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INTRODUCTION 

The pH of tumors plays an important role in the efficacy of chemotherapy and radiotherapy, and 
may have relevance to carcinogenesis itself. 

Design of therapy using weakly basic chemotherapeutic agents, such as doxorubicin, requires 
accurate knowledge of the extracellular pH (pHe) range within tumors. Resistance to weakly basic 
chemotherapeutic drugs (WBDR) can be augmented by acidic pHe.  A quantitative model has been 
developed to demonstrate that the turnover of acidic vesicles within cells can also contribute to WBDR. 
During the past year, we have supplied empirical evidence in support of this model and a manuscript has 
been submitted (Project 1). A spinoff of this project is the isolation of these acidic vesicles and 
characterization of their activity. 

A technique has been developed to simultaneously measure the pHe and the intracellular pH 
(pHi) of tumors in vivo using magnetic Resonance Spectroscopy (MRS). During the past year, this 
technique has been refined to accurately report the entire pHe distribution within the tumor (Project 2). 
This is significant since, at the low extremes, acidic pH has been reported to be mutagenic and 
clastogenic. These techniques have been used to monitor the response of tumor pH to exogenous 
bicarbonate. These treatments chronically raise the extracellular pH of tumor tissue, which should 
increase the efficacy of weakly basic chemotherapeutic drugs (Project 3). 

Because the extracellular pH in tumors is heterogeneous, we have begun developing methods to 
measure pHe using 1-H MRS of exogenous imidazoles (project 4). With this method, we will 
potentially be able to obtain pH measurements from volumes as small as 1 mm3. 

BODY 
Project 1. Turnover of Acidic Vesicles and Multidrug Resistance. 

A major barrier to successful chemotherapeutic treatment of cancer is the development of drug 
resistance by cells in tumors. Cells acquiring resistance to one type of drug almost always show 
resistance to other chemically unrelated drugs. Hence, the phenomenon is known as multidrug resistance 
(MDR). The most well-studied mechanism of multidrug resistance involves the MDR-1 gene product, P- 
glycoprotein (P-gp), a drug pump which also transports protons (Thiebaut et al., 1990; Boscoboinik et 
al., 1990). However, P-gp accounts for only 50% of the observed MDR phenotypes (Gottesman and 
Pastan, 1993). Tumor pH can contribute to the resistance to weakly basic drugs, and this can be 
attributed to the phenomenon of "ion trapping", wherein the drugs are accumulated in acidic 
compartments and excluded from alkaline compartments (Tannock and Rotin, 1989; Jahde et al., 1990; 
Roepe et al., 1993; Simon et al., 1994). Weakly basic drug resistance (WBDR) is not classically MDR, 
since the drugs are structurally related. However WBDR is clinically important since weak base 
chemotherapeutic drugs, such as mitoxantrone and doxorubicin (adriamycin), are commonly used to 
treat cancer. 

Ion trapping is relevant to WBDR not only because of the acidic tumor environment (see above), 
but also by sequestration of drugs into acidic vesicles. Intracellular compartments are acidified through 
the action of V-ATPases, and there is considerable evidence that these pumps can be involved in 
multidrug resistance. Sehested et al. (1987) observed enhanced rates of exocytosis in multidrug resistant 
EAT cells, compared to their drug-sensitive counterparts. Dubowchik et al. (1994) have shown that 
lysosomotrophic weak bases raise intravesicular pH as well as reverse doxorubicin resistance in 
NCT116-VM46 colon carcinoma cells. Similar results were presented by Sehested et al. (1988). 

We have investigated the role of pH in WBDR using a cell line, MCF/7-mitox, which displays an 
MDR phenotype, yet does not possess P-gp (Taylor et al., 1991). MCF/7-mitox cells treated with 
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mitoxantrone sequester it into subcellular vesicles (Willingham et al., 1986). We hypothesize that 
overexpressed V-ATPase activity at the plasma membrane (pmV-ATPase) may be involved in the MDR 
phenotype of these cells (e.g. Marquardt and Center, 1991). Both MCF/7-mitox as well as P-gp-positive 
MCF/7-dox cells contain pmV-ATPase activity, while parental MCF/7 cells do not (Figure 1). 
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Figure 1. pmV-ATPase and drug resistance. pmV- 
ATPase activity in MCF/7, MCF/7-mitox and MCF/7- 
dox cells. Cells were acidified with a pre-pulse of 
NH4C1 and then perfused with buffer at pH 8.0 lacking 
Na+- and HC03". Recovery is due to pmV-ATPase and 
is inhibitable with bafilomycin. 
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Figure 2. Low pHe induces drug resistance in vitro. 
Cells used were MCF-7S and MCF-7MITOX cultured in 
96-well plates. Mitoxantrone was added to the indicated 
concentrations and, cell number determined 96 hours 
later, as described in text. Tests were performed at pHe 
6.7 and 7.4 

