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Excitatory synaptic transmission stimulates brain tissue glycolysis. This phenomenon is the signal detected in FDG-PET imaging and,
through enhanced lactate production, is also thought to contribute to the fMRI signal. Using a method based on Förster resonance energy
transfer in mouse astrocytes, we have recently observed that a small rise in extracellular K ⫹ can stimulate glycolysis by ⬎300% within
seconds. The K ⫹ response was blocked by ouabain, but intracellular engagement of the Na ⫹/K ⫹ ATPase pump with Na ⫹ was ineffective,
suggesting that the canonical feedback regulatory pathway involving the Na ⫹ pump and ATP depletion is only permissive and that a
second mechanism is involved. Because of their predominant K ⫹ permeability and high expression of the electrogenic Na ⫹/HCO3⫺
cotransporter NBCe1, astrocytes respond to a rise in extracellular K ⫹ with plasma membrane depolarization and intracellular alkalinization. In the present article, we show that a fast glycolytic response can be elicited independently of K ⫹ by plasma membrane depolarization or by intracellular alkalinization. The glycolytic response to K ⫹ was absent in astrocytes from NBCe1 null mice (Slc4a4) and was
blocked by functional or pharmacological inhibition of the NBCe1. Hippocampal neurons acquired K ⫹-sensitive glycolysis upon heterologous NBCe1 expression. The phenomenon could also be reconstituted in HEK293 cells by coexpression of the NBCe1 and a constitutively open K ⫹ channel. We conclude that the NBCe1 is a key element in a feedforward mechanism linking excitatory synaptic
transmission to fast modulation of glycolysis in astrocytes.

Introduction
Neural activity is accompanied by a transient imbalance between
the usage of glucose and the usage of O2 (Fox et al., 1988). Reflecting this mismatch, a local surge in lactate concentration can
be detected within seconds (Prichard et al., 1991; Hu and Wilson,
1997a; Caesar et al., 2008) that coincides with a decrease in interstitial glucose (Silver and Erecińska, 1994; Hu and Wilson,
1997b). Multiple roles have been ascribed to lactate in the brain,
including preferential fueling of neurons (Pellerin and Magistretti, 1994; Suzuki et al., 2011), intercellular signaling (Lam et al.,
2005; Shimizu et al., 2007; Gordon et al., 2008), and macromolecular synthesis (Rinholm et al., 2011), but there is no consensus
on whether the lactate surge is produced by astrocytes or by neurons, nor there is agreement about the subcellular mechanisms
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that may be involved (Dienel and Cruz, 2004; Bonvento et al.,
2005; Pellerin et al., 2007; Magistretti, 2009; Barros and Deitmer,
2010; Jolivet et al., 2010). Using an optical method that measures
the glycolytic rate with high spatiotemporal resolution (Bittner et
al., 2010), we have observed that small increases in extracellular
K ⫹, such as measured in brain tissue during afferent stimulation,
can exert a strong stimulatory effect on astrocytic glycolysis, a
process that evolves within seconds and is quickly reversible after
K ⫹ withdrawal (Bittner et al., 2011). K ⫹-stimulated glycolysis
was found to be sensitive to ouabain, suggesting a role for the
canonical, negative feedback pathway that involves the Na ⫹/K ⫹
ATPase pump. However, glutamate, aspartate, and gramicidin,
which increase intracellular Na ⫹ and effectively stimulate the
sodium pump (Chatton et al., 2000; Porras et al., 2008), failed to
activate glycolysis in the short term (Bittner et al., 2011), implying that Na ⫹ pump engagement is not sufficient for glycolytic
stimulation and that a second signaling pathway may be involved.

Materials and Methods
Chemicals and tissue culture reagents were from Sigma. BCECF AM was
obtained from Invitrogen. The construct coding for the sensor
FLII 12Pglu600⌬6 (Takanaga et al., 2008) is available through www.
addgene.org. Adenoviral vector Ad FLII 12Pglu600⌬6 was custom made
by Vector Biolabs.
Animals, cell cultures, and tissue slices. Animals used were mixed F1
male mice (C57BL/6J ⫻ CBA/J), kept in an animal room under SPF
conditions at a room temperature of 20 ⫾ 2°C, in a 12/12 h light/dark
cycle with ad libitum access to food and water. NBCe1A null mice were
mixed 129S6/SvEv and Black Swiss background, with wild-type age-
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Figure 1. Acute modulation of astrocytic glycolysis by intracellular pH. Images on the left show astrocytes expressing the glucose sensor FLII 12Pglu600⌬6 or loaded with BCECF, bars represent
10 m. The effects of K ⫹ (12 mM), glutamate (50 M), monensin (100 M), and gramicidin (20 g/ml) on intracellular glucose concentration and pH were measured as described in Materials and
Methods. Intracellular glucose and pH were measured during transition between HCO3⫺ buffers of equal pH, with and without 5% CO2. All traces correspond to representative plots of at least three
independent experiments.
