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Abstract: The visual system is one of the most energetically demanding systems in the brain. 

The currency of energy is ATP, which is generated most efficiently from oxidative metabolism 

in the mitochondria. ATP supports multiple neuronal functions. Foremost is repolarization of the 

membrane potential after depolarization. Neuronal activity, ATP generation, blood flow, oxygen 

consumption, glucose utilization, and mitochondrial oxidative metabolism are all interrelated. 

In the retina, phototransduction, neurotransmitter utilization, and protein/organelle transport 

are energy-dependent, yet repolarization-after-depolarization consumes the bulk of the energy. 

Repolarization in photoreceptor inner segments maintains the dark current. Repolarization by all 

neurons along the visual pathway following depolarizing excitatory glutamatergic neurotrans-

mission, preserves cellular integrity and permits reactivation. The higher metabolic activity in 

the magno- versus the parvo-cellular pathway, the ON- versus the OFF-pathway in some (and 

the reverse in other) species, and in specialized functional representations in the visual cortex, 

all reflect a greater emphasis on the processing of specific visual attributes. Neuronal activity 

and energy metabolism are tightly coupled processes at the cellular and even at the molecular 

levels. Deficiencies in energy metabolism, such as in diabetes, mitochondrial DNA mutation, 

mitochondrial protein malfunction, and oxidative stress can lead to retinopathy, visual deficits, 

neuronal degeneration, and eventual blindness.
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The brain is one of the highest energy demanding tissues of the human body. Compris-

ing only about 2% of the body weight, it consumes 20% of the total oxygen and about 

a quarter of the total glucose used for energy supply.1–3 Within the brain, the visual 

system ranks amongst the highest energy-consuming systems.4 This is of interest and 

importance because defects in energy metabolism often lead to visual deficits, if not 

frank blindness. This review will consider some of the key contributors to this high 

energy demand in the visual system. Bear in mind, however, that our knowledge of this 

topic is still modest in many parts of the visual system and almost nil in others. The 

emphasis will be on the retina and the primary visual cortex, with a minor discussion 

on the lateral geniculate nucleus. For more in-depth discussions of energy budget in 

the brain, the readers are referred to several excellent reviews in recent years.4–8

Before considering the visual system in greater detail, some of the salient features 

of energy metabolism applicable to all neurons will be reviewed. Energy is generated 

in two ways: glycolytic and oxidative. The energetic advantage of oxidative metabo-

lism in the mitochondria far outweighs that of glycolytic metabolism in the cytosol, 

as one molecule of glucose yields only 2 molecules of ATP via the glycolytic pathway 
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but up to 36 molecules of ATP via the oxidative pathway. 

Neurons, unlike glia, depend almost entirely on oxidative 

metabolism for their energy  supply. Whereas glial cells can 

survive for long periods under anoxic conditions, neurons 

are the first cells to die when oxygen is lacking.9 Oxygen is 

delivered by the blood, which also brings in nutrients such 

as glucose, and both oxygen and nutrients contribute to the 

final yield of ATP in the mitochondria. A decrease in blood 

flow below a critical level can cause a 90% drop in ATP 

within 5 minutes in the brain, and if not corrected in time 

will lead to cell death.10 The visual system and especially 

the retina are especially sensitive to hypoxia.11 Thus, blood 

flow, glucose uptake, and oxidative metabolism are all 

important factors in considering energy metabolism. There 

are many techniques which contribute to our understanding 

of energy metabolism in the brain. These include: functional 

magnetic resonance imaging (for blood flow and oxygen 

consumption), positron emission tomography (for regional 

glucose or other tracer uptake), 2-deoxyglucose (for glucose 

utilization), and cytochrome c oxidase histo-, cyto-, and 

bio-chemistry (reflecting the cell’s oxidative capacity at 

the cellular and subcellular levels), as well as near-infrared 

spectroscopy.12–19

What are some of the energy-consuming functions of 

neurons? The synthesis of proteins, neurotransmitters, and 

other molecules naturally comes to mind, as many neurons 

have abundant rough endoplasmic reticulum (Nissl sub-

stance) and free ribosomes. Yet, protein synthesis actually 

consumes relatively little energy20,21 and in the rabbit retina, 

it accounts for only 12 nmol ATP/min/retina, which repre-

sents only 1.3% of total energy consumption.21 Likewise, the 

loading, release, recycling, and turnover of neurotransmitter 

molecules consume a minor fraction of energy in neurons.4,6,21 

Active transport of macromolecules and organelles along 

microtubules between the cell bodies and their processes 

(dendrites and especially axons) requires ATP;22,23 but, again, 

this process accounts for only a minor portion of energy 

consumption by neurons. What, then, is the most energy 

demanding function of neurons?

By all accounts, active transport of ions against their 

concentration and electrical gradients is by far the larg-

est energy consuming function of neurons.4,6,24 Active ion 

transport serves mainly to repolarize the plasma membrane 

after depolarization, to re-establish the transmembrane 

ionic gradient for reactivation. This is accomplished mainly 

by Na+K+ATPase,25 which utilizes 1 ATP for every 3 Na+ 

pumped out in exchange for 2 K+ brought into the cell.26 The 

maintenance of concentration gradients of other ions, such as 

Ca++, Cl-, and HCO
3

-, is also coupled to the Na+K+ATPase.4 

It is important to remember that depolarization does not 

have to, (and indeed, in most cases does not), lead to local 

action potentials. With this in mind, it immediately becomes 

obvious that dendrites, with their numerous and extensive 

branching, represent the single neuronal compartment that 

receives the bulk of incoming depolarizing inputs, and their 

membranes, whose surface area far exceeds those of cell 

bodies and even axons, have to constantly pump cations 

out of the cells to maintain the ionic gradient. Dendrites, 

therefore, are the major energy consumers of the nervous 

system.24 Cell bodies, on the other hand, receive primarily 

inhibitory inputs, and repolarization after hyperpolariza-

tion is mainly passive and requires relatively little energy.24 

Those cell bodies that are contacted directly by excitatory 

synapses will have a greater energy demand than those that 

receive only inhibitory inputs.24,27 Along the axon trunks, the 

propagation of action potentials, especially of the saltatory 

type in myelinated axons, consumes only 0.3% to 3% of total 

energy.28 For this reason, the white matter invariably gives a 

very low signal with metabolic markers and approaches, such 

as 2-deoxyglucose12 and cytochrome c oxidase.24 Likewise, 

action potentials contribute minimally to functional imaging 

signals.29 Axon terminals may have low, moderate, or high 

levels of energy demand depending on how frequently their 

membranes depolarize, ie, how tonically active they are.24 

Thus, a single neuron is not metabolically homogeneous, 

with mitochondrial content and cytochrome c oxidase levels 

being the highest in dendrites and lowest in axon trunks,24 

thereby attesting to the exquisite manner that neurons 

conserve energy production even at the subcellular level, 

so that energy is generated only when and where energy is 

needed. Neuronal activity and energy metabolism are thus 

tightly coupled24,30 (Figure 1). As long as the two are kept in 

proper balance, the nervous system will function adequately. 

