
Citation: Tafech A.; Jacquet P.;

Beaujean C.; Fertin A.; Usson Y.;

Stéphanou A. Characterization of the

intracellular acidity regulation of brain

tumor cells. Preprints 2023, 1, 0.

https://doi.org/

Copyright: © 2023 by the authors.

Submitted to Preprints for possible open

access publication under the terms and

conditions of the Creative Commons

Attri- bution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Article

Characterization of the intracellular acidity regulation of brain
tumor cells and consequences for therapeutic optimization of
temozolomide
Alaa Tafech, Pierre Jacquet, Céline Beaujean, Arnold Fertin, Yves Usson, Angélique Stéphanou*

Univ. Grenoble Alpes, CNRS, UMR 5525, VetAgro Sup, Grenoble INP, TIMC, 38000 Grenoble, France
* Correspondence: angelique.stephanou@univ-grenoble-alpes.fr

Simple Summary: Tumor cells have a high metabolic activity which makes the environment around 1

them more acidic. This acidic environment encourages the aggressiveness, and invasiveness of 2

the tumor, which is linked to a worse prognosis. Cancer cells may control in different ways their 3

internal acidity when exposed to the acidic environment. In this study two types of brain tumor cells 4

were exposed to different levels of acidity to characterize their response in terms on intracellular 5

pH regulation. The results show that these cells don’t handle acidity the same way. One cell type 6

can reduce its internal acidity, while the other can withstand higher acidity levels. The ability to 7

manage acidity seems to depend on the specific cell type and involves various mechanisms to keep 8

the cells working properly. This study explored these cells in both 2D flat layers and 3D structures 9

called spheroids. In spheroids, the regulation process of internal acidity appears to work differently 10

than in 2D. These findings could influence treatment because the temozolomide drug used to fight 11

brain tumors works better in certain pH environments. By adjusting the pH outside the cells, the 12

effectiveness of the drug can be improved. This suggests that personalized treatment might be 13

possible by combining temozolomide with substances that control pH. 14

Abstract: A well-known feature of tumor cells is high glycolytic activity leading to acidification of the 15

tumor microenvironment through extensive lactate production. This acidosis promotes processes such 16

as metastasis, aggressiveness and invasiveness that has been associated to a worse clinical prognosis. 17

Moreover, the function and expression of transporters involved in regulation of intracellular pH 18

might be altered. In this study the capacity of tumor cells to regulate their intracellular pH when 19

exposed to a range of pH from very acidic to basic, has been characterized in two glioma cell lines, 20

F98 and U87, using a new recently published method of fluorescence imaging. Our result show that 21

the tumor regulation of acidity is not the same for the two cell lines, U87 cells are able to reduce 22

their intracellular acidity whereas F98 cells do not exhibit this property. On the other hand F98 23

cells show a higher resistance to acidity than U87 cells. Intracellular acidity regulation appears 24

highly cell-dependent where different mechanisms are activated to preserve the cell integrity and 25

functioning. This characterization was performed on 2D monolayer cultures and 3D spheroids. 26

Spatial heterogeneities were exhibited in 3D suggesting a spatially modulated regulation in this 27

context. Based on the corpus of knowledge available in the literature, we proposed plausible 28

mechanisms to interpret our results together with some new lines of investigation to validate our 29

hypotheses. Our results might have implications on therapy since the activity of temozolomide is 30

highly pH-dependent. We show that the drug efficiency can thus be enhanced depending on the 31

cell type by manipulating the extracellular pH. Personalized treatment could be considered by the 32

combination of temozolomide with pH-regulating agents. 33

Keywords: BCECF probe, fluorescence microscopy, glioblastoma, pH regulation, resistance to acidity, 34

temozolomide 35

1. Introduction 36

Acidity is a well-known feature of the tumor microenvironment. It is observed in a 37

variety of solid tumors [1–3]. The pH can be very heterogeneous within the same tumor, 38

with localized acid zones. pH measurements using electrodes have shown that the pH 39
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can reach 5.9 in brain tumors, with an average value at around 6.8 while the pH in normal 40

brain tissue is around 7.1 [1]. 41

42

Tumor cells that proliferate abnormally quickly run out of oxygen and become hypoxic. 43

In hypoxia, the cells are not able to produce ATP via OXPHOS. In order to adapt to this 44

harmful environment, HIF signaling shifts energy production towards anaerobic glycolysis, 45

allowing hypoxic tumor cells to continue to produce ATP despite the low oxygen levels. 46

Due to their significant fermentation activity, hypoxic tumor cells secrete a large amount 47

of lactate and H+ ions, which can lead to changes in the intracellular pH (pHi) of cancer 48

cells. To help deal with the excess production of lactate and H+ ions, tumor cells activate a 49

number of pH regulating proteins to export lactate and H+ ions and keep the pHi within the 50

physiological level. Once excreted, lactate and H+ ions induce a decrease in extracellular 51

pH (pHe) leading to acidification of the tumor microenvironment [3–6]. 52

53

Tumor cells are generally associated with alkaline pHi values of 7.1 to 7.6 and acidic 54

pHe values of 6.2 to 6.9 [7], whereas, normal cell are found with a lower pHi (7.0–7.2) than 55

that in the environment in physiological conditions (7.3–7.4) [8,9]. As a consequence there 56

is an inverse pH gradient for tumor cells. The fact that pHi is significantly higher than pHe 57

in tumors demonstrates the existence of powerful mechanisms to prevent acidification of 58

the intracellular environment [10–12]. The tools used by tumor cells to regulate their pHi 59

are varied and depend on the cell type. Several pH regulatory proteins show increased 60

expression (often modulated by the transcription factor HIF-1) or activity in tumor cells. 61

These redundant proteins of tumor pH regulation include: Na+/H+ exchangers (NHEs) 62

such as NHE1 [13], Vacuolar-type Adenosine TriPhosphatase (V-ATPase) [14], the mono- 63

carboxylate transporters (MCTs) such as MCT1, MCT2, MCT3, and MCT4 [15], Carbonic 64

Anhydrases such as CAII, CAIX, and CAXII [13,16], and the HCO−
3 transporters [17]. Dis- 65

tinct mechanisms can also be set up in cells with different invasive or metastatic potentials 66

[18,19]. A different subcellular localization of pH regulators has been demonstrated in a 67

model of brain tumors [20]. 68

69

It has become evident that pHi is an important regulator of metabolism and many cell 70

functions such as cell proliferation [21–23], cell cycle progression [24,25] and differentiation 71

[26,27]. The inverted pH gradient is considered a hallmark of cancer [28], which promotes 72

tumor growth, invasion, and metastasis of cancer cells via various mechanisms. Therefore 73

it appears that the measurement of pHi in tumors can be of interest for monitoring the 74

progression of cancers and the responses of cancer cells to various treatments. 75

76

Despite advances in the development of new therapeutic strategies, a major underly- 77

ing factor in cancer-related death remains treatment resistance. The cytoplasmic membrane 78

functions as a semi-permeable physical barrier that separates the intracellular and ex- 79

tracellular environment. Small and uncharged molecules can easily diffuse through the 80

membrane, while the passage of charged molecules is more difficult since the membrane 81

is polarized. On the other hand, the diffusion of chemotherapeutic agents can be altered 82

by changes in the pH of the tumor environment. For instance, the acidic pHe increases the 83

cellular uptake of weakly acidic drugs such as chlorambucil [29] and melphalan [30] and 84

thus increases the efficacy of the drugs. In contrast, the acidic pHe retards the uptake of 85

weakly basic drug such as doxorubicin [31,32] and mitoxantrone [33,34], the extracellular 86

acidity that can be found in the tumor microenvironment can limit their passage through 87

the membrane of cancer cells, compromising their anti-tumor efficacy. Extracellular acidity 88

may also play a role in drug resistance by increasing the activity of P-glycoprotein (P-gp), 89

which is involved in drug efflux. Activation of the p38 MAP Kinase signaling pathway 90

by acidity is involved in the activation of P-glycoprotein. Therefore, inhibition of the p38 91

pathway restores the sensitivity of tumor cells to chemotherapeutic agents. 92

93
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Cancer drug research and development initially focused on targeting cancer cell pro- 94

liferation. It then appeared that the environment could also be taken into account. The 95

role of acidity in the evolution and therapeutic response of tumors has been particularly 96

documented and much attention is currently paid to strategies targeting this tumor acidity. 97