matched littermates serving as controls. Animals were genotyped by PCR
analysis (Gawenis et al., 2007). Experiments were approved by the Centro
de Estudios Científicos Animal Care and Use Committee. Mixed cortical
cultures of neuronal and glial cells (1- to 3-d-old neonates), cultures of
hippocampal neurons (17.5 d embryos), and organotypic hippocampal
slices (30 – 60 d adults) were prepared as detailed previously (Bittner et
al., 2010). The hyperpolarized cell line HEKT2 line was created by stable
transfection of the background potassium channel TASK2 (Niemeyer et
al., 2001) (Mus musculus TASK-2, GenBank accession No. AF319542) in
HEK293 cells using geneticin (900 g/ml) for selection purposes. Cultures were transfected at days 5–7 (cortical) or 3– 4 (hippocampal) with 5
g of plasmid DNA, FLII 12Pglu600⌬6, and/or NBCe1A (Toye et al.,
2006), using Lipofectamine 2000 (Invitrogen) or, alternatively, exposed
to 5 ⫻ 10 6 PFU of FLII 12Pglu600⌬6 (cortical cultures and slices). For
NBCe1A transfection, hippocampal neurons were cultured in the absence of bicarbonate/CO2 (HEPES-DMEM, Sigma). Measurements were
performed after 24 h.
Protein extraction and immunoblot analysis. HEK cells transfected with
NBCe1A and primary culture cells were scraped into cold PBS (1⫻)
followed by centrifugation at 5000 rpm for 5 min at 4°C. The cell pellet
was then suspended in cold RIPA 1⫻ (radioimmunoprecipitation assay)
lysis buffer (50 mM Tris-HCl, pH 7.4, 150 mM NaCl, 0.1% SDS, 0.5%
sodium deoxycholate, 1% Nonidet P40, 10 mM N-ethylmaleimide, 0.1
mM phenylmethylsulfonyl fluoride, 1 g/ml aprotinin, 1 g/ml leupeptin, and 1 g/ml pepstatin A). After 30 min on ice, unlysed cells and
nuclei were pelleted at 12,000 rpm for 15 min at 4°C. The protein concentration of the supernatant was determined by Bio-Rad Dc Protein
Assay using BSA standards. For immunoblotting, protein samples (50
g) were loaded onto 8% (w/v) SDS-polyacrylamide gels and electrotransferred onto nitrocellulose membranes. Blots were probed with a
1:1000 dilution of rabbit polyclonal anti-NBCe1A antibody (antiSLC4A4 of Abcam) and visualized with a secondary antibody conjugated
to peroxidase-labeled goat anti-rabbit antibody to a dilution of 1:25,000.
The signal was revealed using a chemiluminescence kit (Thermo Scientific, Pierce) following the manufacturer’s instructions.
Electrophysiological recordings. Mouse cortical astrocytes from confluent day 7–9 cultures were subcultured into 35 mm Petri dishes and su-

perfused with a bathing solution containing (in mM) 136 NaCl, 3 KCl,
1.25 CaCl2, 1.25 MgCl2, 2 glucose, 10 HEPES/Tris, pH 7.4, 300 mOsm
(achieved by the addition of appropriate amounts of sucrose). The pipette solution contained (in mM) 35 KCl, 105 K-gluconate, 2 MgCl2, 0.5
CaCl2, 5 EGTA, 2 Na3ATP, and 10 HEPES, pH 7.3. HEK cells were seeded
on 35 mm dishes and superfused with a bathing solution containing 110
mM NaCl, 5 mM KCl, 1.25 mM CaCl2, 1.25 mM MgSO4, 24 mM NaHCO3,
and 10 mM HEPES/Tris, pH 7.4. Osmolarity was adjusted with sucrose to
a final value of 324 mOsm. Pipette solution contained 132 mM
K-gluconate, 8 mM KCl, 1 mM MgCl2, 15 mM NaHCO3, 10 mM EGTA, 1
mM Na3ATP, 0.1 mM GTP, and 10 mM HEPES, pH 7.2, 314 mOsm.
Extracellular solutions were equilibrated with 5% CO2/95% O2. Higher
K ⫹ concentrations were obtained by equimolar replacement of Na ⫹.
