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ABSTRACT

The tumor interstitial pH and its modification play a significant role in
cancer treatment Current in vivo pH measurement techniques are inva
sive and/or provide poor spatial resolution. Therefore, there are no data
on perlvascular interstitial pH gradients in normal or tumor tissue. We
have optically measured interstitial pH gradients with high resolution in
normal and tumor (VX2 carcinoma) tissue in vivo by combining a fluo
rescence ratio imaging microscopy technique and the rabbit ear chamber
preparation. The strengths of our approach include the abifity to follow

pH in the same location for several weeks and to relate these measure
ments to local blood flow and vascular architecture. Our results show: (a)
tumor interstitial pH (6.75 units; N = 6 animals, n = 324 measurements)
is significantly (P < 0.001) less than normal interstitial pH (7.23; N = 5,

n = 274). This increased acidity in the tumor interstitium is in agreement

with the previously reported data on this tumor; (b) with respect to pH
spatial gradients in normal tissue, the interstitial pH decreased by ap
proximately 0.32 pH units over a distance of 50 pm away from the blood
vessel, while in tumor tissue, interstitial pH decreased by approximately
0.13 units over the same distance. Although the pH gradient near the
vessel wall was steeper in normal tissue compared to tumor, the proton
concentration gradient In normal tissue was less than that in the tumor.
The approximate increase in proton concentration from 0 to SOpm from
the vessel was 4.5 x iO@ Min normal versus5.7 x i08 Min tumor tissue;
(c) a simple one-dimensional diffusion-reaction model suggested that hi

mor tissue was producing protons at a rate 65â€”100%greater than normal
tissue; (d) feasibility studies of temporal dynamics resulting from hyper
glycemia (6 g/kg) or hypercapnia (10% CO@)led to significant (P < 0.05)
interstitial pH reductions. During hyperglycemia, pH dropped by more
than 0.2 pH unIts in about 90 min in tumor tissue but remained constant
in normal tissue. Hypercapnia dramatically reduced pH by approximately
0.3 pH units in tumor tissue. Our limited studies on hyperglycemia and
hypercapnia are in agreement with the previously published studies and
demonstrate the capabifity of fluorescence ratio imaging microscopy to
measure spatial as well as temporal changes in interstitial pH. Fluores
cence ratio imaging microscopy should permit noninvasive evaluation of
new pH-modifying agents and offer unique mechanistic information about
tumor pathophysiology in tissue preparations where the surface of the

tissue can be observed.

INTRODUCTION

pH and its modification play an important role in the treatment of
solid tumors (1â€”4).The poor organization of vasculature in tumor
tissues results in heterogeneous blood flow and, in turn, nonuniform
nutrient delivery (5). This forces cells to generate energy through an
increased rate of anaerobic glycolysis, which may lead to increased
lactic acid production in poorly perfused regions (6, 7). Since blood
flow is reduced, the lactic acid is inadequately removed and results in
the pH reduction of the interstitium (8â€”10).Even when glycolysis is
absent, resulting in no lactic acid production, tumor interstitial pH
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may be lower than normal pH presumably due to carbon dioxide
production (11). One hypothesis to explain this observation is car
bonic acid buffering by carbon dioxide production, especially when
coupled with poor blood flow (8). A review of normal and tumor
tissue pH measurements confirms that in general, tumor interstitial pH
is less than normal pH (4, 10).

In vivo pH can be measured in a variety of ways (12). Commonly

used techniques such as microelectrodes, implantable chambers,
positron emission tomography or nuclear magnetic resonance are

either invasive, causing tissue damage, or provide poor spatial reso
lution,thusyieldinglittleinformationabouttheimmediatemicroen
vironment of the tumor cell. The limitations of the current in vivo pH

measurement techniques result primarily from the inability to obtain

spatial distribution without damaging the specimen. The development
of in vivo FRIM3 can overcome this problem.

