to elucidate the molecular 
mechanisms of exercise, our understanding of these mechanisms in 
humans and animals is still incomplete. In order to bring the power of 
invertebrate genetics to bear on this topic, Piazza et al. have developed 
a novel instrument to carry out exercise training in Drosophila known 
as the Power Tower2. Drosophila melanogaster is an excellent model 
for studying genetic factors mediating the physiological response to 
endurance exercise. Due to their short lifespan and ease of genetic 
manipulation, they allow for large, rapid experiments that are easily 
repeatable. By utilizing the instinctive negative geotaxis behavior of 
Drosophila, the Power Tower repeatedly raises and drops several trays 
of fly vials to induce climbing. Induction of climbing in a controlled 
three-week daily protocol causes exercise training to occur3. Training 
consistently increases parameters such as climbing speed, cardiac 
performance, lipolysis, and endurance2,4. Exercise training in Drosophila 
also increases mitochondrial activity and turnover, as well as gene 
expression of genes related to fatty acid oxidation2,5,6. 

Using this model, Sujkowski et al. recently discovered that the activity 
of octopaminergic neurons is required for exercise adaptations to occur, 
and that activation of these neurons is sufficient to fully mimic the effects 
of exercise, even in enforced sedentary populations7. In Drosophila, 
octopamine (OA) plays many diverse roles in shaping behavioral and 
physiological processes8. This biogenic amine is produced in certain 
invertebrate neurons and is well known for its involvement in insect 
behaviors8. Intermittent or continuous depolarization of octopaminergic 
neurons, causing release of OA, leads to increases in climbing speed, 
flight performance, endurance, cardiac pacing and lipolysis7, even in 
sedentary flies. Feeding OA to sedentary flies also causes unexercised 
cohorts to resemble trained flies in climbing speed, endurance, and 
flight performance7. Additionally, flies treated with OA gain no further 
improvement from exercise training, consistent with the idea that OA 
and exercise act in the same pathway. Blocking OA transport and release 
prevents improvements in performance after training7, supporting the 
idea that OA is required for exercise adaptations to take place. In the 
fly, there are at least four adrenergic-like receptors that exist in brain 
and muscle tissue for OA, and they are required for different aspects 
of exercise adaptation7. One particular receptor, the octopamine 
β-adrenergic-like receptor Octβ2R, seems to be the most broadly 
required for preserving the entire exercise response7.
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heart causing an increase in blood pressure and heart rate. 
These increases in both blood pressure and heart rate 
are necessary to deliver oxygenated blood to the working 
muscles. These processes downstream of sympathetic 
activation may be required for successful exercise, as the 
use of drugs such as β-blockers has been seen to impair 
exercise capacity19-21. Trained runners treated with 
β-blockers saw significant increases in the time it took to 
run 10-km races19. They also had significant reductions 
in maximal heart rate and the amount of oxygen each 
individual could utilize during exercise (VO2 max)19. The 
use of β-blockers also results in a decrease in maximal 
exercise power20 and exercise capacity21. Furthermore, the 
discontinuation of β-blockers results in increased 6-minute 
walking distances, cardiac output, and exercise capacity22. 
Taken together, it seems that the action of β-blockers 
hinders exercise ability acutely. While the study subjects 
had variable disease states, which could confound the 
results, these studies provide supporting evidence that 
adrenergic signaling is important for exercise performance 
in humans, as it is in flies. More work is necessary to assess 
the potential long-term effects of NE or adrenergic activity 
on adaptation to chronic exercise. 

Using Sensory Stimuli to Elicit an Exercise Response 
in Humans

For years, researchers have been looking into the 
possibility of using sensory stimuli to elicit an exercise 
response in individuals that are incapable of physical 
activity. A few examples of therapies that have been used 
to improve or maintain healthy function in a variety of 
different conditions are functional electrical stimulation 
(FES), neuromuscular electrical stimulation (NMES), and 
vibration therapy. 

FES and NMES both involve electrical stimulation of 
skeletal muscle as a means to improve function. In para- 
and quadriplegic spinal cord injury patients, FES has been 
shown to improve muscular and cardiovascular fitness by 
inducing cyclic contractions in paralyzed muscle23. FES-
induced lower-limb muscle contraction therapy programs 
result in metabolic and cardiorespiratory responses similar 
to those seen in healthy individuals following periods of 
low-intensity exercise by delivering periodic electrical 
pulses to the muscle23. Overtime, this FES stimulation 
may lead to improved cardiovascular fitness, owing to the 
decrease in both resting heart rate and blood pressure, 
and the increase in stroke volume and cardiac output seen 
during FES-induced exercise23.  This type of therapy may 
also alleviate hypotension due to poor venous return and 
increase muscle performance23. NMES has been exploited 
in cases of neuromuscular damage, where it has been 
shown to be effective in improving muscle strength and 
blood flow while also decreasing atrophy24.  

Could Norepinephrine Drive Exercise Adaptation in 
Vertebrates?

Although abundant in invertebrates, OA is found in 
only trace amounts in vertebrate systems and has no 
known physiological significance there9. However, the 
octopaminergic system of invertebrates is functionally 
replaced by the noradrenergic system in vertebrate 
species9. Norepinephrine (NE), the vertebrate counterpart 
of OA, has many functions in common with OA8,9, including 
the stimulation of glycogenolysis9, increases in muscle 
contractility9, and alterations in muscle and fat body 
metabolism9. Both OA and NE are stress hormones, derived 
from the amino acid tyrosine, that have been shown to be 
released in increased quantities during periods of stress or 
high energy demand10,11, such as during endurance exercise, 
and are implicated in the “fight-or-flight” response of their 
respective organisms. In addition, both octopaminergic 
and noradrenergic signaling occur through binding to 
adrenergic g-protein coupled receptors, resulting in the 
activation of signaling pathways such as the PKA/cAMP 
pathway, and triggering alterations in physiological 
functions and behaviors of the organism, including 
increases in arousal and muscle contractility. 