We have written a manuscript which details the effect of acidic vesicle recycling on resistance to 
common, weakly basic chemotherapeutic drugs, such as mitoxantrone and doxorubicin (adriamycin). 
Using conservative estimates for parameters of vesicle size, number, pH and turnover rate, it can be 
clearly demonstrated that: 1) vesicle movement contributes greatly to a multidrug-resistant phenotype, 2) 
activity of drug pumps (i.e. P-gp) that are statically resident on the plasma membrane would be 
insufficient to confer drug resistance, and 3) the activity of V-ATPase combined with a drug/H+ 

exchange activity would be kinetically identical to the activity of p-glycoprotein. 

Drug sensitivity in vitro. At appropriate concentrations, chemotherapeutic drugs added to cultured 
cells will induce apoptosis. The resulting reductions in cell number can be monitored in a 96-well assay 
by staining the cells 3-4 days following treatment with vital dyes, such as MTT, or chromatin-specific 
metachromatic dyes, such as crystal violet (Gillies et al., 1986). The resulting optical densities are then 
plotted as a function of drug concentration to yield cell survival curves. Figure 2 illustrates the survival 
of human MCF-7 breast cancer cells following treatment with mitoxantrone, a weak base chemothera- 
peutic agent. As shown in this figure, at a medium pH of 7.4 (squares), drug sensitive cells (MCF-7S) 
are killed at lower concentrations of mitoxantrone than are multidrug resistant MCF-7MITOX cells. At 
a medium pH of 6.7 (circles), the MCF-7S cells exhibit a sensitivity similar to that found in the 
drug-resistant cells. At pHe 6.7, there is a greater pH gradient (pHi-pHe) in both cell lines (data not 
shown). Thus, as predicted, low pHe (and a greater pH gradient) reduces the effectiveness of weak base 
chemotherapeutics. 



Project 2. Measurement of Interstitial pH of Tumors by 31-P MRS. 
Introduction. Extracellular pH in tumors has been found to have a bearing on the effectiveness of 
different treatment strategies. Increasing tumor acidity increases thermal sensitivity of tumors and may 
also play a role in the effectiveness of chemotherapeutic agents, many of which are weak bases (Tannock 
and Rotin, 1989). The partition of weak base molecules across the cell membrane is dependent on intra- 
and extracellular pH. Knowledge of pH distribution within tumors thus has clinical relevance. The 
chemical shift of the 31P nucleus in 3-aminopropylphosphonate (3-APP), a cell-impermeant molecule, is 
pH-sensitive, making it a good indicator of extracellular pH (Gillies et al, 1994). A robust calibration 
equation for the chemical shift of 3-APP has been reported earlier by us which can be used to calculate 
the pH distribution in vivo. However, the lineshape of the 3-APP peak is dependent not just on the pH 
distribution within the sample, but is also broadened by Tf effects. 

Over the past few years, we have developed the application of 3-aminopropylphosphonate 
(3-APP) as a 3 IP labeled indicator of in vivo extracellular pH (Gillies et al., 1994). Under the auspices 
of the current grant, we have developed a method to deconvolve the T2* component from the 3-APP 
resonance to yield estimates of the in situ pHe distribution throughout tumors. This has been described 
in a peer-reviewed abstract (Raghunand et al., 1997a), and is in the process of being written up as an full 
manuscript (Raghunand et al., 1997b). Deconvolution is obtained by determining the T2* of 3-APP 
using a pH-insensitive resonance (e.g. the H-2 of 3-APP), then removing this contribution from the 
3-APP resonance, leaving the chemical shift dispersion arising solely from the heterogeneity of pHe. 
Results of this analysis are shown in figure 3. Note that the deconvolved resonances are much narrower 
than the native. The calculated pHe distributions is shown as an inset. 
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Figure 3. 31P MRS spectrum of a 0.9 cc MCF-7/Mitox tumor. Inset shows the 
pHe distribution obtained by deconvolution of the 3-APP peak. 