FRIM utilizes fluorescence microscopy and multiwavelength spec
troscopy principles to provide ion concentration measurements with a
high degree of selectivity and sensitivity. Low molecular weight (Mr
520) BCECF, a fluorescein derivative, has a maximally pH-sensitive
emission at about 500 nm (As), whereas excitation is pH insensitive
below 440 nm (Ai). Thus, pH can be determined from the ratio of
fluorescence emission due to excitation at the pH-sensitive (depend

ent) wavelength relative to the pH-insensitive (independent) wave
length, which eliminates probe concentration and optical variables
(13, 14). FRIM was initially used to study cells grown in vitro (13, 15,
16). FRIM has been applied in vivo to measure intracellular pH of rat
gastric surface and cancer cells using 5(6)-carboxyfluorescein diac
etate (17, 18). We have recently examined the feasibility of FRIM to
measure macroscopic pH gradients in normal and tumor tissues grown

in the rabbit ear chamber using BCECF (19). None of these studies
investigated microscopic spatial pH gradients in tissues. Therefore,
the goals of this study were: (a) to measure normal and tumor tissue
interstitial pH spatial profiles using FRIM at the microcirculatory
level; (b) to determine acidic components production rate; and (c) to
assess feasibility of FRIM for pH dynamics.

MATERIALS AND METHODS

Instrumentation. The instrumentation required for fluorescence ratio im
aging microscopy which involved the integration of fluorescence microscopy
and spectroscopy, video technology, and digital image processing is described

in detail elsewhere (19). An epifluorescence microscope was modified to

permit computer control of stage position (x and y coordinates) as well as

incident light (no light or excitation wavelengths: A, = 495 Â±5 am or
A1= 440 Â±5 sun). The low light level image from the microscope was
acquired via an intensified camera with a final pixel resolution of approxi
mately 0.7 x 0.6 p.m. Five images at each wavelength were averaged, and the
resultant images were stored for later processing and analysis. Equipment
automation and control, as well as video data acquisition and analysis
capabilities, were provided by the same computer-based system.

Fluorochrome. To measure interstitial pH, BCECF-free acid (Molecular

Probes, Eugene, OR) solutions in physiological saline (Abbott Laboratories,
Chicago, IL) were prepared at various concentrations for calibration samples

3 The abbreviations used are: FR1M@ fluorescence ratio imaging microscopy; Bâ‚¬ECF,

2',7'-bla-(2-carboxyethyl)-5-(and-6-)cathoxy-fluoresceinFlT@fluoresceinisothiocyanate.
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1NTERST@AL pH PROFILES IN NORMAL AND TUMOR TISSUES

modeled as one-dimensional (distance, x) steady state diffusion (diffusion
coefficient, D) with reaction (constant production rate, Q):

d2C
0 = D@ +0

where C is proton concentration. With no net flux at a half-intervessel distance
(L) and wall concentration or pH of C0 or pH0, respectively, the model

produced a parabolic fit of the proton concentration versus position data to
yield proton production rate (Q):

10 0
c= â€”@x2+@Lx+C0

Due to its small size, the proton diffusion coefficient in water can be assumed
to be the same in normal and tumor tissue (on the order of iO@ cm2/s; Ref.
24). Parameter estimates or model fits with an error greater than 20% were

discarded from further analysis.

RESULTS AND DISCUSSION

Macroscopic pH Distribution. Macroscopic interstitial pH values
were obtained in five normal (7.23 Â± 0.08; n 274) and six
tumor-bearing (6.75 Â±0.06; n = 324) chambers. These results agreed
well with four experiments performed previously on composite cham
bers, in which normal and tumor tissues were present in the chamber
simultaneously (19), and with prior normal and tumor tissue studies
(4). The interstitial pH averaged over the area corresponding to one
video image is defined as local pH. This is simply the average pH at
this microcirculatory level. The difference in local pH between the
tissue types is significant (P < 0.001), with tumor tissue being
approximately 0.5 pH units more acidic.

