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Abstract 

A stroke causes a hypoxic brain microenvironment that alters neural cell metabolism 

resulting in cell membrane hyperpolarization and intracellular acidosis. We studied how 

intracellular pH (pHi) is regulated in differentiated mouse neural progenitor cells during 

hyperpolarizing conditions, induced by prompt reduction of the extracellular K
+
 

concentration. We found that the radial glia-like population in differentiating embryonic 

neural progenitor cells, but not neuronal cells, was rapidly acidified under these conditions. 

However, when extracellular calcium was removed, an instant depolarization and recovery of 

the pHi, back to normal levels, took place. The rapid recovery phase seen in the absence of 

calcium, was dependent on extracellular bicarbonate and could be inhibited by S0859, a 

potent Na/HCO3 cotransporter inhibitor. Immunostaining and PCR data, showed that NBCe1 

(SLC4A4) and NBCn1 (SLC4A7) were expressed in the cell population and that the pHi 

recovery in the radial glial-like cells after calcium removal was mediated mainly by the 

electrogenic sodium bicarbonate transporter NBCe1 (SLC4A4). Our results indicate that 

extracellular calcium, might hamper pHi regulation and Na/HCO3 cotransporter activity in a 

brain injury microenvironment. Our findings show that the NBC-type transporters are the 

main pHi regulating systems prevailing in glia-like progenitor cells and that these calcium 

sensitive transporters are important for neuronal progenitor cell proliferation, survival and 

neural stem cell differentiation. 

1. Introduction  

Severe local ischemia after a stroke or brain trauma is caused by impaired blood flow to a 

specific brain area. During ischemia, significantly increased neurogenesis in the 

subventricular zone is initiated suggesting the presence of an inherent mechanism for repair 
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[1,2]. Short, intermittent hypoxia also enhances neurogenesis and improves cognitive 

functions [3]. Moreover, it has been shown that neural progenitor cells (NPC) migrate to the 

injured area in ischemia [4,5,6], suggesting that specific and powerful chemo-attractant 

signals are provided by the injured tissue. The differentiation, viability and proliferation of 

NPCs is considerably enhanced under hypoxic conditions [7,8,9].  

Stem cell-derived radial glial cells play an important role after a brain injury by mediating 

neuronal guidance during the recovery process. In a previous study, we used mouse 

neurosphere cultures as a model system, and observed that hypoxia (experimental ischemia) 

induced a prompt hyperpolarization in the differentiated neuronal cell population. 

Additionally, we found that the cells in the vicinity of the neurosphere body, consisting 

mainly of glia-like progenitor cells and radial glial cells, responded to experimental ischemia 

by intracellular acidification [10].  

Hypoxia-induced intracellular acidification has been shown to be protective in several cell 

systems. In cardiomyocytes, prolongation of post-ischemic intracellular acidosis (delay in the 

recovery of intracellular pH during initial reperfusion) can limit infarct damage by inhibiting 

mitochondrial permeability transition and proteolysis and spread of injury during the first 

minutes of reflow [11]. Mild extracellular acidosis has been shown to induce intracellular 

acidification in neurons and to protect against ischemic injury and N-methyl-d-aspartate 

(NMDA) type glutamate receptor-induced cytotoxicity in neurons [12,13,14]. A variety of 

ion channels, responsible for neuronal signaling and glial-neuron cell communication, have 

previously been shown to be affected by changes in both intracellular and extracellular pH 

[15,16]. On the contrary, glial acidosis has been shown to trigger glial glutamate release and 

neuronal cell death [17].  
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In this paper, we used BCECF (2',7'-Bis-(2-Carboxyethyl)-5-(and-6)-Carboxy-fluorescein) to 

monitor pHi, and studied how glia-like progenitor cells respond to hyperpolarizing conditions 

induced by reduced extracellular K
+
 concentration. Our results show that glia-like cells 

derived from neural stem cells are rapidly acidified under hyperpolarizing conditions. The 

role of Na+/HCO3- co-transporters and extracellular calcium for the hyperpolarization 

induced acidification and recovery from acidosis in radial glia-like cells is discussed.  

2. Methods 

2.1. Cell Culture and Cell Differentiation 

Neural progenitor cell (NPCs) were generated as previously described [18]. Cells were 

scraped from the anterior portion of the lateral wall of the lateral ventricles of E14 embryonic 

mouse brains. The cells were grown as free-floating aggregates termed neurospheres. 

Dissociated cells were plated in DMEM/F-12 “complete” culture medium (Gibco) containing 

2 mM L-glutamine, 15 mM HEPES, 100 U/ml penicillin, 100 g/ml Streptomycin (all from 

Sigma-Aldrich), B27 supplement (Gibco), 20 ng/ml epidermal growth factor (EGF, 

PeproTech EC Ltd, London, UK), and 10 ng/ml basic fibroblast growth factor (bFGF, 

PeproTech EC Ltd, London, UK) and maintained in a humidified 5% CO2/95% air incubator 

at 37°C. Within 3–5 days the cells grew as free-floating neurospheres and were passaged 

after mechanical dissociation. For neuronal differentiation neurospheres were plated on poly-

DL-ornithine (Sigma-Aldrich) coated culture plates in the absence of growth factors. 

Withdrawal of growth factors induces spontaneous migration of cells from the neurospheres 

and subsequent differentiation. The differentiated neural progenitor cells selected for pH and 

membrane potential measurements were single cells migrating towards the periphery, outside 

ACCEPTED MANUSCRIPT



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

 

5 

 

the neurosphere body. The total cell number in a typical neurosphere cluster varied between 

300-1000 cells.  