Although the mean pHe decreases 
with increasing tumor size, the range of 
values is consistently ca. + 0.3 pH unit about 
the mean at all tumor sizes (figure 4). These 
measurements are important because they 
will define the lowest pHe faced by a 
sub-population of cells within tumors. If low 
pHe does enhance development of later stages 
of carcinogenesis, it would be more enhanced 
in the small fraction of cells residing in the 
lowest pHe environment. 

Project 3. pH and Drug Resistance in 
Vivo. 

The first two projects show that 
chemotherapeutic efficacy is reduced by low 
pH in vitro and that the pH of tumors is low, 
establishing an alkaline-inside pH gradient 
which increases as tumors get larger. As 
shown below, this pH gradient is larger in 
tumors of drug-resistant cells. In this project, 
we will ask the question whether reducing the 
pH gradient can have a beneficial effect on 
chemotherapy in 
vivo. In order to accomplish this, reliable 
methods to manipulate extracellular pH are 
required. 
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Figure 4. pHe as a function of tumor size. Figure 5. Intra- and extracellular pH of drug-sensitive and drug 
MCF-MITOX tumors were grown to different sizes     resistant breast cancer cells in vivo as measured by MRS. 
and the pHe range determined by deconvolution of the 
3-APP resonance. 
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pH of drug-resistant tumors in vivo. 
The pHi and pHe of tumors from MCF-7S, MCF-7MITOX and MCF-7DOX cells grown in 

SCID mice have been determined as a function of tumor growth. pHi and pHe values were determined 
from the chemical shifts of Pi and 3-APP, respectively. As shown in figure 5, the pHe of all three 
tumors are not significantly different, and all decrease with increasing tumor size. In contrast, the pHi 
values of the drug-resistant cells remain high, while the pHi of the drug-sensitive cells drops along with 
the decrease in pHe. We believe that these differences in the pH gradient may be significant contributors 
to weak base chemotherapeutic resistance. 

Manipulation of interstitial pH of tumors 
There are some literature data on the ability to 

acutely manipulate pH up and down with bicarbonate, 
and ammonium chloride, respectively (e.g., Whitford and 
Angmar-Mansson, 1995). We therefore adopted these 
methods by adding bicarbonate and ammonium chloride 
in increasing concentrations to the ad lib drinking water. 
Water intake, animal weight and tumor size were all 
monitored for each individual animal in this trial. 16 
animals were involved: 8 on bicarbonate and 8 on 
ammonium chloride. After the initial day, all animals 
consumed an adequate amount of liquid. These data also 
show that there were no significant effects of ammonium 
chloride or bicarbonate on animal weight or tumor 
growth rate. Thus, animals can be chronically 
maintained on ammonium chloride or bicarbonate up to 
250 inM in concentration. 

400 800 1200 

Tumor Volume (mm ) 

Figure 6. pHi (open symbols) and pHe (closed) of 
MCF-7S (squares) and MFC-7-mitox (circles) tumors 

At the end of this trial, the extracellular pH values in SCID mice after 2 weeks of bicarbonate therapy. 
for each animal were determined. These data showed 
that ammonium chloride had no effect on the extracellular pH, presumably due to the up-regulation of 
renal Na/H exchange (R. Alpern, personal communication). On the other hand, bicarbonate has a 
significant effect on increasing the extracellular pH of tumors. These experiments were repeated by 
treating the animals for 2 weeks with 250 mM bicarbonate drinking water. Once again, after the initial 
day, there were no significant differences in fluid intake compared to water controls. As shown in 
figure 6, the animals on bicarbonate maintained an extracellular pH more alkaline than the intracellular 
pH. Thus, bicarbonate not only raised the extracellular pH, it reversed the pH gradient. 

We are in the process of testing the effects of these conditions on the sensitivity of tumors to 
chemotherapy in vivo and predict that bicarbonate will be an effective chemosensitizer. 



