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We have studied the role of carbonic anhydrase 9 (CA9), a can-
cer-associated extracellular isoform of the enzyme carbonic anhy-
drase in multicellular spheroid growths (radius of �300 �m) of
humancoloncarcinomaHCT116cells. Spheroidswere transfected
with CA9 (or empty vector) and imaged confocally (using fluores-
cent dyes) for both intracellular pH (pHi) and pH in the restricted
extracellular spaces (pHe). With no CA9 expression, spheroids
developed very low pHi (�6.3) and reduced pHe (�6.9) at their
core, associated with a diminishing gradient of acidity extending
out to the periphery.WithCA9expression, core intracellular acid-
ity was less prominent (pHi � �6.6), whereas extracellular acidity
was enhanced (pHe � �6.6), so that radial pHi gradients were
smaller and radial pHe gradients were larger. These effects were
reversed by eliminatingCA9 activitywithmembrane-impermeant
CAinhibitors.TheobservationthatCA9activityreversiblyreduces
pHe indicates the enzyme is facilitating CO2 excretion from cells
(by converting vented CO2 to extracellular H�), rather than facili-
tatingmembrane H� transport (such as H� associated withmeta-
bolically generated lactic acid). This latter process requires titra-
tion of exported H� ions with extracellular HCO3

�, which would
reduce rather than increase extracellular acidity. In amulticellular
structure, the net effect of CA9 on pHewill depend on the cellular
CO2/lactic acid emission ratio (set by local oxygenation andmem-
brane HCO3

� uptake). Our results suggest that CO2-producing
tumors may express CA9 to facilitate CO2 excretion, thus raising
pHi and reducing pHe, which promotes tumor proliferation and
survival. The results suggest a possible basis for attenuating tumor
development through inhibiting CA9 activity.

The carbonic anhydrases (CAs)3 are a family of enzymes that
reversibly catalyze CO2 hydration to H� and HCO3

� (1, 2).

Recent studies have identified several CA isoforms, such as
CA4, CA9, CA12, and CA14, with extracellular-facing catalytic
sites (2). Many cells express extracellular CA (CAe) isoforms,
but their physiological role remains unclear. In particular, the
strong link between cancer and CA9 expression (1–5) has pro-
voked great interest in the role of CAe in tumor biology.
Based on their topology, CAe isoforms are likely to regulate

the concentration of extracellular H�, CO2, and HCO3
�. Cell

metabolism drives transmembrane fluxes of H� ions, CO2 and
HCO3

�, and canprovide substrate for theCAe-assisted reaction.
For example, CO2 is released fromaerobically respiring cells. By
consuming or producing H� ions, the CAe-catalyzed reaction
will affect extracellular pH (pHe).Manymembrane proteins are
modulated by pHe (6–8). Some of these are acid/base trans-
porters that regulate intracellular pH (pHi) (9). Such modula-
tion allows pHe to cross-talk with pHi (10, 11), thus helping to
shape the plethora of effects that pHi has on cellular physiology
(3, 9, 12, 13). Extracellular pH can also affect tissue structure
through the release or modulation of proteolytic enzymes that
act on the extracellularmatrix (14, 15). In addition, the pHe-pHi
difference is important in determining the distribution ofmem-
brane-permeant weak acids/bases, which include many drugs
used clinically (e.g. doxorubicin).
A complete understanding of pH regulation at tissue level

requires characterization of events occurring within cells, at
their surface membrane, and in the surrounding extracellular
space. To date, many pH studies have treated the extracellular
space as an infinite, well-stirred, and equilibrated compartment
of constant pH. This condition is compatible with experimen-
tally superfused, isolated cells, but it may not apply to all cells in
situ. Blood plasma is a major component of extracellular fluid.
In health, plasma pH is regulated to �7.4 by the lungs and
kidneys, acting in concert to remove excess acid/base that has
been added to blood from dietary or cellular sources. Tissue
fluid occupies the gap between plasma and cells (with the
exception of blood-borne cells). Under conditions of ideal dif-
fusive coupling between cells and capillaries, pHe in tissue fluid
would be held close to plasma pH. However, pHe close to the
cell surface can diverge from 7.4, particularly when the cell-
capillary distance is increased (e.g. as a result of poor blood
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perfusion), when the excreted acid/base load is elevated, or
when the local buffering capacity is compromised.
Regulation of pHe is particularly important in tumors

because these are characterized by a highmetabolic rate (16, 17)
and abnormal blood perfusion (18, 19). Studies have shown that
tumors develop low pHe (�6.9) in response to the mismatch
between metabolic demand and the capacity to remove meta-
bolic waste products (14, 18, 20). Tumors can survive in con-
siderably more acidic interstitium than their non-neoplastic
counterparts, partly because of their ability tomaintain a favor-
ably alkaline pHi for growth and development (21). It has been
argued that tumors can survive selectively by maintaining a
level of pHe that is lethal to normal cells but not sufficiently
acidic to kill the tumor itself (2, 14, 22).
Amajor fraction of cell-derived acid is excreted in the formof

CO2, generated directly from the Krebs cycle or from titration
of intracellular H� with HCO3

�. To maintain a steep outward
gradient for CO2 excretion, extracellular CO2 must not accu-
mulate. This can be achieved by venting CO2 to the nearest
capillary or by reacting CO2 locally to produce H� and HCO3

�.
The balance between these two fluxes is set by the diffusion
distance and CO2 hydration kinetics, respectively. Diffusion is
anecdotally considered to be fast. However, over long distances,
CO2 diffusionmay be slower than its local reactive flux. Assum-
ing a CO2 diffusion coefficient, DCO2, of 2500 �m2/s and a
spontaneous CO2 hydration rate, kf, of 0.14 s�1 (23), local CO2
consumption by reaction will be faster than CO2 diffusion over
distances �190 �m (�(2 � DCO2/kf)). The reactive flux can be
augmented enzymatically by CAe, to increase further the
importance of reactive versus diffusive consumption of CO2. If,
for instance, hydration is catalyzed 10-fold, reactive CO2
removal would exceed diffusive CO2 removal over distances
of �60 �m.

The remainder of transmembrane acid efflux takes the form
of lactic acid, generated from anaerobic respiration or aerobic
glycolysis (Warburg effect) (16). Lactic acid efflux can be accel-
erated if its extracellular concentration is kept low by diffusive
dissipation or by CAe-catalyzed extracellular titration of H�

with HCO3
�. It is important to note that CAe-catalyzed hydra-

tion of extracellular CO2 will reduce pHe, whereas titration of
extracellular lactic acid by HCO3

� (to form CO2, a weaker acid)
will raise pHe. Therefore, the capacity of CAe to regulate pHe
will depend on the chemistry of the excreted acid. In most
healthy tissues at rest, the majority of cellular acid is emitted as
CO2. Recent work on tumors also suggests a dominance of CO2
over lactic acid (22, 24).
The role for CAe in facilitating CO2 removal has been

demonstrated for CA4 in skeletal muscle (25) and proposed
for CA9 in tumors (2, 26). Furthermore, CA9 expression is
strongly up-regulated in hypoxia (5), providing a mechanism
by which CA9 levels are linked to diffusion distance. A con-
sequence of facilitated CO2 removal is the attainment of a
more uniformly alkaline pHi across the tissue. We demon-
strated this recently in three-dimensional in vitro tissue
models imaged for pHi (23). One prediction from that study
is that CA9, although reducing pHi nonuniformity, will give
rise to local extracellular acidity, particularly at the core of
multicellular growths.