 

2.2 Materials 

2',7'-bis(carboxyethyl)-5,6-carboxyfluorescein acetoxymethyl ester (BCECF-AM), pH-Rhodo 

AM, bis-(1,3-dibutylbarbituric acid)trimethine oxonol (DiBAC4(3)), Rhod-2 AM and Fura-2 

AM were from Invitrogen (Molecular Probes). All other chemicals used in the study were 

purchased from Sigma–Aldrich (Helsinki, Finland).  

 

2.3. Solutions 

The HEPES buffered medium (HBM) consisted of (in mM): 137 NaCl, 5 KCl, 2 CaCl2, 0.44 

KH2PO4, 4.2 NaHCO3, 10 glucose, 10 HEPES, and 0.5 MgCl2. The pH was adjusted to 7.35 

with NaOH. Low K
+
 medium contained 0.44 KH2PO4 (medium from which the KCL had 

been omitted). All experiments were performed at 37°C under normal atmospheric conditions 

(21% O2, 0.038% CO2 in air). 

 

2.4. Measurement of intracellular pH 

Intracellular pH was measured in neural progenitor cells cell migrating outside the 

neurosphere by using the cell permeable probe 2',7'-bis(carboxyethyl)-5,6-carboxyfluorescein 

acetoxymethyl ester (BCECF-AM) and a dual-wavelength InCytIm2 fluorescence
 
imaging 

system (Intracellular Imaging Inc., Cincinnati, OH, USA). For the experiments, cells 

differentiated for 3 days on poly-ornithine coated 25 mm round coverslips were loaded with 4 

M BCECF-AM in HBM for 12 min at 37°C. After the dye loading step, the cells were 

washed 3 times with HBM, placed in the measuring chamber and transferred to a 
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temperature-controlled chamber holder on the microscope (Nikon, TMS, 20 x objective). 

During the experiment, the cells were perfused (1 ml/min) with warm (37°C) HBM pH 7.35. 

The cells were excited alternately with 490 and 440 wavelength light for 80 ms (rate of data 

capture 37 ratios/min). Rationed images from 100 single cells were analyzed with the Incyt 

4.5 software and further processed with Origin 6.0 (OriginLab Corp., Northampton, MA) 

software. The BCECF fluorescence emission ratios (490/440) of the 510 nm fluorescence 

were turned into pH values by using a standard curve [10,19]. Briefly, single cells located 

outside the neurosphere body were equilibrated in K
+
 medium (140 mM) of varying pH (5.0-

8.5) in the presence of 5 μM nigericin and calibration curves were constructed by plotting the 

extracellular pH against the corresponding fluorescence ratio. A sigmoidal relationship 

between the 490/440-nm fluorescence ratio and pH was observed between pH 6.0 and 8.0.  

2.5. Measurement of intracellular Ca
2+

 

Cells differentiated for 3 days on poly-ornithine coated 25 mm round coverslips were loaded 

with 2 M Fura-2-AM (Invitrogen, Carlsbad, Californian, USA) in HBM for 15 min at 37°C 

and subsequently transferred to a perfusion chamber. The imaging experiments were 

performed using an InCytIm2 fluorescence imaging system (Intracellular Imaging, 

Cincinnati, OH). The cells were perfused in HBM at 37°C and excited by alternating 

wavelengths of 340 and 380 nm using narrow band excitation filters. Fluorescence was 

measured through a 430 nm dichroic mirror and a 510 nm barrier filter with a Cohu CCD 

camera. One rationed image was acquired per second and on-line ratio values were converted 

to [Ca
2+

]i by using a calibration curve. The data collected from 100 single cells per 

experiment was analyzed with the InCyt 4.5 software and further processed with Origin 6.0 

software (OriginLabCorp.). 

2.6. Measurement of membrane potential 

ACCEPTED MANUSCRIPT



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

 

7 

 

Changes in the resting membrane potential of mice neural progenitor cells differentiated for 3 

days were monitored using the potentiometric bisoxonol dye bis-(1,3-dibutylbarbituric 

acid)trimethine oxonol (DiBAC4(3)), an anionic probe that, exhibits enhanced fluorescence 

when the cell membrane is depolarized (increased intracellular fluorescence do to dye influx). 

Conversely, hyperpolarization of the membrane potential leads to efflux of the probe and a 

decrease in fluorescence intensity. Cells cultured on 25 mm round coverslips were washed 3 

times with HBM pH 7.35, placed in the measuring chamber and transferred to the heat 

controlled chamber holder on the microscope (Nikon, Diaphot 200 inverted microscope, 20x 

objective). For the experiment, 500 nM DiBAC4(3) was added to the perfusion solution 

(HBM pH 7.35) and allowed to equilibrate across the cell membrane for 15 min (1 ml/min) 

before the data acquisition process was started. The cells were excited with 470 nm 

wavelength light for 80 ms (rate of data capture 30/min) and the emitted fluorescence 

captured at 530 nm. The data was collected and analyzed with the Till Vision software and 

further processed with Origin 6.0 (OriginLab Corp., Northampton, MA) software. At the end 

of each experiment, the cells were treated with depolarizing (20, 40 or 140 mM) K
+
-

solutions containing 500 nM DiBAC4(3) and the fluorescence signal was monitored. 

Membrane potential (E) was calculated using the Nernst equation assuming an intracellular 

potassium concentration of 140 mM and a temperature of 37°C. E = 2.303 × RT/zF× log10 

([K+]e/[K+]i). By using this system, DiBAC4(3) and Rhod-2 AM (dye loading with 1 M for 

12 min at 37°C resulting in cytoplasmic dye loading) were also used to simultaneously record 

changes in membrane potential and intracellular calcium. For these measurements, we used a 

FITC/Cy3/Cy5 beam splitter (Chroma) to transmit the excitation lights to the sample while 

the emitted light from the cells was captured by using a green and red light transmitting filter.    