Project 4. Measurement of Interstitial pH by 1-H MRS: 
A Prelude to pH Imaging 

Imidazoles as pHe indicators. In order to 
improve the spatio-temporal resolution of our pHe 
measurements, we have begun investigating the 
use of derivatized imidazoles as 1-H labeled 
extracellular pH markers (Gillies et al., 1997). In 
these studies, we have examined 8 imidazole 
derivatives produced by Paloma Ballesteros and 
her colleagues (Gil et al, 1992,1994; Zaderenko 
et al., 1994; Lopez et al. 1996). We have 
determined the toxicity of these compounds both 
in vivo and in vitro, the membrane transport 
kinetics, the pharmacodynamics, and the effects of 
pH on the 1-H chemical shifts. The most 
promising compound to date is 
(+)2-imidazol-1 -y 1-3 -ethoxycarbony 1 
propionic acid (IEPA, figure 7). This 
compound is not toxic up to 20 mM in 
vitro, and up to 3 g/kg in rats in vivo. The 
H-2 of this compound (i.e. between the 
imidazole nitrogens) resonates between 
7.79 (deprotonated) and 8.89 (protonated) 
ppm, relative to TSP (figure 8). 

Figure 7. Chemical formula for IEPA (+2, 
imidazol-l-yl-3-ethoxy carbonylpropionic acid. 
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Figure 8.1-H NMR titration curve of IEPA and 
3IG. Imidazoles IEPA and 3IG were independently 
titrated at 37 °C in physiological buffer (PBS + 10% 
serum). Data are relative to TSP at 0 ppm. 

MRSI of IEPA. IEPA has been injected 
i.p. into anesthetized mice bearing RIF-1 
tumors and 2D MRSI data were obtained 
using BASSALE, an MRSI routine which 
includes outer volume lipid suppression and 
CHESS water suppression (Shungu and 
Glickson, 1993, 1994). The routines typically contained 16 phase-encoding steps in orthogonal 
directions, yielding a 16 x 16 matrix of 2 x 2 x 4 mm voxel spectra in 34 min. on a GE Signa 4.7 T 
imaging spectrometer. Preliminary results from tumors yields three observations: 

1. The distribution of IEPA is heterogeneous within the tumor. It is not known if this reflects 
regional differences in perfusion or extracellular volume fractions. 

2. The pHe distribution within the tumor is also heterogeneous. Virtually every voxel contains a 
complex peak with resonances corresponding to a range of pHe values. The ranges of pHe 
observed are ca. 0.2 pH unit in each voxel. Note that this is less than the pHe range reported by 
3-APP. 

3. IEPA is cleared rapidly. This is an unfortunate aspect of this indicator. From these preliminary 
experiments, we have estimated that it is available in the tumor for less than 40 min. Higher 
resolution pharmacodynamic studies are underway and improvements are designed to increase 
the retention. 



RELATIONSHIP TO ORIGINAL STATEMENT OF WORK 
Task la. measurement of pHi as a function of pHe by fluorescence in complete buffer, using all four cell 

lines, was completed, as per our previous report. A manuscript describing our results is in 
preparation. 

Task lb-d. Titrations of two cell lines using MRS of cells cultured in bioreactors was postponed to year 
04 due to late availability of suitable bioreactors. 

Tasks 2a-d. determination of pH regulatory mechanisms, have been completed. A manuscript describing 
our results is in preparation. 

Tasks 3a-d. experiments on measurement of tumor pH as a function of tumor size in vivo, are proceeding 
ahead of schedule. We have completed the pH studies for three cell lines. A manuscript 
describing our results is also being written. In addition, we have added new experiments to 
improve the sensitivity of pH measurement techniques to allow pH imaging. 

Tasks 4a-b. effects of altering blood flow on extracellular and intracellular pH, and analysis of data, has 
been replaced by the manipulation of pH using bicarbonate. The effects of these treatments on 
the response to chemotherapeutic agents is being tested. 

Additionally, we have added experiments to test the involvement of acidic vesicles in WBDR. A 
manuscript describing this study has been submitted. 
CONCLUSIONS 

• There is empirical and theoretical evidence that the turnover of acidic vesicles is involved in the 
resistance of cells to chemotherapeutic agents. 

• pH measurements with 3-APP continue to be robust, and can be used to determine the pH range 
within a tumor. 

• The environmental pH of tumors can be manipulated with bicarbonate. Preliminary in vitro and 
model data predict that this will enhance the efficacy of chemotherapeutic agents. 

• Preliminary evidence shows that pH imaging is possible. 
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