An imbalance that tilts the scale in either direction, can be 

tolerated up to a point. However, beyond a certain threshold 

level, which undoubtedly varies among neurons and among 

brain regions, dire consequences can result. The visual 

system with its high energy demand is particularly vulner-

able to functional deficits induced by deficiencies in energy 

metabolism. Specific examples will be given toward the end 

of this review to illustrate this point.

We now turn to the visual system and consider the special 

energy demands in the retina, lateral geniculate nucleus, and 

the visual cortex. Much more is known about the retina than 

any other visual centers, although the basic principles apply 

to all visual neurons.
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The retina
Blood supply to the retina
The retina is considered one of the highest oxygen-consuming 

tissues of the body, exceeding even that of the brain.21,31,32 

Blood supply to the outer retina (mainly the photoreceptor 

cells) comes from choroidal capillaries that originate from 

ciliary arteries, whose source is the ophthalmic artery. Blood 

supply to the inner retina, on the other hand, is provided by 

the central retinal artery, also a branch of the ophthalmic 

artery. Retinal vessels are autoregulated to optimize blood 

supply to meet the metabolic needs of the retina,33 and 

when oxygen is severely reduced, so will the amplitude of 

the electroretinogram, especially the b-wave,11 and visual 

performance will be impaired.34,35 An intrinsic protective 

mechanism to improve cellular oxygenation in experimental 

ocular hypertension and human glaucoma is reportedly an 

up-regulation of hemoglobin expression in the inner retina 

via erythropoietin signaling.36 In the last decade, a neuron-

specific oxygen-carrying protein has been found to be con-

centrated in the retina approximately 100-fold higher than 

that in the brain.37 It was named neuroglobin (Ngb) because 

of its ability to bind oxygen and because of its distant rela-

tionship to hemoglobin and myoglobin. Ngb is expressed 

in all neurons of the retina, but not in the retinal pigment 

epithelium (RPE). Whereas Ngb mRNA is expressed mainly 

in neuronal cell bodies, Ngb proteins are concentrated in the 

ellipsoid portion of the inner segments of photoreceptor cells, 

the outer and inner plexiform layers, and in the ganglion cell 

layer. Thus, the distribution of Ngb correlates with regions 

of high mitochondrial content and cytochrome c oxidase 

activity and with local oxygen demands (see below). It is 

tempting to conclude that Ngb binds and facilitates delivery 

of oxygen to retinal neurons. However, the exact function 

of neuroglobin remains unclear.38

Glucose supply to the retina
Retinal neurons rely more on a ready supply of glucose than 

glial-derived lactate for their energy production.39 Blood-

derived glucose has to traverse an outer and an inner blood 

retinal barrier (BRB) before reaching retinal neurons. The 

outer barrier is formed by tight junctions (zonulae occludens) 

between RPE cells, which are interposed between the chorio-

capillaries and the avascular outer retina. The inner barrier is 

composed of tight junctions between endothelial cells within 

retinal capillaries.40 However, both barrier cell types have 

facilitated glucose transporters (GLUTs, mainly GLUT1) 

that permit ATP- and sodium-independent passive movement 

of glucose across their plasma membranes.41,42 Once glucose 

Neuronal activity

Energy
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Energy
generating

Hydrolysis
of ATP ADP

Membrane 
repolarization

Membrane 
depolarization

Na+K+ATPase
& other ATPases

ATP 
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Figure 1 Schematic diagram of the tight coupling between neuronal activity and energy metabolism. Depolarizing neuronal activity requires the action of Na+K+ATPase and 
other ATPases to repolarize the membrane for reactivation. This is the single most energy-consuming function of neurons. Such energy demand is met under normal conditions 
by increased blood flow and glucose utilization and increased cellular respiration in the mitochondria, where electron transport is coupled to oxidative phosphorylation, 
resulting in the synthesis of ATP. Cytochrome c oxidase (COX) is the terminal enzyme of the electron transport chain and reflects the oxidative capacity of neurons. 
The hydrolysis of ATP by the ATPases yields ADP, which is used to resynthesize ATP and is itself a controlling factor for cellular respiration.
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crosses the RPE or the retinal endothelial cells, it can reach 

other cell types via additional GLUT1s found in the outer 

segments and cell bodies of photoreceptors, Müller cells, 

(and reportedly ganglion cells and the nerve fiber layer),41–43 

as well as via GLUT3 localized mainly to the two plexiform 

layers, and less so to the inner nuclear layer.41,44

In retinal Müller glial cells, glucose is metabolized pri-

marily to lactate rather than CO
2
.45,46 This is because Müller 

cells contain very few mitochondria47 and have to rely mainly 

on anaerobic glycolysis for their energy supply. Excess lac-

tate is reportedly released by Müller cells45 and transferred 

to neurons via proton-coupled monocarboxylate transporters 

(Mct) present in Müller cell membranes.48 Lactate can then 

be converted to pyruvate and be a source of fuel for oxida-

tive phosphorylation in neurons.45 Lactate accumulated in 

the subretinal space is allegedly transported via Mct1 and 

Mct3 in the apical and basolateral membranes, respectively, 

of RPE back to choroidal circulation.49–51

Oxidative capacity of the retina
The energy demand of various retinal layers and cell types 

can be gleaned from sections reacted for cytochrome c oxi-

dase. This enzyme is complex IV or terminal enzyme of the 

electron transport chain, without which oxidative metabolism 

cannot be carried to completion. It is also one of the key 

enzymes that pump protons from inside of the mitochondria 

to the outside, setting up the proton motive force necessary 

for the synthesis of ATP by complex V.52 The level of cyto-

chrome c oxidase reflects the oxidative capacity of neurons 

necessary to meet the local energy demand, a major portion 

of which, as discussed above, is for active ion pumping 

subsequent to excitatory synaptic and other functions that 

depolarize the membranes.24 The pattern of cytochrome 

c oxidase distribution in the retina is very consistent among 

different mammalian species53 (Figure 2). The inner segments 

of photoreceptors stand out as the most reactive layer of the 

retina. The outer segments are understandably non-reactive, 

as there are no mitochondria there; but the cell bodies of 

photoreceptors in the outer nuclear layer also have low levels 

of this enzyme.53 The cone pedicles, particularly in primates, 

are very reactive and form a mosaic pattern in tangential sec-

tion through the outer portion of the outer plexiform layer, 

whereas rod spherules seldom contain reactive mitochondria. 

