
ACCEPTED VERSION 

This is the peer reviewed version of the following article: 
Robert J. Casson, Glyn Chidlow, John P. M. Wood 
Estimate of the adenosine triphosphate requirement of human retinal ganglion cells 
Clinical and Experimental Ophthalmology, 2019; 47(5):683-684 

© 2019 Royal Australian and New Zealand College of Ophthalmologists 
 
which has been published in final form at 
http://dx.doi.org/10.1111/ceo.13476  
 

  

This article may be used for non-commercial purposes in accordance with Wiley 
Terms and Conditions for Use of Self-Archived Versions. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 
 
 
http://hdl.handle.net/2440/129468  

PERMISSIONS 

https://authorservices.wiley.com/author-resources/Journal-Authors/licensing/self-archiving.html 

Wiley's Self-Archiving Policy 

Accepted (peer-reviewed) Version 

The accepted version of an article is the version that incorporates all amendments made during the peer review 

process, but prior to the final published version (the Version of Record, which includes; copy and stylistic edits, 

online and print formatting, citation and other linking, deposit in abstracting and indexing services, and the addition 

of bibliographic and other material. 

Self-archiving of the accepted version is subject to an embargo period of 12-24 months. The standard embargo 

period is 12 months for scientific, technical, medical, and psychology (STM) journals and 24 months for social 

science and humanities (SSH) journals following publication of the final article. Use our Author Compliance Tool 

to check the embargo period for individual journals or check their copyright policy on Wiley Online Library. 

The accepted version may be placed on: 

• the author's personal website 

• the author's company/institutional repository or archive 

• not for profit subject-based repositories such as PubMed Central 

Articles may be deposited into repositories on acceptance, but access to the article is subject to the embargo period. 

The version posted must include the following notice on the first page: 

"This is the peer reviewed version of the following article: [FULL CITE], which has been published in final 

form at [Link to final article using the DOI]. This article may be used for non-commercial purposes in 

accordance with Wiley Terms and Conditions for Use of Self-Archived Versions." 

The version posted may not be updated or replaced with the final published version (the Version of Record). 

Authors may transmit, print and share copies of the accepted version with colleagues, provided that there is no 

systematic distribution, e.g. a posting on a listserve, network or automated delivery. 

There is no obligation upon authors to remove preprints posted to not for profit preprint servers prior to submission. 

14 January 2021 

http://dx.doi.org/10.1111/ceo.13476
http://hdl.handle.net/2440/129468
https://authorservices.wiley.com/author-resources/Journal-Authors/licensing/self-archiving.html
https://authorservices.wiley.com/author-resources/Journal-Authors/open-access/author-compliance-tool.html
https://onlinelibrary.wiley.com/


 1 

An Estimate of the ATP Requirement of Human Retinal Ganglion Cells 

1Robert J. Casson, DPhil; 1Glyn Chidlow, DPhil; 1John P.M. Wood, DPhil 

1Ophthalmic Research Laboratories, University of Adelaide, Adelaide Health and Medical       

Sciences Building, North Terrace, Adelaide, SA 5000, Australia 

Address for correspondence and request for reprints to: 

Prof. Robert J. Casson 

Ophthalmology Dept. 

Royal Adelaide Hospital 

Adelaide, South Australia, Australia. 5000 

Ph +61 8  82676544 

Fax +61 8 8222 2741 

Email: robert.casson@adelaide.edu.au  

 

Competing Financial Interests: 

None of the authors have any financial or commercial conflict with the content of the 

manuscript. 

Word count:  820



 2 

Abstract 

Retinal ganglion cells (RGCs) are particularly susceptible to an impaired energy supply. Using 

human data on retinal oxygen consumption and basic energy metabolism stoichiometry, we 

estimate that the RGCs require at least 4.7 x 108 ATP molecules per second to maintain visual 

perception.   
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Retinal ganglion cells (RGCs) are the output neuron of the retina, encoding complex, digitized, 

information about the visual environment in the spatio-temporal pattern of their action 

potentials. They have a number of subtypes, categorized morphologically and functionally, and 

total approximately 1.1 million in the human retina.1 Evolutionary pressures to optimize vision 

and neocortex size in humans have resulted in a limited retinal vasculature, unmyelinated RGC 

axons within the retina, and a relatively long distance between the RGC somata and their 

central synapses. These factors make the RGCs particularly susceptible to energy insufficiency 

and resulting neurodegeneration in conditions such as glaucoma. 