One area not addressed in the original article is the 
pathway through which OA delivers its beneficial effects 
following exercise. The signaling cascades triggered by OA 
in response to exercise have not been well described, but 
OA is known to work in a PKA/cAMP dependent manner to 
promote arousal12,13. There is also some evidence that OA 
can cause increases in intracellular calcium concentrations 
through interactions with the PKC pathway9,14, which could 
be relevant to changes in muscle contractility following 
exercise. Increases in OA concentrations have been shown 
to activate phospholipase C, leading to an increase in IP-3 
levels and stimulating intracellular calcium release14. This 
increase in intracellular calcium concentration in response 
to OA could provide increased availability of calcium ions 
to bind troponin and aid in muscle contraction. 

Like OA, NE release is increased during situations of 
stress or high energy demand in order to prepare the body 
for action. Endurance exercise results in the activation of 
the sympathetic nervous system, stimulating the release 
of NE, with greater intensity training resulting in a larger 
response15-17. This is comparable to what has been seen 
with OA in insects following acute shifts in arousal state, 
where the amount of OA released reflects the level of 
arousal, i.e. more is released with larger increases in the 
need for activity11.  

During a bout of exercise, the activity of the sympathetic 
nervous system increases, and NE starts to be released in 
increasing quantities15-18. Once released, the NE molecules 
bind adrenergic receptors on the blood vessels and the 
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In contrast to using electrical currents, whole-body 
vibration therapy uses periodic, low-frequency mechanical 
signals to enhance athletic performance. Vibration therapy 
has been implemented as a sensory stimulus to promote 
balance and leg muscle strength in the elderly25, and to 
increase bone and muscle mass in patients with low bone 
mineral density following 12-months with 10-minutes/day 
of standing on a vibrating platform26. 

While these examples of induced passive exercise 
provide some evidence that external sensory stimuli can 
give benefits similar to exercise, it is important to point 
out that in one way or another they all involve stimulation 
of muscle contraction. Indeed, some benefits of exercise, 
especially those involving muscle hypertrophy, do 
require actual muscle contraction, or even load bearing 
muscle contraction27-29. The potential benefits of sensory 
stimulation of molecular pathways downstream of exercise 
without muscle contraction are still largely unexplored 
in human subjects. In Drosophila, there are substantial 
benefits to performance in periodically OA-stimulated 
animals, even under restrained conditions, suggesting that 
it may be possible to provide some benefits of exercise 
independent of muscle contraction7. It remains to be seen 
how many of the benefits we see in flies could translate to 
humans. For instance, stimulation of adrenergic signaling 
may not completely prevent atrophy of skeletal muscle in 
disabled or bed-ridden patients, but it may nevertheless 
provide other important benefits to metabolic health.  If 
this were true, an inexpensive way to prevent metabolic 
consequences of enforced sedentary lifestyles would be 
of substantial impact to disabled patients or patients on 
extended bedrest.

Because regular, periodic stimulation of octopaminergic 
neurons was sufficient to deliver the benefits of exercise to 
sedentary Drosophila without the need for actual physical 
activity7, we speculate that it may be possible to generate 
salutary effects by periodic stimulation of NE secretion 
in humans. The original article briefly introduces this 
idea of transitioning from invertebrates to vertebrates 
using periodic stimulation of endogenous NE release. 
While continuous activation of this “fight-or-flight” state 
would lead to chronic pathological conditions such as 
hypertension, transient activation of this response, as 
with exercise, is thought to be protective by conferring a 
resilience to stress30-33. 

One potential method of periodic stimulation of the 
noradrenergic system using sensory inputs could be 
the use of virtual reality (VR) technology to simulate 
the experience of exercise. It is possible that VR could 
act as a sensory stimulus for the activation of the stress 
response, causing an increase in NE release that could 
potentially generate some of the same responses that 
exercise generates in the absence of actual physical 

activity. It is possible that repeated application of such 
a stimulus could mimic a subset of the effects of chronic 
exercise and provide substantial metabolic benefits to 
sedentary humans, such as improved insulin sensitivity, 
lipid metabolism, and mitochondrial health (Figure 1). If 
this is the case, it would constitute a non-invasive means 
of therapeutic intervention in cases of restricted mobility 
and promote long-term health for individuals unable 
to carry out physical exercise. VR could be a valuable 
therapeutic tool for elderly individuals who have difficulty 
with mobility or are easily injured. Someone who is at 
high-risk for falls, for example, could use a VR helmet to 
engage in stationary virtual exercise, providing some of the 
metabolic benefits of exercise while eliminating the risk of 
broken bones due to falls while running or biking. If it can 
be successfully developed and optimized, this technology 
would be an inexpensive and safe option for patients on 
extended bed rest due to injury or illness.  As declines 
in metabolic health are a major problem associated with 
long-term immobilization34-36, amelioration of such effects 
would have a major impact on health care. 

Conclusion
The Drosophila exercise model provides a useful way 

of looking at the mechanisms that contribute to individual 
responses to exercise and can be used in parallel with 
valuable exercise studies in other genetics models, such 
as C. elegans37. Invertebrate models are particularly well-
suited for dissecting the requirements of various genetic 
pathways involved in exercise adaptation. Those findings 
can be of use in suggesting follow-up experiments to test 
conservation and efficacy in humans. The identification of 
OA as an exercise mimetic in Drosophila is an early example 
of how findings from invertebrate exercise models can 
suggest therapeutic possibilities in humans, such as using 
virtual reality to stimulate exercise-like metabolic effects.
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