Cones also consume more energy than rods because they do 

not saturate in bright light and they use more ATP/sec for 

light transduction and phosphorylation.54–57 Bipolar cells, in 

general, have low levels of cytochrome c oxidase activity. 

However, a special type of bipolar cell first described in 

amphibians58 and later verified in other species including 

humans59 has a protrusion known as the Landolt club that 

extends into the outer nuclear layer. This protrusion is packed 

full of mitochondria.60 Recently, the calcium binding protein 

recoverin normally found in photoreceptors has been local-

ized to the Landolt club as well.61 Although the functional 

significance of the Landolt club remains poorly understood, 

active ion transport deserves serious consideration. Both 

the outer and inner plexiform layers are quite reactive for 

cytochrome c oxidase. Notably, the OFF sublamina-a is more 

reactive than the ON sublamina-b of the inner plexiform 

layer in the ferret and cat, but the opposite is true for the 

macaque (Figure 2). This indicates that the ON or OFF sys-

tem is preferentially more activated depending on the visual 

Figure 2 Transverse sections of cytochrome c oxidase-reacted retinas from ferret (A), cat (B), squirrel monkey (C), and macaque monkey (D and E). A universal pattern 
is an intense labeling of the inner segments of photoreceptor cells and a dense labeling of cone pedicles (small arrows), the outer and inner plexiform layers, horizontal cells, 
the large ganglion cells, and the nerve fiber layer. Note that the OFF-sublamina-a of IPL in the ferret and cat is more reactive than the ON-sublamina-b, but the reverse is 
true for the primate, especially in the central portion of the retina (E). Arrowheads point to blood vessels. 
Abbreviations: PE, pigment epithelium (removed from ferret and cat); OS, outer segment; iS, inner segment; ONL, outer nuclear layer; OPL, outer plexiform layer; iNL, inner nuclear 
layer; IPL, inner plexiform layer, subdivided into a and b sublayers; GCL, ganglion cell layer; NFL, nerve fiber layer. Modified with permission from Kageyana and Wong-Riley.53
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experience of the animal. Horizontal cells at the outer border 

of the inner nuclear layer and the large ganglion cells in the 

ganglion cell layer, are also highly reactive for cytochrome c 

oxidase, as is the nerve fiber layer within the retina. Interest-

ingly, metabolically active cone pedicles, horizontal cells and 

ganglion cells, all form mosaic patterns with regular spacing 

in the macaque retina.53 This suggests that such periodicity is 

designed to match visual field representation with possibly a 

similar distribution of blood supply.

Correlation between energy generation 
and energy consumption
If the differential distribution of cytochrome c oxidase in 

the retina denotes regions of energy production, then the 

pattern should match that of energy demand, particularly 

that of an active energy-consuming enzyme, Na+K+ATPase, 

and in general it does. Na+K+ATPase is localized mainly in 

the plasma membrane and is densely distributed in the inner 

segments of photoreceptor cells, the outer plexiform layer, 

and the nerve fiber layer, whereas the inner plexiform layer 

and ganglion cells have moderate levels of this enzyme62 

(Figure 3).

With retinal impulse blockade induced by intravitreal 

injection of tetrodotoxin (TTX), a voltage-dependent sodium 

channel blocker, the level of cytochrome c oxidase is sig-

nificantly reduced in spiking ganglion cells, their intraretinal 

axons, and presumably their dendrites in the inner plexiform 

layer. The level of this enzyme in non-spiking photoreceptor, 

horizontal, and most amacrine cells are not affected by TTX. 

Likewise, the intensity of Na+K+ATPase labeling is markedly 

reduced in ganglion cells and the nerve fiber layer.62

Photoreceptor cells
The cytochrome c oxidase-rich ellipsoid portions of photo-

receptor inner segments are filled with mitochondria that are 

much larger, more densely packed, and twice as abundant in 

cones as in rods (Figure 4). The total surface area of inner 

mitochondrial membrane in cones is 3-fold greater than 

that in rods and presumably accommodates more electron 

transport chain enzymes to generate more ATP.63,64 This 

Figure 3 Comparison of sections of the macaque retina reacted for cytochrome c oxidase (COX) (A) or immunoreacted for Na+K+ATPase (B) The patterns are comparable 
between the two, except that cytochrome c oxidase labeling is more prominent in the iPL, whereas the OPL is more intensely labeled by Na+K+ATPase. The pigment 
epithelium (PE), especially the apical portion, is strongly labeled by both. Abbreviations are the same as in Figure 2.
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energy is used primarily by Na+K+ATPase in the inner seg-

ments to pump out excess Na+ entering via cGMP-gated 

channels in the outer segments in the dark, thereby maintain-

ing the dark current.65 In the resting state of the rabbit retina, 

about 50% of the energy generated supports the sodium pump 

and less than 5% is for “vegetative metabolism”.21 Cones 

consume much more ATP than rods in bright light because 

Na+ influx through cGMP-gated channels does not fall below 

half that in darkness, the turnover number of transducin is 

at least twice as that in rods, and rhodopsin kinase activity 

is also much higher in cones.54–57 Cones apparently depolar-

ize more frequently than rods and at least in primates, cone 

pedicles contain many more mitochondria highly reactive 

for  cytochrome c oxidase than rod spherules.53

In addition to maintaining the dark current, photoreceptor 

cells are actively engaged in energy-dependent light trans-

duction. Light induces the isomerization of the chromophore 

11–cis-retinal to an all-trans-retinal, which dissociates from 

opsin and is reduced by retinol dehydrogenase (primarily 

RDH8 and RDH12) and their cofactor NADPH to an all-

trans-retinol (vitamin A).66 The rate of this reduction is 

10–40 times higher in cones than in rods.67 All-trans-retinol 

is transported to the RPE, where it is isomerized and oxidized 

to 11-cis-retinal, which is recycled back to photoreceptor 

cells. Opsin, in the meantime, undergoes a conformational 

change and activates the G-protein transducin to replace its 

Tα-GDP with Tα-GTP. Activated Tα-GTP, in turn, induces 

cGMP phosphodiesterase to convert cGMP to 5’-GMP. 