Microscopic Perivascular pH Profiles. This study provides the
first pH data depicting spatial gradients at the microcirculatory level.
Fig. 1 illustrates a two-dimensional fluorescence ratio map of a tumor,
where each shade of each color corresponds to a 0. 1 change in ratio
and white indicates the vascular space. The scale height of the color
bar is approximately 150 @m.The gradient in fluorescence ratio, and
thus pH after application of the calibration data, is easily noted by the

Fig. 1. Pseudocolorimageoffluoresumc..ratio profilebetweenmicrovesselsin tumor
tissue. White regions, vascular space. Tumor tissue exhibits a tortuous, poorly organized,
high density vascularization. Note that the ratio (pH) is higher at the vessel walls and
decreases as one moves away from a vessel. The color scale corresponds to fluorescence
ratios ranging from 0.5 to 3.0. The ratios of 1.0, 1.5, and 2.0 correspond to pH of 6.38,
6.92, and 7.5, respectively. Color scale height, 150 pun.

and in vivo delivery. Mono-basic and di-basic sodium phosphate (Fisher
Scientific, Fair Lawn, NJ) solutions at physiological osmolarity were used as

buffersolutions.
Rabbit Ear Chamber. Microcirculatory visualization was achieved using

a modified Sandison-type rabbit ear chamber preparation. The design of the
chamber (One of a Kind Ltd., Lincoln Park, NJ) confined the tissue to a
thickness ofapproximately 50 @m,which provided excellent optical resolution
for microcirculationstudies.The chamberswere surgicallyimplantedin both
ears of anesthetized (25 mg Nembutal/kg body weight) male New Zealand
white rabbits (Green Meadows, Murrysville, PA), as described elsewhere (20).
The regrowthor granulationtissue was consideredmatureand suitable for
experimentation after 40 days (21). A tumor was grown by placing a slurry of
VX2 carcinoma cells on the top coverslip of the ear chamber following normal
tissuematuration(22).

ProtocoL The in vivo protocol consisted of: (a) scanning the entire cham
her area using transillumination to record the vascular architecture of the
chamber;(b) selectingseveralmeasurementsites; (c) acquiringbackground
images (no fluorochrome in tissue) at both wavelengths; (d) injecting 0.1 ml
retrogradeboluspulseinjectionof BCECF(0.1 mg/mi)intothe ipsilateral
aurical artery feeding the chamber area of the ear; (e) acquiring emission
images due to the excitation at 495 and 440 nm for each spatial site after the
BCECF had uniformly distributed in the interstitial space (approximately 30 s);
(I)checkingBCECFconcentrationfromthefluorescenceintensitydueto440
mu excitation; and (g) i.v. injecting 5 ml of FITC-dextran (10 mg/mi; M@
150,000) into the contralateral ear to serve as a vascular space marker. At the
conclusion of the experiment, images were acquired at both wavelengths of a
dilute FITC-dextran solution in a rectangular capillary tube which acted as a
uniform fluorescence source. The tissue calibration curve was generated with
the use of excised chambertissue from sacrificedanimals(19).

Measurements were taken repeatedly in several locations to assess repro
ducibifity and spatial heterogeneity. Experiments were performed in three
types of chamber preparations: (a) normal tissue exclusively; (b) tumor tissue
exclusively; and (c) a composite of normal and tumor tissue. The composite
tissue can be used as its own control and thus provides information regarding
hitra- versus interanimal variations.

Data Analysis. Following multiplicative spatial nonuniformity correction,
the fluorescenceandbackgroundimages at each wavelengthwere subtracted
andthe fluorescenceratio(R) was calculatedat each pixel:

Ratio(R)

â€” 495 am fluorescence Intensity (I4u 495 @@1T1Background Intensity (I4@)

â€” 440 am Fluorescence intensity (I@) - 440 nm Background Intensity (I@)

With the use of the calibrationcurve (19), the pH was then determinedfrom
this ratio. The gray scale images of FITC-dextran-marked vasculature were
converted to black and white images by manually selecting a threshold to
create the boundary at the vascular-extravascular interface. This image was
thensuperimposedonto the resultantratiomap.Extravascularpixel datawere
averaged and the vascular region was step-wise expanded one pixel layer at a

time, providing the average and SE of pH as a function of distance from the
vessel. The spatial pH profile from the two-dimensional video image was
further analyzed to estimate approximate acid production in the tissue.

Mathematical ModeL In order to interpret the pH data for differences in
acid production, a mathematical model was developed. Chary and Jam (23)
measured interstitial convection to be less than 1 p.m/S in the rabbit ear
chamber preparation. Due to the small size and relatively high diffusion

coefficient of protons, coupled with the measured convective flow, diffusion is
the primary mechanism for proton mass transport in this tissue preparation.