If pHe is indeedacidifiedbyCA9, the enzymeexpressionmaybe
doublybeneficial forCO2-excreting tumors: itwill help toattain (i)
a favorable alkaline pHi for growth and (ii) an acidic pHe to facili-
tate invasiveness.Clinically,CA9may serve as a target fordrugs. In
the present work, we image pHe using a novel, membrane-imper-
meant fluorescent pH dye in multicellular spheroid growths
(�35,000 cells) derived from the colon carcinoma cell line
HCT116. We demonstrate a key role for CA9 in regulating both
pHi andpHe. Furthermore,we show that, even in the hypoxic core
of spheroids, the principal substrate for CA9 is cell-excreted CO2
and that the precise effect of CA9 on pHe depends on the relative
efflux from cells of lactic acid versusCO2.

MATERIALS AND METHODS

Solutions—The culture medium was Dulbecco’s modified
Eagle’s medium containing 11 mM D-glucose or 2-deoxy-D-glu-
cose (DOG) or D-galactose, buffered by 20 mM Hepes or 5%
CO2, 22 mM HCO3

�. The superfusate was normal Tyrode solu-
tions containing 4.5 mM KCl, 1 mM CaCl2, 1 mMMgCl2, 11 mM

glucose (or DOG or galactose), buffered by either 5% CO2 with
22 mM HCO3

� (pH 7.4, 37 °C), 5% CO2 with 14 mM HCO3
� (pH

7.2, 37 °C), or 1% CO2 with 2.2 mM HCO3
� (pH 7.2, 37 °C) or a

mixture of 2 mM � 2 mM, 10 mM � 10 mM, or 20 mM � 20 mM

Hepes � Mes (pH 7.4, 37 °C). NaCl was added for a final osmo-
larity of 300mOsm/kg. All of the superfusates were delivered at
2 ml/min and at 37 °C maintained by a feedback heater. Super-
fusates were changed rapidly (�5 s) using a switcher, supplied
by two solutions in parallel.
pH Reporter Dyes—To measure pHi, carboxy-SNARF-1 (23)

was loaded into cells as the membrane-permeant acetoxym-
ethyl ester (10 �M) for 10 min (single cells) or 45 min (sphe-
roids). Excitation at 514 nm was provided by an argon laser.
Fluorescence was measured at 580 and 640 nm, ratioed, and
converted to pHi using nigericin calibration (23). Although car-
boxy-SNARF-1 can also, in theory, be used tomeasure pHe, it is
prohibitively expensive for use in superfusion experiments. For
this reason,wehave implementednovel fluorescein-based, dual
excitation pHdyes for imaging pHe: fluorescein-5-(and-6-)-sul-
fonic acid (FS) and N-(fluorescein-5-thiocarbamoyl)-1,2-di-
hexadecanoyl-sn-glycero-3-phosphoethanolamine (DF). The
dyes were obtained from Invitrogen. FS was used in aqueous
solutions at 30 �M. DF is lipid-soluble and was loaded into cell
membranes by exposing cells to 10 �M dye for 10min (27). The
dyes were excited alternately at two wavelengths: near (450–
456 nm) and far (488–490 nm) from the absorption isosbestic
point (�460 nm). Fluorescence was collected �515 nm,
ratioed, and calibrated with superfusates at different pH, buff-
ered by 10 mM Hepes � 10 mM Mes.
Inhibitors—The CAe inhibitor 1-([4-sulfamoylphenyl)ethyl]-

2,4,6-trimethyl pyridinium perchlorate (AP105) was synthe-
sized in house and validated previously for inhibition potency
(1). Acetazolamide (ATZ), a membrane-permeant CA inhibi-
tor, was obtained from Sigma.
Cells—HCT116 cells (radius 8.6 �m) were transfected with

plasmid vector only (referred to as “empty vector” (or EV)) or
plasmid vector with the cDNA for human CA9 (referred to as
“CA9 expressor”) and grown inMcCoy’s 5Amedium (23). CA9
cDNA was a gift from Dr. J. Pastorek (Bratislava, Slovakia).
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Tests for Carbonic Anhydrase Expression—Ice-cold cell sus-
pensionwas homogenized 30–50 times and centrifuged at 3000
rpm for 10min. Supernatant wasmicrocentrifuged (Ti70 rotor;
8000 rpm, 45 min) to deposit the membrane fraction, which
tested positive for Na�/K� pump protein.Western blots tested
for CA9 protein using mouse monoclonal M75 primary anti-
bodies (a gift from Dr. J. Pastorek) (23). The clone with the
highest CA9 expression was selected for growing CA9-positive
spheroids.
Spheroid Growth—CA9 expressor and EV HCT116 cells

were cultured in McCoy’s 5A medium. Aggregation into sphe-
roids (28) was initiated by plating 4 � 106 cells in 250-ml spin-
ner flasks (Techne MCS, UK) spun at 40 rpm for 2–9 days.
Unless stated otherwise, themediawere buffered by 5%CO2, 22
mM HCO3

� (pH 7.4 at 37 °C).
Epifluorescence Measurement of pHe—Single cells were

superfused in a chambermounted on aNikonDiaphot inverted
microscope with a �40 oil immersion objective. Excitation
light alternating every 250 ms between 450 and 490 nm was
provided by a xenon lamp monochromator. Fluorescence was
collected by a photomultiplier tube at �515 nm.
Confocal Imaging of pHe and pHi—Confocal imaging offers

high spatial resolution. Single cells or spheroids were imaged in
a superfusion chamber mounted on a Leica IRBE microscope
with a�10 dry objective. The systemwas coupled to an normal
Tyrode TCS confocal system with argon visible (514-, 458-, or
488-nm) and argon UV (351-nm) lasers. For single cell experi-
ments, the pinhole was set to 1 Airy unit, and each cell was
defined as a region of interest (ROI). For spheroid experiments,
the Airy diameter in �mwas set to 15% of spheroid diameter, a
compromise between adequate confocality and good photon
capture. The fluorescence images were used to identify the
equatorial plane of the spheroid and to produce a spheroid out-
line. This outline was used to generate 10 concentric, nonover-
lapping layered ROIs of width equal to a tenth of spheroid
radius. ROI1 was defined as the ROI at the core, and ROI10 was
defined as the peripheral ROI.
Statistics—The data are presented as the means 	 S.E. and

tested for statistical differences with t test (significant differ-
ences for p � 0.05).