A decrease in cGMP concentration leads to the closing of 

ion channels in the outer segments, and photoreceptor cells 

hyperpolarize to light. Meanwhile, Tα-GTP is hydrolyzed 

to Tα-GDP in preparation for the next cycle, and rhodopsin 

is phosphorylated by opsin kinase to interact with arrestin 

for its own inactivation.64 All of these processes involve 

GTP or ATP. For example, the GDP-GTP exchange in Tα 

and the subsequent GTPase activity,68 the phosphorylation 

of each rhodopsin at up to three sites,69,70 and the consump-

tion of 2–3 molecules of ATP for the conversion of each 

all-trans-retinal to all-trans-retinol and the regeneration of 

11-cis-retinal.64 The total amount of ATP consumed varies 

among species and depends upon the intensity and duration 

of light exposure. However, all of the energy expenditure of 

phototransduction is still relatively small compared to that 

of the dark current.64 Recently, Miyazono’s group67 found in 

the carp retina that Müller cells convert all-trans-retinol to 

11-cis-retinol and return it to the cones, where it is oxidized 

to 11-cis-retinal by a novel retinal-retinol redox (ALOL) 

coupling reaction that does not require the cofactor NADP+. 

However, the molecular mechanism of this coupling is not 

well understood at this time.

Energy requirements in darkness 
and in light
What does this all mean in terms of energy requirement? 

The absolute number of ATP molecules generated and used 

is likely to vary with species, age, life style, and time of the 

day. However, a calculation in the rabbit retina revealed some 

general modes of operation. More energy is required in the 

dark than in the light, and the retina relies more on oxidative 

than glycolytic metabolism for its energy supply.22 Neither of 

these observations comes as a surprise. Energy (expressed as 

a percentage of total phosphate generated in the dark) from 

glycolysis (calculated from lactate production) constitutes 

only 16% in both darkness and light. On the other hand, 

energy from oxidative metabolism (calculated from oxygen 

consumption, assuming a P:O ratio of 3) constitutes 84% in 

darkness and 61% in the light. Energy used by Na+K+ATPase 

is about 50% in darkness and 15% in the light, and much of 

this is for the dark current (35% of total energy or 70% of 

Na+K+ATPase usage in darkness, but 0% in the light). Energy 

required for cGMP turnover is only 2% in darkness, but 11% 

in the light, and energy transfer involving γ-phosphate of GTP 

is 20% in darkness and none in the light.22 Depolarization in 

the dark also leads to glutamate release from photoreceptor 

axon terminals, and neurotransmission is 80% faster in the 

dark than in the light.71 However, glutamate synthesis and 

recycling by themselves consume relatively little energy 

(, 2–4 × 106 ATP s-1).6 In a mouse rod, the ATP  expenditure 

is estimated to be about 9 × 107 ATP s-1 in darkness and only 

Figure 4 A) A tangential section of cytochrome c oxidase-reacted macaque retina 
through the inner segments of photoreceptor cells. Note that cone inner segments 
are much larger and are more intensely labeled by cytochrome c oxidase than those 
in rods. B) At the electron microscopic level, cone inner segments (CiS) contain 
much larger and more closely packed mitochondria than do rods. Modified with 
permission from Kageyana and Wong-Riley 1984.53
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about 2 × 107 ATP s-1 in bright illumination.64 Of these, a large 

proportion is devoted to Na+ pumping (5.7 × 107 ATP s-1) and 

less for Ca++ channels (∼3 × 107 ATP s-1), with negligible 

expenditure on guanylyl cyclase and phosphorylated rho-

dopsin in darkness. In bright illumination, GTPase activity 

associated with transducin utilizes ,3 × 106 ATP sec-1 in 

rods,64 and phosphorylation of rhodopsin uses ,6 × 105 

ATP s-1.70 Likewise, guanylyl cyclase and the Ca++ channels 

consume relatively little energy in bright illumination.64 There 

is little wonder, then, that total energy consumption in bright 

light is less than a quarter of that in the dark.64

Other ATP-consuming functions
Besides Na+K+ATPase, Ca++ATPase is present in plasma 

membrane72 as well as in disc membrane.73 Ca++ uptake 

into rod outer segments is modulated by taurine and ATP, 

thereby protecting the cells against calcium toxicity.74 Most 

of the Ca++ being transported back into organelles is via 

Ca++ATPase that transfers 2 Ca++ per high energy phosphate 

(or ATP), whereas most of the Ca++ transport out of the cell 

is by counter-transport with Na+, with 1 Ca++ ion pumped per 

ATP consumed by Na+K+ATPase.75 However, both types of 

transport together in a neuron consume only about 3%–7% 

of the cell’s energy supply.5 Transport of cargo into the outer 

segments of photoreceptor cells and transport in general in 

other neurons is reliant on ATP-dependent motors, such 

as kinesin and dynein.76 Kinesin cycles its conformation 

approximately 100 times per second, hydrolyzing 1 ATP 

per cycle. Thus, each kinesin molecule hydrolyzes about 100 

ATP molecules per second.77,78 The total energy demand will 

depend on the number of kinesin molecules per cell and the 

rate of transport of various cargo in the retina. Moreover, 

the creatine/phosphocreatine shuttle system is important in 

reversibly converting creatine and ATP to phosphocreatine 

and ADP for proper energy homeostasis at sites of high 

energy demand in the retina as well as in the brain.79

ATP binding cassette transporter (ABCR)
A related energy-requiring process is mediated by a protein 

known as ABCR found exclusively in photoreceptor cells 

along the rim regions of disc membranes.80–82 ABCR is 

involved in the transport of either all-trans-retinal or a Schiff 

base adduct of all-trans-retinal and phosphatidylethanolamine 

from the luminal to the cytosolic face of the disc membrane, 

thereby enabling the all-trans-retinal to be readily reduced 

to all-trans-retinol by cytosolic retinol  dehydrogenase.83 

One model for transport and ATP hydrolysis by ABCR is 

the sequential opening and closing of retinal entry and exit 

sites.83 In this model, the opening and closing of retinal 

entry site is coupled to the ATPase cycle of nuclear-binding 

domain 1 (NBD-1), whereas the opening and closing of the 

exit site is coupled to the ATPase cycle of NBD-2. More 

than 180 mutations of the ABCR gene (ABCA4) have been 

implicated in a number of retinal degenerative diseases,83,84 

notably early onset autosomal recessive Stargardt macular 

dystrophy,85,86 fundus flavimaculatus,87 autosomal recessive 

retinitis pigmentosa,88 cone-rod dystrophy,89 and increased 

risk for age related macular degeneration.85,87

Glutamate transporter
Glutamate is the key excitatory neurotransmitter in the brain 

