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Abstract

The acidity of the tumor microenvironment aids tumor
growth, and mechanisms causing it are targets for potential
therapies. We have imaged extracellular pH (pHe) in C6 cell
gliomas in rat brain using 1Hmagnetic resonance spectroscopy
in vivo . We used a new probe molecule, ISUCA [(F)2-(imidazol-
1-yl)succinic acid], and fast imaging techniques, with spiral
acquisition in k-space. We obtained a map of metabolites [136
ms echo time (TE)] and then infused ISUCA in a femoral vein
(25 mmol/kg body weight over 110 min) and obtained two
consecutive images of pHe within the tumor (40 ms TE, each
acquisition taking 25 min). pHe (where ISUCA was present)
ranged from 6.5 to 7.5 in voxels of 0.75 ML and did not change
detectably when [ISUCA] increased. Infusion of glucose
(0.2 mmol/kg�min) decreased tumor pHe by, on average,
0.150 (SE, 0.007; P < 0.0001, 524 voxels in four rats) and
increased the mean area of measurable lactate peaks by 54.4F
3.4% (P < 0.0001, 287 voxels). However, voxel-by-voxel analysis
showed that, both before and during glucose infusion, the
distributions of lactate and extracellular acidity were very
different. In tumor voxels where both could be measured, the
glucose-induced increase in lactate showed no spatial corre-
lation with the decrease in pHe. We suggest that, although
glycolysis is the main source of protons, distributed sites of
proton influx and efflux cause pHe to be acidic at sites remote
from lactate production. [Cancer Res 2007;67(16):7638–45]

Introduction

Compared with normal tissue, extracellular pH (pHe) is normally
lower in tumors, and intracellular pH (pHi) is often higher (1, 2).
These differences seem to favor tumor growth and metastasis (2–6)
and can also be exploited to target therapies (7–11). Inhibition of
pH-regulating mechanisms in tumor cells can reduce proliferation,
invasiveness, and metastasis (2, 12–14).
Protons that are extruded from tumor cells can diffuse to blood

vessels and be carried away from the tumor, so pHe can remain lower
than blood pH only if there is a continuous source of intracel-
lular protons. In tumors, glycolysis is up-regulated (4, 15–17).
Glycolysis produces protons with the stoichiometry 1/2(glucose) =
lactate� + H+. The proton and the lactate ion are normally exported

from cells together, either on a monocarboxylic acid cotransporter
(MCT; refs. 13, 18) present on C6 cells (19) or by diffusion of Hlactate
through the lipid bilayer. Hence, glycolysis associated with lactate
export might, in the absence of other processes, explain both a low
pHe and a pHi that is not abnormally low. However, there is evidence
that the Na+/H+ exchanger, NHE1 (which is highly expressed in
gliomas), and other membrane H+ transporters play important roles
in maintaining pHe low (20–23). This low pHe favors remodeling of
the extracellular matrix in adjacent normal tissue and facilitates
tumor progression (2, 3). Because the protons produced by glycolysis
exit the cell in association with lactate on MCTs, where do the
protons exported by these additional pumps come from?
As a step toward answering this question, we have used in vivo

magnetic resonance spectroscopic imaging to map the distribu-
tions of lactate and pHe in C6 gliomas in rat brain. pH-sensitive
magnetic resonance imaging has the advantages that it is
noninvasive and that it can be used to image relatively inaccessible
tumors, such as brain tumors (16). We have used an exogenous pHe
probe molecule with a 1H resonance whose frequency shifts with
pH (24, 25). The probe is injected in the blood and diffuses into the
interstitium of C6 gliomas because their blood-brain barrier is
leaky (26). This technique gives reliable absolute values of pHe and
has the further advantage that the same magnetic resonance setup
can be used to acquire images of the distributions of several
metabolites in the same experiment.
In previous work, we obtained one in vivo pHe image and one set

of metabolite images for each C6 glioma (25). We have now used
improved methods to take this investigation considerably further.
Instead of the probe molecule used previously, IEPA [(F)2-
(imidazol-1-yl)3-ethoxycarbonylpropionic acid], we have synthe-
sized and used a new one, ISUCA [(F)2-(imidazol-1-yl)succinic acid;
refs. 24, 27]. In addition, we have implemented faster spectroscopic
imaging techniques based on spiral acquisition in k-space. We first
showed that the 1H spectrum and pharmacokinetics of ISUCA are
superior to those of its predecessor, IEPA. We then imaged the
changes in pHe and metabolites caused by hyperglycemia, which
increases lactate concentration in gliomas (28, 29) and has been
reported to decrease pHe in other tumormodels (30–33). The results
suggest that although glycolysis is indeed the main source of overall
extracellular acidity in C6 gliomas, the net proton efflux is
redistributed away from the sites of glycolysis.

