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Accelerating metabolism and transmembrane cation
flux by distorting red blood cells
Philip W. Kuchel* and Dmitry Shishmarev†

Under static conditions, mammalian red blood cells (RBCs) require a continuous supply of energy, typically via glucose,
tomaintain their biconcavedisc shape.Mechanical distortion, in a complementaryway, should lead to increasedenergy
demand that is manifest in accelerated glycolysis. The experimental challenge in observing this phenomenonwasmet
by reversibly and reproduciblydistorting the cells andnoninvasivelymeasuringglycolytic flux. Thiswasdonewithagel-
distorting device that was coupled with 13C nuclear magnetic resonance (NMR) spectroscopy. We measured [3-13C]L-
lactate production from [1,6-13C]D-glucose in the RBCs suspended in gelatin gels, and up to 90% rate enhancements
were recorded. Thus, for the first time,wepresent experiments that demonstrate the linkageofmechanical distortion to
metabolic changes in wholemammalian cells. In seeking amechanism for the linkage between shape and energy sup-
ply, wemeasured transmembrane cation fluxwith Cs+ (as a K+ congener) using 133Cs NMR spectroscopy, and the cation
flux was increased up to fivefold. The postulated mechanism for these notable (in terms of whole-body energy con-
sumption) responses is stimulation of Ca–adenosine triphosphatase by increased transmembrane flux of Ca2+ via the
channel protein Piezo1 and increased glycolysis because its flux is adenosine triphosphate demand–regulated.
INTRODUCTION
Cell shape and deformability
In the human cardiovascular circulation, each red blood cell (RBC;
erythrocyte) traverses two narrow capillaries, on average, every 1 min;
a typical capillary in peripheral tissues and the lungs has a diameter half
that of the RBC. The capillary-imposed distortions that occupy ~1% of
the blood circulation time, coupled with flow-induced shape changes,
mean that RBCs spend a significant fraction of their ~120-day life span
being dynamically distorted. Having an experimental means of quan-
tifying biophysical and biochemical responses of RBCs to physical de-
formation (1) is fundamental to understanding their energy consumption
(that is poorly characterized) and metabolic interactions with the vas-
cular endothelium in tissues (2).

Even under static conditions, RBCs require a continuous supply of
free energy via glycolysis (3) to maintain their biconcave disc shape (4).
The deformability of the RBC depends on metabolism, with depletion of
glucose promoting a morphological transition from discocyte to echino-
cyte and then spherocyte (5). The phenomenon of RBC “membrane
flickering” that was first described in 1890 (6) has been vigorously inves-
tigated in recent years (7–9). The viscosity of the medium affects the
frequency and amplitude of the membrane oscillations that suggests
ametabolic driving force (10), but a less direct effect of energy supply
acts via cytoskeletal (spectrin) rearrangements (7) that alter the phos-
phorylation state of an interconnecting protein, 4.1R, thus changing
membrane-spectrin interactions (11). There is also some evidence that
RBC deformation leads to adenosine triphosphate (ATP) release from
the cells (12), although it is important to state that we found no evidence
of this in the current work.

Mechanosensation in cells
Mechanosensory transduction via stretch-activated (mechanosensitive)
ion channels links physical stimuli such as pressure and stretch to
biological responses (13). Piezo1 and Piezo2 were the first mechano-
sensitive ion channels to be identified in mammalian cells (14–16),
and their important role has been demonstrated in mechanical noci-
ception (17) and vascular development (18).

Most investigations of the functions of the Piezo proteins have been
carried out with electrophysiological patch clamping (19), but signifi-
cant differences between outcomes of patch-clamping and whole-cell
experiments have beenmooted (20). Here, for the first time, we present
experiments that demonstrate the linkage of mechanical distortion to
metabolic changes in whole mammalian cells.

Metabolism-shape duality
Using this extensive background on effectors of RBC shape, defor-
mability, and membrane flickering, we postulated that mechanically
imposed distortion would increase energy utilization in RBCs, which
is associated with an autonomous drive toward restoring their
natural biconcave disc shape, and that it could be studied by NMR
spectroscopy. If this reciprocal relationship existed (namely, shape
maintenance requires energy delivered through metabolism, and re-
ciprocally changing shape increases metabolic rate), it would pave the
way tomore quantitative experiments on factors that regulate shape and
volume in all cells. We aimed to mechanically distort RBCs in a repro-
ducible manner while noninvasively measuring their glycolytic flux.

Experimentally imposing shape changes
Variably stretchable gels have been previously used in analytical NMR
spectroscopy to characterize mixtures of chiral compounds (21, 22), to
measure transmembrane exchange of deuterated water in RBCs (23)
and to study the extent of ordering of cations inside RBCs (24). Re-
cently, we demonstrated that RBCs are metabolically stable in carefully
adjusted (with respect to pH and gelatin concentration) gels, and the
cells become physically distorted inmechanically stretched/compressed
gel samples (25). Here, we report the first-ever use of elastic gels to study
the effects of mechanically induced shape changes on metabolic rate
and cation transport in whole cells.

