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Abstract
Purpose—To measure selected parameters of energy metabolism and adenosine triphosphate
(ATP) production in passaged monolayer cultures of human retinal glial (Müller) cells to assess the
effects of varying substrate and oxygen availability on the biochemistry and histologic integrity of
these cells.

Methods—Confluent Müller cell cultures were incubated for up to 4 hours at 37°C in a modified
minimal essential medium (no serum) under aerobic or mitochondrial-inhibited conditions in the
presence and absence of 5 mM glucose or in the presence of lactate, pyruvate, glutamate, or
glutamine. Cellular ATP levels, lactic acid production, and 14CO2 production from labeled glucose
or glutamate were measured along with an examination of cellular morphology.
Immunohistochemistry with antibodies to glial cell–specific proteins was also performed. Cells were
positive for vimentin, but negative for glial fibrillary acidic protein and glutamine synthetase.

Results—Human Müller cells maintained ATP content aerobically at the same level for 4 hours in
the presence and absence of glucose. ATP content was also maintained anaerobically at a value equal
to that found aerobically, but only in the presence of glucose. ATP content in human Müller cells
declined to a very low level when glycolysis was blocked by iodoacetate, and inclusion of lactate,
pyruvate, glutamate, or glutamine did not restore the level of ATP. Aerobically, lactic acid production
accounted for 99% of the total glucose used, whereas the oxidation of glucose by the mitochondria
accounted for only 1%. When mitochondria were inhibited with antimycin A, there was only a modest
(1.3-fold) increase in the rate of lactic acid production. No significant differences were found in the
histologic appearance of the cells after mitochondrial blockade, but there was massive death of cells
after inhibition of glycolysis with iodoacetate.

Conclusions—These results suggest that, in the presence of glucose and oxygen, cultured Müller
cells obtain their ATP principally from glycolysis and have a low rate of oxygen consumption. This
metabolic pattern may spare oxygen for retinal neurons, particularly in the inner nuclear and ganglion
cell layers under normal physiological conditions. Furthermore, retinal Müller cells in culture are
resistant to anoxia or absence of glucose, which provides a basis for understanding why Müller cells
are less susceptible than neurons to ischemia or hypoglycemia.

The principal glial cell in the retina is the radially oriented Müller cell, which extends from the
vitreal surface to 50% to 70% of retinal depth. Interest in the physiological properties of Müller
cells began many years ago when Faber1 and Miller and Dowling2 first proposed that the b-
wave of the electroretinogram (ERG) was generated by the Müller cells. This suggestion was
based in part on findings in the central nervous system of the leech and the optic nerve of the
frog and Necturus,3 that glial cell depolarizations arise in response to impulse activity in
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neurons. It is now known that Müller cells express many different types of voltage-gated ion
channels4-6 and that their membrane conductance is dominated by potassium channels.7
Müller cells also express a number of receptors for retinal neurotransmitters and contain high-
affinity uptake transporters for glutamate and γ-aminobutyric acid (GABA).8-10

It has also been thought that retinal Müller cells provide metabolic support to retinal neurons,
because Müller cells are the principal storage site for glycogen.11 In times of metabolic stress
(e.g., hypoglycemia) the breakdown of glycogen in the Müller cells could provide critical
metabolites (e.g., lactic acid) for use by the deprived neurons. Glucose metabolism has been
studied in isolated retinal Müller cells from the juvenile guinea pig, the major product of this
metabolism being lactate.12,13 Because of the potential importance of glial–neuronal
interactions in the retina and because our present understanding of Müller cell metabolism is
limited, the present experiments were undertaken to provide additional information on the
metabolic fate of glucose, aerobically and anaerobically, in cultured human retinal glial cells
and on the response of Müller cells to hypoglycemia and hypoxia. The electrophysiological
properties of ion channels in these passaged human Müller cells have been well documented.
14,15

In the present study, measurements are reported of the pathways of glucose metabolism in
cultured human Müller cells under aerobic and anaerobic conditions and the effects evaluated
of alternative substrates and metabolic inhibitors on the energy status, morphologic integrity,
and viability of these cells. Further, a summary model is provided of the relative contributions
of lactic acid production and mitochondrial glucose oxidation to adenosine triphosphate (ATP)
production in cultures of human Müller cells, and the present results and conclusions in retinal
glia are compared with previously published measurements of these pathways of glucose
metabolism in whole retina, cerebral astrocytes, peripheral axons, and several cell lines (e.g.,
HeLa and Madin–Darby canine kidney [MDCK]cells).