Using data from two classic human experiments and some basic metabolic stoichiometry, we 

have derived an estimate for the lower limit of the adenosine triphosphate (ATP) required by 

RGCs to maintain visually significant action potentials. In 1951, Werner Noell, reported on the 

“site of asphyxial block in mammalian retinae”. One of the mammals was himself. He 

concluded that, in the human retina, the RGCs were the element most vulnerable to anoxia and 

that it was the loss of their spike potentials that resulted in anoxia-induced “blackout”. In 1968, 

Banks Anderson Jr. recorded the time to blackout in healthy volunteers breathing variable 

concentrations of oxygen.2 The subjects were required to report when an 8 x 88 mm vertical 

black line at a distance of 1.8 m completely disappeared. From these data, he estimated that the 

oxygen requirement of the retina was approximately 7 ml/min/100 ml tissue. Taken together, 

we conclude that the RGCs require at least this rate of oxygen to maintain vision.  

The derivation of the ATP required per RGC per second is calculated as follows: 

Firstly, the retinal mass is required. To our knowledge, the average mass of the wet human 

retina has never been reported. We estimated the retinal mass by multiplying its area (~1100 

mm2) by its average thickness (~250 μm) by its density (~1000 kg/m3), and then using 

Anderson’s value of 7 ml/min/100 ml tissue to calculate the total retinal oxygen consumption: 

(0.007/60) x (retina mass/0.1) = 3.208 x 10-7 L/s. From the ideal gas law, we can calculate the 
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number of moles of oxygen in this volume at standard pressure (1 atm) and body temperature 

(310 K).  We can then calculate the number of molecules of O2 by multiplying the number of 

moles by Avogadro’s constant. The complete aerobic oxidation of glucose has the following 

stoichiometry: C6H12O6 + 6O2 --> 6CO2 + 6H2O. The exact number of ATP molecules 

produced per mole of glucose is not consistent because it is powered by the proton motive force 

and is never an exact integer but is approximately 30 moles of ATP per 6 moles of oxygen. We 

calculate that the retina produces (and demands) approximately 3.8 x 1016 molecules of ATP 

per second. However, each neuron is unlikely to receive an equal share. In particular, the 

photoreceptors, although having inner segments packed with mitochondria, are known to 

exhibit aerobic glycolysis, generating a significant fraction of their ATP without consuming 

O2. Based on data from Winkler’s retinal metabolism experiments in rats,3 we estimate that 

approximately 40% of the photoreceptors’ ATP requirement does not consume O2. Similarly, 

our own data and evidence of the oxygen tension at different layers of the retina indicates that 

the bipolar and Müller cells consume relatively small amounts of O2.
4 In fact, elegant 

experiments by Yu et al. indicate that the greatest change in oxygen flux occurs in the inner 

plexiform layer, potentially representing the oxygen consumption of RGC synapses.4 This is 

consistent with the large number of mitochondria in this zone,5 and the relatively large ATP 

requirement of dendrites.5 These experiments provide information about oxygen flux, but are 

unable to provide an absolute value for O2 consumption in the ganglion cell layer. 

Based on modern estimates of retinal cell numbers in the human6, 7 and mouse retina,8 we 

estimate that the total number of O2 consuming cells in the human retina is ~ 125 million 

(Osterberg’s frequently cited estimated rod count of 123 million was from a single human 

cadaveric eye, and suffered from technical inaccuracies.9) Of these, approximately 1100000 

are RGCs.1 If the RGCs receive an equal share, then each RGC requires 4.68 x 108 ATP 

molecules per second to prevent complete loss of vision. This is about 5-fold greater than the 
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requirement of mammalian photoreceptors in darkness10, but about 10-fold less than the 

requirement of cortical neurons, estimated from metabolic neuroimaging in conscious healthy 

volunteers.11 However, the value of ~ 4.7 x 108 ATP molecules per second for RGCs is similar 

to the requirement of unmyelinated hippocampal axons (mossy fibers) to maintain action 

potentials.12 Hence, it seems reasonable to interpret this estimate as a lower limit to barely 

maintain some function. Arguably, given that central vision is the last region to blackout, the 

calculations could be performed for macula RGCs only; however, it is difficult to extrapolate 

to this extent from the Andersson experiment. It is likely that the energy requirements to 

maintain normal vision are considerably greater. 
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