Standard whole-cell patch-clamp recordings were performed using an
EPC-7 (List Medical) amplifier. The bath was grounded via an agar
bridge. Patch-clamp pipettes were made from thin borosilicate (hard)
glass capillary tubing with an outside diameter of 1.5 mm (Harvard Apparatus) using a P-97 puller (Sutter Instruments). The pipettes had a
resistance of 2.5– 4 M⍀. Voltage and current signals from the amplifier
were digitized using a computer equipped with a Digidata 1322A or 1200
AD/DA interface (Molecular Devices). The voltage pulse generator and
analysis programs were from Molecular Devices. Corrections for changes
in junction potential were made.
Glucose and pH imaging. Experiments were performed at room temperature (22–25°C). The methodology to measure glucose and the glycolytic rate has been described in detail (Bittner et al., 2010). Previously,
we showed that the acute modulation of astrocytic glycolysis by K ⫹ is
also present at 36°C (Bittner et al., 2011). Cells were imaged in a 95%
air/5% CO2-gassed solution of the following composition (in mM): 112
NaCl, 1.25 CaCl2, 1.25 MgSO4, 1–2 glucose, 1 sodium lactate, 10 HEPES,
and 24 NaHCO3, pH 7.4, with 3 mM KCl (astrocytes and neurons) or 5
mM KCl (HEK). Brain slices were superfused with a 95% O2/5% CO2gassed buffer containing the following (in mM): 139.5 NaCl, 3 KCl, 1.25
NaH2PO4, 2 CaCl2, 1 MgCl2, 2 glucose, 1 sodium lactate, and 26
NaHCO3, pH 7.4. For Ba 2⫹ experiments, MgSO4 was replaced by MgCl2
to avoid precipitation. Experiments with gramicidin and monensin were
in the following solution (in mM): 136 NaCl, 3 KCl, 1.25 CaCl2, 1.25
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MgCl2, 1–2 glucose, 1 sodium lactate, and 10
HEPES, pH 7.4. When using higher K ⫹ concentrations, NaCl was adjusted to maintain
isotonicity. Cultures were imaged with an
Olympus IX70 or with an Olympus BX51 microscope respectively equipped with a 40⫻ oilimmersion objective (NA 1.3) or with a 20⫻
water-immersion objective (NA 0.95). The microscopes were equipped with Cairn monochromators and a Hamamatsu Orca camera
controlled by Kinetics software or a Rollera
camera controlled with Metafluor software.
For nanosensor ratio measurements, cells were
sequentially excited at 430 and 512 nm (0.2 and
0.025 s, respectively). Emissions were collected
at 535 ⫾ 15 nm. Citrine correction of pH effects were as detailed in the article describing
the glycolytic rate method (Bittner et al., 2010).
BCECF was ester loaded at 0.1 M for 3– 4 min
and the signal was calibrated by exposing the
cultures to solutions of different pH after permeabilizing the cells with 10 g/ml nigericin
and 20 g/ml gramicidin in an intracellular
buffer (Castro et al., 2004). BCECF was sequentially excited at 440 and 490 nm (0.1 and
0.05 s) and imaged at 535 ⫾ 15 nm.
Statistical analysis. All time courses shown
represent single cells. Regression analyses were
performed with the computer program SigmaPlot (Jandel). Data are presented as means ⫾
SEM (n ⫽ number of experiments, with a minimum of 6 cells per experiment). Differences in
mean values of paired samples were evaluated
with the Student’s t test. p values ⬍0.05 were
considered significant and are indicated with
an asterisk (*).

Results
Acute modulation of glycolysis by
Figure 2. Acute modulation of astrocytic glycolysis by membrane depolarization. A, The current/voltage relationship in cortical
intracellular pH
astrocytes was registered by patch clamping as described in Materials and Methods. Currents were recorded from a holding
The short-term effects of glutamate and K ⫹ potential of ⫺80 mV at variable 500 ms test pulses from ⫺100 to ⫹100 mV, in the absence and presence of 3 mM Ba 2⫹. B, Effect
on astrocytic glycolysis are opposite (Bittner of increasing K ⫹ concentrations on membrane potential (n ⫽ 3 cells), pH (n ⫽ 3), and glucose concentration (n ⫽ 9 cells). Traces
et al., 2011), as are the effects of these mole- are representative of three independent experiments. Initial rates of pH increase and glucose decrease were estimated over 3 min.
cules on intracellular pH (Fig. 1). This cor- C, Membrane potential and intracellular pH was measured before and after exposure to 3 mM Ba 2⫹. Bars summarize data from
relation, together with the notion that three experiments. D, Effect of 3 mM Ba 2⫹ on intracellular glucose in a single astrocyte, representative of three similar experi2⫹
⫹
phosphofructokinase (PFK), the control ments. E, Sequential effects of 3 mM Ba and 15 mM K on the glycolytic rate of a single astrocyte. Bars summarize data from
three
experiments.