Materials and Methods
Cell Cultures

Cultures of human retinal glial cells from donor eyes were supplied within 8 to 16 hours after
death by the Michigan Eye Bank and were prepared according to procedures published in detail
previously.14-17 Dissociated cells were kept in a humidified environment of 95% O2-5%
CO2 at 37°C and fed with a tissue culture medium (a 1:1 ratio of Dulbecco's modified Eagle's
medium and Ham's F12 medium) and 20% bovine serum twice per week. When cultures
reached 80% to 90% confluence they were split. Cells that had been in culture for three to five
passages were used in this study. To help characterize the cultured cells, immunocytochemical
staining was performed according to procedures outlined in the peroxidase staining kit
(LSAB2; Dako, Carpinteria, CA) using antibodies to vimentin, glial fibrillary acidic protein
(GFAP), and glutamine synthetase (GS). The cells were positive for vimentin, but were
negative for GFAP and GS (Fig. 1. Immunoreactivity to vimentin is consistent with other
studies showing that antibodies to this protein label Müller cells in mouse and rabbit adult
retinas.18,19 In contrast, astrocytes in the adult rabbit retina are only weakly labeled with
antibodies to vimentin,19 whereas retinal neurons and microglia20 are unreactive. In
agreement with the low expression of GFAP-positive cells in rat retinal Müller cells in culture,
21 the cultured human glial cells used in the present study did not seem to express GFAP to
any appreciable extent, as monitored with a monoclonal antibody to this protein. It is well
known that Müller cells in intact retinas also express GS.22,23 However, the absence of GS
staining is consistent with the absence in these long-term cultures of neuron-glial interactions,
which appear to be required for GS expression by Müller cells.24

Winkler et al. Page 2

Invest Ophthalmol Vis Sci. Author manuscript; available in PMC 2007 January 11.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



An advantage of our culture system is the availability of relatively pure populations of Müller
cells. As a result, cultures of human Müller cells have been useful in many studies.17,25
Nevertheless, the possibility of changes in these cells during the perimortem period and while
in culture requires that in vitro findings concerning human Müller cells ultimately be confirmed
in vivo.

Experimental Incubations
To prepare the culture wells for measurements of glucose metabolism, the serum-containing
medium was decanted, and the cells were washed three times with serum-free, bicarbonate-
buffered minimal essential medium (MEM). Confluent cultures were then incubated in 2 ml
of serum-free medium in the presence of varying substrates for different times. The control
medium contained 5 mM glucose and an MEM formulation of amino acids, in addition to
typical extracellular concentrations of inorganic salts. Other substrates tested included
glutamine, glutamate, lactate, and pyruvate. To selectively block the glycolytic pathway, cell
cultures were incubated with iodoacetic acid (IAA), a potent inhibitor of triose phospate
dehydrogenase.26 To block mitochondrial activity, cells were incubated in media containing
1 × 10−5 M antimycin A.27 In some cases, the medium was supplemented with 14C-glucose
or 14C-glutamate to monitor the mitochondrial production of CO2.