Currently, it is not possible to differentiate between the metabolic pathways of
glycolysis and respiration, as well as buffering. A lumped value of acid
production is used to compress the pH spatial profile data. The distance from
the edge of a centrally located microvessel to the top or bottom of the thin (50
lAm) tissue preparation is approximately 15 @m,which is less than typical

intervessel distances (on the order of 100 pm). Thus, it is assumed that the
chamber is essentially two-dimensional. Multiple microvessels (arterioles,
capillaries, and venules) are observed in a single image and these vessels
â€œmergeâ€•during the generation of the spatial profile data that are the average of

interstitial pH data progressing away from several vessels. Mass transport was

4.
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Table1 Summaryof in vivoexperimentalresultsfor normal,tumor,and nonnal/tumorcompositetissuesthat wereusedto calculateacidproduction(Q),Izalf-intervesseldistance(L),
andpH at the vessel wall(pHdThe

P values (Student's t test) for comparison of normal to tumor tissue data are shown. N, number of animal experiments, n, total number ofmeasurements.Individual

Composite(N = 4)

Normal(N
= 5) P < Tumor (N = 6) Normal P <Tumor0

(mol/liter/s)
Mean 2.36 X i0@ 0.001 3.87 X i0@ 1.60 X i0@ 0.001 3.29 Xi0@SD

2.38x i0@ 3.45x i0@ 1.83X i0@ 1.98XiO@n
194 185 1031080

(gfh/i00g tissue) 0.008 0.012 0.0050.010L
(gm)Mean

62.8 0.01 53.6 61.7 0.0553.1SD
28.6 35.9 31.123.1n
194 185 103108pH0Mean

7.38 0.001 6.79 7.27 0.0016.81SD
0.09 0.13 0.120.08n

194 185 103108Macroscopic

pHâ€•
Mean 7.23 0.001 6.75 7.18â€• 0.001675bSD

0.08 0.06 0.110.10n
274 324 158191Proton

increaseat 50 p.m(M) 4.5 X 10_8 5.7 X i0_8 2.9 X 10_8 4.0 X 10_8

wall. As is evidenced by the reduction in sample size, approximately
70% of the normal tissue data and 60% of the tumor tissue data could
be described by a simple reaction-diffusion model within a minimal
error. This error level was arbitrarily selected as 20%. Difficulty in
fitting the data was most often observed when sufficient data far from
the vessel was not captured. The profile had not â€œflattenedoutâ€•far
from the vessel and was thus more linear (not curved).

Table 1 shows a larger relative variation in acid production as
compared to other variables. As illustrated in Table 2, this is due to
spatial heterogeneity as evidenced by more reproducible (lower coef
ficient of variation = SD divided by the mean) results at a given
spatial location. The data indicate a 65% increase in acid production
for tumors if compared individually and a 100% increase in the

2.5

Table2 Sunvna@yof Experiment52 (normaltissue) showing values ofacid production
(Q; md/liter/s x 107)for variouslocationsand timesduring theexperimentThe

mean,SD, andcoefficient of variation(CV) areshown for each location,aswellas
a summary ofalllocations (global). PF, poor fit (error greater than 20%), blankspaces,data

that did not exist (image was discarded due to too high or low fluorescenceintensityvalues
or poor alignment of vascularimage).Time

(miii)

Location 0 19 29 40 61 Mean SDCV1

2.17 3.17 2.30 4.17 4.72 3.31 1.130.342
9.78 7.14 6.28 13.90 13.00 10.02 3.400.343
PF PF 5.84 10.70 9.70 8.75 2370.294

1.35 1.07 1.82 3.66 1.98 1.170.595
1.64 1.17 1.34 PF 4.33 2.12 1.490.706
3.22 3.04 3.33 5.08 3.64 3.66 0.820.227
1.14 PF1.148