2.7. Reverse Transcription – Polymerase Chain Reaction (RT-PCR) 
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Total RNA was isolated from mouse embryonic neural stem cells using RNAeasy Mini Kit 

(Qiagen). The RNA (2 μg) was reverse transcribed using Transcriptor High Fidelity cDNA 

Synthesis Kit (Roche). Primers were adapted from Liu et al., 2011 [20]. 

NBCe1-SLC4A4:  forward: 5-ACTTCTCTTGTGCTTGCCTGCC-3′  

reverse: 5′- GATCCAGGTGATACCCAGCTCC -3′ 

NBCe2-SLC4A5:  forward: 5′-GCCTCTGGATTGGTCTTCACTCAG-3′  

reverse: 5′- CGGTTGACAATGACTGCGGTG -3′ 

NBCn1-SLC4A7:  forward: 5′-GAGCCATCTAACCCTAGCAACG-3′  

reverse: 5′-CATGAGCAAGTCAAGGTGGTAGC-3′  

NDCBE-SLC4A8:  forward: 5′-GCTGGATGTCAAGCGGAAGG-3′ 

reverse: 5′- GACGATGAAGGTGGCGAAGAAC -3′ 

 

PCR: Initial denaturation 3 min at 95°C, after which denaturation was performed for 30 s at 

95°C, annealing for 30 s at 55°C, and elongation at 72°C for 1 min (35 repeats). Negative 

controls included omission of cDNA. PCR products were separated by 110V (40 min) by 2% 

agarose gel electrophoresis with ethidium bromide and photographed under ultraviolet 

illumination.  

2.8. Immunocytochemistry 

Cells differentiated for 3 days were fixed for 20 min at room temperature using 4% 

paraformaldehyde (Sigma) in phosphate‐buffered saline (PBS, pH 7.4). Cells were 

permeabilized and blocked for unspecific staining with PBS containing 0.1% Triton X–100 

and 1% bovine serum albumin (BSA) (all from Sigma), for 60 min at room temperature. 
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Cells were then incubated with primary antibodies in PBS containing 0.1% Triton X–100 and 

1% BSA overnight at 4 °C. Secondary antibodies were applied for 1 h at room temperature in 

the dark in 1% BSA‐PBS. Primary antibody used to identify glia-like cells was guinea pig 

anti-Glutamate Transporter, Glial, IgG (GLAST) (AB1782, Millipore). The secondary 

antibody used was Alexa Fluor 568 goat anti-guinea pig IgG (A11075, Molecular Probes 

Invitrogen). The primary antibody used to stain migrating neurons was neuronal class III b-

tubulin (TUJ 1), IgG (MMS-435P, Covance). The secondary antibody used was Alexa Fluor 

488 donkey anti-mouse IgG (A21202, Molecular Probes, Invitrogen). Primary antibodies 

used to detect Na/HCO3 co transporters were rabbit polyclonal SLC4A4 and SLC4A8 (both 

from Abcam) and rabbit polyclonal SLC4A7 (Sigma). Secondary antibody used was Alexa 

Fluor 555 goat anti‐rabbit IgG (Invitrogen). For secondary antibody controls, primary 

antibody was omitted, resulting in the disappearance of all staining. Cells were mounted 

using ProLong Diamond Antifade Mountant containing 4′,6‐diaminodino‐2‐phenyl-indole 

(DAPI) for nuclear staining (Invitrogen) and viewed and photographed using an Olympus 

AX70 Provis microscope, 20 × (numerical aperture 0.50) or 40 x (numerical aperture 0.75) 

object magnification, equipped with a DP71 high resolution color digital camera (Olympus). 

A background reading was obtained from areas devoid of cells. This reading was reduced 

from fluorescence intensity values.  

2.9. Neurosphere formation assay 

NSCs spheres were dissociated by vigorous pipetting using a Pasteur pipette, centrifuged and 

re-cultured in DMEM/F-12 “complete” culture medium (Gibco) containing 2 mM L-

glutamine, 15 mM HEPES, 100 U/ml penicillin, 100 g/ml Streptomycin (all from Sigma-

Aldrich), B27 supplement (Gibco), 20 ng/ml epidermal growth factor (EGF, PeproTech EC 

Ltd, London, UK), and 10 ng/ml basic fibroblast growth factor (bFGF, PeproTech EC Ltd, 
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London, UK) and maintained in a humidified 5% CO2/95% air incubator at 37°C. For the 

assay, a suspension of single cells were plated in 24-well plates (2 ml/well) and incubated for 

3 days. Neurospheres formed in the cultures were visualized and photographed by using an 

Axiovert 135 inverted microscope equipped with a Zeiss AxioCam HRm digital camera. The 

diameter of the neurospheres formed in the culture (indicative of proliferation potential) was 

measured by using the ImageG software.  

2.10. Neuronal differentiation assay 

For neuronal differentiation neurospheres were plated on poly‐DL‐ornithine‐ (Sigma) coated 

culture dishes in the absence of EGF and FGF. Growth factor withdrawal induced 

spontaneous neuronal differentiation. After 3 days, images were taken by using an Axiovert 

135 inverted microscope equipped with a Zeiss AxioCam HRm digital camera (20x 

objective). The cell migration distance was measured by using the ImageJ software.       

2.11. Statistics 

Data are presented as means ± S.E.M (n = number of cells, N = number of independent 

experiments). In each experiment 60-99 individual cells, located from the neurosphere body 

edge to the outer edge of the culture were randomly chosen. Each experimental condition was 

repeated at least three times with independent neural progenitor cell preparations. In all 

experiments, pHi was allowed to decline for 4 min followed by calcium removal to initiate 

the pH recovery phase. The pH decline or recovery rate is given as pH/min. Student’s 

unpaired t-test was used to compare differences between the two cell populations.  

 

3. Results 

3.1. Characterization of the cell-populations present in the differentiated neurosphere culture 
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In our previous published work, we have shown that two distinct main populations of cells 

coexist among the migrating cells [10, 21]. A typical neurosphere culture differentiated for 3 

days, stained with DAPI, GLAST and Tuj 1 antibodies is shown in fig. 1. 