Materials and Methods

Synthesis of ISUCA. ISUCA (Fig. 1A) was prepared by Michael thermal
addition of imidazole to diethyl fumarate (100jC for 24 h) to yield the

diethyl-2-imidazol-1-ylsuccinate. The ester was purified by column
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chromatography and hydrolyzed with two equivalents of NaOH (1.2%;

100jC for 24 h; refs. 24, 27). Purity was confirmed by IR-attenuated total

reflection spectroscopy and 1H and 13C magnetic resonance spectroscopy.

Calibration of the pH dependence of the chemical shift of the ISUCA
H2 resonance. Solutions of ISUCA (20 mmol/L) in rat plasma were

prepared at different pHs (measured at 37jC) by addition of HCl.

3-(Trimethylsilyl)-propionic acid d4, sodium salt (2 mmol/L; Aldrich) was
used as a chemical shift reference. 1H spectra were obtained on a 9.4 T

magnet (AM400 NB, Bruker) at 37jC with presaturation of the water signal
followed by a 90j hard pulse for observation.

Measurement of T1 and T2 in vitro . T1 and T2 for the H2, H4, and H5
protons were measured at 37jC in a solution of ISUCA in fetal bovine serum
(FBS; pH 7.2) using inversion recovery and Carr-Purcell-Meiboorn-Gill

sequences. The values of T1 were as follows: H2, 1,056 F 10 ms (SE); H4,

2,831 F 259 ms; and H5, 1,268 F 101 ms, n = 3. The values of T2 were as
follows: H2, 80.0F 1.5 ms; H4, 86.58F 0.53 ms; and H5, 59.5F 1.4 ms, n = 5.

In vitro cytotoxicity of ISUCA. The amount of lactate dehydrogenase
(LDH) released to the medium from C6 cells wasmeasured. Cells were grown
to confluence in DMEM containing 5% FBS and incubated for 1, 3, 6, and

24 h with concentrations of ISUCA from 5 to 100 mmol/L, in Krebs solution

containing (in mmol/L) NaCl (119), NaHCO3 (24), KCl (4.7), MgSO4 (1.2),

KH2PO4 (1.2), CaCl2 (1.3), and glucose (1). At the end of the experiment, cells
were broken by freeze thawing thrice, and the total releasable LDH was

determined spectrophotometrically in a microplate reader (SpectraMax,

Molecular Devices) at 340 nm using a buffer mixture containing 50 mmol/L

HEPES, 5 mmol/L sodium pyruvate, and 0.35 mmol/L NADH (pH 7.2).
Animal care. All procedures involving animals conformed to European

Council Directive 86/609/EEC (French licenses 380321, A3851610004, and

B385161000).

Pharmacokinetics.Male Wistar rats (200–250 g) were anesthetized with
xylazine (8 mg/kg) and ketamine (80 mg/kg) i.p. A 2 mol/L solution of

ISUCA was infused in the right jugular vein at 2 mL/h for 20 min and then

1.2 mL/h for 40 min. Samples of blood (0.2 mL every 10 min) were taken
from the left jugular vein. Urine samples were collected every 5 min. ISUCA

concentration was measured by high-performance liquid chromatography

using 80% methanol as eluant under isochratic conditions.
Tumor implantation. C6 cells (34) from the American Type Culture

Collection were grown in DMEM containing 25 mmol/L glucose and

2 mmol/L glutamine (product 31966-021 from Invitrogen) to which was

added 10% FBS (Invitrogen) and antibiotics. Male Wistar rats (200–230 g)
were anesthetized with chloral hydrate (400 mg/kg), and 105 C6 cells in

DMEM were injected stereotaxically in the right caudate nucleus (35).

Nuclear magnetic resonance (NMR) experiments were donef25 days after

tumor implantation, by which time the rats weighed 275 to 380 g.
Animal preparation for NMR experiments. Anesthesia was induced

with air containing 5% isoflurane (Baxter) and maintained with 0.6% to 1.2%

isoflurane in air enriched with oxygen to 36%. A catheter was placed in the
femoral vein for infusion of ISUCA and glucose and another in the femoral

artery to measure arterial pressure and to take 0.1 mL samples for

measurement of PaO2, PaCO2, pH, and hematocrit (ABL510, Radiometer).