Lactate Production and ATP Content of Cultured Glial Cells
These measurements were made using previously published methods, with some minor
modifications appropriate for cell cultures versus whole, isolated retinas.27,28 Briefly, 0.05 to
0.1 ml of the media were removed at 30 minute intervals over several hours. Lactate was
determined with a lactic acid dehydrogenase– based commercial kit (826-UV; Sigma, St.
Louis, MO). Multiple sampling of the medium enabled the determination of the rate of
appearance of lactic acid into the medium under the different incubation conditions. ATP
content was measured both in fresh cell cultures and in cultures incubated under the
experimental regimens. At the end of an incubation, the medium in the culture dish was
decanted, and the dish was quickly rinsed three times with ice-cold saline. The saline was
decanted, and the cells were scraped and collected into a total volume of 0.6 ml of 5% perchloric
acid: two scrapes into successive additions of 0.3 ml of perchloric acid. The suspension of cells
was sonicated in the cold for 90 seconds, then centrifuged at 10,000g for 10 minutes. An aliquot
of the supernatant was diluted 200-fold, and the ATP content was measured using a firefly
luciferase-based spectrofluorometric assay (Turner Systems, Mountain View, CA). Protein
was determined with a BCA assay kit (Pierce, Rockford, IL).

Mitochondrial Glucose Oxidation
Cells were grown in special 75-mm2 flasks, each containing an extra side arm capped with a
rubber septum. The incubation medium was the same (e.g., serum free) as during the other
biochemical experiments except for the addition of 5 mM 14C-3,4 glucose or 1 mM 14C-1
glutamate (specific activity was approximately 50,000 counts per minute/mole for each
substrate). Five milliliters of medium was present in each flask. The incubator was equilibrated
with 20% O2-5% CO2-75% N2. At the end of the incubations, which lasted from 1 to 4 hours,
the reaction was stopped and the 14CO2 released by addition of 1 ml of 2 N H2SO4 through
the rubber septum and the 14CO2 collected in 0.5 ml hyamine contained in a vial inserted into
the culture flask. Radioactivity was determined in a liquid scintillation spectrometer.
Appropriate blanks and background measurements were performed in each experiment.

Enzyme Activities
Measurements were made of selected enzymes of glycolysis and the hexose monophosphate
shunt (hexokinase, glyceraldehyde-3-phosphate dehydrogenase ([G3PDH], glucose-6-

Winkler et al. Page 3

Invest Ophthalmol Vis Sci. Author manuscript; available in PMC 2007 January 11.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



phosphate dehydrogenase [G6PDH], and lactic acid dehydrogenase [LDH]) and other
metabolic enzymes (malate dehydrogenase, aspartate aminotransaminase, glutamate
dehydrogenase, and GS). The standard straightforward procedures found in Bergmeyer29 were
used for the measurements of all these enzymes except GS. Typically, culture dishes were
rinsed three times with saline, 0.6 ml of an appropriate buffer (e.g., 0.1 M NaPO4 or 0.1 M
triethanolamine) was added, and cells were scraped and collected in the buffer. The suspension
was sonicated and centrifuged at 20,000g for 20 minutes. Aliquots of the supernatant were
used for measurements of cytosolic enzyme activities using standard assay constituents and
changes in OD340, reflecting an increase or decrease in the concentration of reduced
nicotinamide adenine dinucleotide (NADH) or reduced nicotinamide adenine dinucleotide
phosphate (NADPH), were monitored to obtain linear rates of reactions. Appropriate blanks
(no substrate added) were monitored, and background rates were subtracted from the rates
obtained with the substrate. The pellet was resuspended in buffer containing 0.2% Triton-X
and was subsequently used for measurements of mitochondrial activities. GS activity was
assayed by the method described by Thorndike and Reif–Lehrer30 after sonication and
centrifugation of cells in 1 ml of a buffer mixture containing several protease inhibitors
(phenylmethylsulfonyl fluoride, pepstatin A, and leupeptin). Inclusion of these inhibitors was
necessary to prevent loss in activity of GS during the preparative stages.

Results
Figure 2 shows the production of lactic acid by cultured human retinal Müller cells in the
presence and absence of glucose. Aerobic glycolysis was measured over the initial 2 hours.
Subsequently, anaerobic conditions were established by adding antimycin A (Fig. 2, arrows),
which blocks mitochondrial metabolism. During the next 2 hours, anaerobic lactic acid
production was then monitored. In this way, a direct comparison between the rates of aerobic
and anaerobic glycolysis could be made using the same cell population.