 

Fig. 1. Cell populations present in a differentiated embryonic neurosphere culture. Immunostaining on 

a neurosphere culture differentiated for 3 days. (A) DAPI, (B) GLAST and (C) overlay images of Tuj 

1 and GLAST staining. (D) Image of BCECF loaded cells showing the location of the main DHPG 

and Kainate responsive cells. (E). Typical DHPG (10 M) induced Ca
2+

 response in a Fura-2 loaded 

inner cell and an outer cell responsive to Kainate (50 M) (F). 

 

In the overlaying image (Fig 1 C), an inner layer of GLAST stained radial glia-like cells and 

an outer Tuj 1 neuronal marker positive layer with migrating neurons can be seen. To 

functionally identify these cell population we studied intracellular calcium signaling in Fura 2 

loaded cells by using (S)-3,5-dihydroxyphenylglycine (DHPG), a potent agonist of group I 

metabotropic glutamate receptors (mGluRs) and Kainate as ligands [22]. The inner GLAST 

positive cell population (located closer to the sphere edge) responded to DHPG, an agonist of 

metabotropic glutamate receptor 5 (mGluR5) expressed in the radial glial population [21], but 
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not to the AMPA/ kainate receptor agonist, Kainate (Fig 1E). The outer Tuj 1 positive cell 

population responded only to Kainate and was mostly found in the periphery of the sphere 

culture (migrating neurons) (Fig 1F).   

3.2. The majority of the DHPG responsive cells are acidified by low extracellular potassium 

We have previously shown that hypoxia causes hyperpolarization and acidification of the 

radial glial-like cell population [10]. The membrane potential of the radial glial-like cells is 

dependent on extracellular K
+
 and thus reduction in extracellular K

+
 triggers 

hyperpolarization. To study the functional properties of the radial glia-like cells that 

responded to DHPG we next performed intracellular calcium and pH measurements (Fura-2 

and BCECF) on the same cell population. Measurement of pHi indicated that the majority of 

cells that responded to DHPG in our Fura-2 experiments (49.2 % of the whole cell 

population) were also acidified upon exposure to low extracellular K
+
. Typical Fura-2 and 

BCECF traces of two individual cells, here named cell 1 and cell 2, are shown in Fig.2A and 

2B. By performing this type of combined measurements, we found that 82.4 % ± 5.8% of the 

cells that responded to DHPG were also acidified by low K
+
 treatment. Only 13.7 % ± 0.9% 

of the cells that did not respond to DHPG were acidified. 
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Fig. 2. The cell population that is acidified by low potassium is DHPG responsive. (A). Location of 

cell 1 and cell 2 and intracellular Ca
2+

 response upon exposure to 10 M (S)-3,5-

dihydroxyphenylglycine (DHPG). (B). Subsequent BCECF loading and intracellular pH signal in the 

same cells exposed to low extracellular potassium (modified HBM containing 0.44 mM K
+
).  

3.3. Hyperpolarization-induced sustained acidification in the inner cell population is 

dependent on extracellular calcium 

By using BCECF as an intracellular pH indicator we found that the two populations of cells 

(inner radial glia-like cells and outer cells consisting mostly of migrating neurons) could 

clearly be distinguished based on their intracellular pH response to low extracellular 

potassium-induced hyperpolarization. A typical response of the inner cell population is 

shown in Fig. 3A.  
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Fig. 3. Effects of extracellular calcium on low K+ induced intracellular acidification and 

hyperpolarization in glia-like cells. (A). Intracellular pH response in inner radial-glia like cells 

exposed to low extracellular K
+
 in the presence of 2 mM extracellular calcium. Removal of calcium 

induced a recovery in intracellular pH. (B) Intracellular pH response in inner radial-glia like cells 

exposed to low extracellular K
+
 in the absence of extracellular calcium. A transient acidification is 

seen. (C). Change in membrane potential in DiBAC4(3) equilibrated glia-like cells upon exposure to 

low extracellular K+. Low 0.44 mM K
+
 induced a hyperpolarization while a prompt depolarization 

occurred after removal of extracellular calcium. In every individual experiment, a pH response from 

100 cells was recorded. Representative traces (average) of the inner glia-like cell population is shown.  

When cells were exposed to low extracellular K
+
 in the presence of 2 mM extracellular 

calcium intracellular acidification took place. Upon removal of extracellular calcium a rapid 

recovery in intracellular pH occurred. On the other hand, in the absence of extracellular 
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calcium a transient acidification could be seen in the inner cell population (Fig. 3B). 

Lowering the extracellular calcium concentration from 2 mM to 1 mM, already allowed pH 

recovery in 20% of the acidified cells. When the extracellular calcium concentration was 

further lowered, down to 0.5 mM, extensive pHi recovery could be observed in 38.5% of the 

acidified glial-like cell population.  

By using DiBAC4(3)-equilibrated cells, to measure membrane potential, we observed that 

cells perfused with modified HBM pH 7.35 containing 0.44 mM K
+
 induced a 10 mV 

hyperpolarization in the inner radial glia-like cell population (Fig. 3C). However, removal of 

all extracellular Ca
2+ 

initiated a prompt depolarization in the cell population. A depolarization 

that was 10 mV or higher than the initial resting membrane potential could be observed in 

39.2% ±5%, N=6) of the whole cell population. In the rest of the cells, a smaller 

hyperpolarization of 6.6 mV ±0.3 mV could be observed. When the cell population was 

perfused with calcium free 0.44 K
+
 solution, the membrane potential returned to its original 

value (no overshoot observed). In our experiments conducted in modified medium, where all 

Na
+
 was iso-osmotically replaced with NMDG+ (N-methyl-D-glucamine), no depolarization 

or pH recovery could be observed after Ca
2+

 removal (data not shown). This strongly 

indicated that Na
+
 influx was responsible for the depolarization observed. 