The different strategies that directly target tumor acidity or exploit characteristics of acidity 98

are now being developed and have begun to show promising results. 99

100

A first strategy targeting tumor acidity consists in studying drugs that can be activated 101

under acidic conditions to have a better specificity of the treatment. We cite for example 102

the molecule temozolomide (TMZ), used against glioblastoma [35]. Another strategy is to 103

inhibit the various proteins involved in maintaining pHi, which is crucial for the survival 104

of tumors in an acidic environment, using small molecule inhibitors or antibodies. Targeted 105

proteins include NHEs, MCTs, CAs, NBCs (Na+/HCO− co-transporters) and V-ATPase 106

[36–38]. Tumor acidity is also exploited in the development of nanoparticles which release 107

cytotoxic agents under acidic condition, encountered in the tumor tissue [39,40]. 108

109

In this study we characterized the regulation of intracellular acidity of brain tumor 110

cells for two cell lines, F98 murine glioma and U87 human glioblastoma. This was per- 111

formed using fluorescence microscopy with the pH-dependent fluorescent probe BCECF, 112

for which we recently developed a new methodology that extends the pH range measure- 113

ments and accuracy [41]. Measurements were performed on 2D cell cultures and on 3D 114

spheroids. Differences were highlighted between the two cell lines and some hypotheses 115

were proposed to explain them. Finally, the impact of the extracellular pH on TMZ efficacy 116

was investigated on the two cell lines with the aim to identify the optimum pH range for 117

each. 118

2. Materials and Methods 119

2.1. Cell lines 120

U-87 MG and F98 cell lines from ATCC were used. The U87 cell line was established from a 121

human glioblastoma. The cells are often polynuclear with very fine membrane extensions. 122

Their mean doubling time is 30.8±2.5 [42]. The F98 cell line is a murine glioma. The cells 123

are predominantly spindle shaped and have an in vitro doubling time of approximately 18 124

hours [43]. Both cell lines are cultured in the same conditions in plastic flasks. The culture 125

medium is composed of DMEM with 4.5% glucose, supplemented with 10% fetal bovine 126

serum and 2 mM glutamine (Dutscher, Bernolsheim, France). The cells are maintained at 127

37°C in a humid atmosphere with 5% CO2. For the experiments, cells were seeded at a 128

concentration of 1000 cells/well in 96-well flat CleaLine® plates for 2D monolayer cultures 129

or in 96-well CELLSTAR® round bottom ultra-low attachment plates for 3D spheroid 130

cultures. 131

2.2. Microscope 132

A laser scanning confocal microscope Zeiss LSM 710 was used. It is an inverted microscope 133

especially suited for live cell imaging experiments, equipped with an incubation chamber 134

to maintain physiological conditions with a 37°C temperature and 5% CO2. It is equipped 135

with the following 6 laser lines : Diode 405 nm, Argon 458 nm, 488 nm, 514 nm and 136

Helium-Neon 543 nm, 633 nm. 137

2.3. pH measurements 138

The fluorescent pH-sensitive probe BCECF (2’,7’-bis(carboxymethyl)-5(6)-carboxyfluorescein) 139

purchased from ThermoFischer Scientific was used for pH measurements. The fluorescent 140

excitation profile is pH-dependent. The shape of the emission spectra remains almost con- 141

stant with a main emission peak. A ratiometric pH measurement is implemented so that 142

pH determination is independent of the probe concentration or optical path length because 143

pH is related to the ratio (in excitation or emission) at two characteristic wavelengths. In our 144
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case, two excitation wavelengths were used and the fluorescence emission is measured at 145

one wavelength for each excitation. The ratio (R) of the fluorescent intensities measured for 146

these two emission wavelengths is monitored as a function of the pH to construct the curve 147

R = f (pH) (see Appendix A) . For our measurements we exploited the best combination 148

of emission wavelengths obtained with the dual excitation at 405 nm and 488 nm based on 149

a methodology we recently developed to optimize the quality of the measurements [41]. 150

We have found that the best method to measure the intracellular pH of F98 cells is to set 151

the emission wavelength at 517 nm for the 405 nm laser and 546 nm for the 488 nm laser. 152

In this case the pH is monitored as a function of the fluorescence ratio R=I517nm/I546nm. 153

Whereas for U87 cells, the intracellular pH is measured by fixing the emission wavelength 154

at 556 nm for the 405 nm laser and at 517 nm for the 488 nm laser. In this case the pH is 155

monitored as a function of to the fluorescence ratio R= I517nm/I556nm. 156

157

We note that for intracellular pH measurements, BCECF-AM was used. The added ace- 158

toxymethyl ester (AM) group makes the probe neutral, allowing it to cross cell membranes. 159

Once inside the cell, intracellular esterases will cleave the ester group of the molecule, 160

releasing the charged groups and trapping the probe in the cytoplasmic compartment 161

[44,45]. The BCECF devoid of the AM group cannot enter the cells and remains in the 162

extracellular compartment. 163

2.4. Loading cells with pH probes 164

The fluorescent probe was loaded into cells thanks to its cell-permeable ester derivative that 165

is hydrolysed by cytosolic esterases to yield fluorescent intracellularly trapped probe. Sus- 166

pended cells were cultured in 96 well flat bottom ultra low attachment plates (Dominique 167

Dutscher, France). They are seeded on day 1 at a density of 1×103 cells per well in a volume 168

of 200 µL of complete medium and allowed to adhere for 48 hours before experiment. After 169

that, cells were incubated in serum-free DMEM medium with 5 µM of probe prepared 170

from a 1 mM stock-solution in DMSO, for 30 minutes at 37°C and 5% CO2. FBS serum may 171

contain endogenous esterase activity. Therefore, loading medium should be serum-free to 172

keep extracellular hydrolysis of the AM ester to a minimum. Once loaded with the probe, 173

cells were washed three times at 37°C, to remove the probe not taken up by the cells, with 174

200 µL of serum-free DMEM of the pH that was desired for the observation. 175

2.5. Intracellular pH calibration 176

The calibration of the intracellular pH is based, after loading the cells with the pH probe, 177

on an equilibrium of the intracellular pH (pHi) with the extracellular pH (pHe) of the 178

culture medium which value is known. In other words, it consists in imposing the pHi at 179

known values and determining for each of these values the fluorescence ratio (as described 180

above). To impose the pHi, the addition of nigericin in the culture medium, whose ionic 181

composition in K+ is similar to that of the treated cells, allows to equilibrate the intracellular 182

pH with the pH of the medium by creating a membrane antiport K+/H+. Therefore, as 183

a first step, the calibration solutions are prepared so that they contain a concentration of 184

90 mM of K+ ions and 5 µM of nigericin. The pH is adjusted by adding 0.1 M HCl or 0.1 185

M NaOH in order to obtain solutions in a pH range of 4 to 9. For each cell line, the ratio 186

of fluorescence intensities is monitored as a function of pH and the curve R = f (pHi) is 187

constructed (see Appendix A). 188

2.6. pH measurements in spheroids 189

Spheroids were cultured in CELLSTAR® 96 well, round bottom ultra-low attachment plates. 190

F98 and U87 cells were seeded on day 1 at a density of 1×103 cells per well in a volume of 191

200 µL of medium. The cells are always maintained at standard culture conditions in an 192

incubator at 37°C in a humid atmosphere, composed of 95% air and 5% CO2. 24 hours after 193

plating, spheroids are formed (1 spheroid per well). 194

195
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pHi measurements were initiated on day 4 by adding 5µM of BCECF-AM to the culture 196

medium. After 60 min of incubation with BCECF-AM, spheroid were washed 3 times with 197

fresh medium (pH ∼ 7.4) to remove the probes not taken by the cells. The spheroids were 198

then exposed to different DMEM media with three different pHe values (5.00, 6.00 and 7.40). 199