F,
Image
on
the
left
shows
a
3D
confocal
reconstruction of two astrocytes expressing the glucose sensor
point of glycolysis, is sensitive to pH
12
FLII
Pglu600

⌬6
in
an
organotypical
hippocampal
slice.
Bar
represents
10 m. Graphs illustrate experiments in slices testing
(Trivedi and Danforth, 1966; Erecińska et
the effects of 12 mM K ⫹ and 3 mM Ba 2⫹ on intracellular glucose in the presence and absence (HEPES) of HCO3⫺. Data are
al., 1995), suggested intracellular pH as a
representative of three separate experiments.
possible signal linking K ⫹ and astrocytic
glycolysis. To test this possibility, we first
terms of the Na ⫹ overload (data not shown), implying that the inused the ionophores gramicidin and monensin, which cause oppohibitory effect of an acid pH can override the stimulatory effect of
site effects on intracellular pH; gramicidin transports protons into
adenine nucleotides, a conclusion that was also reached in a study of
cells and acidifies, whereas monensin is a Na ⫹/H ⫹ exchanger that
astrocytic ischemia (Swanson et al., 1997). In a separate strategy to
induces alkalinization. As shown previously, the concentration of
manipulate intracellular pH, CO2 was acutely withdrawn from the
glucose increased in response to gramicidin due to glucose transperfusate. This maneuver increased pH and decreased intracellular
porter stimulation without changes in the rate of glycolysis (Bittner
glucose concentration (Fig. 1), with a glycolytic rate stimulation of
et al., 2011). In contrast, monensin caused a decrease in intracellular
150 ⫾ 45% (n ⫽ 3 experiments, p ⬍ 0.05). These results show that
glucose (Fig. 1), with a glycolytic rate stimulation of 352 ⫾ 151%
intracellular pH can modulate astrocytic glycolysis on its own and
(n ⫽ 3 experiments, p ⬍ 0.05) measured using the cytochalasin B
that the effect can be fast and may surpass that of the Na ⫹/sodium
protocol (see Materials and Methods).
pump pathway.
The contrasting glycolytic effects of gramicidin and monensin
seem at odds with a major controlling role for the Na ⫹ pump, for
Acute stimulation of glycolysis by membrane depolarization
both gramicidin and monensin augment intracellular Na ⫹ and
The pH change induced in astrocytes by a rise in extracellular K ⫹
stimulate the pump. Control experiments with SBFI-loaded cells
is mediated by plasma membrane depolarization, a response
showed that gramicidin was even more effective than monensin in
present in vivo that has been termed depolarization-induced
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of membrane potential and pH (Fig. 2 B).
To depolarize the cells independently of
K ⫹, we applied Ba 2⫹, which blocks K ⫹
channels and is not an extracellular substrate for the Na ⫹/K ⫹ ATPase (Gatto et
al., 2007). Figure 2C shows that Ba 2⫹ exposure resulted in a membrane depolarization of ⬎35 mV, which led to
intracellular alkalinization (Fig. 2 D). The
extents of both depolarization and alkalinization were similar to those achieved
by 12 mM K ⫹. Supporting a metabolic
role for the NBCe1, Ba 2⫹ caused a strong
acute stimulation of astrocytic glycolysis
in primary culture cells and in tissue slices
(Fig. 2 E, F ).
NBCe1 involvement in K ⴙ-stimulated
glycolysis
Three strategies were followed to study astrocytic glycolysis in the absence of
NBCe1 activity. The NBCe1 is encoded by
the Slc4a4 gene, for which a null mutant
mouse is available (Gawenis et al., 2007).