Aims and central hypothesis
We aimed to use the gels for holding RBCs in a distorted state, thus
forcing their mechanosensitive ion channels (Piezo1) to stay open for
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influx of cations (Na+, K+, Cs+, Mg2+, Ba2+, and Ca2+) (26). Of these,
Ca2+ carries the most significance, as the maximal velocity of Ca–
adenosine triphosphatase (Ca-ATPase) (27) is more than twice that
of Na,K-ATPase, which accounts for ~40% of the ATP turnover in
the resting state of RBCs (28). Until now, this has been declared as “un-
used catalytic potential.” We now postulate it to be part of the “rapid
homeostatic response system” of the RBC, which is called upon under
mechanical distortion during rapid flow in the bloodstream and in a
more extreme manner in capillaries, as noted above.
RESULTS
RBC glycolysis in gels
The metabolic stability of human RBCs in elastic gelatin gels at 20°C is
demonstrated in Fig. 1. 13CNMR spectra were acquired from fresh cells
suspended in pH-adjusted bovine gelatin gel to monitor conversion of
[1,6-13C]D-glucose (initially 9.95 mM) to [3-13C]L-lactate. The ongoing
glycolysis in the RBCs led to the decline of the glucose resonances (a
and b anomers) at chemical shift, d = 91.3 and 95.1 parts per million
(ppm), respectively, and the emergence of the resonances of [3-13C]2,3-
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bisphosphoglycerate (23BPG) and [3-13C]L-lactate at d = 65.6 and
19.3 ppm, respectively. The resonance at d = 13.1 ppm was from
[6-13C]L-methionine that had been added as an internal peak integral
standard; it remained of the same intensity throughout the 45-hour time
course. These data showed that the RBCs remainedmetabolically active
for at least 45 hours in the gel, generating [3-13C]L-lactate at a constant
rate (see fig. S1 for the graph and the measured rate of glycolysis).

Stretching the silicone rubber tube to 1.7 times its original length,
while the RBC-gelatin sample was still in the liquid state, and then
allowing the gel to form at 10°C yielded a sample in which the RBCs
were described as “70% compressed” when the tension in the silicone
tube was released. When the RBC-gelatin sample was allowed to gel at
10°C in a relaxed silicone tube, it could be stretched to various extents
up to twice the original length before the gel broke.

Seventy percent compression routinely yielded significant glycolytic
rate enhancements like that shown in Fig. 2; however, stretching the
sample by 70% always gave smaller enhancements (~60% of the
corresponding compression value). We postulate that this is due to
the fundamental difference in the anisotropy of the strain field in the
gel imposed by stretching and compression.
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Fig. 1. 13C NMR (100.61 MHz) spectral time course of human RBCs metabolizing [1,6-13C]D-glucose in relaxed gelatin gel. Suspension medium was 60 mM
NaOH, 110 mM NaCl, 10 mM KCl, and 10 mM CaCl2 at pH 7.4 and 20°C with 9.95 mM [1,6-13C]D-glucose. Resonance assignments were as follows: 91.3 and 95.1 ppm, C1 of a
and b anomers of [1,6-13C]D-glucose; 65.6 ppm, C3 of 23BPG; 59.8 ppm, partially resolved C6 of a and b anomers of [1,6-13C]D-glucose; 19.3 ppm, methyl carbon of [3-
13C]L-lactate; 13.1 ppm, methyl carbon of [6-13C]L-methionine added as an intensity reference; and 0 ppm, natural-abundance 13C in a silicone rubber tube used as the
chemical-shift reference. A ~30° excitation pulse was used, with a recovery delay of 2 s per free induction decay (FID), to acquire 816 transients per spectrum, giving a
total acquisition time of 30 min. For clarity, only every 10th spectrum is shown.
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Canonical experiment
Figure 2 shows a time course of [3-13C]L-lactate production (sample
prepared and measured in a manner similar to that for Fig. 1) that
initially had RBC/gel in a relaxed state, then the sample was 70%
compressed, followed by returning it to the original relaxed state.
As seen in the time course, there was an initial transient stage in the
production of [3-13C]L-lactate. This was the result of washout of
unlabeled metabolites into lactate, especially from 23BPG, but after
~8 hours, this stabilized to a constant rate of 0.67 ± 0.02 mmol (liter
RBC)−1 hour−1. In the subsequent compressed state, the rate markedly
increased to 1.23 ± 0.02 mmol (liter RBC)−1 hour−1 (~80% enhance-
ment of the glycolytic rate in this case), and after returning to the
relaxed state, the rate dropped to a value similar to the initial one,
viz, 0.80 ± 0.01 mmol (liter RBC)−1 hour−1.

The marked enhancement of the glycolytic rate in the compressed
sample (Fig. 2) had a significant dependence on the presence of Ca2+

in the suspension medium. When the 13C NMR time-course experi-
ments in Fig. 2 were carried out in the absence of Ca2+, the extent of
enhancement of glycolysis during RBC compression was invariably less
than 10% of that in the relaxed state. Glycolytic rate enhancement was
saturable with respect to Ca2+ concentration, with 10 mM giving the
maximum extent that we observed (~80%), whereas 2 mM Ca2+ gave
a value of ~50%.
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Membrane transport in gels—133Cs NMR
Having established that distortion-enhanced metabolism was
dependent on Ca2+, we postulated that the effect was mediated by
Piezo1 (29). Therefore, we tested whether the transmembrane cation
fluxes in whole RBCs would also be sensitive to cell distortion. Figure 3
shows the reversible enhancement of 133Cs+ efflux from Cs+-loaded
RBCs when they were compressed in a gel, prepared in the same
manner as for Figs. 1 and 2 (and fig. S1). The RBCs had been pre-
loaded with 133Cs+ by incubating them for 2 days at 21°C in isotonic
NaCl-saline, in which 100 mM CsCl replaced the equivalent NaCl.
Extracellular 133Cs+ was removed by two cycles of centrifugation upon
resuspending the cells in 154 mM NaCl. At the start of the time
course in Fig. 3, the 133Cs NMR spectrum showed a single prominent
resonance at d = 11.6 ppm, corresponding to the 133Cs+ inside the
cells. Over the course of 2 hours, there was growth of a second peak,
corresponding to extracellular 133Cs+. The lower inset in Fig. 3 shows
the third spectrumacquiredwith a substantial extracellular resonance at
d = 10.55 ppm.