200

Eight hours after incubation with a given pHe, confocal fluorescence images were 201

recorded by successively exciting each spheroid at 405 nm and 488 nm. Starting from one 202

pole of each spheroid, the excitations are carried out by optical sections along the Z axis 203

(confocal z-stack) through the spheroid with a Z-slice spacing of 5 µm between adjacent 204

optical planes. With our confocal setup, light penetration into the spheroid was limited to 205

150 µm depth. 206

207

To monitor the pHi in spheroids, the fluorescence images were processed as follows: 208

the background signal, taken from an empty region, was subtracted from the measurements, 209

and the ratio of emission intensity resulting from excitation at the two wavelengths (405 210

nm and 488 nm) was calculated pixel-to-pixel. To convert the ratio signals to pHi values in 211

the spheroids, the appropriate calibration curves obtained for 2D cell cultures were used. 212

213

We note that pHe values could not be measured in the interstitial liquid between the 214

cells inside the spheroids since we could not detect any extracellular BCECF signal in 215

the spheroid mass. This may be related to the limited diffusion of the BCECF molecules 216

through the spheroid mass into the interstitial liquid due to the high cell density. 217

218

In total, 18 spheroids were treated including the two cell lines F98 and U87. All 219

measurements were made based on three replicates for each pHe values considered (5.00, 220

6.00 and 7.40 ) and for each cell line. The most representative replicate in each case is 221

presented for illustration. 222

2.7. Assessment of cell resistance to acidity 223

In order to assess in vitro the cells resistance to pHe changes, cells were seeded at a con- 224

centration of 5×104 cells/mL into a 24-well plate and incubated for 48 hours at 37°C in a 225

humid atmosphere containing 5% CO2. After 48 hours of growth, the culture medium was 226

removed and replaced with the test medium with a pHe ranging from 4 to 9. To assess cell 227

mortality, the trypan blue stain was used. Trypan blue stains dead and dying cells whose 228

membrane integrity is damaged. The culture medium was removed from each well and 229

200 µL of trypsin was added per well to remove the cells. The removed cells were then 230

re-suspended in 800 µL of culture medium. The cell suspensions were diluted 1:1 (v:v) 231

with 0.4% trypan blue and then a 10 µL mixture was transferred to a cell count slide. Cell 232

mortality was monitored using an automated cell counter over a period of 72 hours and 233

the number of dead cells was measured every four hours for each pHe tested. 234

2.8. Measure of cell viability after TMZ treatment 235

Viability after temozolomide (TMZ) treatment under different pHe was evaluated using 236

MTT test. The cells were seeded on day 1 in a 96-well plate at the rate of 1× 104 cells 237

per well in 200 µL of culture medium. On day 3, the cells were incubated 48 hours with 238

TMZ in different extracellular pH for a final volume of 100 µL per well. At the end of the 239

incubation period, 10 µL of an MTT solution was added to achieve a final concentration 240

of 0.5 mg/mL. The cells were then incubated for 3 hours at 37°C, 5% CO2 and protected 241

from light. The Formazan crystals formed after incubation were dissolved by adding 100 242

µL of dimethylsulfoxide to each well. Finally, the amount of live cells was quantified by 243

an absorbance reading at 570 nm. The viability is expressed as a percentage of living cells 244

relative to the control. 245

246
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In spheroid cultures, the cell viability was evaluated by confocal microscopy using 247

two probes: the BCECF probe, used as a powerful probe that allows labelling all the cells, 248

and the Sulforhodamine B probe (SRB, purchased from ThermoFischer Scientific), that 249

marks in red the dead cells. The difference between these two fluorescent signals provides 250

the relative amount of living cells in the spheroid. The spheroids are grown for 3 days and 251

are then exposed to TMZ for 48 hours. The spheroids are then incubated for one hour with 252

5µM of BCECF and 10µM of SRB before image acquisition. 253

2.9. Evaluation of IC50 of TMZ 254

The TMZ IC50 value, i.e. the TMZ concentration that results in 50% cell viability, was evalu- 255

ated for the two cell lines using the MTT test. The cells were incubated in standard culture 256

medium at physiological pH=7.4 for 48 hours with the following TMZ concentrations: 0, 257

50, 100, 200, 300, 400, 500, 1000 µM. Viability was measured as the mean of 3 replicates for 258

each tested concentrations. The IC50 values measured were 200 µm and 250 µm for F98 and 259

U87 cells respectively. 260

2.10. TMZ treatment 261

The cell lines in 2D cell culture and in spheroids are exposed to TMZ during 48 hours. 262

TMZ is solubilized using DMSO. The experiments are thus carried in the three following 263

experimental conditions: with TMZ, with DMSO only, without TMZ and DMSO. The 264

control is taken as the DMSO so as to evaluate the effect of TMZ only. 265

2.11. Statistical analysis 266

All experiments were performed with three replicates. All the data points are presented as 267

the mean and standard deviation (SD) of these three replicates. The number of replicates 268

is not big enough to perform a reliable statistical analysis. As a consequence, the results 269

presented should be considered as an overall trend, not a definitive confirmation. We made 270

one exception with the evaluation of the temozolomide since we performed paire-wise 271

experiments amenable to a statistical paired t-test that we employed to compare the mean 272

of 3 paired biological repeats. Significant differences are defined as P < 0.05. 273

3. Results 274

3.1. Intracellular pH changes in cell cultures 275

The two cell lines F98 and U87 were first exposed to instantaneous extracellular pH changes. 276

At time t = 0 the extracellular pH (pHe) of the culture medium with pH at 7.4 was changed 277

by a culture medium with a new pHe. Eighteen different pHe values were considered from 278

5 to 8.4 with 0.2 increments. For each new pHe, the changes in the intracellular pH (pHi) 279

were monitored every hour over a period of 8 hours. Confocal fluorescence images were 280

recorded by exciting the cells internalized BCECF probe at 405 nm and 488 nm successively. 281

The intensity ratio of the two emission wavelengths was calculated pixel-to-pixel and the 282

pHi was thus determined using the calibration curves (Appendix A). 283

284

Parallel measurements were conducted to measure the evolution of the pHe using 285

the non-permeable version of the BCECF. It is indeed known that the pH of the culture 286

medium is not stable over time, unless a buffer is used [41]. Since we aimed to characterize 287

spontaneous pHi adaptation, we chose not to regulate the pHe with a buffer to avoid 288

constraining the overall system. 289

290

Beforehand, the basal pHi of each cell line, in their physiological culture medium at 291

pHe=7.4, was measured. In this basal initial condition, pHi is 7.65 ± 0.13 for F98 cells and 292

7.48 ± 0.12 for U87 cells. 293

294

Figure 1(A,B) shows the effect of pHe change on the pHi of F98 and U87 cells as a 295

function of time. On the short term (∼ 1 hour), the sudden change of pHe creates a shock 296
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on the cells since the pHi of both cell lines almost instantly takes the value of the pHe. After 297

that, the pHi regulation process takes 2 hours to produce some effect and one more hour 298

to reach a stationary state. On the longer term, after 4 hours and up to 8 hours, the pHi 299

remains stable and is specific to the cell line. 300

301

Figure 1(C,D) shows the simultaneous measurements of the pHe which exhibit a 302

similar drift for both cell culture media. At this time scale of 8 hours the variations of the 303

pHe is independent of the presence of the cells [41]. 304

305

Figure 1. Evolution of the pHi for sudden changes of the extracellular pH from 5 to 8.4 for F98 cells
(A) and U87 cells (B). Simultaneous evolution of the pHe of the culture medium of F98 cells (C) and
U87 cells (D). Each measure points are mean (± SD) of three independent experiments.