RESULTS

Characterization of Fluorescein-based Dyes—Fluorescein
derivatives FS and DF were characterized for their fluorescent
properties. Cell-free, 30�M solutions of FS at different pHwere
studied in the confocal system under argon laser excitation,
alternating between 458 and 488 nm every 4 s. To characterize
DF, the cells were preloaded with dye at 10 �M for 10 min, and
then dye-tagged cells were superfused with dye-free solutions
at different pH under xenon lamp excitation, alternating
between 450 and 490 nm every 0.25 s. Fig. 1A shows FS and DF
emission at different pH. Fluorescence excited at the lower
wavelengthwas less pH-sensitive, as it is nearer to the isosbestic
point. The fluorescence excited at the two wavelengths was
ratioed and plotted as a function of pHe in Fig. 1B. The pK
values for FS andDFwere estimated to be 6.4 and 7.6 (corrected
for the ratio of maximum-to-minimum fluorescence at the

lower wavelength, which offsets empirically estimated affinity
(29)).
For a dye to report only pHe, it must not permeate cell mem-

branes. The membrane permeability of FS was measured in EV
cells, superfusedwith 30�Mdye, and imaged confocally. 45min
of exposure to FS increased cellular fluorescence by �3%, sug-
gesting low membrane permeability (Fig. 1C). To determine
whether DF inserts at the inner or outer leaflet of the mem-
brane, DF-loaded cells were superfused with solutions that
altered pHe alone (changing superfusate pHe) or pHi alone
(superfusing with ammonium or acetate salts at constant pHe).
DF fluorescence was only responsive to the former maneuver,
indicating outer leaflet insertion.
We also tested whether the dyes inhibit CA activity. A 10 nM

solution of bovine red cell CA2, buffered by 20 mM Hepes, was
tested for CA activity (23). 0.5 ml of 100% CO2-saturated water
was injected rapidly to 1.5 ml of enzyme suspension in a stirred
chamber at 4 °C. Medium pH time courses were fitted with
kinetic equations for CO2 hydration. The protocol was
repeated in the presence of 30�MFS and100�MATZ.Catalysis
by CA was inhibited by ATZ but unaffected by FS (Fig. 1D) or
DF (not shown).
Measuring CA9 Activity in Single Cells—Single HCT116

cells, transfected with vector alone, or vector with the CA9
gene, were assayed for CAe activity using the epifluorescence
set-up. The cells were loaded with DF to report surface mem-
brane pHe (Fig. 2, A and B) (27) and superfused with solutions
buffered by 1% CO2, 2.2 mM HCO3

� (pH 7.2). Superfusates of
low buffering capacity optimized the amplitude of surface pHe
changes. The superfusate was switched rapidly to one contain-
ing 30mM ammonium (pH 7.2) for a period of 30 s. Exposure to
an equilibrated solution ofNH4

�/NH3 drives rapid entry ofNH3
into cells. Surface pHe is reduced as extracellular NH4

� depro-
tonates to replenish NH3 that has entered the cell. After �20 s,
surface pHe re-equilibrates to 7.2. On subsequent removal of
the extracellularweak base,NH3 is driven rapidly out of the cell,
protonates at the outer cell surface, and transiently raises sur-
face pHe. Because CO2/HCO3

� buffer contributes to the release
and consumption of H� ions at the cell surface, the time
courses of recorded pHe transients depend on CO2/HCO3

�

buffer kinetics, i.e. CAe activity.
Fig. 2A (panel i) shows surface pHe transients measured in

CA9-expressing cells in the absence and presence of the CAe
inhibitor, AP105 (500 nM). Expression of CA9 protein in the
membrane fraction was confirmed by Western blotting. The
pHe transients were smaller and briefer in the absence of
AP105. This wasmore evident in the alkaline direction; the area
under the pHe transientwas 57% larger in the presence of inhib-
itor. The smaller size of pHe transients recorded in the absence
of drug is indicative of CAe activity. The same experimental
protocolwas performedonEVcells that lackCA9protein in the
membrane. In this case, the pHe transients (Fig. 2A, panel ii)
were not affected by AP105, indicating the absence of CAe
activity.
To confirm the membrane impermeability of AP105 (and

hence selectivity for CAe isoforms), we tested the inhibitory
potency of AP105 (500 nM) on intracellular CA activity in EV
cells and compared this with the potency of ATZ (100 �M), a
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membrane-permeant CAe inhibitor. EV cells were loaded with
the pHi reporter dye carboxy-SNARF-1 (Fig. 2B) and super-
fused with dye-free solution. The superfusate was switched
fromone buffered by 20mMHepes (nominally CO2-free) to one
buffered by 5%CO2, 22mMHCO3

�. Rapid solution change from
0 to 5% CO2 drives CO2 influx, intracellular hydration, and pHi
acidification. The reverse solution change produces the oppo-
site response (23). Fig. 2B shows the pHi time course associated
with these maneuvers. ATZ slowed the rate of pHi change, in
both directions, but AP105 had no significant effect. The differ-
ence in response to the two drugs confirms that AP105 does not
penetrate the cell membrane.
The pHi time courses are in agreement with high membrane

CO2 permeability (estimated to be �10 �m/s). The rate of pHi
change upon the addition or removal of CO2 provides a meas-
ure of intracellular CO2/HCO3

� buffering kinetics. Fig. 2C plots
the initial rates of these pHi changes, normalized to the rate
measured in ATZ. Catalysis by intracellular CA (CAi) isoforms
alone (CAe blocked with AP105) is 4.0- and 3.4-fold in EV and
CA9-expressing cells, respectively, i.e. slightly greater in EV
cells. This finding is consistent with the inverse relationship
between CA9 and CAi expression observed previously in

RT112 cells (23). Additional CAe activity in drug-free CA9-
expressing cells augmented (by 15%) the kinetics of pHi change
on removal of extracellular CO2, but not on its addition. CA9
has an asymmetric effect on CO2 hydration and HCO3

� dehy-
dration, because the spontaneous rate of the former is slower,
making it more responsive to CA9 catalysis. The pHi time
courses can also be used to derive intrinsic (non-CO2) buffering
capacity (�i), which is given by the change in [HCO3

�]i (which is
equal to [HCO3

�]o � 10pHi�pHo divided by the pHi change (23)).
�i was 27.3 	 0.2 and 23.5 	 0.2 mM/pH (n 
 30) in CA9-
expressing and EV cells, respectively (Fig. 2B).
In summary, cells transfected with CA9 were positive for

CA9 protein and displayed functional CAe activity. EV cells did
not express CA9 protein and showed no CAe activity but a
modestly higher CAi activity than CA9-expressing cells.
Optical Measurements in Spheroids—The geometry of sphe-

roids was characterized by confocal imaging with the mem-
brane-permeant dye, 7-amino-4-methylcoumarin (AMC)
(supplemental Fig. S1). Superfusion of spheroids with 10 �M

AMC increased fluorescence throughout the spheroid, with an
effective AMCmobility of 212 	 12 �m2/s, �5-fold lower than
that predicted from its molecular weight. This reduction sug-

FIGURE 1. Characterizing fluorescein-derived dyes. A, fluorescence from 30 �M FS (circles) or from cell membranes loaded with 10 �M DF (diamonds), plotted
versus superfusate pH. FS was excited at 458 nm (black) or 488 nm (gray) with an argon laser; DF was excited at 450 nm (black) or 490 nm (gray) with a xenon
lamp. Data (n 
 6 –12/bin) were fitted to sigmoid curves. B, FS and DF fluorescence ratio versus pH. C, intracellular fluorescence during superfusion of EV cells
with 30 �M FS, relative to superfusate fluorescence. Cellular dye uptake is negligible, indicative of low FS membrane permeability. D, rate of CO2 hydration at
4 °C in the presence of 10 nM bovine red cell CA2. The rates were also measured in the presence of 100 �M ATZ or FS (n 
 5/bin). The data were normalized to
the ATZ (spontaneous) rate. FS does not inhibit CA2 activity.
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gests that the fraction of spheroid volume occupied by cells is
80%. The restricted extracellular space is suitable for driving
CO2/HCO3