and in the retina. Glutamate released from synaptic termi-

nals is actively transported by sodium-dependent glutamate 

transporters into glial cells, where some of the glutamate is 

converted to glutamine, a process that consumes 1 ATP per 

glutamate.6 Glutamine is released from glia, taken up by 

neurons, and is converted back to glutamate. This process 

consumes little or no energy because the N-like transporters 

cotransport a Na+ and export a H+.6 The excitatory amino acid 

transporter 1 (EAAT1) or GLAST (glutamate aspartate trans-

porter) is localized to Müller cells and astrocytes. EAAT2 

or GLT-1 is found in cones and two types of bipolar cells.90 

EAAT3 (EAAC1) is contained in horizontal, amacrine, and 

ganglion cells, but more rarely in bipolar cells.90 EAAT5 is 

localized to photoreceptor and bipolar cells.91,92 EAAT4 has 

not been localized to retinal tissue. Glutamate released from 

neurons is cleared initially by Müller cells via their GLAST or 

EAAT191 but is slowly recycled back to neurons, specifically 

to cones via GLT-192 and to rods via EAAT5.90,92 In glaucoma, 

there is a down-regulation of EAAT1 and glutamatergic 

N-methyl-D-aspartate (NMDA) receptors, resulting in an 

elevated level of glutamate in the vitreous body, leading to 

neurotoxic ganglion cell death.93 Both EAAT1 and EAAT2 

are important in regulating extracellular glutamate in the 

retina, thereby protecting the retina, and especially the highly 

sensitive ganglion cell layer, from excitotoxic cell death.94 

Blockage of glutamate transport leads to retinal ganglion 

cell death in vitro.95

Retinal pigment epithelium (RPE)
Besides serving as the outer blood retinal barrier and trans-

porting glucose to photoreceptor cells, the RPE is intimately 

associated with the photoreceptor outer segments with which 

its apical microvilli interdigitate. The electrogenic sodium 

pumps in its apical membrane actively transports ions and 

assists in the transport of metabolites and fluid across this 
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cell layer, thereby maintaining the appropriate ionic and 

fluid composition of the subretinal space.96 RPE cells are 

responsible for the uptake of all-trans-retinol from photore-

ceptor cells, converting it to 11-cis-retinal, and transporting 

that back to photoreceptor cells. It is also actively involved 

in the phagocytosis of photoreceptor outer segments.97 For 

all of its energy-dependent functions, the RPE is richly sup-

plied with mitochondria, especially toward the apical side.98 

RPE cells have also been reported to release ATP into the 

subretinal space.99 This release may be related to Cl- chan-

nels, although the specific mechanism is not understood.99 

ATP released into the subretinal space may stimulate P2X
2
 

receptors on the outer segments of photoreceptors, leading to 

an influx of Ca++ into these cells.99,100 Extracellular ATP may 

be converted by RPE into adenosine, an elevation of which 

at night enhances circadian synthesis of melatonin.99,101 Thus, 

ATP released by RPE may be involved in the circadian regula-

tion of photoreceptor function and phogocytosis.99ATP is also 

reportedly released from retinal astrocytes102 and from inner 

retinal neurons103,104 and may serve similar functions.

Nerve fiber layer
The intraretinal layer of unmyelinated ganglion cell 

axons, unlike many unmyelinated axons elsewhere in the 

brain, has a high level of cytochrome c oxidase as well 

as Na+K+ATPase53,62 (Figure 3), indicating a considerable 

degree of depolarizing and re-polarizing activities. Once the 

axons acquire myelin sheaths at the lamina cribosa and begin 

their saltatory conduction, cytochrome c oxidase level falls 

precipitously in the retrobulbar optic nerve53 (Figure 5). The 

high energy requirement by unmyelinated ganglion cell axons 

and by the prelaminar and laminar optic nerve renders them, 

(and especially the optic nerve head where axons congregate), 

extremely vulnerable to energy exhaustion and eventual 

functional failure.105 Increased intraocular pressure, such as 

induced in glaucoma, potentially restricts blood flow and 

eventual ischemia that would be detrimental to the optic nerve 

head and retinal ganglion cells.106 Other conditions where 

energy metabolism is compromised, such as diabetes and a 

number of inherited mitochondrial diseases (to be discussed 

below), often lead to optic neuropathy that affects ganglion 

cells and their axons, culminating in blindness.

The lateral geniculate nucleus (LGN)
Relatively little is known about energy metabolism in the 

dorsal lateral geniculate nucleus, the main relay station from 

the retina to the primary visual cortex in mammals. The blood 

supply to the LGN comes mainly from thalamogeniculate 

arteries that branch from the posterior cerebral arteries in 

humans.107 Metabolic activities of geniculate neurons dif-

fer depending on the species and functional pathways. For 

example, the OFF-sublaminae in the ferret LGN (A’ and A1’) 

are metabolically much more active than the ON-sublamina 

(A and A1), indicating that the OFF-pathway is function-

ally more active than the ON in this species53 (Figure 6). 

The opposite is true for the macaque LGN, where the layers 

dominated by the ON-pathway (6 and 5) are metabolically 

more active than the ones subserving primarily the OFF 

pathway (4 and 3).53 The patterns in the LGN of both species 

are reminiscent of their respective pattern in the retinal inner 

plexiform layer (see Figure 2). However, two other features of 

the macaque LGN deserve attention. First, the magnocellular 

layers 1 and 2 are much more reactive for cytochrome c oxi-

dase than most of the parvocellular layers (with the exception 

of layer 6), suggesting that the magnocellular (M)-pathway is 

functionally more active than the parvocellular (P)-pathway. 

Second, the layers subserving contralateral visual processing 

(especially layers 1 and 6) have higher levels of cytochrome 

c oxidase activity than their ipsilateral counterparts (2 and 5). 

Thus, the overall energy demand is the culmination of these 

three forces.

LGN neurons are highly sensitive to the level of retinal 

input. Simply blocking impulse activity in retinal ganglion cells 

with intravitreal injections of TTX leads to significant reduc-

tion in cytochrome c oxidase activity in deprived layers of the 

LGN, ie, layers 1, 4, and 6 in the contralateral LGN, and layers 

2, 3, and 5 on the ipsilateral side.108 The enzymatic reduction 

is accompanied by a decrease in mitochondrial DNA as well 

as both nuclear- and mitochondrial-encoded subunit mRNAs 

Figure 5 A transverse section of squirrel monkey optic disk. The unmyelinated 
portions of retinal ganglion cell axons (OF, optic fibers) within the eye are darkly 
reactive for cytochrome c oxidase. Labeling falls precipitously at the lamina cribosa, 
where the axons acquire myelin sheaths and form the optic nerve (ON). Modified with 
permission from Kageyana and Wong-Riley 1984.53
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of cytochrome c oxidase in deprived LGN layers.108 Once again, 

energy metabolism and neuronal  activity are tightly coupled.