By combining figures 1.A and 1.C and figures 1.B and 1.D, a pHe value can be associ- 306

ated to a corresponding pHi value measured at the same instant. This relationship between 307

pHe and pHi is displayed in Figure 2 for the two cell lines. It allows to integrate the pHe 308

drift. 309

310

Figure 2. Relationship between pHe and pHi of F98 (A) and U87 (B) cells plotted at each hour from 1
to 8 hours. Each measure points are mean (± SD) of three independent experiments.
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pH changes in F98 cells 311

312

For F98 cells, the pHi is almost always lower than the pHe, especially as time increases 313

(Fig.2.A). For this cell line, there is no inversion of the pH gradient as usually documented 314

in tumor cells [46]. In addition, a quasi-linear increase in pHi with pHe in the range [5.0-7.2] 315

is observed, and the values of the pHi are very close to those of the pHe. Moreover, the 316

dependence of pHi as a function of time is low in the acidic pHe range, as the curves are 317

almost superimposed. However, the range with the higher pHe values, shows a marked 318

dependence of the pHi with time: in the first 4 hours, the pHi of F98 cells decreases sharply 319

and stabilizes after 5 hours. At that time, the relationship between pHi and pHe exhibits a 320

plateau for pHe above 7.2. F98 cells have therefore the ability to progressively adjust with 321

time their pHi under basic conditions (above 7.2). 322

323

pH changes in U87 cells 324

325

For U87 cells, in the range of pHe [5.0-6.8], the pHi is higher than the pHe which is in agree- 326

ment with the reverse pH gradient described in tumor cells (Fig.2, B) [46]. U87 cells are 327

therefore able to increase their pHi under acidic condition. In addition, a time dependence 328

of pHi is also noted in this pHe range: the pHi increases over 3 hours before being less 329

influenced after 4 hours. However, in the zone of pHe > 6.8, the pHi is always smaller than 330

the pHe and the pHi is completely independent of time (superimposed curves). U87 cells 331

have therefore the ability to rapidly maintain a pH level close to the physiological one for 332

pHe above 6.8. 333

334

Interpretation 335

336

At their basal state, i.e. at the physiological pH of the culture medium, F98 cells have a pHi 337

of 7.65 ± 0.13. Lowering the pHe to 5.00 rapidly decreases the pHi to 4.94 ± 0.08 (after 1 338

hour). This decrease of the pHi corresponds to the rise of hydrogen ions (H+) inside the 339

F98 cells. 340

341

The main mechanism responsible for pHi changes is the movement of H+ ions across 342

the plasma membrane([47–49]. Extracellular acidification stimulates the passive influx of 343

H+ ions into the cell by increasing the permeability of the plasma membrane, resulting in 344

a decrease in pHi [50]. As acidic pHe limits the availability of bicarbonate ions (HCO−
3 ) 345

and thereby reduces both passive and dynamic HCO−
3 -dependent buffering, tumor cells 346

are thought to use the sodium-hydrogen exchanger (NHE exchanger) to recover from 347

intracellular acidification. However, their poor recovery during this assay suggests that 348

NHE activity is low in F98 glioma cells. This is in agreement with the study by Glunde et 349

al., 2002 [51], which showed that extracellular acidification inhibits the activity of NHE-1 350

exchanger (sodium-hydrogen exchanger isoform-1) in glioma cell lines (C6 and F98). 351

352

For basic pHe, F98 cells maintain a physiological level of pHi around 7.4, more precisely 353

7,33 ± 0.13. Going from an initial state of pHi 7.65 ± 0.13 to 7.33 ± 0.13, a passive influx 354

of H+ ions into the cell is imposed. Although basic pHe limits the availability of H+ ions 355

in the culture medium, H+ ions are generated by the hydration of CO2 according to the 356

reaction: 357

CO2 + H2O ⇌ H2CO3 ⇌ H+ + HCO−
3 (1)

Inside the cells, the H+ ions entering the cells will be sequestered by the bicarbonate 358

ions (HCO−
3 ), thus increasing the pHi. This is, however, not the case with F98 cells. As the 359

F98 cells have lowered their pHi, it can be assumed that the F98 cells used the Cl−/HCO−
3 360

exchanger to export the HCO−
3 ions outside the cells. Once the HCO−

3 ions are exported, 361

H+ ions are no longer sequestered leading therefore to a decrease in pHi. The Cl−/HCO−
3 362
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exchanger has been identified as an essential regulator particularly activated following 363

an alkaline incubation [52–54]. Activation of Cl−/HCO−
3 exchanger decreases the rate of 364

acidification during recovery of pHi from extracellular alkaline incubation. 365

366

At their basal state, U87 cells have a pHi of 7.48 ± 0.12. Lowering the pHe, to 5.00, 367

decreases pHi to 4.75 ± 0.14 (after 1 hour). First, the rapid drop in pHi is due to the passive 368

influx of H+ ions into the cell. However, unlike F98 cells, U87 cells have reduced their 369

intracellular acidity to 5.81 ± 0.12 after 8 hours. Therefore, considering the low HCO−
3 - 370

dependent buffering at acidic pH, it can be suggested that U87 cells used the dynamic NHE 371

exchanger to recover from intracellular acidification. The plasma membrane isoforms of 372

this protein extrude one intracellular H+ ion in exchange for one extracellular Na+ ion, 373

leading thus to an increase in pHi. 374

375

For basic pHe, U87 cells maintain a pHi level close to physiological pH, more precisely 376

7.25 ± 0.03. Going from an initial state of pHi 7.48 ± 0.12 to 7.25 ± 0.03, U87 cells use, like 377

the F98 cells, the Cl−/HCO−
3 exchanger to export the HCO−

3 ions outside the cells and 378

to recover from alkaline incubation by decreasing pHi. The temporal dependence of pHi 379

observed with F98 cells can be explained by the fact that the pHi of F98 cells at time zero is 380

higher than that of U87 cells (by about 0.2 pH units). 381

3.2. Resistance to extracellular pH changes 382

Many recent studies have shown that the cancer cells exhibit a higher resistance to acidity 383

due to a better ability to regulate their pHi [55–57]. As we end up with two tumor cell lines 384

that do not regulate their acidity in the same way, we were interested in evaluating the 385

effects of acidification of the tumor microenvironment on the mortality of those glioma cells. 386

387

Cell resistance to instantaneous external pH changes was assessed by measuring 388

cell mortality every 4 hours for 72 hours, i.e. until mortality level is higher than 90% for 389

all tested experimental conditions. The measurements were performed according to the 390

protocol described in section Materials and Methods. Two graphical representations for 391

the results are used. The first shows the evolution of the percentage of dead cells (over the 392

entire number of cells of the population) with time (Fig.3.(A,B)). The second represents the 393

excess mortality compared to the control (which is the standard culture medium with a 394

physiological pH of 7.4) (Fig.3.(C,D)). These curves are obtained by substracting the control 395

to each curve of figures 3.(A,B) where the control is now set to 100%. We note that if the 396

excess mortality is lower that 100% then the mortality is reduced compared to the control 397

condition. 398

399

Results are shown in Figure 3. Both cell lines resist to high acidic conditions over 48 hours 400

and, at least 15% of cells are alive. After 72 hours, the cells are almost all dead (Fig.3.(A,B)). 401

At 28 hours, F98 mortality is higher for initial extreme acidic (4.00) and basic (9.00) pHe 402

with a mortality of approximately 53% and 60% respectively. However, U87 mortality is 403

higher for acidic pHe with cell mortality of approximately 60%, 54% and 51% at initial pHe 404

4.00, 5.00 and 6.00, respectively. Beyond 28 hours, cell mortality becomes more important 405

and the excess mortality, compared to the control state, reaches nearly 125% for certain pHe 406

(Fig.3.(C,D)). F98 cells appear to have a higher resistance to acidity than U87 cells, whereas, 407

U87 cells have a higher resistance to basicity than F98 cells. 408

409

Several studies have reported the existence of a link between the regulation of intracel- 410

lular acidity and the reduction of cell death [58–61]. Therefore, in order to minimize the 411

toxic intracellular acidity, tumor cells must regulate the H+ ions extrusion mechanisms 412

which increase the pHi. Taking these considerations into account, U87 cells that regulate 413

intracellular acidity should exhibit lower cell mortality than F98 cells that do no regulate 414

intracellular acidity. However, that is not the case here. U87 cells exhibit higher mortalities 415
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Figure 3. Effects of pHe on cell mortality of F98 and U87 cells. (A,B) show the evolution of the
percentage of dead cells (over the entire number of cells of the population) with time. Each measure
points are mean (± SD) of three independent experiments. (C,D) show the excess mortality compared
to the control set at 100% (which is the standard culture medium with an initial physiological pH of
7.4).