� buffer out-of-equilibrium, a condition that allows
CAe isoforms to perform net catalysis. Steady state AMC fluo-
rescence throughout the spheroid indicated a high degree of
spherical symmetry (supplemental Fig. S1).
CA9 Enzymatic Activity Reduces Intracellular pH Gradients

but Increases Extracellular pHGradients—An earlier work (23)
has shown that CA9 catalytic activity raises pHi and reduces its
spatial heterogeneity in RT112 spheroids. This observation was
tested in HCT116 spheroids (radius of 150–200 �m), loaded
intracellularly with carboxy-SNARF-1. The experiment could
not be performed on larger spheroids because of poor dye pen-
etrability. Steady state fluorescence was converted to pHimaps
(Fig. 3A) for an EV spheroid (panel i), a CA9-expressing spher-
oid under control conditions (panel ii), and one pretreatedwith
500 nM AP105 (panel iii). With CA9 activity, pHi was more
alkaline and spatially nearly uniform. In the absence of CA9
activity, large spatial pHi gradients were evident, with signifi-

cant acidity in core regions. Radial pHi data are summarized in
Fig. 3C (panel i).
In separate experiments, we imaged pHe to test the

hypothesis that the effect of CA9 activity on pHe is opposite
to that on pHi (23). Spheroids (radius of 250–350 �m) were
superfused with 30 �M FS solution buffered by 5% CO2, 22
mM HCO3

� and imaged confocally. The dye penetrates the
extracellular space of the spheroid within 2 min (supplemen-
tal Fig. S2). Fig. 3B shows pHe maps at steady state for an EV
spheroid (panel i), a CA9-expressing spheroid (panel ii), and
one pretreated with 500 nM AP105 (panel iii). Core pHe was
�6.9 in the absence of CA9 (Fig. 3B, panel i) and consider-
ably more acidic (�6.6) in its presence (Fig. 3B, panel ii).
Preincubation with 500 nM AP105 for 2 h raised core pHe to
�6.9. Radial pHe data are summarized in Fig. 3C (panel ii).
The lower pHe measured in CA9-expressing spheroids was
not due to a higher cellular metabolic rate, because both EV
and CA9-expressing single cells acidified culture medium to
a similar extent (supplemental Fig. S3).

FIGURE 2. Measuring CA activity in intact HCT116 cells. A, panel i, CA9-expressing cells loaded with membrane-inserting dye DF (see fluorescence map).
Membrane fraction tested positive for CA9 protein by Western blotting (�-actin as control). Intact cells were superfused with 1% CO2, 2.2 mM HCO3

� buffer (pH
7.2). Superfusion was switched rapidly for 30s to buffer containing 30 mM NH4Cl (pH 7.2). Transmembrane NH3 flux produces transient changes to surface
membrane pHe (see cartoon). Surface pHe transients were smaller and briefer in the absence of CA9 inhibitor, 500 nM AP105 (red). Panel ii, protocol repeated on
EV cells. Surface pHe transients are not different in the presence or absence of AP105, indicating a lack of CAe activity. B, EV cells AM-loaded with carboxy-
SNARF-1 to measure pHi (see fluorescence map). The cells were superfused with CO2-free solution buffered by 20 mM Hepes (pH 7.4) and exposed for 4min to
superfusate buffered by 5% CO2, 22 mM HCO3

� (pH 7.4). Transmembrane CO2 flux produces pHi changes, at a rate determined by CA catalysis (see cartoon).
Protocol was repeated in the presence of AP105 (500 nM) or ATZ (100 �M). ATZ blocks all CA activity. In EV cells, AP105 has no effect on catalysis, indicating that
the drug does not enter cells. C, initial pHi slope on the addition and removal of CO2 for EV (n 
 30) and CA9 expressor cells (n 
 30). AP105 had a small but
significant effect only in CA9-expressing cells, in response to extracellular CO2 removal.
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In summary, spheroids express-
ing CA9 developed intracellular and
extracellular acidosis that was
greatest at the core. Inhibition of
CA9 with AP105 reduced the radial
pHe gradient (Fig. 3B) but increased
the radial pHi gradient (Fig. 3C).
The data suggest that CA9 catalytic
activity accelerates the efflux of cell-
derived acid to the extracellular
space and helps to maintain a more
uniform pHi at the cost of a more
acidic and heterogeneous pHe.
Larger CA9-expressing Spheroids

Deposit Greater Extracellular Acid
Load—Acid generated by respiring
cells is deposited into the extracellu-
lar space, whence it diffuses to the
superfusate. The diffusion distance
will determine the pace at which
acid can be vented. Spheroids made
from CA9 expressor or EV cells
were grown to radii between 100
and 500 �m, and pHe in the core
ROI was measured in the presence
and absence of 500 nM AP105 (Fig.
3D). In both types of spheroid, core
pHe acidified in a saturatingmanner
as spheroid size increased. Core pHe
was 54%more acidic in CA9 expres-
sors. Preincubation with AP105
for 2 h alkalinized core pHe in
CA9-expressing spheroids but
had no effect on EV spheroids
(Fig. 3D). These data suggest
that AP105-sensitive extracellular
acidity is due to CAe activity, pres-
ent in CA9-expressing spheroids
but absent in EV spheroids.
Extracellular, Not Intracellular,

CA Isoforms Play a Dominant Role
in Acidifying pHe—Wehave investi-
gated whether inhibition of intra-
cellular CA isoforms has a supple-
mentary effect on pHe gradients.
This was examined by comparing
pHe data from spheroids (radius,
250–350 �m) preincubated with
membrane-impermeant AP105 (500
nM) and membrane-permeant ATZ
(100 �M). AP105 and ATZ reduced
pHe gradients by similar amounts in
CA9-expressing spheroids (Fig. 4A,
panel i) but had no significant effect
on EV spheroids (Fig. 4A, panel ii).
This indicates that, in the absence of
CAe activity, CAi isoforms do not
affect spatial pHe gradients.