 

3.4. Depolarization with high extracellular potassium overrides the inhibitory effect of 

extracellular calcium on the pH recovery phase   

Having found that Ca
2+

 apparently interferes with a Na
+
 channel that mediates the 

depolarization we next studied whether pH recovery take place in hyperpolarized and 

acidified cells when they are exposed to high extracellular potassium. As shown in Fig. 4A, a 

rapid recovery in cytosolic pH took place when 20 mM K
+
 was added.  
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Fig. 4. Intracellular pH recovery and changes in membrane potential induced by high extracellular K
+
 

in glia-like cells. (A). Intracellular pH response in inner radial-glia like cells exposed to low 

extracellular K
+
 in the presence of 2 mM extracellular calcium. Addition of 20 mM K+ induced a 

recovery in intracellular pH. (B) Intracellular pH response in the outer neuronal like cells exposed to 

low extracellular K
+
 followed by high 20 mM extracellular K

+
. (C) Change in membrane potential in 

DiBAC4(3) equilibrated glia-like cells upon exposure to low extracellular K+ (0.44 mM K
+
) and 20 

mM K
+
. In every individual experiment, a pH response from 100 cells was recorded. Representative 

traces (average) are shown. N=3.  

This recovery was evident in 27.3 % ± 2.4% of the whole cell population. In the rest of the 

cells, mostly consisting of migrating neurons, a very modest low K
+
-induced acidification 

and response to 20 mM K
+
 could be observed (Fig. 4B). Perfusion with 20 mM K

+
 induced a 

ACCEPTED MANUSCRIPT



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

 

17 

 

prompt depolarization in the hyperpolarized cells despite the fact that 2 mM extracellular 

Ca
2+

 was present.        

3.5. Low extracellular potassium induces hyperpolarization and elevation in cytosolic 

calcium in radial glia-like cells  

To study whether intracellular calcium is changed during the treatment with low K
+
 we next 

performed multichannel experiment where we simultaneously measured intracellular pH and 

Ca
2+

. As shown in Fig.5A, lowering extracellular K
+
 induced a rapid increase in intracellular 

calcium in Rhod 2 loaded cells. When extracellular calcium was removed, intracellular pH 

recovered and intracellular Ca
2+

 declined. Subsequent perfusion with 10 mM NH4Cl in HBM 

containing 2 mM Ca
2+

, that induces pHi increase and washout that causes strong intracellular 

acidification, did not cause changes in intracellular Ca
2+

.  

By performing multichannel fluorescence excitation on Rhod-2-loaded and DiBAC4(3)- 

equilibrated cells, we found that the inner cell population responded to low extracellular K
+
 

by giving a simultaneous increase in Rhod-2 fluorescence (calcium influx) and decrease in 

DiBAC4(3) fluorescence (hyperpolarization), (Fig. 5B). The outer cell population showed a 

much weaker responses, (Fig. 5C). 
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Fig. 5. Effects of low potassium on intracellular Ca
2+ 

in neural progenitor cells. (A).Change in 

intracellular pH and calcium in neural progenitor cells exposed to modified HBM (pH 7.35) 

containing 0.44 mM K
+
 and 2 mM Ca

2+
, calcium free HBM (pH 7.35) containing 0.44 mM K

+
 or 

HBM (pH 7.35) containing 10 mM NH4
+
(followed by washout of NH4

+
). (B). Change in intracellular 

calcium (increase in Rhod-2 fluorescence indicates increase in intracellular calcium) and membrane 

potential (decrease in DiBAC4(3) fluorescence indicates hyperpolarization) in radial glia-like cells 

(inner cells) exposed to Ca
2+

 containing modified HBM (pH 7.35) with 0.44 mM K
+
. (C). Change in 

Rhod-2 fluorescence and DiBAC4(3) fluorescence in migrating neurons (outer cells) exposed to Ca
2+
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containing modified HBM (pH 7.35) with 0.44 mM K
+
. Results from cells differentiated for 3 days 

are shown. In every individual experiment, a response from 100 cells was recorded. Representative 

traces (average) of the inner and outer cell populations are shown.  

3.6. Rapid recovery in pHi after calcium removal requires extracellular bicarbonate and can 

be prevented by a potent NBC inhibitor S0859 

In order to trace the origin of the protons (acid equivalents) that induced intracellular 

acidification in cells exposed to low extracellular K
+
, we performed experiments in nominally 

bicarbonate-free salt solutions. As shown in Fig. 6A, when cells were loaded with BCECF in 

HCO3
-
 free HBM for 10 min, low K

+
 and HCO3

-
 -free solution induced only a modest 

intracellular acidification in the inner cell population. In addition, under HCO3
-
 free 

conditions, subsequent removal of calcium did not trigger pHi recovery. Likewise, perfusion 

with bicarbonate-free HBM did not cause pH recovery while perfusion with bicarbonate 

containing HBM induced a prompt recovery in pHi. As shown in Fig. 6 B, very modest 

recovery in pHi took place when cells, acidified by low K
+
 in the presence of Ca

2+
 and HCO3

-

,were perfused with calcium-free and HCO3
-
 free 0.44 mM K

+
 solution. Subsequent perfusion 

of the cells with calcium-free 0.44 mM K
+
 solution containing 4.2 mM HCO3

-
 induced an 

instant recovery in intracellular pH (Fig. 6B).      