In the presence of glucose, the rate of lactic acid produced aerobically was 1.1 micromoles/mg
protein per hour. After the addition of antimycin A, the rate of lactate production increased
only modestly to 1.4 micromoles/mg protein per hour. Comparison of these rates of lactate
production under aerobic and anaerobic conditions yielded a Pasteur effect of 1.3. When
glucose was omitted from the incubation medium, lactate production was markedly reduced,
both before and after the addition of antimycin A.

We compared the ATP content of cultured glial cells in the presence and absence of glucose.
Table 1 shows that after a 4-hour incubation, the cells contained as much ATP aerobically in
the presence of glucose as they did in the absence of glucose. With glucose in the bathing
solution, the induction of anaerobic conditions did not significantly alter the glial cell content
of ATP. However, the ATP content in these cells was depleted when glucose was absent and
oxidative phosphorylation was inhibited with antimycin A. We also observed that inhibition
of glycolysis by 0.1 mM iodoacetate (IAA) caused the ATP content to decline to a very low
level in the absence or presence of glucose. Further evidence that oxidative metabolism plays
only a small role in these glia is that the addition of substrates such as glutamine, glutamate,
lactate, or pyruvate did not significantly increase the ATP content in the presence of IAA (Table
2).

In another set of experiments, we assessed the relative rates of lactate versus CO2 produced
from labeled glucose or glutamate in cultured retinal glial cells. It was found that 14C-3,4
glucose was converted to 14CO2 at a very low rate (e.g., 0.006 ± 0.001 micromoles/mg protein
per hour; n = 6), compared with the production of lactate (see Fig. 2). A similar low rate of
mitochondrial oxidation (0.008 ± 0.002 micromoles/mg protein per hour; n = 6)) was found
when 1 mM 14C-1 glutamate was the labeled substrate.
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To further characterize the metabolic profile of these glia, we assayed the activities of selected
enzymes of metabolism in cultured human retinal glial cells (Table 3). LDH and G3PDH had
the highest specific activities in the cytosol. Relative to these high activities, malate
dehydrogenase showed intermediate activity, and the activities of the other enzymes tested
were extremely low. Of the enzymes found in the mitochondrial fraction, the order of activity
was malate dehydrogenase, glutamate dehydrogenase, and aspartate aminotransaminase. GS
activity was not detected in the cultures of human Müller cells used in this study.

Consistent with the finding that these glia were not dependent on oxidative metabolism, we
found that the Müller cells were well maintained in the presence of antimycin A and glucose
(Fig. 3). The morphologic appearance of the Müller cells was examined after 4-hour
incubations with glucose. However, when glycolysis was inhibited with IAA, we observed
pyknotic nuclei and other signs of cell death in virtually all the cultured glial cells. Consistent
with the requirement for glycolysis, severe cellular disruption was also found when the cells
were incubated for 4 hours with IAA and each of the various respiratory substrates tested in
Table 2.

Discussion
A characteristic feature of cerebral astrocytes in culture is their high rate of glucose utilization
and lactate formation in the presence of oxygen.31-35 The predominant glial cell in the retina,
the Müller cell, shares this metabolic feature. Thus, it has been shown that Müller cells in the
guinea pig retina take up and phosphorylate glucose 36 and that acutely isolated Müller cells
metabolize glucose aerobically primarily to lactate.13 The present results confirm and extend
this work by showing that in cultured human Müller cells aerobic glycolysis is the major
pathway of glucose metabolism. On the assumption that lactate, produced from glycolysis (1.1
micromoles/mg protein per hour), and CO2, produced from the mitochondrial oxidation of
glucose (0.006 micromoles/mg protein per hour), are the only products of glucose metabolism
in these cells, we calculated that under normal conditions of glucose and oxygen availability
aerobic glycolysis accounts for 99% of total glucose utilization and mitochondrial glucose
oxidation accounts for only 1%. It is recognized that this calculation represents an upper limit
for the contribution of glycolysis to total glucose utilization, because guinea pig Müller cells
have been shown to convert glucose also to amino acids.13 However, this latter activity is low
in comparison with the total glycolytic activity in those cells. Therefore, aerobic glycolysis
represents the primary pathway for glucose metabolism in Müller cells.

