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Figure 1. Diagram of the main regions of the brain, 
with special reference for this topic to the Medulla and 
Pons of the lower brain. 

I am willing to bet that most of you have not even thought about how and why we 
breathe without even trying for most of the day, and of course, throughout the night 
when we are asleep.  Then, when we want to we can change our breathing patterns, 
but such voluntary breathing usually always causes disturbances in blood acid-base 
balance, and we are forced to succumb to involuntary breathing again.  For some 
reason(s), our body is regulated to know best about how much we should breathe, how 
deep each breath should be, and how frequent we should ventilate our lungs.  Think 

about the last time you exercised.  Did you 
need to think about breathing?  What 
happened to your ventilation during the 
workout?  Did you push yourself to a high 
rate and depth of ventilation, and where you 
forced to recovery between bouts of this 
intense exercise?  How did your ventilation 
change during the recovery?  Why?  
 

It is really quite amazing, but it does make sense!  If we do not breathe we die, so we 
are regulated to have multiple control systems in place, operating simultaneously, to 
make sure we adequately aerated the lungs to supply the body with sufficient oxygen to 
meet its needs, remove carbon dioxide, and maintain normal blood acid-base balance.  
To understand the control of breathing is a fascinating journey into physiology, a wealth 
of prior research, and the use of exercise to reveal the complexity of this topic.  I hope 
you enjoy the knowledge and physiological challenges of this topic as much as I did 
when I was a student, and continue to do so today. 

 
First of all, it is important to 
understand and accept at the 
onset that there are numerous 
control systems that combine to 
determine the rate and depth of 
ventilation at rest and during 
exercise.  Such controls systems 
are a mix of voluntary neural 
regulation, and involuntary neural 
and blood (humoral) chemical 
regulation.  It is logical to start with 
the anatomy and physiology of the 
lower brain, and then progress to 
the voluntary regulation of 
ventilation, and then to involuntary 
control systems. 
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Figure 2. The brain stem and mid-
brain. 

 
 
Figure 3. The components of the respiratory centre. 

Neuro-anatomy of the Lower Brain 
The inferior region of the brain, prior to the origin of 
the spinal cord, is called the lower brain or brain 
stem (Figures 1 and 2).  When concerned with the 
control of ventilation, the two main structures are the 
Pons and the Medulla (Medulla Oblongata).  The 
Pons provides major neural connections from the 
higher order centers of the brain to the Medulla and 
then spinal cord.  It also contains two neural centers 
involved in the control of ventilation, the 
pneumotaxic area, and the apneustic area (Figure 
3); also known as the primary respiratory group 
(PRG) (Figure 4).  As I will explain, these neural 
centers modulate the neural control over the nerves 
that control both inspiration and expiration which are 
located in the medulla. 
 
Within the Medulla are two neural centers of primary 
importance to ventilation.  The dorsal respiratory 
group (DRG), also known as the 
inspiratory centre, controls 
inspiration. During resting 
breathing, the inspiratory center is 
active and can control inspiration 
independently of any other input.  
For example, research of the 
control of ventilation using animal 
models has shown when all 
accessory nerves that feed the 
inspiratory centre are severed, 
ventilation continues.  It is only 
when pharmacological substances 
are taken in excess (sleeping pills, 
alcohol, etc) that the activity of the 
inspiratory centre fails, and death 
ensues. 
 
The ventral respiratory group 
(VRG), or expiratory centre, only 
becomes active when ventilation is 
increased (rate and depth of 
breathing), as explained below. 
 
Breathing At Rest 
The inspiratory centre possesses 
the property of autorhythmicity, 
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Figure 4. Excitatory and inhibitory processes 
that regulate breathing. 

meaning that it can self-generate its own 
action potentials along the nerves that 
control the muscles of inspiration.  During 
such depolarizations, the muscles of 
inspiration, which at rest is only the 
diaphragm, contracts, lowering the inferior 
wall of the thoracic cavity, which in turn 
lowers intra-alveolar pressure and causes 
inspiration (see Mechanics of Ventilation).  
This period of depolarization is followed by 
a dormant period, where the diaphragm 
relaxes, causing the recoil of the inferior 
wall of the thoracic cavity, raising intra-
alveolar pressure and instigating expiration.   
 
Thus, at rest, expiration is a passive event, 
with no neural initiation or modulation.  As 
such, you can state that at rest both 
inspiration and expiration are controlled by 
the inspiratory center, where inspiration 
occurs from the depolarization of the 
inspiratory center neurons, and expiration 
occurs during the repolarization and 
dormant interval between successive bouts 
of depolarization of the inspiratory center. 
 
The normal rhythm and rate of ventilation at 
rest, which approximates 12 to 15 
breaths/min, with each breath 
approximating 500 mL, is termed eupnea. 
 
Regulation of Increased Ventilation 
Neural Regulation 
The inspiratory centre continually receives input from the pneumotaxic center, which 
provides inhibitory regulation which can shorten the period of inspiration controlled by 
the inspiratory centre (Figure 4).  The apneustic centre opposes the inhibition of the 
pneumotaxic centre, and can prolong the period of each inspiration from the inspiratory 
centre.  However, such regulation is minimal at rest under normal homeostatic 
physiological conditions.  Nevertheless, with altered physiology, such as exercise, 
added neural involvement to the control of ventilation is quite complex. 
 