After 2 hours, the tension in the silicone tube was released to com-
press the gel, and recording 133Cs+ efflux continued for the next 2 hours.
Regression of a straight line onto the data at this stage showed that the
rate of efflux had increased 5.4-fold (Fig. 3).

Quantifying the extracellular peak integral required special analysis
because 133Cs+ in the anisotropic environment of the stretched gelatin
gel displays quadrupolar splitting (24). A singlet in relaxed gel became
a septet (133Cs has a nuclear spin of 7/2) on compression or stretching
due to spatial anisotropy of the gel, causing residual quadrupolar cou-
pling (see Supplementary Discussion) (30).

In the third stage of the experiment, the silicone tube was stretched
to 1.7 times its previous length, thus returning the contents back to the
relaxed state. 133CsNMR spectra showed a gradual rise of the resonance
from the extracellular 133Cs+. The slope of the line regressed from these
data was substantially smaller than that in the first stage, because the
system was approaching equilibrium.

The 133Cs+ efflux experiment in Fig. 3 followed the same sequence
of relaxed-compressed-relaxed as the metabolic one in Fig. 1, but the
cation flux had a much greater rate enhancement (a factor of >5).
The results of a complementary experiment with the sequence of
stages in the reverse order in Fig. 3 are shown in fig. S2.

Glycolysis in RBC suspensions
Apart from mechanical stimuli, Piezo1 is activated chemically by the
compound yoda1, which is known to enhance transmembrane Ca2+

flux (31). 13CNMR spectra of RBC suspensionswithout andwith added
yoda1 are shown in Fig. 4, and they display the same resonances as in
Fig. 1. Because the RBC suspensions (not in gel) were incubated at 37°C,
the rate of lactate production was much higher, with a 50% extent of
reaction after ~4 hours. When 2 ml of 28.15 mM yoda1 [dissolved in
dimethyl sulfoxide (DMSO)], giving a final concentration of 19 mmol
(liter sample)−1, was added to an identical sample, the time course in
Fig. 4B was obtained. Note the marked enhancement of lactate produc-
tion over the control experiment (Fig. 4A).

Experiments carried out with differences in suspension medium,
andwith either [2-13C]acetate or [6-13C]L-methionine as intensity refer-
ences, revealed that specific intensities of the signals from the various
metabolites differed between experiments. Therefore, control rates were
scaled to one value, 3.00 mmol (liter RBC)−1 hour−1, as reported in our
previous studies of human RBC metabolism (32). The rates of lactate
production in the two time courses (Fig. 4) were 3.0 ± 0.5 mmol (liter
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Fig. 2. Reversible effect of mechanical deformation of RBCs on their glycolytic
rate. [3-13C]L-Lactate production by RBCs in gelatin gel at 20°C was recorded from
9.95 mM [1,6-13C]D-glucose in the same suspension medium, as for Fig. 1. As shown
by the insets, the RBC/sample was initially relaxed (red circles), then 70% compressed
(green circles), and relaxed again (blue circles). The amount of produced [3-13C]L-lactate
was calculated from the peak integrals of its methyl resonance, relative to that of
standard [13CH3]L-methionine, in the sequential 13C NMR spectra. For each spectrum,
812 transients were acquired for a total time of 30 min using a ~30° excitation pulse
with a duration of 17.5 ms and an intertransient delay of 2 s. Before Fourier
transformation, a decaying exponential window function with a line-broadening
factor of 5 Hz was applied. The data were imported into a program written in Math-
ematica (49) that automatically performed spectral peak fitting, thus allowing us to
calculate peak integrals. Calculation of the [3-13C]L-lactate concentration was per-
formed by calibration of the peak integrals relative to the standard compound
([13CH3]L-methionine present at a concentration of 5.32 mM). The solid lines are
least-squares regression fits to the data, and the dashed lines are extrapolations that
emphasize the major change in slope that reversibly occurred on transitioning be-
tween the stages (see text). Two-tailed Student’s t tests indicated no statistically sig-
nificant difference at P < 0.05 for the first and second relaxed-state slopes, and
significant difference at P < 0.01 with respect to the middle slope.
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RBC)−1 hour−1 and 6.9 ± 0.3 mmol (liter RBC)−1 hour−1, indicating a
2.3-fold enhancement brought about by yoda1.

Cesium chloride (30 mM) was included in the NaCl-saline medium
because it was used in other experiments that are listed in table S1. It
affected the net rate of glycolysis relative to a medium in which sucrose
replaced NaCl as the main osmotic support. To explore these differ-
ences further, and to probe the action of known effectors of cation
transport in human RBCs, the following experiments were carried
out, with the results summarized in table S1.

InNaCl-salinemedium, yoda1 stimulated the rate of RBC lactate pro-
duction by a factor of ~3, an effect replicated in three experiments but not
in a fourth (table S1; row 1 compared with row 2, 9 with 10, 17 with 18,
and 37 with 38). In addition, in separate experiments, we added eosin,
p-chloromercuribenzenesulfonate (pCMBS), ammoniated ruthenium
oxychloride (ruthenium red), calmidazolium, and peptide GsMTx4 (38).