We propose that the significance of this metabolic pattern in human Müller cells is that it spares
oxygen for consumption by retinal neurons, particularly in the inner nuclear and ganglion cell
layers under normal physiological conditions. Further, as previously proposed,13,37 the lactate
produced by the Müller cells may serve as a metabolic substrate used by surrounding retinal
neurons.

The present results have also shown that human Müller cells are resistant to mitochondrial
blockade. Thus, there is no significant difference between averaged ATP content in cells
incubated under the control condition in comparison to the level of ATP found in cells incubated
for 4 hours with antimycin A, a potent inhibitor of mitochondrial electron transport. Consistent
with the maintenance of normal ATP levels in cells exposed to antimycin A is the finding that
these cells are also indistinguishable morphologically from control cells. It is important to note
that the preservation of ATP content and morphology in mitochondria-inhibited human Müller
cells depends on the continued high production of lactic acid under the anaerobic condition,
because inhibition by IAA of triose phosphate dehydrogenase, a glycolytic enzyme of
particularly high specific activity (see Table 3), leads to the loss of ATP and death of human
Müller cells within several hours.
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It is of additional interest that cultured human Müller cells maintained their ATP content
aerobically for many hours in the absence of any exogenous substrate (Tables 1 and 2). Clearly,
one or more endogenous substrates are available to support ATP synthesis. That aerobic ATP
content declined to a low level after inhibition of glycolysis with IAA suggests that ATP
production is supported by endogenous hexose stores (i.e., glycogen). This appears to be the
case even when noncarbohydrate substrates (amino acids) are included in the incubation media.
In the absence of glucose, the rate of aerobic lactic acid production declined to a very low level.
Accordingly, it is reasonable to conclude that under this condition the endogenous substrate is
oxidized by the Müller cell mitochondria at a rate sufficient to maintain ATP content over
many hours. This conclusion is consistent with the finding that only in the presence of oxygen
are human Müller cells capable of maintaining their ATP content in the absence of an
exogenous substrate. In this regard, human Müller cells appear to be a classic example of the
Crabtree effect38: In the presence of glucose, respiration is inhibited, but if glycolysis is
depressed by omitting glucose from the medium, respiration is stimulated. Indeed, the Crabtree
effect has been observed only in tissues that have a high glycolytic capacity (e.g., mammalian
retina and cancer cells).

It should be pointed out that although lactic acid is the major end product of glucose metabolism
in cultured cerebral astrocytes,31-35 these cells39-41 also oxidize glucose and glutamate to
CO2 under normal conditions at rates considerably higher than their rates of oxidation in human
Müller cells in the present experiments. This suggests that the contribution of respiration to
normal energy metabolism is quantitatively more important in cerebral glial cells than in retinal
glial (Müller) cells.

Relevance to Retinal Ischemia
Our findings showing that cultured human Müller cells oxidize glucose at a low rate, generate
most of their ATP from glycolysis, and are resistant to mitochondrial inhibition have relevance
to certain manifestations of retinal ischemia. From a clinical standpoint, the insult most often
associated with retinal ischemia is the absence of oxygen, in large part because of the high
oxygen consumption of retinal neurons. Ischemic episodes of variable duration have been
produced in vivo by elevation of intraocular pressure to a level higher than systolic pressure,
thereby occluding choroidal and retinal blood flows. For example, Reinecke et al.42(p474)
induced retinal ischemia in cats and reported that “retinas studied 48 hours after prolonged (90
minutes) ischemia showed progressive lysis and disappearance of the ganglion cells, followed
by the rods and cones, the rod and cone nuclei, and bipolar cells, in that order.” Widespread
damage to all populations of retinal neurons in vivo has also been reported after 60 to 90 minutes
of ischemia in rats43 and rabbits.44 In contrast to the substantial neuronal degeneration
observed in these retinas after an increase in intraocular pressure, Hughes43(p577) noted that
“there appeared to be sparing of Müller cells in the inner nuclear layer,” and Johnson and
Foulds44(p 52) stated that “the nuclei of the Müller cells appeared highly resistant to ischemia,
being unaffected by even the longest period (120 minutes) of ischemia used.”