The rat was tracheostomized and ventilated. Rectal temperature was
maintained at 37jC with a water heating coil under the abdomen.

In vivo NMR measurements. The console (Surrey Medical Imaging
Systems) was interfaced to a 20-cm horizontal bore, 7 T, magnet (Magnex

Scientific), with actively shielded gradients (200 mT�m�1, diameter of 12 cm)
driven by series 7700 gradient amplifiers (Techron). A 25-mm-diameter

homemade surface coil was used for radiofrequency transmission and

reception (36).

Figure 1. A, structure of ISUCA. B, spectrum of ISUCA (100 mmol/L) in PBS at 37jC, 11.7 T, TE = 40 ms. Inset, enlarged section of the spectrum showing the change
in chemical shift of the H2 peak as the pH changes. C, calibration curve of the H2 peak in plasma at 37jC. The chemical shifts of the H2 peaks were fitted with
the Henderson-Hasselbalch equation: pH = pKa + log{(d1 � d ) / (d � d2)}, where d is the chemical shift and d1 > d2 are the asymptotic values.
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T2-weighted, spin-echo images. To select tumors, scout T2-weighted
images were obtained with repetition time (TR) = 3000 ms, echo time (TE) =

80 ms, slice thickness = 1 mm, seven to nine slices in both coronal and

transverse orientations.
1H spectroscopic imaging of pHe and metabolites. A PRESS (37) voxel

(15 � 15 � 3 mm3) in the transverse plane was selected with five-lobe sinc

RF pulses (bandwidth, 6 kHz) and centered on the tumor. The FLATNESS

automatic shimming method (38) was used to give full-width half-

maximum line widths of typically 25 Hz for the water signal. For optimum

signal-to-noise ratio of the ISUCA H2 peak, we used a short TE of 40 ms.

This TE is unsuitable for imaging lactate because mobile lipids, present

particularly in necrotic parts of C6 gliomas (39), have a prominent

methylene group peak at 1.22 ppm, close to the complex lactate resonance

near 1.33 ppm. The T2 for these lipids is shorter than that of lactate, so their

relative contribution is reduced at longer TEs. We used TE = 136 ms, which,

in our conditions in vivo , gives a lactate doublet fused into a single negative

peak; this facilitates detection of any remaining lipid contamination (Fig. 5

in ref. 25). For acquisitions with either TE, the spectroscopic imaging

sequence was preceded by a VAPOR water suppression module (40),

composed of a set of three-lobe sinc RF pulses (bandwidth, 500 Hz). In-

plane spatial encoding following PRESS volume selection was achieved with

out-and-in spiral encoding (36). With TE = 136 ms, 2 spatial and 32

temporal interleaves were applied; the spectral bandwidth was 3,125 Hz.

Each spatial interleave sampled k-space along eight out-and-in spirals, each

of eight turns during the outward k-space trajectory and eight during the

inward. The acquisition time of the metabolite images [number of averages

(NA) = 4, TR = 3 s] was 12.8 min. In acquisitions with TE = 40 ms, 4 spatial

and 32 temporal interleaves were applied; the bandwidth was 6,250 Hz.

Here, each spatial interleave sampled k-space along eight out-and-in spirals,

each of four turns during the outward trajectory and four during the

inward. The acquisition time of the ISUCA images (NA = 4, TR = 3 s) was

25.6 min. Before each spectroscopic acquisition, a water reference image

was acquired with NA = 1, TR = 3 s to give acquisition times of 3.2 min (with

TE = 136 ms) and 6.4 min (with TE = 40 ms). To account for deformation by

imperfections in the gradient channels and by eddy currents, the k-space

trajectories were measured using the Fourier transform technique (36, 41)

and the real trajectories were used for image construction.

Spectroscopic imaging data processing. Spectroscopic images were
reconstructed following the method of Hiba et al. (36). Voxel spectra from

the acquisitions with 40 and 136 ms TEs were phase corrected to align the

water reference signals. Peak areas in the 136 ms TE spectra were obtained
by fitting a function composed of Lorentzian line shapes. For the 40 ms TE

spectroscopic images, an acquisition made before infusion of ISUCA

allowed us to check the spectrometer settings and to verify that there were

no endogenous resonances overlapping the ISUCA peaks. In the presence of
ISUCA, Lorentzian line shapes were fitted to the H2, H4, and H5 peaks to

obtain the peak areas and chemical shifts. pHe was determined in each

voxel from the chemical shift of the H2 peak using the titration curve

obtained in vitro (Fig. 1C). The fitting procedure did not accept a signal-to-
noise ratio of <2, so for voxels not meeting this criterion for H2, no pHe was

calculated. In 136 ms TE images, the fitting procedure was instructed to fit a

Lorentzian to the positive peak corresponding to mobile lipids at 1.2 ppm.