FIGURE 3. Extracellular CA activity acidifies spheroid extracellular space and alkalinizes spheroid intra-
cellular space. A and B, maps of pHi (A) (measured with carboxy-SNARF-1) and pHe (B) (measured with fluo-
rescein-5-(and-6-)-sulfonic acid) in EV spheroid (panel i), CA9-expressing spheroid (panel ii), and CA9-express-
ing spheroid preincubated with 500 nM AP105 (panel iii). C, radial profile of pHi (panel i) and pHe (panel ii)
recorded in CA9-expressing spheroids (black; n 
 20; spheroid radius of 222.0 	 10.6 �m (panel i) or of 299.0 	
2.7 �m) (panel ii) and in CA9-expressing spheroids treated with 500 nM AP105 (red; n 
 20; spheroid radius of
229.2 	 13.7 �m (panel i) or of 307.0 	 6.3 �m) (panel ii). *, significant difference between control and AP105.
CA9 activity decreases pHe and increases pHi. D, core pHe measured in the presence (red; n 
 6 –25/bin) or
absence (black; n 
 7–30/bin) of AP105 in CA9-expressing spheroids (panel i) and EV spheroids (panel ii). As
spheroid size increases, core pHe decreases. The difference between CA9-expressing and EV spheroids is abol-
ished in the presence of AP105 (best fit with three-parameter sigmoid curve).
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Principal Source of Substrate for ExtracellularAcidification Is
CO2 Production—In experiments described thus far, glucose was
the sole superfused metabolic substrate. It is thus likely to under-

pin the appearance of extracellular
acid. To test this, spheroids (radius of
250–350 �m) were equilibrated in
medium containing DOG in place of
glucose to block glycolysis (30). Sphe-
roids were subsequently superfused
in DOG-containing, 5% CO2, 22 mM

HCO3
�-bufferedmediumand imaged

for pHe. The spheroids did not acidify
pHe (Fig. 4B), confirming that sub-
strate metabolism is ultimately the
source of extracellular acid.
Cells can generate acid metaboli-

cally in the form of CO2 or lactic
acid (2, 16, 17). Onemajor source of
CO2 is decarboxylation of Krebs
cycle intermediates under aerobic
conditions. To investigate whether
theKrebs cycle contributes to extra-
cellular acidification, spheroids
(radius 250–350 �m) were incu-
bated for 2 h in glucose-containing
medium with 1 �M rotenone or 5
�Mmyxothiazol, inhibitors of mito-
chondrial complexes I and III,
respectively (31) (Fig. 4B). CA9-ex-
pressing spheroids, when forced to
respire without Krebs cycle activity,
still generated acidic pHe gradients,
but these gradients were up to 40%
smaller, and were no longer signifi-
cantly different from those meas-
ured in EV spheroids, i.e. CAe activ-
ity under these conditions had no
apparent effect on pHe. Uncoupling
ofmitochondria with FCCP (25�M)
(31) had a similar effect to rotenone
and myxothiazol (Fig. 4D). The
applied doses of mitochondrial
drugs were higher than typically
used in isolated cells, to ensure ade-
quate inhibition throughout the
large, restricted spheroid volume.
Mitochondrial inhibitors did not
target in vitro CA9 activity (supple-
mental Fig. S4). In isolated cells,
rotenone and myxothiazol did not
have a significant effect on resting
pHi, but FCCP produced a small,
transient acidification (supplemen-
tal Fig. S4).
In a different set of experiments,

spheroids were grown in medium
containing galactose instead of glu-
cose. Oxidation of galactose to

pyruvate yields no ATP and forces cells to commit to the Krebs
cycle (32). Radial pHe profiles were measured in CA9-express-
ing and EV spheroids (Fig. 4C). When tracking in from the

FIGURE 4. Pharmacological studies of extracellular pH gradients. A–C, imaging for pHe with dye FS in
spheroids superfused with 5% CO2, 22 mM HCO3

� buffer. The data are presented as radial pHe profiles. *,
significant difference between control and drug. A, data for CA9-expressing (panel i) and EV spheroids
(panel ii). Black filled circles, drug-free conditions (spheroid radius of 299.0 	 2.7 (panel i) and 297.6 	 2.67
�m (panel ii)). Red open circles, with 500 nM AP105 (spheroid radius of 307.0 	 6.3 (panel i) and 303.0 	 5.7
�m (panel ii)); Green open triangles, with 100 �M ATZ (spheroid radius of 308.6 	 3.6 (panel i) and 296.6 	
6.4 �m (panel ii)). B, data for CA9-expressing (panel i) and EV spheroids (panel ii). Black filled circles, drug-
free conditions. Red open circles, with 1 �M rotenone (spheroid radius of 310.0 	 5.9 (panel i) and 314.7 	
6.2 �m (panel ii)). Blue open triangles, with 5 �M myxothiazole (spheroid radius of 325.1 	 7.2 (panel i) and
319.5 	 4.2 �m (panel ii)). Gray open squares, D-glucose replaced with DOG (spheroid radius of 278.7 	 3.6
(panel i) and 305.0 	 6.6 �m (panel ii)). C, pHe gradients in CA9-expressing spheroids (filled symbols) or EV
spheroids (open symbols) respiring glucose (black symbols) or galactose (red symbols; spheroid radius of
299.4 	 6.1 (panel i) and 29.5 	 4.3 �m (panel ii)). D, core-to-periphery pHe gradient under different
conditions. *, significant difference between CA9-expressing and EV spheroids. #, significant difference
between data from the same spheroid type (EV or CA9 expressor). Cinn, �-cyanohydroxycinnamate.
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oxygenated periphery, galactose-respiring spheroids displayed
a steeper fall of pHe, in agreement with a higher Krebs cycle
turnover under these metabolic conditions (32). The degree of
extracellular acidosis saturated toward the core, suggesting a
fall in metabolic activity in the deeper, more hypoxic regions.
CA9 activity thus acidified pHe, as expected from a CO2-gener-
ating process.
Our data indicate that the Krebs cycle normally operates in

spheroids as large as 300 �m in radius, and its output underlies
much of the difference in pHe gradients observed in CA9-ex-
pressing spheroids and EV spheroids. Fig. 4D summarizes the
effects of different incubation conditions on the amplitude of
radial pHe gradients.
Majority of Cell Acid Is Excreted across Membranes as CO2

Not Lactic Acid—Spheroids larger than 150 �m in radius are
known to develop hypoxic cores (33, 34). LowO2 levels activate
hypoxia-inducible factor and up-regulate the anaerobic respi-
ration of glucose to lactic acid (35). Lactic acid production is
also raised when mitochondria are blocked pharmacologically.
In the absence of the Krebs cycle, lactic acid production would
appear to underliemuchof the acidic pHe in spheroids (Fig. 4B).
Lactic acid production in hypoxic regions may explain why
pHe continues to fall with increasing depth in glucose-
respiring spheroids but levels off in galactose-respiring
spheroids (Fig. 4C).
Cells can remove lactic acid in two ways. The first is by intra-

cellular titration with HCO3
� (sequestered from the extracellu-

lar space). The titration reaction generates CO2, which diffuses
to the extracellular space, where it is subject to catalysis byCA9,
if active. The second way is by extruding lactic acid directly via
the monocarboxylic acid transporter (MCT) (36). Alterna-
tively, the H� ion component of lactic acid can be extruded by
transporters such as Na�-H� exchange (9). In HCT116 cells,
however, H� extrusion by Na�-H� exchange is low and
�4-fold smaller than acid-neutralizing HCO3

� uptake trans-
port (supplemental Fig. S4). A similar observation has been
made in RT112 cells (23). Functional MCT activity in HCT116
cells was demonstrated by measuring pHi in isolated cells dur-
ing transient exposure to 5 mM sodium lactate to activate lactic
acid influx via MCT (supplemental Fig. S4). The MCT blocker
�-cyanohydroxycinnamate (2.5 mM) (36) inhibited a large frac-
tion of the acidification induced by this procedure, indicating
that direct lactic acid transport is mainly MCT-mediated (sup-
plemental Fig. S4). The contribution of MCT-mediated lactic
acid excretion to pHe nonuniformity was studied in glucose-
respiring spheroids, preincubated with 2.5 mM �-cyanohy-
droxycinnamate for 2 h. This compound did not significantly
affect pHe gradients in either CA9 expressor or EV spheroids
(Fig. 4D). Transmembrane lactic acid efflux therefore does not
contribute greatly toward acidic pHe under control conditions.
It is therefore likely that themajority of anaerobically produced
acid exits cells as CO2, formed by titration with intracellular
HCO3