Eosin is a Ca-ATPase inhibitor in RBCs (33), but even at the high
concentration of 150 mM, it had no effect on the yoda1-stimulated gly-
colytic rate, whereas pCMBS reacts with exposed sulfhydryl groups in
proteins, including the integral membrane water transporter, aqua-
porin 1, in RBCs (34). Even at the high concentration of 150 mM,
eosin had no effect on the yoda1-stimulated glycolytic rate, whereas
pCMBS diminished the yoda1-enhanced response to around two-
thirds of the control value, implying that exposed –SH groups are
involved with the binding of the compound to Piezo1 or to a protein
in close juxtaposition in the membrane.

Ruthenium red is an inorganic dye that interacts with many pro-
teins, including being an inhibitor of mitochondrial Ca2+ transport
(35), and the transient receptor potential (TRP) ion channel (36) that
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has electrophysiological characteristics similar to those of Piezo1. At
concentrations of 240 and 400 mM, it had no significant effect on
yoda1-induced stimulation of glycolysis.

Calmidazolium binds to calmodulin and inhibits Ca-ATPase in
nerve cells (37). With RBCs in NaCl-saline, it stimulated glycolysis by
~80% (table S1; row 15 versus row 9). Additionally, in the presence of
yoda1, the previously attained ~3-fold enhancement was reduced to
2.4-fold (row 16/row 9). This provided further evidence of (at least in-
direct) involvement ofCa2+ in the yoda1-stimulatedmetabolic response.

133CsNMR spectra of RBCswith 133Cs+ in the extracellularmedium
showed immediate cation influx after the addition of 19 mM yoda1.
Of great relevance was the inhibition of yoda1-initiated 133Cs+ influx
(lower curve in fig. S3B) by GsMTx4. This peptide toxin is a known
inhibitor of Piezo1 (38, 39), so this result provided solid evidence of a
Piezo1-mediated mechanism of the observed 133Cs+ transport.
DISCUSSION
Various aspects of the experimental design and data analysis are dis-
cussed in detail in Supplementary Discussion. Here, we focus on the
overall, more general interpretation of the results.

Model of RBC shape distortion responses
Figure 5 shows a schematic diagram of the biochemical systems we
postulate to be involved in the compression/stretched-induced glyco-
lytic and 133Cs+ flux responses that were observed. The caption lists
the transporters, pumps, and overall glycolytic metabolism that are
interconnected in the responses.
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Fig. 3. Reversible effect of compression on efflux of Cs+ from human RBCs. Cs+-loaded RBCs were suspended in gelatin gel that was relaxed (red circles), 70%
compressed (green circles), and then relaxed again (orange circles). Net 133Cs+ efflux was measured with 133Cs NMR (52.48 MHz) spectroscopy at 20°C by recording
12 sequential spectra in each stage. The sample was from the same batch of RBCs used for fig. S2 and treated in the same manner. Fitted slopes obtained with
NonlinearModelFit in Mathematica, for the respective stages, were (1.7 ± 0.5) × 10−4 min−1 (9.1 ± 0.9) × 10−4 min−1 and (0.53 ± 0.04) × 10−4 min−1. With an initial
intracellular [Cs+] of 16.5 mM, these rates corresponded to respective effluxes of 2.8 ± 0.8 mmol (liter RBC)−1 min−1, 15.0 ± 1.5 mmol (liter RBC)−1 min−1, and 0.80 ± 0.07 mmol
(liter RBC)−1 min−1 (where “±” denotes SE, and the second-stage rate is significantly different from the first at P < 0.05). The two inset spectra correspond to the third point
in the respective time course, where the dots are the data points and the solid line is a least-squares fit of a line-shape function (described in Materials and Methods) to the
spectra, performed with NonlinearModelFit in Mathematica. Note that the chemical shift scale runs from left to right according to the mathematical convention used in
Mathematica, but this is opposite to the convention in NMR spectroscopy. The apparent “jumps” in flux that arose at the beginning and end of the compression stage were
an artifact of the broad baseline in the compressed gel (see the Supplementary Materials under “133Cs+ efflux from RBCs in gels” for further comment).
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Compression-induced glycolytic enhancement is explained by the
opening of Piezo1 with the consequent influx of Ca2+, stimulating
Ca-ATPase. This enzyme/pump reduces the concentration of ATP
that, in turn, reduces the high-substrate inhibition of hexokinase, at its
allosteric site, and accelerates glycolysis (32, 40–42).

Because the RBCs are held in a distorted state, Piezo1 stays open
(on average) and is subject to “usage activation” (26), a phenomenon
observed after repeated stimulation in patch-clamping experiments.
The high maximal velocity of RBC Ca-ATPase (43), which is more
than twice that of Na,K-ATPase that accounts for ~40% of the ATP
turnover in normal resting RBCs (28), has been an enigma. It had
been surmised that the high Vmax of Ca-ATPase represented unused
catalytic potential. However, we now postulate that this high catalytic
capacity is exploited most extensively during the ~700ms every minute
when RBCs are distorted in capillaries during normal blood flow. It is
part of the rapid homeostatic response system of the RBC.

We hypothesize that, once elevated at the site of entry through
Piezo1, the Ca2+ signals locally to the cytoskeleton to bring about
structural rearrangements that lead to strain in the protein network,
which drives a return of the cell to its original biconcave shape. The
duration of this signal (of cell distortion) is determined by the rapid
ejection rate of Ca2+ from the RBC by Ca-ATPase.