If it did so, the value of the (negative) lactate peak for that spectrum was
excluded from analysis. The final voxel size was 0.5 � 0.5 � 3 mm3.

T1-weighted imaging. After the spectroscopic imaging acquisitions,

regions of extravasation within the tumor were assessed by infusing a bolus
of Gd-DOTA (Dotarem, Guerbet), 0.2 mmol/kg body weight, and acquiring,

in the same slices as the previous T2-weighted images, a series of T1-

weighted images at 40-s intervals with TR = 500 ms, TE = 30 ms.

Infusion protocol. A 1 mol/L solution of ISUCA was prepared in deionized
water and the pH was adjusted to 7.2 with HCl. ISUCA was first infused at

0.33 mmol/min�kg body weight during 20 min and then at 0.20 mmol/min�kg
body weight during 90 min (Fig. 3A). The infusion was then switched from

ISUCA to 1 mol/L glucose at 0.20 mmol/min�kg body weight (Fig. 3A).
Comparison of different images. The peak areas for resonances of

interest in each acquisition were normalized with respect to the water peak

in the preceding water spectroscopic image (Fig. 3A).

The measurement of pHe depends not on peak area but on the chemical
shift of the ISUCA H2 peak. In voxel spectra for TE = 40 ms, the SD of the

chemical shifts of the total creatine (tCr) peak was 0.075 ppm in acquisition

pH(glc) ( five rats, 2,602 voxels). In the same acquisition, the SD of the

chemical shifts of the pH-sensitive H2 peak was 0.119 ppm (994 voxels).
With TE = 40 ms, the H2 peak was generally better defined than that of tCr,

so certainly a major part, and probably most, of the variation of the

measured chemical shift of H2 would have been due to local variations in

Figure 2. Buildup and decline of ISUCA during and after infusion. A,
concentrations of ISUCA (full symbols ) and IEPA (open symbols ) in blood
plasma. Bars, SE (n = 3 rats). B, concentrations in urine. For ISUCA
(full symbols ), n = 3 rats. For IEPA (open symbols ), n = 3 (or n = 1 where no
error bar is shown.) C, evolution of the area of the ISUCA H2 peak and the
sum of the areas of the H4 and H5 peaks in a 4 � 4 � 4 mm3 monovoxel
surrounding a C6 glioma during infusion of ISUCA with the protocol used for the
spectroscopic imaging: 0.33 mmol/min�kg body weight for 20 min and then
0.20 mmol/min�kg body weight for 90 min. The experiments were done on eight
rats, but in some experiments, spectra were not obtained at all time points.
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pHe. To check that images from acquisitions with the two TEs were in
register, we compared tCr acquired with TE = 40 ms with tCr acquired with

TE = 136 ms. For the acquisitions during glucose infusion, the correlation

coefficient was 0.769 (1,446 voxels; P < 0.0001). Considering that the tCr

peak in the TE = 40 ms spectra was noisy, this correlation is satisfactory.
Because the acquisition was spiral, images were not displaced as a function

of chemical shift (although the fields of view were, and there was some

blurring); hence, the H2 image (f8 ppm) was in register with that of lactate

(1.33 ppm).
Single voxel spectroscopy. To follow the infiltration of the tumors by

ISUCA, parallel experiments were done in which a single 4 � 4 � 4 mm3

voxel was placed around the tumor. Spectra were acquired with TE = 40 ms
using a PRESS sequence. Shimming, water suppression by VAPOR, and RF

pulses were the same as for the spectroscopic imaging. TR was 3,300 ms, the

signal was accumulated 80 times, and spectra were acquired every 5 min.

Histology. At the end of each spectroscopic imaging experiment, the rat
brain was rapidly removed and frozen in isopentane at �80jC.
Cryosections, 10 Am thick, were cut and stained with H&E (39).