A higher resistance of Müller cells (and astrocytes) relative to retinal neurons was also found
in owl monkeys after ischemia.45 These results are consistent with other findings showing that
glial cells in the central nervous system are more resistant than neurons to anoxia or
hypoglycemia.46 A simple explanation for the ability of retinal Müller cells to survive ischemia
in vivo is that glycolysis generates enough ATP to maintain cellular viability, an activity that
depends on adequate amounts of utilizable, endogenous carbohydrate (glycogen) stores in these
cells.47 This is not likely to be the entire explanation, however, given the complexity of events
associated with ischemia and reperfusion (e.g., local pH shifts, excitotoxic reactions and the
generation of oxygen free radicals, to cite just a few examples). Indeed, Müller cells respond
to ischemia in vivo by expressing GFAP,48 an effect that is typically viewed as a response to
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neuronal injury.49-52 Moreover, it has been suggested53 that stress to Müller cells caused by
exposure to excitatory amino acids requires extensive interactions between neurons and Müller
cells. Accordingly, Müller cells appear to possess mechanisms that enable them to withstand
reasonably well both the direct effects of ischemia and the indirect effects that involve
degenerative changes in neighboring retinal neurons.

Concluding Remarks on Glucose Metabolism in Retinal Müller Cells, Retinal Neurons, and
Other Cells and Tissues

Just how much does aerobic glycolysis contribute to overall ATP production in cultured human
Müller cells under the normal condition of glucose and oxygen availability? And what is its
contribution in other cells and tissues, for comparison? To address these questions, we start
with the fact that glycolysis yields 2 moles ATP per mole of glucose metabolized, and
respiration yields 36 moles ATP per mole of glucose oxidized completely. This 18-fold
difference in the efficiencies of these two pathways is at the core of the generally accepted
belief that cells obtain virtually all their ATP from respiration and that in most species, tissues
and organs have an absolute dependence on oxygen. This ratio of ATP production from
respiration and glycolysis is true for the particular case in which the two molecules of pyruvate
produced from one molecule of glucose are fully oxidized by the mitochondria (i.e., no lactate
is produced in the respiring cell or tissue). This is the standard example most often cited in
biochemistry texts, and leads to the view that in the grand scheme of energy production the
glycolytic pathway is little more than the prelude to the main act of mitochondrial glucose
oxidation. However, this is clearly not the case for Müller cells, nor is it the case for other cells
and tissues that also produce lactic acid aerobically.

What is the meaning of these quantitative differences in the glycolytic and oxidative breakdown
of glucose and how do these differences help us to understand why certain types of cells and
tissues absolutely depend on oxygen for survival, whereas others do not? Figure 4 is a simple,
straightforward attempt to provide a functional perspective on the contribution of glycolysis
(and, by inference, respiration) to total cellular ATP production. Our assumptions are that the
total amount of glucose used per unit of time is constant as the percentage of metabolized
glucose converted to lactate varies from 0% to 100% and that the pyruvate not so used enters
the mitochondria and is completely oxidized. Thus, because more lactate is formed, less
pyruvate is available for oxidation by the mitochondria. The anaerobic case is defined for the
condition when 100% of the pyruvate molecules are converted to lactate, and the ATP produced
comes only from glycolysis. This definition is applied universally to all cells, tissues, and
organisms, and it is easy to understand. However, the aerobic case is not as easy to define,
because it represents the continuum of varying percentages (0%–99.9%) of glucose
metabolized to lactate, and cells and tissues behave quite differently in terms of the relative
rates of glycolysis and mitochondrial glucose oxidation.