Intracellular pH regulation and pH recovery from an intracellular acid load has previously 

mainly been studied by using the ammonium pre-pulse technique. However, in our system we 

induce intracellular acidosis in glial cells by exposing them to hyperpolarizing low K
+
 

medium that drives out HCO3
-
 from the cell leaving protons behind. To evaluate which pH 

regulatory mechanism is responsible for the pHi recovery process, observed here after 

calcium removal, we used S0859, an N-cyanosulphonamide compound that inhibits NBC;s 

[23]. S0859 only marginally altered cytoplasmic pH under basal conditions. The pHi was 

7.22 ± 0.02 before the addition of 25 M S0859 and 7.24 ± 0.01 (N=3) after this addition. 
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When pHi was measured in low K
+
 -exposed radial glial-like cells in the presence of 25 M 

S0859, the acidification rate was 44% slower (pH decline rate was 0.14 ±0.02 pH/min as 

compared to 0.32 ±0.03 pH/min in control cells) (Fig 6C). On the contrary, the pHi recovery 

phase after calcium removal was strongly inhibited (Fig. 6D). In the presence of 25 M 

S0859 the pH recovery rate was 0.015 ±0.004 pH/min as compared to 0.20 ±0.03 pH/min in 

control cells. The inhibition was reversible since washout of S0859 resulted in prompt 

recovery in pHi (0.13 ±0.02 pH/min). 

 

Fig. 6. Effects of extracellular bicarbonate and S0859 on low potassium induced intracellular 

acidification and pH recovery after calcium removal. (A). Change in intracellular pH in neural 

progenitor cells loaded with BCECF in the absence of bicarbonate followed by exposure to modified 

bicarbonate free HBM medium containing 0.44 mM K
+
 (B). Acidification in cells perfused with HBM 

containing 0.44 mM K
+
 and 2 mM Ca

2+
. Effect Ca

2+
 removal in the absence and presence of 

bicarbonate. (C). Effect of 25 M S0859 on low K
+
-induced and bicarbonate-dependent acidification 

and pH recovery after Ca
2+

 removal (D). pH-decline- and pH- recovery rates are given as mean 

pH/min ± SEM (N=5, results of 100 cells in each experiment). Representative traces (average of 100 

cells in each experiment) of inner cells differentiated for 3 days are shown. 
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3.7. Electrogenic (SLC4A4) and the non-electrogenic (SLC4A7) sodium/bicarbonate 

cotransporters are expressed in the stem cell glia-like cell population  

Since S0859, inhibited the pHi recovery from acidosis, we assumed that one type of the 

sodium driven chloride bicarbonate exchanger (NDCBE) or sodium bicarbonate 

cotransporters (NBC) operate in the radial glia-like cell population. Immunostaining with 

antibodies showed that SLC4A4 (NBCe1) and SlC4A7 (NBCn1) are expressed in the 

differentiated cell population (Fig. 7A, B and C) Especially, SLC4A4 showed strong 

expression in the radial glia layer (radial processes) (Fig. 7 A and B). The electroneutral 

transporter SLC4A7 (NBCn1) showed much weaker immunostaining (Fig.7C) while no 

positive SLC4A8 (NDCBE) staining could be observed (data not shown). To verify this, we 

also run RT-PCR on our cell population that has been differentiated for 3 days. Our RT-PCR 

data showed that SLC4A4 (NBCe1), SlC4A7 (NBCn1) were present while low expression of 

SlC4A8 (NDCBE) mRNA was present in the cell population. SLC4A5 was not expressed 

(Fig. 7D).  

 

ACCEPTED MANUSCRIPT



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

 

22 

 

Fig. 7. Expression of bicarbonate transporters in neural progenitor cells. Overlay of immuno- and 

DAPI staining showing expression of (A) NBCe1 (SLC4A4) (C) NBCn1 (SLC4A7) in neural stem 

cells differentiated for 3 days. (B) Higher magnification of cells immunostained with antibodies to 

SLC4A4 (overlay with DAPI) showing strong reactivity in glial cells and glial processes. (D) Gene 

expression of mRNA of various members of SLC4 family extracted from neural progenitor cells by 

RT-PCR.: Lane 1, NBCe1 (SLC4A4), lane 2, NBCe2 (SLC4A5), lane 3, NBCn1 (SLC4A7) and lane 

4, NDCBE (SLC4A8).  

3.8. Sodium/bicarbonate cotransporters (NBCs) are important for asymmetric cell division of 

radial glia-like progenitor cells that generates radial glial cells and migrating neurons 

Removal of the growth factors EGF and FGF from neurospheres cultures plated on poly-DL-

ornithine coated coverslips results in cell differentiation giving radial glial cells and migrating 

neurons [22]. To study the impact of NBC inhibition on the cell differentiation process, we 

differentiated neural stem cells in the presence of the NBC inhibitor S0859. As shown in Fig. 

8C, cell differentiation (for 3 days) was strongly inhibited by 25 M S0859 as compared to 

control (Fig. 8A) and DMSO-treated (Fig. 8B) cell cultures.  
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Fig. 8. Inhibition of Sodium/bicarbonate cotransporters (NBCs) affects neural stem cell differentiation 

and proliferation. Images showing cell differentiation patterns (on day 3) of (A) control, (B) DMSO or 

(C) 25 M S0859-treated cultures. (D) Image of a typical neurospheres formed within 72h in control 

culture or (E) cultures treated with 25 M S0859 in normal growth medium DMEM/F12 

supplemented with B27, glutamine, Hepes, FGF and EGF. (F) Neurosphere size (diameter in m) in 

control and S0859 treated cultures. Data are presented as means ± SEM from three independent 

experiments, (50 spheres measured in each group) (p<0.01). (G) Cell migration distance (m) in 

culture differentiated for 72h. Horizontal lines indicate means. The means are significantly different 

(p<0.05).     

 

In the culture treated with S0859, reduced amounts of migrating neurons were present and the 

migrating distance was shorter (Fig. 8 C and G). Likewise, the NBC inhibitor S0859, had a 

strong impact on the neurosphere formation (stem cell proliferation) in the presence of EGF 

and FGF. In the presence of 25 M S0859, formation of large neurospheres was inhibited 

(sphere diameter 69.6 ±2.0 m versus 184.0 ±5.6 m in control cultures) and single cells 

forming a connection network appeared in the cell culture (Fig. 8 D, E and F). 