During exercise a complex mix of voluntary cortical control, as well as involuntary 
involvement of other regions of the brain and afferent nerves from the periphery, 
combine to alter inspiratory and expiratory breathing patterns.  Input to the pneumotaxic 
center causes increased inhibitory stimulation of the inspiratory center, which in turn 
causes a decreased duration of inspiration and supports an increased rate of 
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ventilation.  In concert and in opposition with this response, stimulation to the apneustic 
center causes prolonged inspiration and a decreased rate of breathing. 
 
The best example of voluntary control of breathing occurs during talking, where cortical 
input to the respiratory center coordinates the timing of inspiration and expiration with 
speech.  We can also obviously self regulate both inspiration and expiration depending 
on our needs or wants.  However, note that when breath holding, there is an increasing 
involuntary “desire” to recommence breathing that requires increasing effort to block 
during the sustained breath hold.  Eventually, we cannot overcome the drive to once 
again breath, revealing that involuntary control systems eventually take over voluntary 
control, and thank goodness.  As breathing is essential for life, the control systems of 
ventilation just take over and dominate when they need to, supporting ventilation and 
therefore both external and internal respiration. 
 
The increased depth of breathing results from added stimulation to the inspiratory 
center from voluntary cortical nerves and afferent nerves from the periphery.  For a 
given rate of breathing, the greater the excitatory stimulation of the inspiratory center, 
the greater the depth of breathing and the need for added muscle involvement to the 
diaphragm (lowering of the thoracic cavity).  For inspiration, this means the added 
recruitment of the external intercostal muscles (lateral expansion of the rib cage), and 
the sternocleidomastoid and scalene muscles (superior raising of the chest and rib 
cage). 
 
During exhalation when breathing more rapidly and deeply, there is now involvement of 
the expiratory center.  During more forceful inspiration, the inspiratory center 
communicates with the expiratory center to initiate action potentials that recruit the 
muscles of expiration, which consist of the abdominal muscles (oblique and transverse 
abdominals) and internal intercostal muscles (more rapid recoil and forceful 
depression/constriction of the rib cage).  There is also added support for expiration from 
the mechanical recoil of the rib cage and diaphragm after inhalation.  Thus, the energy 
cost of ventilation is greater for inspiration than expiration. 
 
The peripheral nerves that provide afferent feedback to the respiratory center come 
from the lungs, and active muscles and joints involved in movement.  Neural input from 
the periphery also comes from specialized receptors sensitive to blood borne, or 
humoral, signals.  I discuss these in the next sub-topic.  Stretch receptors of the lung 
prevent over-inflation, while mechanoreceptors located within muscles and joints 
provide feedback to increase ventilation during the onset of movement/exercise. 
 
Humoral Regulation 
As ventilation is essential for external respiration, which in turn combines with 
cardiovascular function to support internal respiration, altered ventilation or breathing 
can alter nutrient provision to and waste removal from body tissues. Tissues starved of 
oxygen can die, and tissues that accumulate carbon dioxide are forced into acidosis 
which in turn causes altered metabolism and cellular dysfunction.  It is no surprise that 
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Figure 5. Location of the chemoreceptors involved 

in control of ventilation. 

the body has control systems of 
ventilation that involve the sensing of 
blood gas partial pressures and pH. 
 
The sensors that respond to the 
blood content (gas partial pressures) 
of oxygen and carbon dioxide, and 
blood pH are called 
chemoreceptors.  The 
chemoreceptors involved in the 
control of ventilation are found in the 
medulla oblongata, in the wall of the 
aorta artery in the region of the aortic 
arch, and in the junction of the left 
and right carotid artery bifurcation 
leading to the left and right external 
and internal carotid arteries (Figure 
5). 
 
The arterial partial pressure of 
carbon dioxide (PaCO2) is typically 
about 40 mmHg.  However, if this 
partial pressure increased, reflecting 
increased arterial blood CO2, or 
hypercapnia, an increased transfer 
of CO2 occurs from blood to brain.  
This forces the carbonic anhydrase 
reaction to reverse within the 
cerebrospinal fluid of the brain, 
forming carbonic acid, and then 
bicarbonate and a proton (Equation 
1).  As there is no protein in the 
cerebrospinal fluid, there is minimal 
proton buffering, and therefore a raised PaCO2 causes a decrease in cerebrospinal fluid 
pH, which in turn stimulates the chemoreceptors of the medulla to generate action 
potentials at a rate proportional to the decreasing pH.  These nerves influence each of 
the nerve centers of the respiratory center, causing an increased rate and depth of 
ventilation.  Such an increase in ventilation above normal is termed hyperventilation. 
 

