
Correlating OCR and ECAR to ATP Flux
Valuable insight into the physiological state of living cells and the changes of those
cells in response to experimental intervention has been gained through monitoring inde-
pendently the rate of oxygen consumption using Clark and Clark-type electrodes or the
rate of extracellular acidification using the Cytosensor® microphysiometer. The rate of
oxygen consumption (OCR) is an indicator of mitochondrial respiration and the rate of
acid efflux (ECAR) is predominantly a measure of lactic acid formed during glycolytic
energy metabolism.

The OCR and ECAR for a cell is related to the flux through catabolic pathways used to
generate ATP. During steady state, the ATP synthesis rate is counterbalanced against
ATP consumption and, thus, the OCR and ECAR are related to ATP turnover. Although
quantitative estimates of ATP turnover are technically challenging, it can be shown that
the changes in extracellular fluxes show a concordance with changes in ATP turnover
rates.

For example, as demonstrated in Figure 1 primary adult feline cardiomyocytes typically
maintain basal OCR of about 250 pmoles/min and ECAR of about 30 pmoles H+/min
(or 7 mpH/min) for a well containing 7500 myocytes. Inhibition of cytochrome c oxi-
dase with 2 mM potassium cyanide decreased the OCR to about 20 pmoles/min and
ECAR initially increased to about 1350 pmoles H+/min (or 330 mpH/min). The large
ECAR is due to a very rapid increase in glycolytic flux as the cells attempted to recover
the mitochondrial ATP lost due to inhibition of the electron transport chain as indicated
by the nearly complete reduction in OCR.

Using the Seahorse XF24 analyzer under typical in vitro cell culture con-
ditions, the rate of oxygen consumption (OCR) is indicative of mitochon-
drial respiration and the rate of extracellular acidification (ECAR) reflects
glycolysis. These pathways generate ATP to power the cell. During
steady state, the ATP synthesis and consumption rates are balanced.
Changes in OCR and/or ECAR are generally the result of changes in
ATP synthesis rates that occur in response to changes in ATP
consumption.

Understanding the Relationship Between
Bioenergetic Rates and ATP Turnover

Figure 1: Estimating ATP turnover.
Shown in the middle panel are cultured primary adult feline cardiomyocytes seeded at 7,500
cells/well and incubated for 48 hours. OCR and ECAR values were measured using glucose as
substrate for both basal respiration and in the presence of 2 mM potassium cyanide.
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When the respiration is blocked with cyanide, it can be estimated that the steady state
ATP synthesis rate is ~1350 pmol/min based on the fact that one ATP is produced for
every one lactic acid molecule produced. Estimation of ATP synthesis from the OCR is
more complex. The number of ATP synthesized per oxygen consumed is generally about
five but that can vary and not all oxygen consumed is necessarily used to generate ATP.
If one were to assume 5 ATP/O2, then the initial ATP synthesis rate for the cells shown in
Figure 1 would have been about 1300 pmol/min and, thus, the cells have increased gly-
colytic flux after cyanide treatment to fully recover their original ATP synthesis rate.

Relating Energetic Changes to Phenotypic Changes
The ability to monitor the fluxes through bioenergetic pathways is of obvious value to
drug discovery in metabolic diseases. In a more general sense, ATP utilization has much
broader application in measuring phenotypic changes in cells. For example, as shown in
Figure 2, activation of muscarinic receptors on cardiomyocytes by the agonist carbachol
will trigger several re-
sponses, all of which re-
quire energy and thereby
will increase ATP syn-
thesis rates as evidenced
from increased OCR and
ECAR values.

For example, the Gq
coupled pathways will
trigger rapid increases in
intracellular calcium
ions and activation of
PKC isoforms. The Gi
and Go coupled path-
ways activated by mus-
carinic receptors will
trigger accumulation of
cAMP and activation of
PKA. The increased in-
tracellular calcium and
activated kinases will in
turn activate key en-
zymes that cause ions to mobilize, translocation of proteins to different organelles and cy-
toskeletal modifications.

Most if not all of these processes will affect ATP utilization either directly or indirectly,
which is typically observed as a transient, measurable change in energy metabolism. In
Figure 2 the change lasted about 30 minutes. While a drug’s ability to cause a transient
change in a cell’s metabolism might be viewed as a potentially useful signaling readout,
should a drug candidate cause a long-lived measurable change in a cell’s basal metabo-
lism, it could easily represent a liability.

Thus, changes in the fluxes through bioenergetic pathways are sensitive indicators of
changes in overall ATP synthesis, which is balanced by utilization. Clearly this relation-
ship, which can be explored more easily in vitro, enables characterizations of several dis-
tinct phenotypes and more importantly their dynamic equilibrium.

Figure 2: Bioenergetics associated with cell signaling.
OCR and ECAR values measured with adult feline cardiomy-
ocytes prior to (basal) and after muscarinic receptor activation
with 1 µM carbachol. Shown are the averages of four wells
measured every 6 min.

Materials & Methods

Cell Culture.
Primary adult feline car-
diomyocytes were isolated
as described in Cooper, et
al. Cells were seeded at
7,500 cells/well and as-
sayed 48 hours later.

Test Compounds.
Potassium cyanide and car-
bachol were obtained from
Sigma (St. Louis, MO).

Note: A more detailed protocol for
the data presented in this case
study can be found in Wu et al.
(2007) Am J Physiol Cell Physiol
292:C125-136.
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