3.9. The S0859 induced cell network in the stem cell culture consists of functionally 

competent neurons and radial glia-like cells 

The network forming cells that appeared in the cell culture in the presence of S0859 was 

further characterized by immunostaining together with functional studies using glutamate 

receptor ligands and calcium imaging. As shown in Fig. 9, panel A, the cell clusters stained 

positive for the glial marker GLAST while very bright immunostaining of TUJ-1 could be 

observed in some neurons. A population that was stained by both markers was also present in 

the cell culture (Fig. 9B). To evaluate whether these migrating cells where functional, we 

next performed calcium imaging experiments on the whole cell population. Among the cells, 

we found a small population of cells that responded only to Kainate, a ligand that mainly 
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stimulate ionotropic glutamate receptors in neurons (Fig 9C). However, two major 

populations responding only to DHPG or both ligands were abundant. An immature cell 

population that did not respond to these stimuli were also present (Fig. 9D).          

 

Fig. 9. Characterization of cells formed by S0859 in a proliferating neural stem cell culture. (A and B) 

Overlay TUJ-1and GLAST immuno- and DAPI staining of neural progenitor cells cultured for 3 days 

in the presence of 25 M S0859. (C) Kainate (50 M) and DHPG (10 M) induced Ca
2+

 responses in 

Fura-2 loaded cells cultured in the presence of 25 M S0859 for 3 days. (D) Graph showing the % of 

cells responding to Kainate, DHPG or both stimulus. In (C) representative traces (average of 100 cells 
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in each experiment) of the whole cell population are shown. Results in (D) are mean ± SEM (N=3, 

results of 100 cells in each experiment).     

 

 

4. Discussion 

Undifferentiated neural stem cells have the potential to differentiate and give rise to various 

specialized cell types such as radial glial cells, neurons and oligodendrocytes. After an acute 

brain lesion, such as trauma and stroke, stem cells migrate from the subventricular zone, a 

region where new stem cells are formed, to the site of injury [4, 24]. However, it is still 

unclear how the signaling molecules released from the injured site together with local 

alterations in the oxygen level and ionic composition due to brain oedema (e.g. Ca
2+

, K
+
), 

trigger the neural stem cell proliferation, differentiation and migration process. 

A well-documented physiologic alteration in the microenvironment at the site of a brain 

injury is hypoxia and acidosis [25,26,27]. This does not only concern stroke in elderly, but 

intrauterine hypoxia during pregnancy may also play a significant role in early brain 

development and mental development later in life [28]. Hypoxia causes alterations in the 

extracellular ionic environment. Typically an increase in extracellular K
+
 concentrations and 

lowering of extracellular Ca
2+

 is seen but sporadic reports can be found in the literature 

describing severe or moderate hypokalemia in (TBI) patients [29,30,31,32]. Thus, local 

alterations in K
+
, or hypoxic environment that causes membrane hyperpolarization, might 

affect various voltage- dependent ion transport systems in cells, including stem cells invading 

the injured area.  
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We have previously shown that hypoxia causes hyperpolarization and acidification of radial 

glial cells, which function as a scaffold for migrating neurons [10]. In this study, we have 

used differentiated mouse embryonic stem cells as our model system to study the effects of 

extracellular K
+
 on pHi. To identify the cells in this population, we performed functional 

studies using Kainate and DHPG. DHPG is a ligand that triggers calcium signaling by 

activating metabotropic glutamate receptor 5 (mGluR5) receptors in the glial glutamate-

aspartate transporter (GLAST)-positive cell population [21,33,34,35]. By performing calcium 

and pH measurements on the same cell population we found that a majority of the cells that 

responded to DHPG by giving a calcium signal were also acidified upon exposure to low K
+
 

medium. This indicates that the radial glia-like cells are the main cell population that is 

acidified during hypokalemic conditions.  

Interestingly, we found that the sustained intracellular acidification caused by low 

extracellular K
+
 was highly dependent on extracellular calcium. Removal of extracellular 

calcium caused a rapid pH recovery in hyperpolarized cells that had been kept acidic in the 

presence of extracellular calcium. During calcium free conditions, reduced extracellular K
+
 

levels induced only a transient acidification. Thus, local extracellular calcium concentration 

can have a strong impact on hypoxia-induced hyperpolarization and acute intracellular 

acidification. Instant pHi recovery could already be observed in some individual radial glial 

cells when extracellular calcium was lowered from 2 mM to 1 mM. The blocking effect of 

extracellular Ca
2+

 was indicative of a channel block, probably on a Na
+
 permeable channel, 

that is responsible for the observed rapid depolarization (Na
+
 influx). Lowering, or complete 

removal of extracellular calcium, has earlier been reported to activate sodium permeable 

“leak channels” [36,37]. Nonselective Na
+
 and Ca

2+
 permeable TRPC channels are expressed 

in our neural stem cells [34] and would be a likely candidate for the effects seen. However, 
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several other channels of this type exist, so the identity of the Na
+
 channel involved remains 

to be studied.  

Our findings are relevant since it has earlier been reported that the calcium concentration in 

the cerebrospinal fluid decreases in TBI from 1 to 0.01 mM [38,39]. During such conditions, 

NBC;s might be active and keep glial cell pHi alkaline in a hypoxic environment. 

Depolarization and intracellular alkalinization, stimulates exocytotic and non-vesicular 

glutamate release from glial cells, causing neuronal cytotoxicity [40,41,42,43].   

 Lowering extracellular K
+
 induced intracellular acidification and a rapid increase in 

intracellular calcium. However, treatment with NH4Cl and washout, a method used to induce 

rapid intracellular alkalinization and acidification in cells, did not cause changes in 

intracellular Ca
2+

. This indicates that intracellular acidification per se is not responsible for 

the calcium signal seen. More likely, hyperpolarization increases the driving force for Ca
2+

 

fluxes into these cells. 