Future directions
The role of the cytoskeleton in the metabolic and cation transport re-
sponses warrants further investigation. Changes in the arrangement of
Kuchel and Shishmarev, Sci. Adv. 2017;3 : eaao1016 18 October 2017
spectrin could be contributing to what is calledmechanoprotection (26)
that reduces the extent of the effects we report here. The metabolic and
cation transport effects we observed were rapidly reversible (Figs. 2
and 3 and fig. S2), so this points tomembrane-protein shape changes
as the trigger. This is not a covalent modification or phosphorylation
but simply mechanical distortion of Piezo1. Following downstream
in this signaling cascade is rearrangement of the cytoskeleton on a
longer time scale (minutes) based on protein phosphorylation
affecting overall deformability (7, 11).

The participation of endogenous effector ligands in the reported
metabolic and cation transport responses has not yet been explored/
discovered. However, in view of the recent finding of lactate gating of
carotid body glomus cell Ca2+ flux (44), this is an area worth
investigating in RBCs.
CONCLUSIONS
It is a fundamental property of all cells that they sensemechanically and
physicochemically induced changes in their shape. We report here a
new noninvasive approach to quantifying perturbations of cellular
metabolism and transmembrane cation flux that are brought about
by altering the shape of cells. This was done by first suspending the cells
in a gel and then mechanically distorting the whole sample. Another
challenge when developing this study was to inspect inside the cells
and record changes in theirmetabolite composition and transmembrane
cation distributions. Thiswas achieved usingNMR spectroscopywith its
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Fig. 4. Stimulation of glycolysis by yoda1. 13C NMR (100.61 MHz) spectra of human RBCs metabolizing [1,6-13C]D-glucose in a gel-free suspension at 37°C and
hematocrit (Ht) = 75%, (A) without and (B) with yoda1. For each spectrum, 176 transients of 8192 data points were acquired in 6.87 min using a ~30° excitation pulse
of 17 ms and an intertransient delay of 2 s. Before Fourier transformation, a decaying exponential window function with a line-broadening factor of 8 Hz was applied.
The RBC suspension medium was as follows: 30 mM CsCl, 10 mM KCl, and 114 mM NaCl, with an osmolality of 282 mosmol kg−1; 8.2 mmol (liter sample)−1 or 10.39 mmol
(liter aqueous space)−1 [1,6-13C]D-glucose; 5.13 mmol (liter sample)−1 or 4.05 mmol (liter aqueous space)−1 [6-13C]L-methionine; 2.1 ml of 1 M stock, giving 0.88 mmol
(liter aqueous space)−1 or 2.8 mmol (liter extracellular aqueous space)−1 [Ca2+]; and 2.0 ml of 28.15 mM stock in DMSO, giving 19 mmol (liter sample)−1 yoda1. Because
the mean RBC volume was 86 fl, there were 2.61 × 1010 cells in the sample, implying 4.4 × 108 yoda1 molecules per cell.
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almost unique capability to record signals from ions and metabolites
in cells.

Drugs affecting the pathways involved in the connection between
cell shapes andmetabolism will potentially lead to the ability to manip-
ulate biochemical and energetic steady states in the whole body. The
experimental approaches described here are ready for application
to other more phylogenetically primitive cells and to highly evolved
ones, including those in pathological states like neoplasia.
MATERIALS AND METHODS
Chemicals and solutions
Analytical reagent chemicals were purchased from Sigma-Aldrich,
unless otherwise indicated. The saline used for the preparation of
all RBC samples (154 mM NaCl) was filtered three times through
a 0.2-mmmembrane filter (Millipore) to remove potentially infective
particulate matter. The osmolality of each solution was adjusted to
290 ± 5 mosmol kg−1 guided by a vapor pressure osmometer (model
5520, Wescor Instruments).

Red blood cells
Blood was obtained by venipuncture from the cubital fossa of consent-
ing healthy donors under the approval of the University of Sydney
Human Ethics Committee (Institutional Review Board) for the project.
Heparin (15Uml−1) was added as the anticoagulant, and the blood was
Kuchel and Shishmarev, Sci. Adv. 2017;3 : eaao1016 18 October 2017
centrifuged at 3000g for 5 min at 4°C. The plasma and buffy coat were
removedby vacuumpumpaspiration. TheRBCpellet waswashed three
times in five volumes of saline, with repeated centrifugation and super-
natant aspiration. Before the lastwash, theRBC suspensionwas bubbled
with carbonmonoxide for 10min to convert the Fe(II) in hemoglobin to
its stable diamagnetic form in carboxyhemoglobin. For prolonged time
courses, the final washing medium contained penicillin G and strepto-
mycin (both 75 mM) to prevent bacterial growth. The Ht, measured
using a capillary centrifuge (12,000g; Hermle, Z252M), was typically
0.85. The samples were stored at 4°C for up to 24 hours until use.

Gels
Gelatin (1.75 g, grade 20N,Gelita) was dissolved in 5ml of “neutralizing
saline” consisting of 60 mM NaOH, 110 mM NaCl, and 10 mM KCl.
This particular amount of NaOH yielded pH 7.4 in the otherwise acidic
gelatin solution. Themixture was heated for ~20min at 60°C in a water
bath until dissolution occurred and then was cleared of air bubbles by
centrifugation at 2000g for 30 s.