Results and Discussion

ISUCA as a probe for pHe. The pH-sensitive H2 resonance of
ISUCA, in the range 7.7 to 8.8 ppm, is well separated from
endogenous peaks in either normal tissue (Fig. 3D) or tumoral
tissue (data not shown). Other ISUCA peaks, from the CH2 group,
are present, near 2.9 and 3.1 ppm (Fig. 1B), and, in in vivo spectra,
could contaminate the peaks for tCr (3.0 ppm) and total choline
(tCho; 3.2 ppm). However, there is no ISUCA resonance near that of
lactate (1.33 ppm), the metabolite of most interest in the present

work. The pKa of ISUCA, measured in blood plasma at 37jC, was
6.92 F 0.05 so that ISUCA has close to maximum sensitivity over
the pH range of 6.4 to 7.4 (Fig. 1C). In experiments on C6 cells
in vitro , the pH measured with ISUCA corresponded to pHe, not
pHi, indicating that ISUCA does not readily cross the membranes
of these cells (data not shown).
During venous infusion of ISUCA, its concentration in the blood

plasma reached an approximately steady level of f40 mmol/L in
10 min (Fig. 2A). In cytotoxicity tests, C6 cells in culture did not
release detectable amounts of LDH after 6 h in concentrations of
ISUCA up to at least 50 mmol/L (data not shown). This suggests
that, in the in vivo experiments, the ISUCA did not greatly affect the
tumor metabolism. ISUCA was excreted in the urine but at lower
concentrations than IEPA (Fig. 2B). This might explain why, in the
plasma, [ISUCA] was higher than [IEPA] for the same infusion
protocol (Fig. 2A).
With an approximately constant concentration of ISUCA in

the blood, the areas of the H2 and H4 + H5 peaks from a
monovoxel, including the tumor, continued to increase over at least
2.5 h (Fig. 2C). Some of this increase may have been due to
diffusion of ISUCA into less accessible parts of the tumor.
Protocol for in vivo spectroscopic imaging. T2-weighted spin-

echo images showed that the approximate diameters of the five
tumors studied ranged from 5.5 to 8.5 mm (mean, 6.7 mm). The
first spectroscopic imaging acquisition with TE = 136 ms
[‘‘Metab(pre)’’ in Fig. 3A] gave the baseline voxel spectra for the
metabolites. After 59 min of ISUCA infusion, the first acquisition

Figure 3. Imaging pHe and metabolites. A, experimental protocol showing the relation between the periods of data acquisition and the infusion of ISUCA or
glucose. The rates of infusion were adjusted for the weight of the rat; the values shown are for a typical body weight of 300 g. WSI, water spectroscopic imaging.
B, T2 spin-echo image. The tumor ROI (white square ) has 8-mm sides. C, histologic image, H&E stain. D, spectra with TE = 40 ms from sample voxels in the tumor and
in the contralateral brain as indicated. The ISUCA peaks H2, H4, and H5 are present only in the tumor.
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with TE = 40 ms in the presence of ISUCA gave an initial pHe
image, ‘‘pH1,’’ which was followed by a second, ‘‘pH2.’’ We then
infused glucose (see below) and obtained images ‘‘pH(glc)’’ and
‘‘Metab(glc).’’ For example, ‘‘tCho(pre)’’ refers to the image of tCho
obtained during acquisition ‘‘Metab(pre).’’ The complete protocol
of Fig. 3A was carried out for four rats. For an additional fifth rat,
the experiment was ended before the second metabolite acquisi-
tion.
In vivo measurement of pHe. ISUCA was detected mainly

within the tumors (Fig. 3D) presumably because blood vessels in C6
tumors are leaky (26). A region of interest (ROI) embracing the
tumor was selected (Figs. 3B and 5A), and the area of the H2 peak
in each voxel was measured to give an image of the distribution of
ISUCA (Fig. 4A). Voxels where the S/N of the H2 peak was <2 were
left blank (black). From the chemical shift of H2, the pH was
calculated using the calibration curve (Fig. 1C) and an image of the
pHe distribution was constructed (Figs. 4B and 5D). pHe was
heterogeneous within the tumor, ranging from about 6.5 to 7.5, and
was generally lower than the 7.4 of the blood: the mean value for
acquisition pH1 for the five tumors taken together was 6.97 (SD,
0.127; n = 649 voxels). This falls between values previously reported
in C6 gliomas of 7.08 (25) and 6.87 (42).
To see if the presence of ISUCA in the interstitial fluid changed

pHe, we compared pH1 and pH2. Values for the peak area and
chemical shift of the pH-sensitive H2 resonance of ISUCA were