The primary visual cortex
The primary visual cortex, calcarine cortex, area 17, or 

V1, receives direct input from the dorsal lateral geniculate 

nucleus. The visual cortex is richly supplied with penetrat-

ing blood vessels originating from the posterior cerebral 

artery. An extensive capillary network throughout V1 ensures 

that this region of the cortex has a ready source of oxygen, 

glucose, and other nutrients. Both capillary diameter and 

capillary density are highest in layer IV,109 which has the 

most intense level of cytochrome c oxidase activity in human, 

primate, and other mammalian species110–113 (Figure 7). 

Layer IV also has the highest level of sustained background 

spiking activity than any of the other layers.114 In addition, 

cytochrome c oxidase-rich globular zones (known as puffs, 

blobs, patches, dots, or spots)115 in the supragranular layers, 

are more richly vascularized than the intervening cytochrome 

c oxidase-poor zones.116 Local cerebral glucose metabolism 

and blood flow in the visual cortex are increased with visual 

stimulation, shown by 2-deoxyglucose uptake,117 positron 

emission tomography,118 and functional magnetic resonance 

imaging.119,120 Thus, a positive correlation has been found 

among blood flow, glucose utilization, capillary density, as 

well as cytochrome c oxidase level.121,122

Interestingly, exposure of rats to a supposedly more chal-

lenging “complex” environment actually promotes capillary 

formation in its visual cortex; however, the effect is much 

more prominent in the young than in the aging brain.123,124

What are the physiological and neurochemical properties 

of the primary visual cortex that may shed some light on its 

energy demand? First of all, the visual system (in addition to 

the auditory system) is one of the most active systems in the 

brain. Vision is vital for the survival of most animal species, 

especially the diurnal ones. The visual system is skilled in 

detecting contrast and movement in the visual environment, 

with constantly changing patterns of light and darkness fall-

ing on its receptive surface (photoreceptor cells), resulting in 

center-surround circular type of receptive fields at the retinal 

ganglion cell level that are relayed through the LGN to the 

primary visual cortex in precise spatial and temporal coding 

patterns. The processing is refined at the cortical level, where 

the receptive fields are converted into the elongated type 

specialized in the detection of contrast, borders, orientation, 

spatial frequencies, color, and eye preference.125–127 The com-

plexity of visual processing requires an active visual system 

that consumes a great deal of energy. Visual stimuli to the eye 

initiate a chain of synaptic events from the retina, through the 

lateral geniculate nucleus, to the visual cortex. 13C nuclear 

magnetic resonance spectroscopy indicates that 80% of the 

total energy consumption of the rat cortex is concerned with 

Figure 6 A) A parasagittal section of ferret lateral geniculate nucleus reacted for cytochrome c oxidase. Sublaminae A’ and A1’ representing the OFF-pathway have higher 
enzyme levels than the ON-sublaminae A and A1. Magnocellular lamina C (Cm) is also more reactive than the parvocellular lamina C (Cp). The perigeniculate nucleus (PG) is 
only lightly labeled. B) Coronal section of the macaque LGN reacted for cytochrome c oxidase. The pattern of metabolic activity probably reflects a combination of greater 
functional activity in a) the magnocellular layers 1 and 2 than the parvocellular layers 3–5; b) the ON-pathway-dominant layers 5 and 6 than the OFF-pathway-dominant layers 
3 and 4; and c) the contralateral pathway in layers 1 and 6 than the ipsilateral pathway in layers 2 and 5. Modified with permission from Kageyana and Wong-Riley 1984.53
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signaling, the bulk of which is for Na+K+ATPase to repolarize 

the membrane after depolarization.128,129 Since glutamate is 

the major excitatory neurotransmitter in the central nervous 

system,130 much of the energy is utilized to support gluta-

matergic transmission,128 that is, to fuel repolarization after 

glutamate-induced depolarization. The recycling of second 

messengers and neurotransmitters accounts for only a small 

percentage (,10%) of the signaling cost. Maintaining rest-

ing potentials and counteracting leakage from organelles are 

estimated to consume less than 15% of the total energy, and 

the turnover of macromolecules is about 5% of the total.128,129 

Energy utilized by glia to sustain their resting potential is 

only about 3% of the total in the brain.8 Not considered in 

the calculations are such functions as fast anterograde and 

retrograde axoplasmic and dendritic transport.

The geniculate-recipient layers of the primary visual cor-

tex, mainly layer IV in most mammals, but extending to lay-

ers VI and II/III puffs in primates, are synaptically dominated 

by excitatory glutamatergic input from the LGN, with dense 

distribution of glutamate, NMDA receptor subunit 1, and neu-

ronal nitric oxide synthase.27,131 The high demand of energy 

to constantly repolarize the membranes after depolarization 

is evident by the intense labeling of Na+K+ATPase131,132 and 

cytochrome c oxidase there.110,111 A dense distribution of 

glutamic acid decarboxylase in the same region as glutamate 

in the macaque visual cortex133 may, at first glance, appear to 

be contradictory to the positive correlation between energy 

metabolism and excitation (or repolarization after depolariza-

tion). However, at the immuno-electron microscopic level, 

it becomes clear that the GABAergic neurons themselves 

receive strong glutamatergic input not only on their den-

drites, but also directly on their cell bodies.27,134 The exact 

distribution of axon terminals of these GABAergic neurons 

is not clear, but cytochrome c oxidase-rich puffs have a 3:1 

ratio of glutamatergic to GABAergic synapses, whereas 

cytochrome c oxidase-poor interpuffs only have a 2:1 ratio.27 

Moreover, even though puffs and interpuffs in the macaque 

V1 share the same types of neurons and comparable numeri-

cal  densities of mitochondria, the mean size of neurons is 

smaller, the mean size of mitochondria is smaller, and the 

level of cytochrome c oxidase reactivity is much lower in 

interpuffs than in puffs.134,135

Other physiological attributes that may contribute to a 

greater metabolic demand in puffs than interpuffs include 
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Figure 7 A schematic diagram depicting the general laminar and cellular patterns of labeling with cytochrome c oxidase in the primary visual cortex of various mammals 
studied (laminae are not drawn strictly to scale). The degree of darkness reflects the intensity of labeling. The basic pattern of metabolic activity is phylogenetically constant, 
with the geniculate-recipient layer iv having the highest energy demand. Primates evolved a more elaborate layer iv and supragranular cytochrome c oxidase-rich puffs 
centered on ocular dominance columns. Modified with permission from Wong-Riley 1988.112
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a higher rate of spontaneous activity,114,126 non-selectivity 

for stimulus orientation, greater frequency of activation, and 

broader spatial frequency and orientation band widths.126,127,136 

Puff neurons are strongly monocular, whereas interpuffs 

neurons are binocular.126,137 Monocular input is invariably 

excitatory, but binocular interactions can result in inhibition 

and lower frequencies of activation.