RBC suspension (2.0ml,Ht ~ 0.85)was added to the gelatin solution
at 42.0°C to give a final Ht ~ 0.20. The sample was gentlymixed (so as
not to introduce new bubbles) with a spatula, withdrawn into a sil-
icone rubber tube of 5.0-mm inside diameter (ID) and 6.9-mm
outside diameter (OD) (Sims Portex) with a 5-ml disposable syringe,
and sealed with a Delrin plug. The time of exposure of the RBCs to
higher than physiological temperatures was kept to ~2 min to avoid
Fig. 5. Schematic representation of the Ca2+-mediated linkage between activation of Piezo1 by mechanical distortion of the RBC and stimulation of its
glycolysis. The various participants in this complex response are as follows: GLUT1, which is the glucose transporter required to deliver this fuel molecule to the
cytoplasm; Ca-ATPase, which responds to an increase in [Ca2+] by catalyzing the hydrolysis of one molecule of ATP per Ca2+ ion ejected from the cytoplasm; and
Na,K-ATPase, which constitutively pumps three Na+ ions from the cell while simultaneously importing two K+ ions with the concomitant hydrolysis of one molecule of
ATP; in the physiological operation of the RBC, this reaction consumes ~40% of the free energy derived from glycolysis (28, 32). Capnophorin (also called Band 3)
catalyzes the one-for-one exchange of the anions, Cl− and HCO3

−, and is central to the attainment of bulk electroneutrality. The monocarboxylate transporter (MCT)
mediates the facilitated diffusion of lactate across the RBC membrane. Its operation was evident from the splitting of the [3-13C]L-lactate resonance that indicated two
compartments (inside and outside the RBCs) from the 13C NMR spectral time courses. The Gárdos channel (also called KCa3.1 or KCNN4) mediates the efflux of K+ under
the control of Ca2+. The membrane protein glycophorin is linked to the cytoskeleton, as is capnophorin; these linkages are made in as yet to be defined ways, but they
are affected by Ca2+. Piezo1 mediates the exchange of both monovalent and divalent cations, with permeabilities (P) in the order of PK+ > PNa+ ≈ PCs+ > PLi+ ≫ PCa2+ (26).
The free energy of covalent bond cleavage of glucose and its subsequent metabolites is captured as anhydride bond energy in ATP. This “energy currency” molecule is
“spent” on driving the two ATPases shown in the diagram, as well as other kinase reactions not shown, producing adenosine diphosphate (ADP). Glycolysis is ATP demand–
regulated so increased influx of Ca2+ stimulates Ca-ATPase that increases ATP hydrolysis and hence glycolytic flux. The positive feedback of extracellular lactate to Piezo1 is
only speculated to occur in RBCs based on the findings on glomus cells from the carotid body (44).
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potential metabolic and/or morphological changes. The samples
were inserted into bottomless thick-walled glass NMR tubes of 8.0-mm
ID and 10.0-mmOD (New Era Enterprises) and then stored at 10°C for
~30 min to promote gelation. Stretching the gels was achieved in the
previously described apparatus (further information about the appara-
tus is given in the Supplementary Materials) (21, 45). For gels destined
for later compression, the silicone rubber tube was stretched inside the
outer glass tube while the gelatin was still in the liquid state. After gela-
tion, the sample was compressed by releasing the thumbscrew. The “ex-
tent of stretching” or compressing the gels (andRBCs), e, was defined as

e ¼ jl � l0j
l0

� 100% ð1Þ

where l is the length of the elastic tube in the stretched/compressed state
and l0 is the original length of the elastic tube up to the rim of the outer
glass tube.

Samples used for 13C NMR measurements were prepared as de-
scribed previously (25), with the addition of 9 to 15 mM [1,6-13C]D-
glucose; they were incubated for up to 45 hours in either relaxed or
stretched states (e = 50 to 70%) at 20°C.

Calculation of solute and ion concentrations in
RBC-gelatin samples
Because the gelatin concentration used in making the RBC suspensions
(350 g liter−1, w/v; see additional comment on this below) was compa-
rable to that of the hemoglobin inside the cells, we calculated concen-
trations of ions and solutes on a per-aqueous volume basis as follows.

1) In a sample prepared as described above, 1.75 g of gelatin was
dissolved in 5 ml of neutralizing saline. The partial specific volume of
gelatin, �v = 0.7417 ml g−1 (46), implied that its volume was 1.75 ×
0.7417 = 1.3 ml. This, coupled with the volume of neutralizing buffer
(5 ml) and RBC suspension (2.0 ml), inferred a total sample volume of
8.3 ml. Two milliliters of this preparation was drawn into each silicone
rubber tube and sealed at the bottom with a Delrin plug.

2) In 2 ml of RBC suspension of Ht = 0.865, the aqueous volume is
made up of the water in the extracellular space, viz, 2.0 × (1 − Ht) =
0.27 ml, and the water inside the cells. The latter was calculated as 2.0 ×
Ht × a = 1.24 ml, where a = 0.717 is the volume fraction, of an iso-
volumic human RBC, that is occupied by water (47).

3) The volume of neutralizing saline was 5.0 ml, so the total extra-
cellular aqueous volume was 5.0 + 0.27 = 5.27ml. The total water in the
sample in both compartments was therefore 5.0 + 0.27 + 1.24 = 6.51ml.

4)Tomake theCa2+ concentrationof 10mMin the extracellular space
at the start of an experiment, the volume of added 1 M CaCl2 was 53 ml.

5) With [1,6-13C]D-glucose and [6-13CH3]L-methionine, the
amounts added were chosen to give concentrations as if they were aver-
aged over the total aqueous volume of the sample. For example, for the
sample used to generate Fig. 1, 11.86mg of [1,6-13C]D-glucose yielded a
concentration of 9.95 mM in the aqueous space, whereas 5.2 mg of
[13CH3]L-methionine gave a concentration of 5.32 mM.