under acidic conditions. In this case, the regulation of intracellular acidity does not seem to 416

constitute an adaptive response since the regulation of acidity does not protect from death. 417

The pH regulation process might be too costly to the cell. 418

3.3. Intracellular pH in spheroids 419

In this section, experiments on spheroid were considered. Their 3D structure leads to 420

spatial heterogeneities [62] associated to the limited diffusion of oxygen and nutrients from 421

the periphery to the core [63,64]. The cells of a spheroid thus experience a radial gradient 422

of oxygen often associated to a reverse radial gradient of acidity since hypoxic cells are the 423

source of acidity. Moreover, contrary to the 2D culture conditions, cells in a spheroid are in 424

close contact and cell-cell binding interactions influence the ability of the cells to adapt to 425

the extracellular environment and to resist death. pHi spatial heterogeneity is therefore 426

assessed in this 3D context for the two cell lines. 427

428

Under identical culture conditions, F98 spheroids (diameter 430-490 µm) are larger 429

than U87 spheroids (diameter 290-330 µm) (Fig.4). It has been reported that the size of 430

spheroids, ranging from tens to hundreds of microns in diameter, is critical for cellular 431

functions and model applications, thus spheroids of different sizes do not exhibit the 432

same properties [65]. For example, spheroids with a diameter < 150 µm will not develop 433

chemical gradients (pHi, oxygen concentration, etc.). These gradients are usually generated 434

in spheroids with diameters > 200 µm and increase with increasing spheroid size [65,66]. 435

Therefore, due to a size-induced oxygen difference, larger pHi gradient are expected in F98 436

spheroids than in U87 spheroids. Moreover, F98 spheroids are much more spherical than 437

U87 spheroids with a denser and more compact shape. Therefore, the nature of cell-cell 438
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interactions is probably different between the two cell lines. 439

440

Figure 4. Fluorescent images of the spheroids generated by first collecting a stack of fluorescent
images with a step size of 5 µm along the Z-direction and projected them down to a high quality
2D-image by summing the slices. The spheroids were incubated at different initial pHe values and
confocal Z-stak images were recorded 8 hours after incubation. Scale bar = 100 µm

Figure 5 shows the pHi map in the slice located at a depth of 85 µm in F98 and U87 441

spheroids. The pH maps exhibit a pHi gradient with its lower value at the center of the 442

slice. F98 spheroids, larger than U87 spheroids, exhibit a more irregular pHi gradient than 443

U87 spheroids which is "smoother". These gradients are directly correlated to the depletion 444

of oxygen, from the periphery to the core of the spheroid, since the pHi measured at the 445

center are systematically lower than the pHe (taken at 8 hours). We recall that the DMEM 446

culture medium undergoes a pH drift which values are summarize in table 1. 447

448

For a quantitative analysis, the pHi maps (Fig.5) were processed in two ways: first the 449

distribution of the pHi measured for each pixel as a function of the pixel distance from the 450

center of the spheroid was plotted (Fig.6). The added value of this representation is to retain 451

the spatial information contained in the pHi map. Second, the pHi maps of the spheroids 452

have been segmented to delineate 3 zones: a central zone, an intermediate zone and a 453

peripheral zone (Fig.7). A mean pHi value is associated with each zone. The following two 454

paragraphs are dedicated to these two types of analysis. 455

456
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Figure 5. pHi map in the slice located at a depth of 85 µm for F98 (on the left) and U87 (on the right)
spheroids. The spheroids were exposed to three different pHe conditions for 8 hours. Scale bar = 100
µm.

pH distribution 457

458

The distribution of the pHi measured for each pixel as a function of the pixel distance from 459

the center of the spheroid is represented in figure 6 for the two cell lines exposed to three 460

different initial pHe (5.00, 6.00 and 7.40). Each point on the pHi distribution represents a 461

pixel of the map with pixel size 1.24 µm for F98 and 0.83 µm for U87. Pixel sizes are much 462

smaller than the size of a cell, as a consequence, cellular heterogeneity can be assessed since 463

a cell has pHi values that spread over several pixels. In addition, on the pHi distribution, 464

the color code indicates the density of superimposed pixels. 465

466

The pHi distributions of F98 spheroids (Fig.6, left graphs) show a wide dispersion of 467

points in the spheroids . However, this dispersion becomes less important approaching the 468

center and the periphery. The majority of cells located at a distance ranging from 100µm 469

to 200µm from the center have a pHi between [5.00-5.50], [5.50-6.50] and [8.00-9.00] when 470

incubated at initial pHe of 5.00, 6.00 and 7.40, respectively. However, by following the 471

evolution of the pHi as we move away from the center of the spheroid, we can see that a 472

large group of cells tend to increase their pHi above 5.50 and 6.50 for initial pHe of 5.00 and 473

6.00, respectively. On the other hand, and under basic conditions, although the majority of 474

F98 cells located near the center of the spheroid have a pHi between [8.00-9.00], a small 475



13 of 28

Initial pHe pHe (t=8h) pHe (t=48h)
5.00 5.60 6.07
6.00 6.60 6.91
6.40 7.12 7.33
6.80 7.53 7.67
7.20 7.88 8.15
7.40 8.20 8.52

Table 1. pH drift of DMEM medium after 8 hours and after 48 hours at 37°C and 5% CO2

group of cells tend to decrease their pHi below 8.00. It appears that the F98 cells located 476

around 150µm from the center of the spheroid, attempt to regulate their pHi towards the 477

physiological state. 478

479

The pHi distributions of U87 spheroids (Fig.6, right graphs) show a dispersion of 480

points much less important than F98 cells and which follows lines of higher density with 481

increasing pH as we move away from the center of the spheroid. Hence the distribution of 482

pHi is much more homogeneous in the U87 spheroids. In addition, depending on the point 483

density, the majority of points have a pHi between [4.00-4.50], [5.00-6.00] and [6.00-6.00] 484

when incubated at initial pHe of 5.00, 6.00 and 7.40, respectively. Therefore, U87 cells do 485

not regulate their pHi and are more acidic than F98 cells in a spheroid. 486

487

It has been reported that pHi depends on the adhesive interactions of cells with neigh- 488

boring cells and cell-cell contact interactions regulate cell activities via modulation of pHi 489

[67,68]. The fact that central F98 cells tend to regulate their pHi may be associated with an 490

increase in the number of cell-cell contacts inside the spheroid. 491

492

Since tumor spheroids represent heterogeneous 3D structures in terms of pHi, in which 493

the cells of the outer proliferative layer have a more alkaline pHi than the quiescent cells 494

inside [69], pHi measurements were performed separately for the inner and outer layers of 495

the spheroids. For this, the pHi maps of figure 5 were used to produce a spheroid outline. 496

This contour was used to generate 3 concentric, non-overlapping layered regions of interest 497

(ROI) of width equal to a third of the spheroid radius (Fig.7). ROIc, ROIm and ROIp are 498

defined as the center, intermediate and peripheral ROI respectively. A mean pHi value is 499

therefore associated with each zone. Radial pHi data are summarized in Figure 8. 500

501

pHi in ROI 502

503

Analysis of pHi separately in the core and on the periphery of the F98 spheroids showed 504

a significant difference between the central and peripheral parts (Fig.8.A). Quantitative 505

analysis of the pHi values revealed that the pHi in the central areas was 5.08 ± 0.21, 5.87 ± 506

0.28 and 7.51 ± 0.31 for spheroids incubated at initial pHe of 5.00, 6.00, 7.40, respectively. 507

Whereas, the pHi in peripheral parts of these spheroids was 5,97 ± 0.21, 7.18 ± 0.33 and 8.57 508