0.85 PF 0.86 0.86 0.000.009
1.46 1.88 2.52 1.95 0.530.2710

4.41 3.46 PF 7.70 3.59 4.79 1.990.4111
2.36 2.66 2.63 3.11 2.72 2.70 0.270.1012
2.87 2.66 PF 3.10 1.74 2.59 0.600.2313
0.90 1.59 2.46 1.39 1.59 0.650.4114
2.19 PF PF 1.14 PF 1.67 0.740.4516
2.16 5.29 1.86 3.82 2.88 3.20 1.390.4317
2.21 4.51 3.80 5.51 4.61 4.13 1.230.3018
2.05 1.59 PF PF PF 1.82 0.330.1819
2.19 1.72 2.97 2.62 238 0.540.2321
1.08 1.11 1.20 1.25 1.50 1.23 0.170.140.31â€•3.4&'

2.71c 0.80â€•

INTERSTITIAL pH PROFILES IN NORMAL AND 11JMOR TISSUES

a Note that the wall pH (iHo) iS greater than the average (macroscopic) pH value.

b From Ref. 19.

-e-pH -*H+

23@
0

2.1k

1.9

+

1.7@

gradual change in color. The pseudocolor information is condensed in
the spatial profile shown in Fig. 2. The average interstitial pH and
proton concentration, along with SE (denoted with the bar), are shown
as a function of distance perpendicular to the vessel. Most average
values are comprised of about 500 data points; thus, the associated
error is low and often not noticeable until the number of data points
is greatly reduced far from the vessel.

The pH spatial profiles can be directly related to physiological func
tion, such as acid production as described earlier by the mathematical
model. The tumor tissue in this example is producing acid at a rate of
2.9 X i0â€”@mol/liter/s. In general, tumor tissue exhibited higher acid
production rates and more shallow pH gradients at the vessel wall than
did normal tissue, but steeper proton concentration gradients. This anom
aly oflow pH gradients but high proton concentration gradients and high
acid production is due to the logarithmic nature of the pH scale.

The experimental results of interstitial pH, acid production, geo
metric information, and gradients are summarized in Table 1. These
results show statistical differences between normal and tumor tissue in
acid production rates, half-intervessel distances, and pH at the vessel

6.85

6.8

6.75

6.7

6.65

6.6 1.5

Fig. 2. Perivascular gradients of interstitial pH and proton (H@) concentration. Average
pH andproton(H@)concentrationsareshownas a functionof distancefrommicrovessels
in the tumor tissues shown in Fig. 1. Bars, SE.

a Average CV.

b Global mean.

C Global SD.

dGlobal CV.
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INTERSTITIAL pH PROFILES IN NORMAL AND TUMOR TISSUES

vascular density at the leading edge of tumors. With the use of the
average of the model parameters, the average change in pH over a
given distance can be determined as shown in Table 1 and Fig. 3.
Normal tissue typically showed a larger gradient in pH but a smaller
gradient in proton concentration than did tumor tissue. At 50 p.m from
the vessel, the interstitial pH dropped 0.32 and 0.13 pH units in
normal and tumor tissues, respectively, indicating a larger pH gradient
in normal tissue. However, this corresponds to a 4.5 X 10_8 and
5.7 X 108 M increase in proton concentration in normal and tumor
tissues, respectively, indicating the steeper proton concentration

gradient in tumor tissue.
This study concentrated on the microscopic measurement of extra

cellular, or interstitial, pH. While microelectrodes typically measure
extracellular pH, positron emission tomography and nuclear magnetic
resonance are used to monitor intracellular pH. Different forms (ester
or free acid) of fluorochromes can be used in FRIM to determine pH

in either the cellular or interstitial compartment.
Temporal Variations in pH. The spatial pH results encouraged us

to assess the feasibility of FRIM for temporal pH studies. We used
two well defined pH modification treatments to test the suitability of

FRIM to detect temporal changes in interstitial pH. Blood was sam
pled from a catheter (polyethylene tube) implanted in the femoral
artery of the right hind limb in order to determine blood pH using a
blood-gas analyzer (Model ABL 330, Radiometer, Copenhagen, Den
mark). As depicted in Figs. 4 and 5, hyperglycemia- (6 gfkg i.v. in
60% solution, bolus) and hypercapnia- (10% CO2 in breathing air)
induced temporal pH modifications can be observed in tumor tissue
using FRIM, resulting in decreases of 0.2 and 0.3 pH units, respec
tively. During hypercapnia, tumor interstitial pH followed a trend
similar to arterial blood pH. Our results compare favorably with

published data (3, 8, 27).
Investigation of temporal variations coupled with spatial variations