NBCe1 null mice die 2 weeks after birth
due to a systemic acidosis of renal origin,
but their brain tissue does not present
gross morphological alterations as analyzed by light microscopy. Astrocytes cultured from neonatal NBCe1 null mice did
not present detectable NBCe1 activity,
measured as the rate of pH recovery after
an acid load (data not shown). Figure 3A
shows that, in contrast to astrocytes from
wild-type littermates, astrocytes from
NBCe1 null mice responded to high extracellular K ⫹ with an increase in glucose
Figure 3. NBCe1 is necessary for K ⫹-stimulated glycolysis in astrocytes. A, Genetic deletion of NBCe1. The left panel illustrates concentration, consistent with an inhibithe results of PCR genotyping of tail biopsies and Western blotting analysis of cultured astrocytes from wild-type (WT) and NBCe1
tion of glycolysis. In NBCe1 KO astroknock-out mice (KO). Bars in the middle represent the changes in intracellular pH elicited by a 3 min exposure to 12 mM K ⫹ in WT
cytes, the alkalinization induced by CO2
(n ⫽ 3) and NBCe1 KO astrocytes (n ⫽ 7). The impact of a 3 min exposure to 12 mM K ⫹ on glucose concentration in WT and NBCe1
withdrawal
caused a decrease in glucose
KO astrocytes is illustrated by the time course and bar graph on the right (n ⫽ 3– 4). B, Bicarbonate omission. Bars on the left
illustrate pH changes elicited by a 3 min exposure to 12 mM K ⫹ in the presence and absence (HEPES) of bicarbonate (n ⫽ 4). concentration similar to that observed in
Middle, The effect of 12 mM K ⫹ on glucose concentration was measured over time in the presence and absence (HEPES) of wild-type cells (data not shown), demonbicarbonate. Bars on the right show the change in intracellular glucose after 3 min (n ⫽ 3). C, S0859. Bars on the left illustrate pH strating that the glycolytic machinery was
changes elicited by a 3 min exposure to 12 mM K ⫹ before and after a 4 min preincubation with 30 M S0859 (n ⫽ 3). Middle, The not directly compromised by NBCe1 deeffect of 12 mM K ⫹ on glucose concentration was measured before and after a 4 min preincubation with 30 M S0859 (n ⫽ 3). Bars letion. Next, NBCe1 function was inhibon the right show the change in intracellular glucose after 3 min (n ⫽ 3).
ited by replacing HCO 3⫺ /CO2 with a
HEPES buffer, in which bicarbonate levalkalinization and requires expression of the NBCe1, an electroels, though not zero, are greatly reduced as is NBCe1 activity
genic membrane transporter that carries one Na ⫹ and two
(Deitmer and Rose, 1996). In HEPES buffer, extracellular K ⫹
⫺
HCO 3 molecules per catalytic cycle (Chesler and Kraig, 1987;
failed to alkalinize the cells and also failed to activate glucose
Chesler and Kraig, 1989; Deitmer and Szatkowski, 1990; Pappas
metabolism, both in culture and in slices (Figs. 2 F, 3B). Finally,
and Ransom, 1994). Because of their dominant potassium perNBCe1 activity was blocked pharmacologically with S0859, an
meability, the membrane potential in astrocytes is optimally senN-cyanosulfonamide that reversibly abrogates NBCe1 activity in
sitive to extracellular K ⫹ (Fig. 2 A, B). At rest, the membrane
cardiomyocytes (Ch’en et al., 2008). In astrocytes, S0859 was
potential is close to the reversal potential of the NBCe1, and
found to be an effective NBCe1 blocker (data not shown). As
therefore, there is little or no HCO 3⫺ flux. Synaptic activity inshown in Figure 3C, S0859 inhibited the alkalinization induced
creases extracellular K ⫹, astrocytes depolarize, HCO 3⫺ enters the
by K ⫹ and prevented the effect of K ⫹ on glucose metabolism.
cells through the NBCe1, and intracellular pH goes up. In agreement with functional NBCe1 expression in our cultures, intracelReconstitution of K ⴙ-stimulated glycolysis in HEK293 cells
⫹
Having demonstrated a necessary role for the NBCe1 in the glylular pH was sensitive to small rises in extracellular K (Fig. 2 B).
Consistent with a metabolic role for NBCe1-mediated pH
colytic effect of K ⫹, we investigated the possible presence of ad⫹
ditional astrocyte-specific factors using HEK293 cells as a
changes, the sensitivity to K of glucose usage was similar to that
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template. To make membrane potential
sensitive to extracellular K ⫹, a stable cell
line HEKT2 was first generated that overexpresses the background potassium
channel TASK2. These cells show outward
currents at depolarized membrane potentials (Fig. 4 A) and a shift in resting membrane potential from ⫺17 ⫾ 3 mV (n ⫽ 5)
to ⫺61 ⫾ 3 mV (n ⫽ 6). An increase in
extracellular K ⫹ from 5 to 30 mM depolarized HEKT2 cells by 30 ⫾ 4 mV (n ⫽ 6),
similar to the depolarization obtained in
astrocytes while switching from 3 to 12
mM K ⫹ (Fig. 2 B). HEKT2 cells lack
NBCe1 protein expression and detectable
NBCe1 activity (Fig. 4 B). Transient expression of human NBC1eA conferred
HEKT2 with robust NBCe activity (Fig.