± 0.27, respectively. F98 spheroids showed therefore 0.89, 1.31 and 1.06 units of difference 509

in pHi between the center and the periphery, when incubated at initial pHe of 5.00, 6.00 510

and 7.40 respectively. Regardless of pHe, F98 spheroids develop therefore significant radial 511

gradients of pHi, with the lowest levels reached at the core. 512

513

In U87 spheroids, quantitative analysis of the pHi values revealed that the mean pHi 514

in the central areas was 4,17 ± 0.16, 5.72 ± 0,04 and 6,06 ± 0.08 for spheroids incubated at 515

initial pHe of 5.00, 6.00, 7.40, respectively (Fig.8.B). Whereas, the pHi in peripheral parts of 516

these spheroids was 4.41 ± 0.25, 6.03 ± 0.09 and 6.65 ± 0.20, respectively. U87 spheroids 517

showed therefore 0.24, 0.31 and 0.59 units of difference in pHi between the center and the 518

periphery, when incubated at initial pHe 5.00, 6.00 and 7.40 respectively. According to an- 519
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Figure 6. Radial profiles of pHi distribution after 8 hours of incubation of F98 (left) and U87 (right)
spheroids. Each point corresponds to a pixel in the pHi map and, each pixel has a pHi value and is
located at a certain distance from the center of the spheroid. All the pixels from the pHi maps are
displayed.

other observation, the gradient of pHi decreases with decreasing pHe and the distribution 520

becomes quasi-homogeneous under very acidic conditions. 521

522

To compare the pHi gradients between the two spheroids F98 and U87, the slope of 523

each gradient was calculated (Fig.8). F98 spheroids show a pHi gradient with a slope of 0.53, 524

0.66 and 0.44 when incubated at a pHe of 5.60, 6.60 and 8.20 respectively. While the U87 525

spheroids show a pHi gradient with a slope of 0.29, 0.15 and 0.12 when incubated at a pHe 526

of 5.60, 6.60 and 8.20 respectively. For a given pHe, U87 spheroids present pHi gradients 527

with always a smaller slope than those obtained for the gradients of F98 spheroids. This 528

verifies what we expected, based on the bigger size and density of F98 spheroids. 529

530
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Figure 7. The contour of the spheroid was used to generate three regions of interest (ROI) of width
equal to a third of the spheroid radius. ROIc, ROIm and ROIp are defined as the center, intermediate
and peripheral ROI respectively.

Figure 8. Mean pHi gradient in F98 (A) and U87 (B) spheroids for three inital pHe as a function of the
ROI from center to periphery.

2D vs 3D cultures 531

532

In order to compare the results obtained in 2D cultures and 3D spheroids, the relationship 533

between pHe and pHi obtained in these two types of culture (8 hours after incubation at a 534

given pHe) was plotted on the same graph (Fig.9). 535

536

Under acidic and neutral conditions, the peripheral F98 cells show a response quite 537

similar to that of the cells in 2D cultures. Under basic conditions, peripheral cells tend to 538

raise their pHi compared to the 2D model. Having already assumed that the F98 cells in the 539

2D cultures used, under basic conditions, the Cl−/HCO−
3 exchanger to export the HCO−

3 540

ions outside the cells, we can therefore hypothesize that the activity of the Cl−/HCO−
3 541

exchanger is inhibited in 3D cultures. 542

543

However, whatever the pHe, the U87 cells show a completely different activity com- 544

pared to the 2D cultures. In the spheroid, U87 cells tend to lower their pHi compared to the 545

2D model. We have already assumed that the U87 cells in the 2D cultures used, under acid 546

conditions, the Na+/H+ exchanger to export the H+ ions outside the cells. The fact that 547

the U87 cells lowered, under acidic conditions, their intracellular pH can be explained by 548

the inhibition of this exchanger, the H+ ions are therefore conserved in the cells. However, 549

unlike F98 cells, the decrease in pHi under basic conditions allows us to hypothesize that 550

U87 cells "overexpress" Na+/H+ in the spheroid configuration. 551

3.4. Effect of pH on temozolomide efficacy 552

Temozolomide (TMZ) is currently the standard treatment for glioblastoma (GBM) since it 553

is one of the rare molecules able to cross the blood brain barrier. However, there are serious 554

drawbacks, mainly related to the invasive nature of this tumor, and to the inherent and 555

acquired resistance, which can ultimately lead to treatment failure. Therefore, there is an 556

urgent need for novel therapeutic strategies that enhance the benefits of TMZ in terms of 557
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Figure 9. Relationship between pHe and pHi of F98 (A) and U87 (B) cells incubated in 2D cultures
(dotted lines) and in the three ROI of the spheroids (straight lines). The cells are incubated at different
initial pHe values and the pHi was measured 8 hours after incubation. Each data point is the mean
and SD of three replicates.

patient survival and quality of life. 558

559

The effect of TMZ is highly pH dependent [70]. TMZ is stable under acidic conditions. 560

It is converted into its active form in a two step process at physiological and basic pH 561

conditions. However, since tumor cells can acidify their microenvironment, this may influ- 562

ence the efficacy of TMZ. Therefore, there is only a small pH range favoring TMZ-induced 563

damage in tumor cells [35]. In this context, the influence of the extracellular pH (pHe) on 564

the efficiency of the TMZ complex is studied here in order to determine the optimal pHe 565

for its use on the two cell lines of interest, F98 and U87. 566

567

The majority of previously published drug toxicity research was conducted using com- 568

mercially available cell media with a pH above 7, which is typical of healthy tissues. These 569

experiments do not reflect the actual conditions of pathological cell division and growth. 570

Therefore, to perform biological experiments under conditions similar to cancer cells, it is 571

important to adjust the pH of cell media to the appropriate value. The experiments in this 572

work were carried out in neutral and acidified cell media and the influence of pH on the 573

toxicity results on the U87 and F98 cell lines was evaluated. 574

575

Figure 10 shows the dependence of TMZ toxicity on the pHe of the medium itself, 48 576

hours after exposure for the two cell lines in 2D cell cultures and in spheroids. We recall 577

that the pHe is subjected to a drift over the 48 hours which values are summarized in table 578

1. The results first show that in most of the cases, there is no significant difference between 579

cultures with DMSO alone and cultures without DMSO. 580

581

Table 2 summarizes the results presented in figure 10. The cell viability is evaluated in 582

each case by comparison with the control case taken as the initial physiological pHe=7.4 583

with DMSO. For values above 100% there is an enhanced viability compared to the control 584

case. This happens for untreated F98 cells in 2D cultures at initial pHe=7.2 and in untreated 585

spheroids for both cell lines at initial pHe=6. 586

587

In order to estimate the optimum pHe for TMZ efficacy, the cell viability gap that 588

measure the difference between the control and TMZ treated cells viabilities is calculated. 589

The higher the gap, the most effective the therapy. The results are presented in figure 11. 590

591

For both cell lines in 2D cell cultures (Fig.11(A,B)), the toxicity of TMZ decreases with 592

the decrease of the pHe value and a pHe of 8.52 provides a good efficiency of the drug. 593

Interestingly, F98 cells exhibit higher sensitivity toward TMZ treatment at initial pHe of 6.80 594

compared to U87. The cell viability is 47 points for F98 cells while it is 21 points for U87 595
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Figure 10. The dependence of TMZ toxicity on the initial pHe of the medium itself for the two cell
lines F98 (top) and U87 (bottom) on 2D monolayer cultures (A,B) and on 3D spheroids (C,D). The
control value is taken at pHe=7.4 with DMSO. Measure points are mean (±SD) of three replicates.
The statistical paired t-test was employed to compare the means of the viability of three biological
repeats for each experimental conditions at each initial pHe. Significant differences are defined as P <
0.05.

cells. For the other pHe values whether lower or higher, both cell lines behaved similarly. 596

U87 and F98 cells show low sensitivity to TMZ at initial pHe 6.00 and 6.40 with viability 597

gaps below 25 points. For both cell lines, the optimal pHe for TMZ efficiency is obtain 598

for the initial pHe of 7.40 with a drift to 8.52 over the 48 hours of treatment. Since the pH 599

drift usually occur in a few hours, and assuming that a cell viability gap above 40 points 600

is significant enough, the optimal pHe range for TMZ efficiency is [7.67-8.52] for F98 cells, 601

while it is [8.15-8.52] for U87 cells. 602

603
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F98 Monolayer (2D)

Extracellular pH % cell viability with % cell viability after cell viability
(pHe) DMSO (Control) TMZ treatment gap
6.91 39.28 ± 2.38 23.80 ± 3.31 15
7.33 61.90 ± 3,14 39.28 ± 2,09 22
7.67 75.79 ± 4.81 28.17 ± 0.68 47
8.15 105.15 ± 2.47 57.53 ± 3.43 48
8.52 100 ± 2.99 37 ± 2.47 62