obtained in both acquisitions for 448 voxels in the tumor ROIs in
five rats. The mean change in area of the H2 peaks in pH2
compared with pH1 was an increase of 29.6% (Table 1A)
presumably due to continued diffusion of ISUCA into the tumor.
Despite this increase in [ISUCA], we were unable to detect a
significant change in mean pHe in these voxels (Table 1A). To
estimate the upper limit for any possible effect of ISUCA on pHe,
we calculated, by extrapolation of the pHe values to zero [ISUCA],
an estimate of true pHe and obtained a value for the possible effect
of ISUCA during acquisition pH1 of 0.025 pH units (=0.0075 � 100 /
29.6; see Table 1).
Distributions of metabolites: qualitative observations. The

qualitative features of our metabolite images confirmed earlier

Figure 4. A, map of the peak areas of the ISUCA H2 resonances, acquisition
pH1. B, map of pHe calculated from the chemical shifts of the H2 peaks.
Yellow background, no measurement. C to F, maps of metabolite peak areas
in the tumor ROI from acquisition Metab(pre) with TE = 136 ms. Pixels are
0.5 � 0.5 mm2.

Figure 5. Glucose-induced changes in pHe and lactate. Anatomic (A ) and
Gd-DOTA (B ) images of rat brain. The tumor ROI (white square ) is 10 mm2.
Lactate and pHe before (C and D ) and during (E and F ) glucose infusion and
images of the changes (G and H ). Note that acidification (red in H) does
not match increases in lactate (green in G ). Yellow background, no
measurement was possible.

Cancer Research

Cancer Res 2007; 67: (16). August 15, 2007 7642 www.aacrjournals.org

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/67/16/7638/2571515/7638.pdf by guest on 19 M

ay 2023



imaging studies (25, 39). Briefly, N-acetyl aspartate (NAA) was
essentially in normal tissue outside the tumor (Fig. 4F). Choline
(tCho) was higher near the periphery of the tumor (Fig. 4C).
Creatine (tCr) was low near the center of the tumor (Fig. 4E).
Lactate was detected almost exclusively within the tumors
(Fig. 4D).
Baseline distributions of pHe and lactate. Because glycolysis

is the most obvious source of tumor protons, it is noteworthy that,
in voxels where both pHe and lactate peak area could be
quantified, the distributions of acidity and lactate seemed to be
different (Fig. 4B and D). To make an objective test, we calculated
the Spearman correlation coefficient for pHe ( from acquisition
pH1) versus lactate peak area [from acquisition Metab(pre)] for all
the voxels of the five tumors for which these two values were
available. The correlation coefficient r was small, +0.125, showing
that, for any one voxel, pHe could not be predicted from lactate
peak area, but strikingly, r was positive, and the relation between
the two distributions was significantly different from random
(P < 0.03); that is, pHe tended to be less acid where lactate was
high. The pHe images also suggest that pHe was often more acid
near the peripheries of the tumors (Figs. 4B and 5D) as also seen in
tumors in skin-fold chambers (Fig. 3B of ref. 4).
Changes in pHe and metabolite peaks induced by glucose

infusion. Hyperglycemia increases lactate concentration in brain
gliomas (28, 29, 43) and is known to decrease pHe in tumors
outside the brain (30–33). We therefore looked at the effects of
glucose infusion both to check that ISUCA detected changes in
pHe and to shed more light on the relation between pHe and
lactate.
Hyperglycemia increased lactate peak areas in our C6 gliomas,

the average increase in voxels where both Lac(pre) and Lac(glc)
were available being 54% (Table 1D). There was also a general

decrease in pHe (Table 1D). Strikingly, however, the decreases in
pHe were not necessarily greater where lactate increased most
(Fig. 5G and H). We calculated the change in lactate peak area and
the change in pHe in all the voxels where the four necessary
quantities were available: Lac(pre), Lac(glc), pHe2, and pHe(glc).
Because [lactate] is linearly related to lactate peak area, we
expressed H+ ion activity on a linear scale rather than the
logarithmic pH scale: pHe = �log(cH[H+]e), where cH is an
(unknown) activity coefficient and [H+]e is in mol/L (44). On a
plot of change in cH[H

+]e versus change in lactate peak, the points
were widely scattered, with many voxels where [lactate] increased
with little change in cH[H