4 B). A rise in extracellular K ⫹ induced a
small acidification in HEKT2 cells and a
strong alkalinization in NBCe1Aexpressing HEKT2 cells (Fig. 4C). Thus, Figure 4. Assembly of K ⫹-modulated glycolysis in HEK cells. A, The steady-state current/voltage relationship in HEK and HEKT2
coexpression of a potassium channel and cells was measured by patch clamp as described in Materials and Methods. The left panels show the actual currents recorded from
NBCe1A replicates the phenomenon of a holding potential of ⫺80 mV at different 500 ms test pulses from ⫺100 to ⫹100 mV. B, Protein expression in HEK and HEKT2
depolarization-induced alkalinization. cells overexpressing NBCe1A was measured by Western blotting as described in Materials and Methods. NBCe1 activity was
⫺
Whereas a rise in extracellular K ⫹ did not assessed by estimating the rate of acid extrusion in response to an acid load induced by switching from HEPES to HCO3 /CO2⫹in the
affect glucose levels in HEKT2 cells, it did presence of the NHE inhibitor amiloride (1 mM). The bar graph summarizes data from four experiments. C, The effect of K rise
lead to strong glucose depletion in (from 5 to 30 mM) on intracellular pH was measured in HEKT2 and HEKT2-NBCe1A cells. The bar graph shows the change in pH after
3 min (n ⫽ 3). D, HEKT2 cells were cotransfected with cDNAs coding for the FRET glucose sensor and NBCe1A, bar represents 10
NBCe1A-expressing HEKT2 cells (Fig.
m. The effect of K ⫹ rise (from 5 to 30 mM) on intracellular glucose was measured in HEKT2 and HEKT2-NBCe1A cells. Bars show
4 D). These results show that the phenom- the change in glucose concentration after 3 min (n ⫽ 3).
enon of K ⫹-stimulated glycolysis does
not require astrocytic-specific factors
(data not shown). These results show that neuronal glycolysis is
other than a predominant K ⫹ permeability and functional
acutely sensitive to changes in pH and that the NBCe1 is sufficient
NBCe1.
to endow neurons with K ⫹-stimulated glycolysis. Mature hipEffects of K ⴙ on neuronal glycolysis
Neurons, being the actual source of elevated K ⫹ during activity,
are also subject to the effects of K ⫹. Figure 5A shows that in
response to a K ⫹ rise, cultured hippocampal neurons did not
significantly modify their glucose concentration and acidified,
reminiscent of the early effect of synaptic activity on neuronal pH
(Chesler, 2003; Makani and Chesler, 2010; Svichar et al., 2011).
CO2 removal resulted in acute glycolysis stimulation (Fig. 5B),
consistent with previous long-term measurements of glycolysis
with radioisotopes (Erecińska et al., 1995), so we tested whether
the NBCe1 overexpression would endow them with K ⫹-sensitive
glycolysis as observed with HEK cells. Initially, NBCe1A expression was found to be toxic for neurons (as it was with wild-type
HEK293 cells), perhaps due to unregulated influx of Na ⫹ and
bicarbonate. Thus NBCe1A-transfected neurons had to be cultured
in HEPES DMEM medium without added CO2. Figure 5C illustrates a prolonged experiment with NBCe1A-transfected neurons in which glucose was first measured using the FRET sensor
and then cells were loaded with BCECF to corroborate functional
NBCe1A expression. First, it was observed that a rise in extracellular K ⫹ caused a drop in glucose concentration that was ⬎10
times faster in bicarbonate than in HEPES. Ensuing pH measurements in the same cells showed that K ⫹ elicited an alkalinization
that was also ⬎10 times faster in bicarbonate than in HEPES. The
acidification during the switch from HEPES to CO2/bicarbonate,
which is due to fast CO2 diffusion into the cell, led to inhibition of
glucose metabolism and higher intracellular glucose (Fig. 5C), an
effect that had also been observed in astrocytes and HEK cells

pocampal neurons in culture express functional NBCe1, which
leads to a delayed intracellular alkalinization in response to high
extracellular K ⫹ (Svichar et al., 2011). The lack of delayed pH rise
in our cultures may be due to low or absent NBCe1 expression in
younger neurons, and/or to dominant Ca 2⫹-dependent acidification masking the NBCe1 response (Makani and Chesler, 2010).

Discussion
NBCe1 participates in a feedforward pathway for
glycolysis regulation
In most mammalian cell types, glycolysis is regulated via the
Na ⫹/K ⫹ ATPase. This canonical mechanism is a negative feedback pathway, in which a Na ⫹-stimulated pump decreases the
ATP/(ADP⫹AMP) ratio, leading to allosteric activation of glycolytic enzymes and compensatory ATP synthesis. In astrocytes, the
canonical pathway can be activated by extracellular glutamate via
the Na ⫹/glutamate cotransporter (Pellerin et al., 2007). In a recent article, we have reported that extracellular K ⫹, which is
released by active neurons, behaves as a fast agonist of glycolysis
in astrocytes and that the effect is sensitive to inhibition of the
sodium pump (Bittner et al., 2011). However, we show here that
the glycolytic response to K ⫹ is not mediated by the canonical
pathway, which only plays a permissive role, but by an alternative
cascade involving K ⫹, membrane potential, the NBCe1, and intracellular pH, the KPNH pathway. Unlike the conventional
pathway, the KPNH pathway is not a negative feedback but rather
a feedforward, whereby an astrocyte, prompted by active neurons, anticipates its own needs for fuel in the form of ATP and the
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2011). Another argument is that all individual components of the cascade are in
place in vivo, including K ⫹-sensitive
membrane potential, NBCe1 expression,
and activity-dependent astrocytic alkalinization (Chesler and Kraig, 1987, 1989;
Deitmer and Rose, 1996; Schmitt et al.,
2000; Chesler, 2003). The observation
that cortical activity in vivo results in astrocytic alkalinization shows that the effect of K ⫹ surpasses that of acidifying
factors such as glutamate and lactate.