U87 Monolayer (2D)

Extracellular pH % cell viability with % cell viability after cell viability
(pHe) DMSO (Control) TMZ treatment gap
6.91 47.30 ± 2.74 32.93 ± 2.74 14
7.33 48.30 ± 3,11 23.95 ± 3,11 23
7.67 72.45 ± 3.73 50.89 ± 3.73 21
8.15 83.83 ± 2.07 41.91 ± 2.07 41
8.52 100 ± 1.03 35.92 ± 1.03 64

F98 Spheroid (3D)

Extracellular pH % cell viability with % cell viability after cell viability
(pHe) DMSO (Control) TMZ treatment gap
6.07 84.44 ± 7,21 68.27 ± 3,58 16
6.91 123.13 ± 7.89 62.27 ± 4.72 60
8.52 100 ± 8.64 29.83 ± 6.81 70

U87 Spheroid (3D)

Extracellular pH % cell viability with % cell viability after cell viability
(pHe) DMSO (Control) TMZ treatment gap
6.07 80.49 ± 6.89 67.99 ± 5.36 12
6.91 121.73 ± 6,21 78.11 ± 5,29 43
8.52 100 ± 3.31 35.62 ± 4.84 64

Table 2. Quantitative values corresponding to the results displayed in figure 10 and calculation of the
cell viability gap presented in figure 11.

Figure 11. Cell viability gap after TMZ treatment of F98 and U87 for 2D monolayer cultures (A,B) and
3D spheroids (C,D). The cell viability gap is evaluated as the difference between the % cell viability
before treatment (DMSO control) and the % cell viability after TMZ treatment
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Toxicity on spheroids 604

605

Figure 12 presents fluorescent images of F98 and U87 spheroids exposed to a change of 606

pHe after 3 days of growth. Spheroids were then exposed to DMSO only or to TMZ for 48 607

hours. The images show that TMZ treated spheroids are smaller at all initial pHe for the 608

F98 cells (Fig.12.A). On the other hand, U87 cells appears less sensitive to TMZ, and the 609

size reduction appears more important as the initial pHe increases (Fig.12.B). 610

611

Figure 12. Fluorescent images showing the effect of TMZ on F98 spheroids (A) and on U87 spheroids
(B) under different initial pHe conditions, without DMSO/without TMZ, with DMSO only, with TMZ.
Cells are marked in green with BCECF (pHi indicator) and dead cells are marked in red with SRB.
Scale bar= 100 µm

The cell viability gap, i.e. the difference between the control and TMZ treated cells 612

viabilities show for both cell line a pH-dependent increase towards higher pH. As expected 613

from the fluorescence images, the TMZ toxicity is more marked for F98 cells than U87 cells 614

with viability gaps of 60 and 70 points for F98 spheroids (Fig.11.C), against 43 and 63 points 615

for U87 spheroids (Fig.11.D) at initial pHe 6.00 and 7.40 respectively. For the lowest initial 616

pHe of 5.00, the efficiency of TMZ is reduced for both cell lines, since TMZ is not activated 617

under acidic conditions. 618

619

If we compare TMZ efficacy in 2D cultures and 3D spheroids, a discrepancy exists 620

at intial pHe 6.00. For both cell lines, the TMZ efficacy is very small in 2D cultures and 621

significant in spheroids. In 2D cultures, the cells are homogeneously exposed to a pHe 622

evolving from 6.00 to 6.91 due to the pH drift. This acidic pH tends to maintain the TMZ in 623

its inactive form. On the other hand in spheroids, there is relatively good efficacy of the 624

TMZ with a cell viability above 40 with a higher mortality for F98 cells. Considering the 625

pHi gradients in figure 5, we observe that the intracellular pH values can reach values close 626

to basicity (as the pHe drift is higher at 48 hours). The TMZ effect is more important on F98 627

cells, which is coherent with the fact that the spheroids are bigger and more compact which 628

gives rise to a more spreaded pHi gradient, with a population of cells presenting a TMZ 629

sensitive pH. On the other hand, U87 spheroids are smaller and much more homogeneous 630

in terms of cells pHi, a smaller population is TMZ sensitive. 631

632

Overall the results show that the efficacy of TMZ is modulated depending on the cell 633

type, which gives an argument to consider pHe as a personalized therapeutic target. 634
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4. Discussion 635

Tumor metabolism has gained renewed attention recently as the acidity generated 636

by tumor cells has been found to be responsible for increase cell aggressiveness favoring 637

invasion and resistance to treatment [71]. The true nature of cancer cell metabolism has 638

become an active source of debate whether it should be considered as an evolutionary spe- 639

cialization, an atavistic remanence [72? ] or a contextual adaptation to extreme conditions 640

[73–75]. 641

642

In order to survive the dynamic nature of pH in tumors, cancer cells require the ability 643

to sense tiny pH changes and respond appropriately to maintain pHi homeostasis. In other 644

words, it is the ability to regulate pHi. Regulation of pHi starts with changes in the expres- 645

sion or activity of several plasma membrane molecules such as pumps and transporters that 646

facilitate protons efflux. Thus, a strength in understanding the pHi regulation of tumors is 647

the understanding of proton transport across the plasma membrane. Therefore, we have 648

experimentally characterized in monolayer cultures the pHi-regulating capacity of two 649

glioma cell lines using fluorescence microscopy. We observed that the pHi regulation is not 650

the same for the two cell lines. Firstly, under acidic conditions, U87 human glioblastoma 651

cells are able to reduce intracellular acidity by exporting protons outside the cells. In other 652

words, U87 cells are able to regulate acidic pH. We assumed that U87 cells used the NHE-1 653

exchanger to export protons in exchange with Na+ ions. However, we found that F98 cells 654

are not able to regulate acidic pH and H+ ions have been maintained inside cells. Therefore, 655

another mechanism might be involved since high pHi degrades intracellular proteins and 656

prevents normal functioning of the cell machinery. On the other side, we found that both 657

cell lines are able to regulate basic pH. We hypothesized that the cells used the Cl−/HCO−
3 658

exchanger to export the HCO−
3 ions outside the cells and thus maintain a pHi level close to 659

the physiological one. 660

661

F98 cells that do not regulate intracellular acidity preserve protons inside the cells. 662

In turn, the intracellular protons will produce a toxic effect on many cellular processes 663

such as enzyme activities, metabolism, and gene expression, thus leading to cell death 664

[76,77]. However, this is not the case with F98 cells. F98 cells showed a high resistance to 665

intracellular acidity. Accumulating evidence suggests that in addition to the well charac- 666

terized ion pumps and exchangers in the plasma membrane, cancer cell lysosomes allow 667

to avoid potentially toxic acidification of the intracellular milieu [78–80]. The lysosome is 668

an intracytoplasmic organelle responsible for the degradation and recycling of intra- or 669

extracellular components. It is very heterogeneous in its size and essentially contains 50 670

to 60 hydrolases (phosphatases, glycosidases, lipases, nucleases, sulfatases and proteases) 671

active at acidic pH. It has been reported that the pH of lysosomes is maintained at 4.5–5 and 672

the concentration of H+ ions in lysosomes is almost 1000 times higher than in the cytosol 673

[80,81]. Therefore, the lysosome is not only a place of protein degradation but also a storage 674

compartment for H+ ions. The pH of lysosomes is regulated by V-ATPase, a pump located 675

in the membrane of these organelles, which brings H+ ions into these vesicles and acidifies 676

the contents. We suggest that H+ ions are encapsulated in F98 cells, we therefore assume 677

that F98 cells activate at acidic pH the V-ATPase pump to bring H+ ions into the lysosomes. 678

679

In figure 13, we present a graphical summary of the hypotheses we make - based 680

on the corpus of knowledge available in the literature - about the mechanisms possibly 681

involved in the regulation of intracellular acidity for the two cell lines. This aims to pro- 682

vide an interpretation of the results we obtained, but these hypotheses remain to be verified. 683