6) The effective Ht across the whole sample volume was 2.0 × Ht =
0.865/8.3 = 0.208. Therefore, when the amount of [1-13C]L-lactate was
computed during a spectral time course, based on relativity with the
peak integral of the known concentration of [6-13CH3]L-methionine,
it was rescaled to give the rate per liter of whole RBCs by dividing by
0.208 (for example, as for Fig. 2).
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Calculation of 133Cs+ concentrations in RBC-gelatin samples
The rationale for estimating the concentration of 133Cs+ inside the RBCs
in a compressed gel experiment was as follows (using the particular nu-
merical values associated with the samples used for Fig. 3 and fig. S2).

1) A typical 133Cs+ loading protocol involved suspending 15 ml of
saline-washedRBCs (called the RBC sample volume below) ofHt1 = 0.8
(subscript 1 denotes the first Ht measured) in 35 ml (denoted below as
“Cs saline volume”) of Cs+-saline: 100 mM CsCl, 44 mM NaCl, 5 mM
K2HPO4, 15 mM D-glucose, 10 mM inosine, 0.075 mM penicillin G,
and 0.075 mM streptomycin. This gave a total water volume in the
incubated sample of 0.8 (Ht1) × 0.717 [this is the a value or aqueous
volume fraction of RBCs (47)] × 15ml (“RBC sample volume”) + 35ml
(Cs saline volume) = 43.6 ml and Ht2 = 0.24 (subscript 2 denotes the
second Ht value).

2) At the start of the incubation, the 133Cs+ concentration outside the
RBCs was 100 mM (denoted below as [Cs+]start), and yet, if it was
averaged over the whole aqueous volume, it was 30.0 × 100.0/43.6 =
68.8 mM. After incubation for 4 days at 4°C, or for 2 to 3 days at
21°C with one change of incubation medium, the sample was centri-
fuged (3000g for 5 min at 10°C) and the pellet, plus some residual
supernatant, gave the final Ht3 = 0.785 (subscript 3 denotes the third
Ht value). A 133Cs NMR spectrum was recorded from 3 ml of this
suspension: In the particular example discussed here, it gave relative
peak integrals of intracellular/extracellular = 0.41:0.59.

3) At the final “steady state,” the concentration of 133Cs+ inside the
cells, ½Csþi �ss, was related to the concentration in the extracellular space,
½Csþe �ss , through the relative signal intensities Sigi/Sige = Sigr and the
relative compartment volumes (1 − Ht3)/Ht3. Thus,

½Csþi �ss ¼
Sigrð1�Ht3Þ

Ht3
½Csþe �ss ð2Þ

4) The conservation of mass condition for total 133Cs+ in the incu-
bation suspension was

Ht1 � RBC sample volume � ½Csþi �ss þ ðð1 � Ht1Þ �
RBC sample volume þ Cs saline volumeÞ ½Csþe �ss
¼ original number of moles of 133Csþðviz; 30 ml
� 100 mM ¼ 0:003 molÞ ð3Þ

5) Rearranging Eq. 3 to obtain an expression for ½Csþi �ss in terms of
the other parameters and the initial concentration, [Cs+]start, we obtained

½Csþi �ss ¼
Cs saline volume � ½Csþ�start ð1�Ht3Þ Sigr

Cs saline volume Ht3 þ RBC sample volume ðHt1ðSigr �Ht3 ð1þ SigrÞÞ þHt3Þ

and then using the numerical values stated above

½Csþi �ss ¼

0:035 � 0:1 � ð1–0:785Þ � 0:41
0:59

� �

0:035 � 0:785 þ 0:015 � 0:80 0:41
0:59

� �
– 0:785 1þ 0:41

0:59

� �þ 0:785
� �

¼ 16:5 mmol ðliter RBCÞ�1 ð4Þ
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Solving for ½Csþe �ss gives its concentration as 86.9 mmol [liter extra-
cellular solution]−1.

6) RBCs with this concentration of Cs+ were centrifugally washed
twice (as described above) in four volumes of 154mMNaCl containing
15 mM D-glucose, thus removing Cs+ from the extracellular medium.
Four milliliters of these RBCs (Ht = 0.86) was added to the gelatin so-
lution, as described in the “Gels” section, at 42°C, giving a finalHt of 0.2.

Calculation of [3-13C]L-lactate concentrations in
RBC suspensions

1) Use of calibration standards: Known amounts of [1,6-13C]D-
glucosewere added toRBC suspensions tomeasure the rate of glycolysis
in the absence and presence of yoda1. To calibrate the resonance inten-
sities of glucose and lactate to their concentrations, and hence calculate
the glycolytic rate, a known amount of [6-13C]L-methionine was added
to the sample as the peak intensity reference; its chemical shift was d =
13.1 ppm. However, to improve the signal-to-noise (S/N) ratio in the
NMR spectra, a rapid repetition rate of radio frequency (RF) pulses
was used. This led to a steady state of partial saturation of the magne-
tization of the various spin populations in the sample, and these differed
between the solute species. Thus, integrals (and amplitudes) of different
peaks from molecules at the same concentration had different values.
The following analysis was used to calibrate the methyl resonance
intensity of [3-13C]L-lactate to its underlying concentration.