Thus, the aerobic definition is tissue specific. It depends on the rates of the specific pathways
of glucose metabolism, which are not always easy to establish. In the situation in which all the
pyruvate molecules are oxidized (i.e., 0% converted to lactate) the glycolytic contribution to
total ATP production is 5.5%, or one eighteenth, of the ATP coming from oxidation. As can
be seen, the contribution of glycolysis to total ATP production increases very slowly as the
amount of lactate formed aerobically increases to 80% of the total glucose used. Only when
the amount of lactate produced from glucose aerobically equals 95% of the total glucose used
(i.e., an 18-to-1 ratio, does the contribution of glycolysis to total ATP production exceed 50%.

Figure 4 includes data points for brain tissue54 and whole frog55 and rat retinas27 which are
in very different regions of the continuum, as well as for several different types of cells
maintained as monolayer cultures.41,56-58 Brain tissue under normal oxygenated conditions
produces a small amount of lactate aerobically (13% of total glucose used), obtaining 6% of
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its ATP from aerobic glycolysis and 94% from respiration. On this basis, it is perhaps easy to
understand why brain tissue is so sensitive to impairment of respiration. To make up for the
loss in respiratory ATP, brain neurons must increase the rate of glucose consumption by 16.6-
fold to produce the same amount of ATP as in the aerobic condition. The rapid vulnerability
of brain neurons to absence of oxygen suggests that brain tissue fails to upregulate glycolysis
sufficiently to compensate for the loss of respiratory ATP. In contrast, the rat retina sits at a
point on the curve where 90% of the glucose used aerobically is converted to lactate and 36%
of the ATP produced comes from glycolysis.27 When a rat retina is deprived of oxygen,
anaerobic glycolysis increases approximately twofold (Pasteur effect), and ATP levels are
maintained at 50% to 70% of the aerobic level.27,59 The resistance of this tissue to anoxia is
linked to the relatively modest upregulation of glycolysis that is necessary to generate
compensatory amounts of ATP. A somewhat similar situation is seen with human Müller cells
in which a modest increase in glycolysis by 30% is all that is necessary to maintain ATP content
after inhibition of the mitochondria. When glycolysis is the only ATP-generating pathway in
MDCK cells,57 net ATP production is maintained at 80% of the control, aerobic rate. The frog
retina represents an extreme case, because this tissue maintains its ATP content anaerobically
equal to that found aerobically by upregulating its glycolytic activity by 8.5-fold when the
mitochondria are inhibited.60