  33222 HCOHCOHOHCO
anhydrasecarbonic

          Equation 1 

 
Decreasing arterial blood pH induces the same acidity of the cerebrospinal fluid, thereby 
stimulating ventilation.  Hyperventilation retards an acidosis due again to the carbonic 
anhydrase reaction, which now is forced to drive proton and bicarbonate to carbonic 
acid and then CO2 and water.  The CO2 is then eliminated in exhaled air.  The 
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                Figure 6. An overview of the regulation of ventilation. 

hyperventilation of exercise is a powerful process to retard hypercapnia and metabolic 
acidosis.  In fact, PaO2 really does not increase during intense exercise due to the 
excessive stimulation of ventilation by CNS nerves, muscles, joints, and the acidosis of 
intense exercise.  Thus, while most physiology textbooks will state that the CO2 
sensitivity to ventilate is by far the most powerful stimulus for ventilation, which it is, it is 
less relevant during exercise as PaCO2 is well constrained by the ventilatory stimulus 
from other mediators. 
The chemoreceptors of the carotid and aortic bodies (Figure 5) are sensitive to blood 
partial pressures of oxygen (PaO2).  Of these, the carotid body chemoreceptors are the 
most influential in the hypoxic stimulation of ventilation.  However, unlike for PaCO2, 
there needs to be large reductions in PaO2 prior to hypoxic-induced hyperventilation.  
Despite this, my research of exercise performance at low to moderate altitude reveals a 
sustained hyperventilation with as little as a 1,000 m increase in altitude above sea 
level.  Such hyperventilation is not large, but when sustained for several days can 
eventually induce a large respiratory alkalosis that also influences renal bicarbonate 
excretion.  Most athletes who come to where I used to live and teach in New Mexico 
had urinary pH changes that reveal initial bicarbonate excretion causing a relatively high 
urine pH for about 3 days, followed by changes towards a more normal acidic urine.  
Such changes reveal a 3 to 4 day renal compensation for the sustained 
hyperventilation, even though a small hyperventiation, to acute and chronic altitude 
exposure.  The key point I am making here is that even the less sensitive hypoxic 
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Figure 7. The change in ventilation from rest to exercise.  
Note the initial rapid increase in ventilation, followed by 
the non-linear fine-tuned control to steady state. 

 

ventilatory response is 
physiological meaningful, and 
arguably more relevant that the 
PaCO2 response because it is 
more prevalent in the average 
healthy citizen, and both 
recreational and more elite 
athlete. 
 
A summary of the multiple 
factors that influence ventilation 
is presented in Figure 6.  Figure 
7 presents an overview of the 
responsiveness of ventilation to 
exercise stress.  The initial 
rapid response for an increased 
ventilation is believed to result 
from central and peripheral 
neural controls of ventilation.  The fine tuning of ventilation during exercise is believed to 
be modulated by the activity of the chemoreceptors.  The rapid decline in ventilation 
during the onset o recovery is also believed to rely predominantly on the 
removal/decline of the neural controls of ventilation. 
 
 

Glossary Words 
 
ventilation is the movement of air to and from the lungs. 
 
brain stem is the lower region of the brain near the connection to the spinal cord. 
 
pons is the region of the lower brain that provides neural connections from the higher 
brain to the Medulla and then spinal cord.  It also contains the pneumotaxic area, and 
the apneustic area. 
 
medulla is the region of the lower brain immediately inferior to the pons.  The medulla 
contains the neural components of the respiratory centre. 
 
pneumotaxic area is one of the two components of the primary respiratory group 
located in the pons. 
 
apneustic area is the second of the two components of the primary respiratory group 
located in the pons. 
 
inspiratory center is also known as the dorsal respiratory group of neurons located in 
the medulla. 
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expiratory center is also known as the ventral respiratory group of neurons located in 
the medulla. 
 
autorhythmicity refers to the ability of certain tissues of the body (e.g. heart 
myocardium and specialized neural tissue) to spontaneously generate an action 
potential at a tissue-specific regular rate. 
 
eupnea is a normal rate of breathing. 
 
external intercostals are muscles located around the ribs that when contracted causes 
lateral expansion of the rib cage, thus further supporting increased depth of breathing 
during inspiration. 
 
internal intercostals are muscles located across the internal regions of the ribs that 
when contracted causes lateral compression of the rib cage, thus supporting a more 
forceful and rapid exhalation during times of increased ventilator demand. 
 
stretch receptors specialized nerve sensors sensitive to 
 
chemoreceptors are specialized nerve sensors sensitive to  
 
PaO2 is the parial pressure of arterial oxygen. 
 
PaCO2 is the parial pressure of arterial carbon dioxide 

 
hypercapnia is an abnormally high partial pressure of carbon dioxide. 
 
carbonic anhydrase is the enzyme that converts the equiplibrium reaction of a proton 
(H+) and bicarbonate (HCO3

-) to carbon dioxide (CO2) and water (H2O). 
 
carbonic acid (H2CO3) is the intermediary product formed in the carbonic anhydrase 
reaction (above). 
 
bicarbonate (HCO3

-) is the main proton (H+) buffering molecule in blood, and as such is 
heavily involved in carbon dioxide transport in blood and elimination in the lung. 
 

 