Judging from similar effects of pH on glycolysis in various contexts: astrocytes,
HEK cells, neurons, synaptosomes, C6 glioma cells, muscle cells, and purified phosphofructokinase (Trivedi and Danforth,
1966; Fidelman et al., 1982; Erecińska et
al., 1995; Swanson et al., 1997), the pH
modulation of glycolysis appears to be a
conserved microscopic property that is
not likely to differ in vivo.
In addition, we observed that glycolysis in young neuronal cultures is insensitive to rises in extracellular K ⫹ and that
their lack of NBCe is accountable for the
deficit. However, an elegant study reported recently that mature hippocampal
neuron do express NBCe and respond to
high extracellular K ⫹ with a biphasic pH
response: an early acidification, followed
minutes later by a rebound alkalinization
⫹
Figure 5. Lack of K -stimulated glycolysis in hippocampal neurons is explained by absence of NBCe1. A, Time course of the
⫹
effects of 12 mM K on neuronal glucose (top) and pH (bottom). Graphs on the right summarize the changes after 3 min of (Svichar et al., 2011). The biphasic reexposure (n ⫽ 3 or 4). B, Time course of the effect of CO2 removal on neuronal glucose (top) and pH (bottom). Changes after 3 min sponse was dissected as the net result of
are summarized on the right (n ⫽ 3). C, Neurons were cotransfected with cDNAs coding for the FRET glucose sensor and NBCe1A, two simultaneous and independent
bars represent 10 m. After monitoring glucose concentration, cells were AM loaded with BCECF, allowing for a series of pH mechanisms: transient acid influx medimeasurements. The graph presents the effect of 12 mM K ⫹ on glucose and pH in the presence and absence of HCO3⫺/CO2 in two ated by the PMCA (Makani and Chesler,
neurons of different morphology. The acute alkalinization observed in response to high K ⫹ demonstrates functional NBCe in these 2010) and sustained but weaker acid extwo neurons. Similar results were obtained in six independent experiments.
trusion mediated by the NBCe. The NBCe
is expressed in some neuronal subpopulaneeds of neurons in the form of lactate. Considering the role
tions in vivo (Majumdar and Bevensee, 2010). It remains to be
proposed for lactate in neurovascular coupling (Gordon et al.,
established whether the biphasic pH response in mature neurons
2008), the KPNH pathway may also help to anticipate the local
is accompanied by corresponding changes in glycolytic rate.
need for oxygen. Astrocytes can also be depolarized by other
mechanisms, for example, engagement of ionotropic glutamate
Interstitial K ⴙ concentration
receptors and ␣-1 adrenergic receptors (Bowman and Kimelberg,
A relative unknown is the concentration of K ⫹ reached in brain
1984; Kettenmann and Schachner, 1985; Bowman and Kimelinterstitium during activity. Although a maximum “ceiling” K ⫹
berg, 1987), which may also result in glycolytic stimulation.