A known amount of pure [3-13C]L-lactate was added to a sample of
RBCs in a suspension, or a known amount of [1,6-13C]D-glucose was
allowed to be fully metabolized by the RBCs to therefore yield a known
amount of [3-13C]L-lactate. A known amount of [6-13C]L-methionine
was also added to the sample, having confirmed that its resonance re-
mained at the same intensity throughout many hours of incubation
(more than 40 hours at 20°C or 24 hours at 37°C).

The concentration of [3-13C]L-lactate was inferred from the ratio of
its integral to that of [6-13C]L-methionine. For a givenNMRexperiment
with its specified relaxation delay(s), RF pulse angle(s), and acquisition
time, a known concentration of lactate, CCal

1 , gives a signal SCal1

CCal
1 ¼ e1S

Cal
1 ð5Þ

where the subscript 1 denotes lactate 13C-methyl, e1 is the “extinction
coefficient” [mol liter−1 (unit of signal)−1], and SCal1 is the numerical
value of the signal. Similarly, for the standard [6-13C]L-methionine
(denoted by the subscript 2), we had

CCal
2 ¼ e2S

Cal
2 ð6Þ

The ratio of the two signals, S
Cal
1

SCal2
¼ SCalr (where r denotes ratio), is

themost convenient way to record the data, so the ratio of the extinc-
tion coefficients, er, becomes

e1
e2

¼ er ¼ CCal
1

CCal
2 SCalr

¼ CCal
r

SCalr

ð7Þ

Then, the calculated concentration of [3-13C]L-lactate, C1, in any
13C

NMR spectrum in the presence of a known concentration of [6-13C]L-
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methionine, C2, is given by

C1 ¼ er Sr C2 ð8Þ

This analysis was performed on the spectra shown in Fig. 2 and fig.
S1 to calculate the effective glycolytic rates.

2) An alternative method to estimate the actual concentration of
metabolites in RBC suspensions was to use the conservation of mass
condition for 13C-labeled species. A known amount of [1,6-13C]D-
glucose was added to the sample, typically 10 mM in 3 ml of RBC
suspension, and at any time, all this “13C-label” gave resonances
effectively only from [1,6-13C]D-glucose, [3-13C]23BPG, or [1,3-13C]L-
lactate. Approximately 5%of the labeledmetaboliteswere glycolytic and
pentose-phosphate pathway intermediates that were in such low con-
centrations (32, 48) that they were undetected in the 13C NMR spectra
(hence the word “effectively” above). Because progressive saturation
affects the resonance intensity differently for each solute, it was necessary
to calculate an effective extinction coefficient, ei (where i is the substrate
label/abbreviation), that relates resonance intensity to concentration. This
was solved using the conservation of mass (concentration) expression

1
eGlc

ðSigGlcC1b þ SigGlcC1a þ SigGlcC6bþa þ SigGlcC1aÞ

þ 1
eBPG

SigBPG þ 1
eLact

SigLact ¼ ½Glc�0 ð9Þ

where Sigi denotes the resonance integral or amplitude (as appropriate),
assuming equal extinction coefficients for different atoms and anomers of
glucose.

The value of each 1/ei was estimated from all, or a subset, of the
spectra in a time course such as that shown in Fig. 2 and fig. S1. Thus,
the system of simultaneous algebraic equations was overdetermined
and was therefore amenable to statistical analysis by using the function
LinearModelFit in Mathematica (49). In addition, the concentration of
[3-13C]L-lactate was given by 1

eLact
SigLact and so forth for the other species.

NMR spectroscopy
13C NMR and 133Cs NMR spectra were recorded at 100.61 and
52.48 MHz, respectively, on a Bruker Avance III spectrometer that has
a 9.4-T vertical Oxford Instruments wide-bore magnet using a 10-mm
broadband observe probe. Temperature was calibrated (Bruker script)
using a sample of neat methanol; for gel-based experiments, it was set
to20°C to ensurepersistenceof the gel state,with its attendant elastic prop-
erties. A simple delay-pulse-acquire RF pulse sequence with CYCLOPS
phase cycling was used to obtain the FIDs that were summed and then
smoothed by exponential multiplication before Fourier transformation.

Computing
All spectra were phased and baseline-corrected in Bruker TopSpin 3.5
before they were imported into Mathematica (49) for postprocessing.
The definitive metabolic experiments used [6-13C]L-methionine as the
internal intensity reference. Even for this compound, the calibration of
peak intensities was necessary (see above) to account for progressive
saturation in the rapid repetition spectral acquisition that was used to
obtain the highest possible S/N ratio in a given time.

Progress curves of NMR spectral intensity were fitted by straight
lines or exponential curves using the Mathematica (49) function
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NonlinearModelFit; it returned estimates of intercept and slope of
lines, and exponents in exponential curves, together with estimates
of their SEs. When comparing two different slopes for a statistically
significant difference, the standard two-tailed t test was used (50).
Quantification of the septets obtained from 133Cs+ in compressed gels
was achieved by fitting, using NonlinearModelFit in Mathematica
(49), the sum of seven Lorentzian functions of relative intensity
7:12:15:16:15:12:7 (51) to the spectra.
SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/3/10/eaao1016/DC1
Supplementary Discussion
Supplementary Methods
fig. S1. Control time course for the experiment in Fig. 1.
fig. S2. Efflux of Cs+ from human RBCs suspended in gelatin gel.
fig. S3. Influx of Cs+ to RBCs in gel-free suspension, in the presence of yoda1 at 37°C, measured
with 133Cs NMR spectroscopy.
table S1. Rates of [3-13C]L-lactate production by human RBCs in the absence and presence of
the Piezo1 activator yoda1 and several effector reagents.
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