Extrastriate visual cortical areas
Beyond the primary visual cortex, visual processing contin-

ues in two major streams: a dorsal stream for spatial vision 

(“where”) and a ventral stream for object vision (“what”), 

dominated by magnocellular (M) and parvocellular (P) path-

ways, respectively, but with extensive interconnections.138–141 

Within the secondary visual cortex or V2, globular puff-like 

zones of high cytochrome c oxidase activity exist in layers 

III–IV thick and thin stripes.115 These metabolically active 

zones contain units with nonoriented wavelength selectiv-

ity, oriented disparity selectivity, directional selectivity, 

and preference for low spatial frequency gratings, whereas 

metabolically less active zones (interstripes) prefer high 

spatial frequency gratings and orientation selectivity.142,143 

The difference in metabolic demand likely reflects the fre-

quency of activation by the different functional attributes in 

V2. Beyond V2, the metabolic map is surprisingly uniform in 

all of the extrastriate cortical areas examined, with layers III 

and IV having the highest cytochrome c oxidase labeling.113 

These layers receive and process intercortical visual infor-

mation and are likely to be dominated by excitatory synaptic 

activities. The metabolic pattern revealed by cytochrome c 

oxidase agrees well with the microvascular pattern, which 

shows a negligible difference among several extrastriate 

cortical areas, but a much higher vascular density in the 

striate than the extrastriate cortices.3

Consequence of functional 
inactivation
The tight coupling between neuronal activity and energy 

metabolism is best illustrated with retinal impulse blockade by 

intravitreal injections of TTX in adult cats or monkeys.111,144 

In this paradigm, photoreceptor cells and non-spiking cells in 

the retina are functioning normally, as light still enters the 

eyes and dark current is still maintained in the dark. How-

ever, all spiking retinal ganglion cells, be they ON-center 

or OFF – center, P- or M- type, central or peripheral, are 

functionally inactivated by TTX. Visual cortical neurons, 

being at least two to three synapses away from the retina, are 

not exposed to TTX, but rather, are simply deprived of their 

normal excitatory retino-geniculo-cortical input. A reduction 

in neuronal activity in functionally deprived cortical neurons 

down-regulates their energy metabolism, as exemplified by 

reduced cytochrome c oxidase as well as Na+K+ATPase most 

prominent in geniculate-recipient layer IV and supragranular 

puffs115,132 (Figure 8). As cytochrome c oxidase is an inte-

gral membrane protein, it takes time for the turnover to be 

visualized at the light microscopic level. However, as early 

as 14 hours after a single injection of TTX in the vitreous, 

a banding pattern of light and dark enzyme labeling can be 

seen in the visual cortex.115 Interestingly, not all neurons 

respond alike to the same functional insult. The metabolically 

most active neurons (type C cells in cortical puffs) suffer the 

most with not only a marked reduction in the level of their 

cytochrome c oxidase activity and in the numerical and areal 

densities of their mitochondria, but also a significant reduc-

tion in their cell size.134 Such responses in mature cortical 

neurons are entirely reversible, testifying to the tight coupling 

between neuronal activity and energy metabolism, as well 

as to plasticity in the adult visual system.24

Regulation of energy metabolism  
at the molecular level
Recently, the tight coupling between neuronal activity and 

energy metabolism is found to exist even at the molecular 

level. The same transcription factor (nuclear respiratory 

factor 1 or NRF-1) regulates not only all 13 subunits of 

cytochrome c oxidase derived from the nuclear and the 

mitochondrial genomes,145 but also a number of neurochemi-

cals associated with glutamatergic neurotransmission146–148 

(Figure 9). These neurochemicals include NMDA recep-

tor subunits 1 and 2B that are critical components of this 

receptor,149 AMPA receptor subunit 2 (GluR2) that is critical 

in governing Ca2+ and Zn2+ permeability, receptor kinetics, 

and other functions,150 and neuronal nitric oxide synthase 

(nNOS) that links NMDA receptor transmission to the cGMP 

second messenger cascade.151 Moreover, the promoter of gua-

nylyl cyclase gene has a putative binding site for NRF-1 and 

the expression of this gene is down-regulated with a knock-

down of NRF-1.148 Such transcriptional coupling between 

cytochrome c oxidase and glutamatergic neurochemicals 

ensures that energy supply keeps pace with energy demand 

of neuronal activity with high efficiency and precision.

Disorders of the visual system
Under normal conditions, it is the energy demand of neuronal 

activity that controls energy production. However, when 

energy metabolism is compromised, neural transmission will 
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Figure 9 Schematic diagram of the tight coupling between energy metabolism and neuronal activity co-regulated at the transcriptional level by the same transcription factor 
NRF-1 (nuclear respiratory factor 1). Recent studies (Dhar and Wong-Riley, 2009;146 Dhar et al 2008,145 2009,147 2009148) indicate that NRF-1 regulates the expression of not 
only all 13 subunit genes of cytochrome c oxidase (reflecting energy metabolism) but also genes of several neurochemicals associated with glutamatergic neurotransmission, 
including NMDA receptor subunits 1 and 2B (genes NR1 and NR2b), AMPA receptor subunit 2 (GluR2; gene Gria2), and neuronal nitric oxide synthase (nNOS, gene Nos1). 
This ensures high efficiency in matching energy production with energy demand of neuronal activity.

Figure 8 Tangential sections of the primary visual cortex from a macaque monkey whose left eye was functionally inactivated with TTX for 3 weeks. Serial sections were 
reacted histochemically either for cytochrome c oxidase (A) or Na+K+ATPase (B). Cortical layers are indicated by numerals. Note the light and dark banding pattern in layer 
4c that is normally homogeneously and intensely labeled by both markers. in the supragranular layers 2–3, rows of large, darkly-labeled puffs (arrowheads) alternate with 
rows of small, lightly-labeled puffs. The lighter bands in 4c and lighter puffs correspond to the functionally inactivated eye. Large arrows indicate the border between area 
17 and area 18. In area 18, thick and thin stripes with larger puff-like labeling within them are detectable (the pattern is more clearly seen in A). Modified with permission 
from Hevner et al 1992.132
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be adversely affected. The first maternally inherited visual 

system disorder with a molecular identity linked to a point 

mutation in the mitochondrial DNA is Leber’s hereditary 

optic neuropathy (LHON).152 Since the initial identification 

of G11778A (ND4) mutation, other sites on the complex I 

subunit genes in the mitochondrial genome have been found, 

such as T14484C (ND6) and G3460A (ND1).153,154 The phe-

notype is similar: subacute visual loss in the second or third 

decade dominant in males, retinal ganglion cell and optic 

nerve degeneration, blindness in one eye followed within 

months by vision loss in the other eye, decreased complex I 

activity, decreased ATP synthesis, and increased oxidative 

stress. The prevalence in males implicates epigenetic fac-

tors and/or involvement of the nuclear genome. Among the 

risk factors are cigarette smoking, alcohol consumption, 

and exposure to a variety of toxins.155 These risk factors are 

themselves detrimental to energy metabolism.