+]e and others where cH[H
+]e increased

but [lactate] did not (Fig. 6Ac , see also Fig. 5G and H).
Lactic acid, being a weak acid, tends to distribute across cell

membranes according to the pH gradient. For tumor cells, pHe <
pHi so [lactate]i > [lactate]e (7). The facts that intracellular space
exceeds extracellular space, and that lactate is produced within
cells and exported, will increase the proportion that is intracellular.
In contrast, the pH measured by ISUCA is extracellular. These
different locations would give a spatial mismatch of measured
cH[H

+] and of [lactate] over distances on the order of microns, but
this is much less than the observed mismatch of hundreds of
microns.
Glucose infusion also induced small increases in the apparent

peak areas for tCho, tCr, and NAA in the tumor ROIs, and the NAA
peak increased outside the tumor ROI (Table 1B and D). However,
the peaks tCho(glc) and tCr(glc) within the tumor may have been
contaminated by the CH2 peaks of ISUCA (Fig. 1B) and that of
tCho(glc) additionally by glucose.
The cause of the glucose-induced changes in [lactate] and

pHe. Lactate and H+ might accumulate in a tumor if the blood flow
were reduced. However, venous infusion of glucose (in contrast

Table 1. Changes in values

Mean difference F SE No. voxels P

A. ISUCA infusion (voxels with an H2 peak for acquisitions pH1 and pH2)
(ISUCA 2 � ISUCA 1) / ISUCA 1 (H2) 29.6 F 2.5% 448 <0.0001

pHe2 � pHe1 �0.0069 F 0.0075 448 0.2

B. Glucose infusion (voxels outside tumor ROI)

[NAA(glc) � NAA(pre)] / NAA(pre) +5.8 F 2.7% 955 <0.04
[tCr(glc) � tCr(pre)] / tCr(pre) �5.7 F 3.0% 902 0.07

[tCho(glc) � tCho(pre)] / tCho(pre) �0.2 F 4.3% 960 >0.2

C. Glucose infusion (voxels within tumor ROI with both lactate and ISUCA H2 peaks)
[Lac(glc) � Lac(pre)] / Lac(pre) +70.5 F 5.9% 117 <0.0001

pHe(glc) � pHe2 �0.093 F 0.017 117 <0.0001

[[H+]e(glc) � [H+]e(pre)] / [H+]e(pre) +23.9 F 3.2% 117 <0.0001

D. Glucose infusion [voxels within tumor ROI with values (pre) and (glc)]
[Lac(glc) � Lac(pre)] / Lac(pre) +54.4 F 3.4% 287 <0.0001

pHe(glc) � pHe2 �0.1496 F 0.0068 524 <0.0001

[[H+]e(glc) � [H+]e2] / [H+]e2 +51.4 F 2.9% 524 <0.0001

[tCr(glc) � tCr(pre)] / tCr(pre) +13.81 F 2.12% 485 <0.0001
[tCho(glc) � tCho(pre)] / tCho(pre) +6.4 F 1.9% 954 <0.0006

[NAA(glc) � NAA(pre)] / NAA(pre) +14.9 F 2.8% 318 <0.0001

[ISUCA(glc) � ISUCA(pH2)] / ISUCA (pH2) +25.5 F 1.9% 523 <0.0001

NOTE: To calculate the mean changes in peak areas, the percentage change in each voxel was calculated and averaged. Unlike section C, section D

includes values of lactate for all voxels in which lactate was measured, including voxels in which pHe was not measured.
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to i.p. injection) seems to have little effect on tumor blood flow
(32, 45, 46), and the small effects reported were for quantities of
glucose greater than we used. C6 cells in vitro have a high Km of
7.7 mmol/L for glucose uptake and metabolism (47), so their
glycolytic flux increases when extracellular [glucose] increases
above normal in vivo values. We suggest that the glucose-induced
increases in lactate we observed were mainly due to increased
lactate production rather than reduced lactate clearance. These
increases tended to be greater in voxels where lactate was already

high (Fig. 6Ad), an observation which corroborates previous
conclusions that lactate is associated with well-perfused, metabol-
ically active, regions of tumors (29).
Terpstra et al. (29) have shown that, on a time scale of tens of

minutes, the quantity of extra lactate that constitutes the glucose-
induced increase in [lactate] in C6 gliomas is small compared
with the quantity that is cleared to the blood. Changes in the
total lactate concentration are the main determinant of changes
in the flux of lactate out of the cells (pH changes also playing a
role) and through the extracellular clefts to the blood. For small
changes, the change in flux will be approximately proportional to
the change in the concentration. We calculated the fractional
increase in the total amount of lactate as [ALac(glc) � ALac(pre)]
/ ALac(pre), where the sums are over the 117 voxels for which
Lac(pre) and Lac(glc) were available. This gave a fractional
increase of 73%.
Glycolysis produces equal numbers of H+ ions and lactate� ions,