684

U87 cells that are found to regulate intracellular acidity use the NHE exchanger to 685

export H+ ions outside the cells. Fluxes through the NHE are driven only by the combined 686

chemical gradients of Na+ and H+ and therefore do not directly consume metabolic energy 687

[82]. However, it has been found that the presence of physiological levels of ATP in certain 688
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Figure 13. Hypotheses for the mechanisms of intracellular pHi regulation of F98 (A) and U87 cells
(B). F98 cells are not able to regulate acidic pH and H+ ions remains inside the cells. To resist acidity,
we make the hypothesis that the F98 cells activate the V-ATPase pump to encapsulate the protons in
lysosomes. On the other hand, U87 cells are able to regulate intracellular acidity by exporting protons
outside the cells. We assume that U87 cells use the NHE-1 exchanger to export protons in exchange
with Na+ ions. Both cell lines are able to regulate basic pH. We hypothesized that the cells used the
Cl−/HCO−

3 exchanger to export the HCO−
3 ions outside the cells and thus maintain a pHi level close

to the physiological one.

cell lines is necessary for optimal Na+/H+ exchange [21,83–85]. As already seen, U87 cells 689

were able to reduce intracellular acidity by Na+/H+ exchange over 8 hours. The exchanger 690

operated normally during this period. Assuming that the activity of a NHE exchanger 691

in U87 cells depends on the availability of intracellular ATP, the NHE exchanger might 692

have exhausted the intracellular ATP necessary for the various mitochondrial functions, in 693

particular for maintaining the membrane potential gradient which stimulates cell survival 694

and proliferation [86,87]. The depletion of ATP by the NHE exchanger therefore leads to 695

cell death this could explain the higher mortality of U87 cells compared to F98 cells. 696

697

Very few studies have been conducted to investigate the effect of alkaline pHe on cell 698

survival [88–92]. These studies did not focus on the study of cellular metabolism but rather 699

on the effect of extracellular alkalinization on the permeability of the plasma membrane 700

[88,91,92]. It was found that the morphology of cells was altered in alkalinized culture. 701

The spindle-shaped cells, like F98 cells, formed small patches of round cells at basic pHe 702

[92]. Moreover, the cells had lost their ability to adhesion. Consequently, the membrane 703

potential of mitochondria was altered leading to permeability transition, pore opening, and 704

thus cell death [93,94]. Cells that grow as cell aggregates such as U87 cells, are therefore 705



22 of 28

more resistant to cell death under basic pHe. 706

707

Conclusion and future work 708

709

Many cellular processes and therapeutic agents are known to be highly pH-dependent, 710

making the study of intracellular pH (pHi) regulation of utmost importance. Therefore, 711

this study made it possible to focus on the regulation of the pHi of two brain tumor cells 712

using fluorescence microscopy. We observed that the tumor regulation of acidity is not the 713

same for the two cell lines and as a consequence, our results do not support the common 714

idea that tumor cells behave in a similarly way. On the other hand, pHi regulation appears 715

highly cell-dependent. 716

717

In order to interpret our results, we have proposed hypotheses to explain the mecha- 718

nisms involved in the regulation of pHi. In 2D monolayer cultures, we assumed that F98 719

rat glioma cells do not regulate intracellular acidity, preserve protons inside the cells by 720

activating the V-ATPase pump at acidic pH to bring H+ ions into lysosomes. The study of 721

the effect of the inhibition of the V-ATPase pump, by bafilomycin A1 [95], on the pHi would 722

be an excellent tool to validate our interpretation. On the other hand, we hypothesized 723

that human glioblastoma U87 cells, that are found to regulate intracellular acidity, use the 724

Na+/H+ exchanger to export H+ ions outside the cells. Therefore, testing amiloride as a 725

Na+/H+ exchanger inhibitor [96] can be an effective tool to validate our hypothesis. 726

727

In addition, in order to properly characterize the tumor regulation of pHi, it is crucial 728

to study it at the scale of a spheroid. This 3D model constitute an intermediate biological 729

model between 2D cell cultures and animal models and develop a relationship between 730

the cells and their heterogeneous environment characterized by substrates fluxes and gra- 731

dients. More precisely, cells growing in a spheroid are exposed not only to reduced pHe 732

levels, as 2D monolayer cultures, but also to a limitation of the supply of nutrients and 733

oxygen, due to their diffusion inside the spheroid. Differences in results between 2D and 734

3D experiments were therefore expected. Tidwell et al., 2022 [97] have recently shown that 735

the combination of hypoxia, starvation of other nutrients and extracellular acidity inhibit 736

energy metabolism or protein synthesis and prevent the regulation of exchanges such as 737

Na+/H+ in 3D spheroids. This is in a great agreement with the results obtained on the U87 738

spheroids: contrary to the results obtained in 2D monolayer cultures, the fact that the U87 739

spheroids lowered their pHi under acidic conditions can be explained by the inhibition of 740

the Na+/H+ exchanger. 741

742

The effect of Tomozolomide (TMZ), the cornerstone drug used against brain tumors, 743

is highly pH-dependent [98]. Since tumor cells can acidify their microenvironment and 744

regulate their intracellular pH, this may influence the efficacy of TMZ. A recent theoretical 745

study has shown that the pHi regulation capacity of a cell line can be exploited to estimate 746

the optimum pHe for TMZ efficacy [35]. Therefore, the effect of TMZ was studied on our 747

two cell lines by manipulating the extracellular pH (pHe). The results has allowed us to 748

show that drug efficiency depend on the cell type and on the pHe, which gives an argument 749

for considering pH as a personalized therapeutic target for future research based on the 750

combination of TMZ with pH-regulating agents. 751
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Appendix A 764

The full methodology to identify the optimum wavelengths for pH measurements is de- 765

scribed in full details in Tafech et al., 2023 [41]. In this appendix we present the emission 766

spectra of the intracellular BCECF probe obtained for the two cell lines at various pH values 767

of the calibration DMEM solution, ranging from pH 4 to 9 (Fig. A1). A double excitation at 768

405 nm and 488 nm is used. 769

770

Based on the principle of the ratiometric method, a combination of two remarkable 771

emission wavelengths allow to evaluate the intracellular pH as a function of the ratio of 772

fluorescence intensities. In this context, all the combinations that can be made between 773

two given remarkable emission wavelength were analyzed. For each cell line, the analyzed 774

combinations are shown in figure A2. For each combination, the ratio of fluorescence inten- 775

sities measured at the two remarkable emission wavelengths is monitored as a function of 776

pH and the curve R = f (pHi) is thus constructed. As in the methodological paper [41] that 777

considered the extracellular BCECF probe, two types of regression (linear and polynomial) 778

were used to estimate the relationship between the pHi and the fluorescence ratio in order 779

to find the best-fit line that best expresses the relationship between the data points. A 780

percent error δ was also calculated to evaluate the importance of the difference between the 781

pHi value effectively measured and the reference value. 782

783

We have found that the best method to measure the intracellular pH of F98 cells is to 784

set the emission wavelength at 517 nm for the 405 nm laser and 546 nm for the 488 nm laser. 785

In this case the pH is monitored as a function of the fluorescence ratio R=I517nm/I546nm. 786

Whereas for U87 cells, the intracellular pH is measured by fixing the emission wavelength 787

at 556 nm for the 405 nm laser and at 517 nm for the 488 nm laser. In this case the pH is 788

monitored as a function of the fluorescence ratio R= I517nm/I556nm. The calibration curves 789

obtained for pHi measurements for the two cell lines are given in figure A3. 790
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Figure A1. BCECF (5µM) emission spectra at 405 nm (left), 488 nm (right) excitation wavelengths,
in (a) F98 and (b) U87 at various pH values. The remarkable emission wavelengths taken for the
ratiometric measurements are designated by arrows.

Figure A2. The combinations made, for each cell line, between two remarkable emission wavelengths
noted on the emission spectra of the permeable version of the BCECF (BCECF-AM). For each combi-
nation, the ratio of fluorescence intensities measured at the two remarkable emission wavelengths is
monitored as a function of pH.



25 of 28

Figure A3. Calibration curves for intracellular pH measurements with the internalized BCECF probe
for F98 cells (A) and U87 cells (B) (data set in triplicate).
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