Other mutations of the mitochondrial DNA also tend 

to affect the visual system.156 Mitochondrial DNA encodes 

for 2 rRNAs (12S and 16S), 22 tRNAs, and 13 polypeptide 

 coding RNAs.157 These serve to produce 7 subunits of com-

plex I (NADH dehydrogenase), 1 subunit of complex III 

(cytochrome bc
1
 complex), 3 subunits of complex IV (cyto-

chrome c oxidase), and 2 subunits of complex V (ATP 

synthetase). These are the only 4 proteins that are bigenomi-

cally encoded, ie, they also have subunits encoded in the 

nuclear genome. Complex II (succinate dehydrogenase) is 

entirely nuclear-encoded. A T8993G mutation in the ATP 

synthetase subunit 6 gene leads to neuropathy, ataxia, and 

retinitis pigmentosa (NARP).158 A heteroplasmic G6930A 

mutation in cytochrome c oxidase subunit 1 gene leads to a 

premature stop codon and disrupts the functional structure of 

the enzyme, resulting in blindness, hearing loss, myopathy, 

encephalopathy, and peripheral neuropathy.159 Point muta-

tions in the tRNA gene can cause multi-system dysfunction, 

such as mitochondrial encephalomyopathy, lactic acidosis, 

and stroke-like episodes (MELAS) that often includes corti-

cal blindness.160 A large scale deletion of the mitochondrial 

genome results in progressive external ophthalmoplegia 

(PEO) or Kearns-Sayre syndrome (KSS), with pigmentary 

retinopathy and degeneration of the retina, in addition to 

multisystem disorders.161 As each cell has tens of thousands 

of mitochondria, and each mitochondrion has 2–10 copies 

of mitochondrial DNA, the degree of severity of visual 

deficits (and defects of other organs) will be dependent on 

the prevalence of the mutant DNA (homoplasmy or varying 

degrees of heteroplasmy) and the threshold level of tolerance 

in each organ and perhaps in each cell type.

Since 99% of proteins found in the mitochondria are 

encoded in the nuclear genome, mutations in many of these 

genes potentially lead to defective energy metabolism and 

visual deficits. For example, mutation in the OPA1 gene 

encoding a dynamin-like GTPase in the inner mitochondrial 

membrane and important for mitochondrial fission results 

in dominant optic atrophy (DOA), with decreased visual 

acuity, deficits in color vision, centro-coecal scotoma, and 

optic nerve pallor.162 OPA1 is normally expressed in retinal 

ganglion cells, starburst amacrine cells, and horizontal cells, 

but not in photoreceptor cells or nerve fiber layer.163 Mutation 

in SURF1 gene necessary for cytochrome c oxidase assembly 

leads to subacute necrotizing encephalomyopathy or Leigh 

syndrome that also includes optic atrophy.156,164 A point 

mutation in the DDPI/TIMM8a gene on the X chromosome 

involved in protein import into the mitochondria results 

in the deafness-dystonia syndrome or Mohr-Tranebjaerg 

 Syndrome with distinct phenotypes that include vision loss 

due to severe atrophy of the visual cortex and degeneration 

of the retina and the optic nerve.165

A large number of visual system disorders are associated 

with defects in energy metabolism. Diabetic retinopathy is a 

leading cause of blindness in the adult, for defective glucose 

uptake resulting from impaired insulin action leads to reduced 

energy production, retinal dysfunction, vascular lesion, and 

eventual blindness.166 In proliferative diabetic retinopathy, 

blood flow is dysregulated and blood supply to the retina is 

reduced.33 Oxidative stress due to excessive accumulation of 

oxidants and free radicals has been implicated in such visual 

disorders as age-related macular degeneration (AMD) and 

glaucoma.167,168 Accumulation of galactose in the blood and 

tissues in genetic galactosemia can lead to cataract, liver 

enlargement, and mental retardation.169 Methanol toxicity 

is caused by the accumulation of formate that inhibits cyto-

chrome c oxidase, and blindness often ensues.170 Recently, 

a loss of function mutation in IDH3B, encoding the β-subunit 

of NAD-specific isocitrate dehydrogenase, which catalyzes 

the oxidation of isocitrate to α-ketoglutarate in the Krebs 

cycle, has been linked to retinitis pigmentosa with no appar-

ent clinical signs in any other tissues of the body.171

A number of diseases of aging, such as Alzheimer’s 

Disease, Huntington’s Disease, and Parkinson’s Disease, 

are associated with defective energy metabolism and 

visual deficits.172–174 Even with normal aging, cumulative 

insults of mitochondrial DNA with reactive oxygen spe-

cies (ROS) increases the incidence of mutations in each 

mitochondrion and the prevalence of defective mitochon-

dria in each organ.175 Respiratory control normally limits 
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the production of ROS, but if the allosteric inhibition of 

cytochrome c oxidase at high ATP:ADP ratio is switched 

off under various forms of stress, increased mitochondrial 

membrane potential and cellular ROS can result, leading to 

degenerative diseases.176

Conclusions
The tight coupling between neuronal activity and energy 

metabolism denotes that each is highly dependent on the 

other. The major function that consumes the bulk of energy is 

repolarization after depolarization. This is manifested by the 

high energy demand of repolarization in the inner segments 

of photoreceptor cells to maintain the dark current, and in 

functionally active cone pedicles, outer and inner plexiform 

layers, larger ganglion cells, and unmyelinated nerve fiber 

layer of the retina to maintain normal membrane potentials 

for reactivation. Energy for repolarization is greater in certain 

pathways (such as ON versus OFF, mango- versus parvo-

cellular pathways) in the retina and the lateral geniculate 

nucleus. At the primary visual cortical level, energy demand 

for repolarization is highest in the geniculate-recipient layer 

IV in a number of mammalian species examined. Primates 

have added energy demand in supragranular puffs with 

special physiological properties. Energy for repolarization 

in the brain is consumed primarily by dendrites postsynap-

tic to excitatory synapses, such as mediated by glutamate. 

Significantly, regulation of a key energy-generating enzyme, 

cytochrome c oxidase, is coupled to that of glutamatergic 

neurochemicals at the transcriptional level, thereby ensur-

ing precise matching of energy production with energy 

consumption. Decreased neuronal activity leads to reduced 

energy production. Likewise, decreased energy production 

in diabetes, mitochondrial DNA mutations, and diseases of 

aging often results in varying degrees of visual dysfunction 

and even blindness.
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