and an increase in glycolytic flux is expected to produce equal
increases in the rates of production of the two. We therefore asked
whether, despite the local mismatch, the increase in overall lactate
production in the whole tumor was approximately equal to the
increase in H+ production. Because H+ ions in the extracellular
clefts can diffuse readily to the blood (48), a change in pHe mainly
reflects a change in flux. On arrival in the intercellular clefts, nearly
all the H+ ions that are exported from the cells will combine with
mobile buffer molecules (49), the diffusion of these buffer
molecules to the blood greatly facilitating the clearance of H+

(48). Changes in this flux are determined mainly by changes in the
gradient of [H+] from just outside the cells to the blood where, for
pH � 7.4, cH[H

+]b � 39.8 nmol/L. We calculated

½Xð�
H
½Hþ�ðglcÞ � �

H
½Hþ�bÞ � Xð�

H
½Hþ�2 �

�
H
½Hþ�bÞ�=½Xð�

H
½Hþ�2� �

H
½Hþ�bÞ

for the 524 voxels for which both pH2 and pH(glc) were available.
The mean increase in ‘‘[H+] gradient’’ was 85.2%.
These numbers (73% for lactate and 85% for H+) are only very

approximate estimates of the changes in the fluxes, particularly
because, in some rats, lactate was measured in only a few voxels.
They do seem to be compatible with the glucose-induced increases
in the production of lactate and H+ being equal.
A hypothesis to explain the different distributions of lactate

and [H+]e. Decades of research support the idea that glycolysis is
the main source of excess protons in tumors (4, 17) and the present
results seem not to contradict this. It is also known that lactate
normally leaves cells in association with protons mainly on MCT
cotransporters (3, 18). How can we reconcile these ideas with our
observation that lactate and [H+]e, considered voxel by voxel, have
different distributions and also with the well-documented evidence
for active extrusion of protons by other proton pumps, notably the
Na+/H+ exchanger NHE1 (2) pump, which require an intracellular
source of protons? Our suggestion is that many of the protons that
leave tumor cells with lactate reenter the same cell or cells in the
vicinity. This reentry could occur simply through a proton ‘‘leak,’’
for which the electrochemical driving force is greater than in
normal cells or, perhaps, indirectly by HCO3

�/Cl� exchange (22).
The cells of C6 gliomas are weakly coupled by gap junctions (50)
and we hypothesize that these junctions might allow some flow of
intracellular protons from one cell to another. In this scheme, pHe
would not necessarily change where lactate was extruded, and

Figure 6. Spatial redistribution of protons. Aa, comparison of peak areas for tCr
(normalized to the water peaks) in voxel spectra from acquisitions Metab(pre)
and Metab(glc). The dots correspond to all the voxels in the tumor ROIs of
four rats for which the tCr peak could be quantified (in some voxels there may
have been slight contamination from an ISUCA CH2 peak). The scales are in
arbitrary units. Solid line, no change in peak area. This figure illustrates the
case of a peak area that changed little during glucose infusion. The Pearson
correlation coefficient for the two acquisitions was 0.8547 (1,387 voxels;
P < 0.0001). Ab, [H+]e and lactate had different spatial distributions. The [H+]e
scale is absolute (in nmol/L); the lactate scale is the same as for (Aa ). Ac, the
glucose-induced changes in [H+]e and in lactate also had different spatial
distributions. Ad, the glucose-induced increase in [lactate] tended to be greater
where [lactate] was initially high. Solid line, no change. B, a scheme that
combines the present results with the previously known importance of glycolysis,
membrane proton pumps, and the diffusion of H+ into normal tissue surrounding
the tumor.
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intracellular protons would be available for the NHE1 proton
pumps (Fig. 6B); protons could be extruded into the extracellular
space where the tumor is invading normal tissue. Indeed, a
minimum in pHe has been observed near the tumor periphery (our
Figs. 4B , 5D and F, and 3B of ref. 4).
Conclusion. ISUCA is a satisfactory probe molecule for

magnetic resonance spectroscopic imaging of pHe in gliomas
and probably in other tumors. The results suggest that, within
tumors, protons produced by glycolysis are redistributed toward
sites of net proton efflux.
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