�.
Extracellular Acidification Can Be Altered by Extracellular

[HCO3
�] and Buffering Capacity—The extracellular buffering

regimehas a 2-fold effect on pHe gradients. First, themagnitude
of pHe changes in response to acid depends inversely on extra-
cellular buffering capacity. Second, extracellular CO2/HCO3

�

buffer provides substrate (HCO3
�) for cellular uptake and titra-

tionwith intracellular acid. To investigate the effect of extracel-
lular buffering capacity and composition, the spheroids were
preincubated for 6 h under one of two conditions. In one set of
experiments, incubation and subsequent superfusion was per-
formed in lower extracellular [HCO3

�] (5% CO2, 14mMHCO3
�,

pH 7.2). Radial pHe profiles were measured in CA9-expressing
spheroids. Compared with experiments in 22 mM HCO3

�

media, acidic pHe gradients were greater in low HCO3
�

medium, in agreement with its lower buffering capacity. Inhi-
bition of CA9 with AP105 had a similar effect on pHe gradients
under both buffering conditions (Fig. 5A).
In a second set of experiments, spheroids were preincubated

and then superfused with Hepes and Mes buffer (2 � 2 mM,
10 � 10 mM, or 20 � 20 mM) in place of CO2/HCO3

�. An
equimolar mixture of Hepes � Mes ensures that buffering
capacity is near constant over the pHe range 6–7.5. Overall,
increasing the extracellular buffering capacity in CA9-express-
ing or EV spheroids decreased pHe gradients (Fig. 5, B–D).
Spheroids expressing CA9 activity produced larger pHe gradi-
ents than EV spheroids (Fig. 5, B and D). Preincubation with
500 nM AP105 reduced pHe gradients in CA9-expressing sphe-
roids to levels observed in EV spheroids (Fig. 5C). The relation-
ship between pHe gradient size and Hepes � Mes buffering
(Fig. 5E) indicates that extracellular buffering by 5% CO2, 22
mM HCO3

� corresponds to an equivalent Hepes � Mes con-
centration of �17 mM.
In summary, our data show that CA9 can acidify pHe even in

the absence of superfusate CO2/HCO3
� buffer. This confirms

that the principal source of extracellular acid is cell-derived
CO2, much of this being generated from the Krebs cycle.

DISCUSSION

Carbonic Anhydrase 9 as a Regulator of Both Intracellular
and Extracellular pH—The extracellular topology of the CA9
active site has hinted at a role in acidifying pHe. Expression of
the enzyme in a population of isolated cells reducesmediumpH
(26). In single cells, expression of CA9 has been shown to raise
steady state pHi (3), and our previous work (23) has shown that
CA9 activity raises pHi and reduces its heterogeneity in multi-
cellular spheroid growths. All of these results suggest that CA9,
in effect, increases the transmembrane acid efflux.
In the presentwork, we have tested this hypothesis by in vitro

imaging of both pHi and pHe in spheroids grown from cells of
the HCT116 human colon carcinoma line. This cell line has a
high metabolic rate (supplemental Fig. S3) and can grow into
multicellular spheroids that are accessible to confocal imaging
(Fig. 3 and supplemental Figs. S1 and S2). Spheroids are a good
model for poorly perfused, developing tumors (23, 28, 33)
because they have a restricted extracellular space, with a con-
siderable core-to-surface diffusion distance for solutes such as
CO2 andH� ions. Spheroidsmay also offer a useful experimen-
talmodel for simulating pHcontrol during interrupted vascular
perfusion of normal tissue, such as brain and myocardium.We
have characterized a novel dye, fluorescein-5-(and-6)-sulfonic
acid, and we find that it provides excellent spatial measure-
ments of pHe in spheroids. Under control conditions, spheroids
develop radial gradients of pHi and pHe, with the lowest levels
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reached at the core (Fig. 3C). Expression of CA9 decreases core
pHe and increases core pHi (Fig. 3, A–C), supporting a role for
CA9 in facilitating transmembrane acid efflux.
Sources of Extracellular Acidosis and the Role of CA9—We

studied the factors, including CA9 activity, that affect pHe. The
degree of extracellular acidity increases with spheroid radius
(Fig. 3D), as expected from the increasing diffusion distance.

The ultimate source of acid in the
extracellular space is cellular respi-
ration, because removal of metabo-
lizable substrate causes spheroid
pHe to equilibrate with the superfu-
sate (Fig. 4B). There are three possi-
ble ways for cells to generate extra-
cellular acid (Fig. 6A): (i) Jmito,
mitochondrial CO2 production and
its efflux; (ii) Jextr, lactic acid pro-
duction and H�-lactate extrusion
by MCT or H� ion extrusion by e.g.
Na�-H� exchange, and (iii) Jtitr, lac-
tic acid production, its titration by
intracellular HCO3

� and subsequent
efflux in the formofCO2. In general,
these acid fluxes will occur in all tis-
sues, but the distribution among the
three pathways will depend on fac-
tors such as oxygenation,mitochon-
drial status, membrane transporter
activity, and the chemistry of the
respiratory substrate. For example,
removing extracellular HCO3

�, by
eliminating HCO3

� reuptake into
cells, will reduce Jtitr to 0 but
increase Jextr, to ensure sustained
removal of lactic acid. Another
example is that substituting glucose
with galactose forces cells to rely
entirely on oxidative phosphoryla-
tion rather than anaerobic respira-
tion (32). Under these conditions,
Jtitr and Jextr will fall to 0, whereas
Jmito and O2 consumption will rise.

Intracellular and extracellular CA
isoforms could potentially play a
role in all three acid efflux pathways
(Fig. 6A). Our data, however, show
that inhibition of CAi isoforms has
no supplementary effect on pHe gra-
dients when CA9 activity is absent,
indicating that the major influence
of CA on pHe is exerted through
CAe (Fig. 4A). CA9 activity acceler-
ates both extracellular CO2 hydra-
tion and the reverse dehydration
reaction. If cellular acid is excreted
as CO2, CA9 will increase its extra-
cellular hydration, yielding more
H� (thus lowering pHe), thereby

facilitating further transmembraneCO2 efflux. If cellular acid is
excreted as lactic acid, CA9 will facilitate its extracellular titra-
tion with HCO3

�. This will augment transmembrane lactic acid
efflux but will increase pHe. This is because CO2 is a weaker and
more diffusible acid than lactic acid. Therefore, CA9 will have
opposing effects on pHe, depending on whether CO2 or lactic
acid are principally extruded. Either way, CA9 will facilitate the