In neuronal cells, acute hypoxia is known to trigger hyperpolarization caused by activation of 

ATP-sensitive K
+
 (KATP) channels [44] or activation of calcium dependent K

+
 (KCa) channels 

[45]. We found that low K
+
 induced a prompt hyperpolarization in the whole stem cell 

population and lowered the resting pHi in the DHPG responsive glia-like cell population. 

From an electrophysiological point of  view, hyperpolarization tends to increase the 

driving force for cation influx e.g. protons (H
+
) and extrusion of anions such as bicarbonate 

(HCO3
-
) and hydroxyl ions (OH

-
) (base efflux). Since we found that the low extracellular K

+
 

-induced acidification was highly dependent on the presence of a bicarbonate buffer system, 

we concluded that the acidification and proton generation is most likely due to rapid 

bicarbonate extrusion (leaving protons behind). Extracellular bicarbonate apparently 

increases the intracellular free HCO3
-
 -pool that electrogenically can rapidly be extruded from 
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cells during hyperpolarized conditions. Likewise, we found that the rapid pH recovery 

process after calcium removal is dependent on a bicarbonate buffer system that can support a 

bicarbonate influx.  

Our finding that the pH recovery after calcium removal, in glia-like cells acidified by low 

extracellular K
+
, was inhibited by the NBC inhibitor S0859 further strengthen the view that a 

bicarbonate-dependent transporter is involved in the pHi recovery process (Fig. 6C and D). 

Several types of Cl/HCO3 exchangers, sodium driven chloride bicarbonate exchanger 

(NDCBE) or sodium bicarbonate co-transporters (NBC) has been discovered in various cell 

types [46]. Electrogenic Na/HCO3 cotransporter has been found in glial cells and the 

electroneutral Na/HCO3 cotransporter NBCn1 has earlier been described in rat hippocampal 

neurons [47,48,49]. NDCBE has been shown to be present in human, mice and rat brain 

tissue [50,51] and to participate in pH regulation in rat neurons, astrocytes and glial cells 

[52,53,54].  

Extracellular HCO3
-
 was important for the pH recovery process and therefore any of the 

NBCs (SLC4A4; NBCe1, SLC4A5; NBCe2, SLC4A7; NBCn1,) or Na
+
 driven HCO3

-
 

transporters e.g. NDCBE (SlC4A8) could be involved in the process. Our findings with, 

immunostainings and PCR indicated that the pH recovery process in hyperpolarized radial 

glial cells is mainly mediated by the electrogenic NBCe1 (SLC4A4) that was activated when 

the extracellular calcium was removed. Upon removal of calcium, the radial glial cell 

membrane potential was rapidly depolarized that triggered Na+:nHCO3- influx (complex 

with negative charge). Immunostaining experiments showed that NBCe1 (SLC4A4) was 

highly expressed in radial glial processes. However, in a fraction of cells NBCn1 (SLC4A7) 

was apparently operative since pH recovery took place in some cells where no rapid 

depolarization could be observed.  
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Based on our findings, it became apparent that radial glia-like neural stem cells mostly rely 

on NBC systems and not Na/H antiporters to regulate intracellular pH during acute hypoxia. 

This could clearly be seen in our experiments with stem cell differentiation and proliferation 

where we used S0859. Thus, we provide, for the first time, experimental evidence 

demonstrating that sodium/bicarbonate cotransporters (NBCs) are important for production of 

neurons and radial glial cells. Moreover, we show that proliferating neuronal stem 

cells/progenitor cells that grow in clusters, rely on functional NBCs to neutralize the acid 

load generated in the neurosphere. When this pHi regulating system was inhibited, cells could 

not form large (100-200m in diameter) neurospheres but instead aggregated in smaller 

neurosphere clusters with a special single cell network. Our immunostainings and Ca
2+

 

imaging experiments clearly indicated, that these cells building a network in the presence of 

the NBC inhibitor S0859, are glia-like cells and neurons that are functionally competent. 

These findings are in line with studies of glioma cells (whose origin is thought to be from 

radial glia) where hypoxia has been shown to induce SLC4A4 expression. Accordingly, 

knockdown of SLC4A4 expression inhibits cell proliferation [55]. Since hypoxia-stimulated 

neurogenesis is also mediated by hypoxia-inducible factors (HIFs) [56], it is tempting to 

suggest that the Na/HCO3 cotransporter SLC4A4 is part of the neurogenesis program 

protecting progenitor cells from acidosis. We have previously shown that progenitor cells are 

very resistant to a low pH environment [10].  

In summary, by exposing differentiated neural stem cells to low K
+
, we demonstrate that 

radial glia-like cells are rapidly hyperpolarized and acidified due to electrogenic HCO3
-
 

efflux. Our results demonstrate that calcium signaling is linked to HCO3
-
-dependent pH 

regulation in glia-like progenitor cells. Our data provide new insights into the mechanism by 

which calcium plays a key role in glial/neuronal communication during ischemic conditions. 
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Our results, showing effects of calcium on membrane potential and intracellular pH 

regulation, are relevant when it comes to ischemia/reperfusion injury in brain tissue [57,58]. 
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Highlights 

 

• Radial glia-like progenitor cells are rapidly acidified during hyperpolarizing conditions. 

• pHi recovery from acidosis is mediated by the electrogenic Na/HCO3 cotransporter 

(SLC4A4). 

• pHi recovery via SLC4A4 is driven by sodium influx induced depolarization. 

 •Membrane depolarization and pHi recovery can be blocked by extracellular calcium. 

•pHi regulation via SLC4A4 is crucial for neural progenitor cell proliferation and 

differentiation. 
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