of pH may lead to a better understanding of the reaction kinetics. The

pH (Solid) [H+] (Dashed)
7.4

7.3

7.2

7.1

6.9

6.8

6.7

6.6

2.4

2

1.6@

l.2@

0.4

0
0 20 40 60

Distance From Vessel (jim)
Fig. 3. Composite interstitial gradients of pH and proton (H) concentration. pH and

proton concentration proffles for normal (N) and tumor (T) tissues using the average
parameters from Table 1. Note the steeper pH gradient at the wall for normal tissue but
a steeperprotonconcentrationgradientat thewallintumortissue,thusindicatinga higher
acid production rate.

2.6
-50 0 50 100t Time(mm)

Glucose injection

Fig. 4. Effect of hyperglycemia (6 g/kg iv.) on normal and tumor interstitial pH.
Temporal variation of interstitial pH in normal and tumor tissues due to hyperglycemia.
TheaveragefluorescenceratioandpH in a 100-@.un2regionarereported.Thisregionis
approximately 25 @.unfrom the vesselwalL Bars, propagated error in the ratio calculation;
a, pH measurementthat is significantly different (P < 0.05; Student's t test) from the
baseline measurement.

composite tissues. This larger relative difference in composite tissue

may be attributed to minimization of interanimal variations since the
composite tissue acts as its own control. In order to compare these
experimental findings with the results of others, it is assumed that the
source of the measured acid production is from lactic acid. Table 1
shows lactic acid production on a tumor weight basis. These results
compare to a range of 0.34 to 0.011 g/h/100 g in normoglycemic
tissue-isolated preparations (25, 26).

The estimate of interstitial pH at the wall follows a trend similar to
the local pH (tumor is 0.6 pH units more acidic). The haif-intervessel
distance in the tumor tissue is reduced by 15%, which is statistically
significant and verifies the experimental observation of increased
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0
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,@ 3.6
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0@
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Fig. 5. Effect of hypercapnia (10% CO2 in breathing air) on arterial blood and tumor
interstitial pH. Temporal variations in blood pH and tumor interstitial pH due to hyper
capnia show pH decreases as a result of CO2 delivery. Average values, bars, and @,
quantities explained in Fig. 4.
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INTERSTITIALpH PROFILESIN NORMALANDTUMORTISSUES

data could be analyzed with a transient diffusion-reaction model that
would incorporate transient-induced reaction terms such as a step
change in the glucose concentration. This approach would be facii
tated by the ability to block metabolic (glycolysis and respiration) and
buffering pathways (1 1), as well as simultaneous spatial measurement
of other metabolites such as glucose, oxygen, lactic acid, and carbon
dioxide.

Sources of Error and Limitation of FRIM in Vivo. Isoconcen
tration curves for any material will be radial very close to the vessel
wall and become parallel advancing fronts as the distance from the
vessel increases. This thin three-dimensional tissue preparation was
treated as two-dimensional. Thus, this microscopic technique may
actually underestimate the pH gradient near the vessel wall, and hence
acid production. Since this approach will detect a projection of the
three-dimensional tissue, averages (most likely weighted with dis
tance from focal plane) of these radial profiles will be measured. The
result is a reduced measured intensity that lowers the measured
interstitial pH gradient and acid production level.

This spatial investigation of pH or proton variation shows a non
zero acid production in normal tissue. A near zero production rate
would be expected during aerobic glycolysis due to proton balance
between aerobic metabolism production and oxidative phosphoryla

tion consumption. A disruption via anaerobic metabolism or carbonic
acid buffering of carbon dioxide would account for a non-zero acid
production (28). Reductions in flow associated with experimental
trauma could also account for this disruption. It is most likely that this
disruption would occur in all experiments, resulting in a relative
change in acid production associated with tissue type.

The results of the present study strongly support the use of FRIM
in vivo to measure temporal and spatial changes in normal and tumor

interstitial pH due to various therapeutic interventions. The new
technique has been used to clearly show differences between normal
and tumor interstitial pH. It also has provided, for the first time,
experimental evidence of pH gradients at the microcirculatory level.
The in vivo application of this technique shows particular promise
since it can be coupled with other optical techniques to measure
different physiological parameters (29).
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