FIGURE 5. Extracellular pH gradients in low or nominally nil HCO3
� superfusates. Spheroids were equili-

brated in media buffered by 5% CO2/14 mM HCO3
� (pH 7.2) (A) or an equimolar mixture (2 � 2, 10 � 10, 20 � 20

mM) of Hepes � Mes buffer (pH 7.4) instead of CO2/HCO3
� (B–D). Radial pHe profiles (n 
 10 –22/data set) in

CA9-expressing spheroids with and without 500 nM AP105 (A; radius of 377.6 	 6.2 and 362.6 	 6.6 �m),
CA9-expressing spheroids (B; radius of 274.3 	 5.7, 285.3 	 13.8, and 285.0 	 7.2 �m), CA9-expressing sphe-
roids preincubated with 500 nM AP105 (C; radius of 271.3 	 7.3, 272.6 	 4.5, and 277.6 	 6.9 �m), and
EV spheroids (D; radius of 280.9 	 7.0, 261.9 	 4.1, and 263.3 	 6.2 �m). E, core-to-periphery pHe gradient
versus Hepes � Mes concentration. Stars and crosses, superimposition of pHe gradient measured in 5% CO2, 22
mM HCO3

� buffer and 5%CO2, 14 mM HCO3
� buffer with (black filled symbols) or without (open symbols) CA9

activity.
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efflux of acid (CO2 or lactic acid).
The fact that, in control spheroids
CA9 acidifies pHe indicates that its
principal effect is to facilitate the
efflux of cellular CO2. In support of
this model, radial pHe gradients
were not significantly affected by
blocking MCT (Fig. 4D). Further-
more, the activity of other H� ion
extruding transporters (e.g.
Na�-H� exchange) inHCT116 cells
is low (supplemental Fig. S4), and so
their contribution to H� efflux will
be minimal. This is in agreement
with data from in situ colon carcino-
mas, showing that �70% of acid
output is as CO2 (22, 24).
In well oxygenated regions of

spheroids, most CO2 will originate
from the Krebs cycle (Jmito). Indeed,
in galactose-respiring spheroids,
this is the only source of cellular
acid. It is therefore notable that
radial pHe profiles in these sphe-
roids were steep near the periphery
but leveled off sharplywith depth, in
contrast to a smoother and more
gradual pHe acidification toward
the core of glucose-respiring sphe-
roids (Fig. 4C). The steepness of the
radial pHe gradient at the periphery
of galactose-respiring spheroids
can be explained by a high respira-
tion rate in these regions, as
observed previously in cultured
cells (32). The flatter pHe gradient
at depths �170 �m indicates a
sharp drop in acid production,
correlating with the predicted fall
in O2 tension. In contrast, pHe
continues to fall with depth in glu-
cose-respiring spheroids, suggest-
ing a sustained acid production
that persists under hypoxia.
As O2 tension falls, lactic acid

production will increase. Because
CA9 has an acidifying effect on pHe,
even at the hypoxic core of sphe-
roids (Fig. 3C, panel ii), it is likely
that cell-generated lactic acid in
these regions is titrated (Jtitr) with
HCO3

� to produce CO2, which then
vents from cells to act as a substrate
for CAe. For this process to bemain-
tained, HCO3

� must be continu-
ously transported back into the cell
from the extracellular space. The
role of HCO3

� influx transporters in

FIGURE 6. Model of spheroid pHe regulation. A, proposed scheme of acid efflux pathways. Cell metabolism
generates acid which takes the form of CO2 or lactic acid (HLac). CO2 generated directly by mitochondria (Jmito)
can exit across the membrane. The acidity caused by lactic acid can be extruded across the membrane as H�

ions (Jextr) by H�-lactate co-transport or H� extrusion (green squares). Alternatively lactic acid can be titrated
with intracellular HCO3

�, imported on transmembrane HCO3
� carriers (blue diamond), to produce CO2 (Jtitr).

Extracellular pH depends on acid output and the extracellular diffusion and reaction fluxes. Carbonic anhy-
drases (circled CA) catalyze the reaction CO2 � H2O7 H� � HCO3

�. B, experimental data (from Fig. 3D) with
model simulation for the relationship between core pHe and spheroid radius in 5% CO2, 22 mM HCO3

� buffer. To
obtain the sigmoidal relationship, Fsubs �M/s) is 180�(0.3 � radius). Red, CA inactive (CAe 
 1); black, CA active
(CAe 
 10); stars, core pHe for radius 
 300 �m. Inset, relationship between core pHe and CA activity (CAe).
C, experimental data (from Figs. 4, A and C) with model simulation for radial pHe gradients in glucose-respiring
(circles) or galactose-respiring (stars) spheroids in 5% CO2, 22 mM HCO3

� buffer. D, experimental data (from Fig.
4B) with model simulation (continuous line) for radial pHe gradients in 5% CO2, 22 mM HCO3

� buffer in the
presence of mitochondrial inhibitors. The fraction of intracellular lactic acid titrated was 0.45. Dashed line,
model simulation assuming nil intracellular lactic acid titration. E, experimental data (from Fig. 5) with model
simulation for core pHe at increasing Hepes � Mes buffer capacity.
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determining Jtitr could be studied with pharmacological inhib-
itors. However, many inhibitors of acid/base transport, such as
DIDS, also inhibit CA activity directly (37); therefore it was not
feasible to use these drugs in our studies of CA9. However, the
role that Jtitr plays in providing substrate (CO2) for CA9 can be
appreciated by removing extracellular HCO3

�, thus blocking
HCO3

� re-uptake (Fig. 5). Over a comparable pHe range, the
acidifying effect of CA9 on pHe was 15% smaller in spheroids
superfused inHepes/Mes buffer than in 5%CO2, 22mMHCO3

�

buffer (Fig. 5E).
In the presence of mitochondrial inhibitors, spheroids con-

tinued to produce an acidic pHe, but there was now no observ-
able influence of CA9 activity (Fig. 4B). Under these conditions,
Jmito is abolished, and all acid efflux is carried by Jextr � Jtitr. The
lack of effect ofCA9under these conditions argues for a balance
between Jextr and Jtitr, at which there is no net CA9 catalysis, i.e.
catalyzed CO2 hydration (driven by Jtitr) and its catalyzed
reverse reaction (driven by Jextr) cancel out.
Mathematical Model of the Role of CA9—To understand the

complex acid/base events occurring in spheroids, it was neces-
sary to construct a quantitative diffusion reaction model (see
supplemental material for details). By fitting experimental data
to themodel, wewere able to estimate Jmito, Jextr, and Jtitr, aswell
as extracellular buffering capacity (�e), extracellular H� mobil-
ity (De), and CAe activity (CAe). These parameters could not be
derived directly from any one set of data, because they require
a unifying mathematical framework to fit several data sets
simultaneously. The very good fits to experimental data (Fig.
6, B–E) further support the conclusions made above.
Total acid production depends on the rate of metabolic sub-

strate respiration (Fsubs). Themodel predicts Fsubs 
 90�M/s in
glucose-respiring spheroids (radius, 300 �m). This rate is in
agreement with measurements of 30–190 �M/s, previously
made in spheroids (34). But glucose consumption rates in
tumors have been reported to be an order of magnitude lower
than this (2–15 �M/s) (18). These latter data, however, may
have been underestimated Fsubs values, because they were nor-
malized to total tumormass, including its blood supply, stroma,
and dead cells, which do not contribute to tumor cell Fsubs.