concentration of 12 mM has been measured with microelectrodes
In support of a role for the KPNH pathway in the regulation of
in the brain interstice during electrical afferent stimulation (Koastrocyte glycolysis, the following experimental evidence was colfuji and Newman, 2004), direct extrapolation to physiological
lected: (1) a close correlation between the effects of K ⫹ on memconditions is not possible, for exogenous stimulation recruits
brane potential, intracellular pH, and glycolysis; (2) the rise in pH
many more fibers than the intrinsic activity, resulting in supraand concurrent glycolytic activation induced by K ⫹-indepenphysiological K ⫹ release. An example of the levels reached by
dent membrane depolarization; (3) the abrogation of the metaphysiological K ⫹ release is the 4.7 mM measured in the spinal
bolic effect of K ⫹ by genetic, functional, and pharmacological
cord (Heinemann et al., 1990), but this value is regarded as an
inhibition of the NBCe1; and (4) the endowment of neurons and
underestimate because it was also measured with microelecHEK cells with K ⫹-dependent alkalinization and glycolysis stimtrodes, whose tips are much larger than the interstice (100 m vs
ulation by functional expression of the NBCe1. In favor of a
20 nm) and create a dead space that muffles the K ⫹ rise (Fröhlich
physiological role for the KPNH pathway is the robustness of the
et al., 2008). The actual concentration of K ⫹ at the synaptic cleft
K ⫹ response, which is independent of resting metabolic rate,
remains to be determined, but the fact that significant glycolytic
temperature (22–36°C), days in culture, and confluence. The
effects were detected with a K ⫹ rise of just 1 mM and a 3 mM rise
phenomenon is also resistant to subculturing, independent of the
achieved stimulations of 200 –300% (Bittner et al., 2011) suggests
presence of neurons and present in tissue slices (Bittner et al.,
that the phenomenon is of physiological relevance. Much higher
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extracellular K ⫹ concentrations do occur in traumatic injury,
ischemia, seizures, and spreading depression (Kofuji and Newman, 2004), conditions that are accompanied by high rates of
glucose consumption and lactate production and in which the
KPNH pathway is likely to play pathogenic roles. Interestingly,
energy-deficient neurological conditions like stroke and hypoxia
induce changes in NBCe1 expression levels (Majumdar and Bevensee, 2010). Arguably, K ⫹-stimulated astrocytes may outcompete neighboring neurons for glucose, with ensuing oxidative
stress and neuronal apoptosis (Bolaños et al., 2010). K ⫹ may
behave as a more general signal for fast neurometabolic coupling.
Bergmann glial cells are rich in NBCe1, are highly permeable to
K ⫹, and are exposed to K ⫹ released from glutamatergic synapses
at Purkinje cell dendrites. Other regions of possible relevance are
the neuromuscular junction, the Ranvier node, and the serotoninergic synapse, where neuronal K ⫹ is released in the vicinity
of glial cells. Astrocytes are heterogeneous in terms of K ⫹ channel
expression and resting membrane potential (McKhann et al.,
1997), which may determine different basal NBCe1 activity, different pH responses to extracellular K ⫹, and therefore different
metabolic responses.
pH as a second messenger for glycolysis modulation
By linking extracellular K ⫹ to glycolysis, H ⫹ behaves as a second
messenger, though an unusual one that keeps its target under
tonic inhibition. Other than the glucose transporter, flux control
of glucose utilization is shared among three enzymes: hexokinase,
PFK, and pyruvate kinase, and large increases in flux such as
observed in response to K ⫹ must involve the three of them. Phosphofructokinase is sensitive to pH both in vitro and in cells, with
steep H ⫹ concentration dependence (Trivedi and Danforth,
1966; Erecińska et al., 1995). Hexokinase may be recruited by the
decrease in the concentration of its allosteric inhibitor, glucose6-phosphate, depleted as a result of PFK stimulation. Pyruvate
kinase is activated allosterically by its substrate phosphoenolpyruvate and by fructose-1,6-bisphosphate, both of which are expected to rise after PFK activation. Thus it seems feasible that the
KPNH pathway converges onto a single direct target, PFK. An
analogous, albeit slower, regulation of glycolysis by intracellular
pH has been reported in skeletal muscle, where the stimulation of
the Na ⫹/H ⫹ exchanger by insulin increases intracellular pH, decreases glucose-6-phosphate levels (i.e. PFK stimulation), and
activates glycolysis over a period of minutes (Fidelman et al.,
1982). A commanding role for pH over astrocytic glycolysis may
help to understand energy coupling during inhibitory neurotransmission. For instance, compared with glutamatergic activity, GABAergic activity is energetically inexpensive (Attwell
and Laughlin, 2001). But as for glutamate, GABA is taken up by
astrocytes via a Na ⫹-coupled transporter, and it is not obvious
how GABA uptake could avoid activating the astrocytic sodium
pump and thus stimulating glycolysis (Chatton et al., 2003). One
important difference between GABAergic transmission and glutamatergic transmission is that the former does not release K ⫹.
Moreover, astrocytes possess HCO 3⫺ -permeable GABAA receptors, which when open release HCO 3⫺ and acidify the cells (Kaila
et al., 1991), which, as observed for glutamate, aspartate, and
gramicidin, may counteract the stimulatory effect of Na ⫹. This
putative GABAA-dependent glycolytic inhibition may perhaps
match the inhibition of oxidative phosphorylation that follows
intracellular acidification in astrocytes (Azarias et al., 2011). Excitatory and inhibitory neurotransmission crosstalk by opposite
modulation of neuronal membrane potential; for the purposes
of glycolysis modulation, excitatory and inhibitory neu-

rotransmission may perhaps crosstalk by opposite modulation
of astrocytic pH.
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