The normalized graph in Figure 4 is both useful and informative, although its application is
limited to those cells and tissues that use glucose as the primary substrate for mitochondrial
metabolism or produce a high amount of lactate aerobically. It is also important to point out
that under the assumption of a fixed rate of total glucose used the absolute amount of total ATP
produced decreases as the percentage of metabolized glucose converted to lactate increases.
This decrease in ATP does not affect the implications and conclusions of the perspective offered
in Figure 4, because this change in ATP produced is a straightforward result of the inefficiency
of glycolysis in producing ATP. What can be inferred is that if the mammalian retina and brain
tissue were producing ATP at the same rate per unit of time and per unit of tissue (e.g., wet
weight or protein basis), the rate of glucose utilization by the retina would be nearly six times
faster than glucose utilization by the brain. Further, for stimulated brain tissue to increase ATP
synthesis from glycolysis by 25%, a 5.2-fold increase in glucose consumption would be needed,
whereas if this 25% increase in ATP synthesis came only from mitochondrial glucose oxidation
then only a 23% increase in glucose consumption would be needed. Finally, the extent to which
pyruvate is incompletely oxidized to CO2 by the Krebs cycle (loss of carbon atoms to amino
acids, for example) influences the validity of using the standard 36 moles of ATP/2 moles
pyruvate oxidized in the calculation in Figure 1. Any reduction in this number results in an
apparent increase in the relative efficiency of glycolysis vis-a-vis oxidation in producing ATP.
At present, our understanding of this latter issue is incomplete.
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Figure 1.
Immunocytochemical staining of human Müller cells with antibodies to vimentin (A), GFAP
(B), GS (C), and a negative control (D). Cells show positive reactivity only to an antibody to
vimentin.
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Figure 2.
Rates of lactate production by cultured human retinal Müller cells as a function of time of
incubation in the presence and absence of glucose. After 2 hours of culture in control media,
1 × 10−5 M antimycin A (final concentration) was added to the medium, and the rate of
accumulation of lactate in the media was observed for an additional 2 hours. Each point
represents the mean ± SD of 8 to 10 individual experiments (triplicate wells per experiment).
When not shown, the SDs were smaller than the size of the symbol. (●), With glucose; (○),
without glucose.
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Figure 3.
Mophologic appearance of cultures of human Müller cells. Top: Cells were incubated with
glucose (glc, control culture) and show typical well-preserved appearance of confluent cells
used for all the metabolic studies. Middle: The appearance of Müller cells after a 4-hour
incubation with glucose and 1 × 10−5 M antimycin A. Cells are clearly resistant to blockade
of respiration. Bottom: Müller cells are significantly damaged ,and there is substantial loss of
cells after incubation of the Müller cells for 4 hours with glucose and 0.1 mM IAA, an inhibitor
of glycolysis.
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Figure 4.
Glycolytic versus respiratory source of ATP. Theoretically derived curve of the fractional
contribution of glycolysis to ATP generation based on the ratio of 2 glycolytic to 36 respiratory
moles of ATP per mole of glucose metabolized. The percentage contribution of respiration to
total ATP synthesis is the inverse of the ordinate. The data points (●) for brain neurons54 and
peripheral axons,58 frog55 and rat27 retinas, and the four cell types (e.g., neonatal astrocytes,
41 HeLa cells,56 MDCK,57 and human Müller cells [present study]) are placed on the curve
according to their experimentally determined rates of glucose metabolism by the glycolytic
and respiratory pathways.
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Table 1
ATP Content in Cultured Human Retinal Glia

Condition ATP (nanomoles/mg protein)

5 mM glucose 15.5 ± 2.0
5 mM glucose + 0.01 mM antimycin A 14.8 ± 1.5
5 mM glucose + 0.1 mM IAA  0.2 ± 0.1
No glucose 15.8 ± 1.9
No glucose + 0.01 mM antimycin A  0.1 ± 0.1
No glucose + 0.1 mM IAA  0.1 ± 0.1

Each value represents an average of at least six individual experiments with triplicate culture dishes per experiment. Duration of incubation, 4 hours. Data
are means ± SD.
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Table 2
ATP Content in Cultured Human Retinal Glia as a Function of Exogenous Substrate

ATP (nanomoles/mg protein)

Substrate −IAA  +IAA*

None 15.8 0.1
5 mM glucose 15.5 0.2
1 mM glutamine 15.4 0.2
1 mM glutamate 15.0 0.2
5 mM lactate 15.7 0.3
5 mM pyruvate 15.2 0.2

Each value represents an average of at least six individual experiments with triplicate culture dishes per experiment. Duration of incubation, 4 hours.

*
0.1 mM.
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Table 3
Activities of Selected Enzymes of Glucose and Glutamate Metabolism in Cultured Human Glia

Subcellular Fraction

Enzyme Cytosol Mitochondria

G3PDH 1.60 ± 0.25 —
Hexokinase 0.04 ± 0.01 —
LDH 1.30 ± 0.20 —
G6PDH 0.03 ± 0.01 —
Malate dehydrogenase 0.44 ± 0.08 0.22 ± 0.07
Aspartate aminotransaminase 0.04 ± 0.01 0.03 ± 0.01
Glutamate dehydrogenase ND 0.07 ± 0.02
GS ND —

Activities expressed as micromoles per minute per milligram protein; means ± SD. Each value is average of at least three experiments with triplicate
culture dishes per experiment. ND, not detected.
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