In control spheroids, the local O2 tension determines
whether metabolic substrate is respired aerobically to CO2
(Jmito) or anaerobically to lactic acid (Jtitr � Jextr). Our model
predicts that the rate of aerobic respiration decays exponen-
tially toward the spheroid core, with a space constant of 250
�m.This is in agreement with radial O2measurements in sphe-
roids (33, 34) that fit to an exponential decay, with depth (x),
exp(�x/�O2

), giving a space constant (�O2
) of 150–650�m. For

galactose-respiring spheroids, the model predicts that Fsubs is
raised 4-fold, and �O2

is reduced to 45 �m, in agreement with
the higher oxidative phosphorylation ratemeasured in cultured
cells (32).
Lactic acid production shows an opposite depth dependence,

1-exp(-x/�O2
), i.e. it increases with depth, unless the metabolic

substrate is galactose, which is not respired anaerobically. A
certain fraction of lactic acid is titrated by intracellular HCO3

�

(Jtitr), and the remainder is extruded by H� transporters (Jextr).
The relationship between Jtitr and Jextr can be estimated by best
fitting the model to experimental data. Under control condi-

tions (Fig. 6, B and C), a large fraction of lactic acid is predicted
to undergo intracellular titration. In nominally HCO3

�-free
superfusate (Fig. 6E), all lactic acid is predicted to be extruded
directly.
Under control conditions, the lowering of pHe by CA9

activity is consistent with a 10-fold catalysis of CO2 hydra-
tion (CAe 
 10; Fig. 6B). However, in spheroids with drug-
inhibited mitochondria (Jmito 
 0), CA9 activity had no appar-
ent effect on pHe gradients. This is expected to occur at a
certain balance between Jtitr and Jextr, because these acid fluxes
drive the CA9-assisted reaction in opposite directions. Using
the model it is possible to calculate that this balance is attained
when 45% of lactic acid is titrated intracellularly (Fig. 6D).
Our data cannot provide independent estimates for �e and

De, but best fitting their product,De � �e, yields a value of 1.6�
104 mM��m2/s. This implies that as �e increases, De must
decrease, in agreement with the finding that H� buffers lower
the effective H� ion mobility (38).
Conditions for CA9 Catalysis—Using our experimental data

and computationalmodeling, we can nowdefine the conditions
under which CA9 catalysis exerts a significant effect on pHe.
Condition 1: Cells must engage in metabolic acid production
(Fig. 4B). Our results suggest that the ability of CA9 to decrease
pHe increases with respiration rate (Fsubs). In the presence of
galactose, the elevated Fsubs increases the steepness of radial
pHe profiles within the aerobic zone (Fig. 6C). Condition 2: The
effect of CA9 on pHe will depend on the type of acid released
across the cell membrane. Our model predicts that the greatest
acidifying effect of CA9 on pHe is observed if all substrate is
respired aerobically to CO2 (Fig. 6C). The greatest alkalinizing
effect of CA9 on pHewill be observed if all glucose is respired to
lactic acid, without any titration by HCO3

� (dashed curves in
Fig. 6D). The observation that, in vivo, pHe is low in most can-
cers (14, 18, 20) suggests that CO2 excretion is important in
CA9-expressing tumors, such as colon cancer (2, 22, 24), and
that efflux of lactic acidmay be dominant in tumors lackingCAe
activity, such as gastric cancer (39). This may define different
phenotypes of cancer pHe, with implications for the selection of
therapies that target their metabolism. Condition 3: Cellular
uptake of HCO3

� can drive extracellular CO2/HCO3
� buffer

out-of-equilibrium and allowCA9 to exert a net catalytic effect,
particularly when HCO3

� influx is combined with CO2 efflux
(i.e. counter flux). This arrangement between CA and an acid/
base transporter has been called a HCO3

� transport metabolon
(40, 41). Condition 4: The buffering properties of the extracel-
lular space will affect the equilibrium between H�, CO2, and
HCO3

�. If, in our model, De and/or �e are increased, then the
predicted pHe gradients become smaller. When [H�]e is “buff-
ered” by raisedDe � �e, CO2/HCO3

� buffer is more prone to be
driven out-of-equilibrium by transmembrane CO2 or HCO3

�

flux. Therefore, the effect of CA9 on pHe gradients will be
greater at higher De � �e (Fig. 6E). Condition 5: The level of
CA9 catalysis can vary because of spatial differences in expres-
sion. Such variations in CA9 activity may therefore affect local
pHe. CA9 expression levels in stably transfected spheroids are
nearly uniform (23), but as CA9 expression is hypoxia-induced
(5), the enzyme may not be uniformly distributed in poorly
perfused tissues or tumors. Our computational model, how-
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ever, shows that the effect of CA9 on pHe is saturable (Fig. 6B,
inset); therefore spatial variations in CA9 catalysis above �20-
fold will not affect pHe greatly in regions where overall expres-
sion is high. In addition, the need for CA9 catalysis to maintain
CO2/HCO3

� equilibrium is less at shorter distances from the
blood supply. Therefore, CA9 activity in well oxygenated
peripheral areas will be redundant, and expression levels there
will not affect pHe. This redundancy may explain the correla-
tion between CA9 expression and hypoxia in tumors (42).
Conclusions—Carbonic anhydrases are found in virtually all

cells. CAe isoforms have generated considerable attention
because of their postulated role in facilitating acid removal
from cells. CA9 is of particular interest because of its associa-
tion with cancer and its hypothesized role in regulating metab-
olism. To elucidate the physiological role for CAe isoforms,
extracellular CO2/HCO3

� buffer must be driven out-of-equilib-
rium. This will happen in the restricted extracellular environ-
ment of respiring spheroids and in poorly perfused but meta-
bolically active tissue. CA9 activity facilitates acid removal by
accelerating the conversion of excreted product (CO2 or lactic
acid) to its conjugate pair (HCO3

� or lactate). TheCA9-depend-
ent reaction flux then becomes significant, compared with dif-
fusive removal of waste products. Inhibition of CA9 activity
impedes acid efflux and increases intracellular acidity (Fig. 3C,
panel i). In well perfused tissue (including the peripheral
regions of spheroids), diffusion distances are small enough to
ensure rapid waste product removal, making CA9 catalysis
redundant. In deeper regions, simple diffusion of acid waste
products cannot be accelerated, but expression of CAe isoforms
offers a tool by which cells can engage in facilitated diffusion. A
consequence of CAe activity is extracellular acidification (when
CO2 is hydrated) or alkalinization (whenHCO3

� is dehydrated).
Therefore, expression of CAe isoforms is ameans bywhich cells
canmodulate pHe. Because the source of acid/base disturbance
affecting pHe is the cell, changes in pHe will be mirrored by
opposite changes in pHi. Extracellular CA9 (and presumably
other CAe isoforms, such as CA4, CA12, and CA14) therefore
acts as a “catalytic converter” for the acid exhaust system of
respiring cells. Inhibition of CA9 activity in CO2-excreting
tumorsmay thus provide a strategy for suppressing their devel-
opment, by acidifying pHi (to attenuate growth (2, 21)) and
alkalinizing pHe (to eliminate the selective advantage of neo-
plastic cells (8, 22)).
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