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Background: The tightness of various membrane barriers to CO2 is of unknown molecular origin.
Results: The bladder tissue lacks carbonic anhydrase. The resulting low intra-epithelial CO2 concentration gives rise to the
apparent CO2 impermeability.
Conclusion: Uroplakins do not act to decrease transepithelial CO2 flux.
Significance: Enzymatic regulation of CO2 abundance rules out that aquaporins significantly contribute to the maintenance of
acid base homeostasis.

Lipid bilayers and biological membranes are freely perme-
able to CO2, and yet partial CO2 pressure in the urine is 3–4-
fold higher than in blood. We hypothesized that the respon-
sible permeability barrier to CO2 resides in the umbrella cell
apical membrane of the bladder with its dense array of uro-
plakin complexes. We found that disrupting the uroplakin
layer of the urothelium resulted in water and urea perme-
abilities (P) that were 7- to 8-fold higher than in wild type
mice with intact urothelium. However, these interventions
had no impact on bladder PCO2 (�1.6 � 10�4 cm/s). To test
whether the observed permeability barrier to CO2 was due to
an unstirred layer effect or due to kinetics of CO2 hydration,
we first measured the carbonic anhydrase (CA) activity of the
bladder epithelium. Finding none, we reduced the experi-
mental system to an epithelial monolayer, Madin-Darby
canine kidney cells. With CA present inside and outside the
cells, we showed that PCO2 was unstirred layer limited (�7 �

10�3 cm/s). However, in the total absence of CA activity PCO2

decreased 14-fold (� 5.1 � 10�4 cm/s), indicating that now
CO2 transport is limited by the kinetics of CO2 hydration.
Expression of aquaporin-1 did not alter PCO2 (and thus the
limiting transport step), which confirmed the conclusion that
in the urinary bladder, low PCO2 is due to the lack of CA. The
observed dependence of PCO2 on CA activity suggests that the
tightness of biological membranes to CO2 may uniquely be
regulated via CA expression.

The urinary bladder, which stores urine of a composition
vastly different from that of blood, exhibits extremely low
permeability to water and solutes such as urea and other

metabolites in the urine (1, 2). The urine osmolality varies
widely between 50 and 1000 mosmol/kg compared with near
constant osmolality of blood of � 290 mosmol/kg. The pri-
mary permeability barrier of the bladder is formed by the
umbrella cells whose apical side faces the lumen along with
the tight junctions (2–4). The apical surface of these cells
contains urothelial plaques, which cover �90% of the mem-
brane surface of the bladder. These plaques are made of a
paracrystalline array of proteins consisting of a family of
integral membrane proteins known as uroplakins (UPs),
which include UPIa, UPIb, UPII, UPIIIa and UPIIIb proteins
(5, 6). The urinary bladders of UPIIIa-deficient mice showed
a marked diminution of plaque surface area and significantly
enhanced water and urea permeability, which suggested that
uroplakins represent a significant component of the apical
membrane barrier to water and solute flux across the bladder
(3, 5–7).
When the kidney excretes acidic urine, PCO2 of urine reaches

80–100 mm Hg, 3–4-fold higher than the blood PCO2 (8–10).
The accumulation of CO2 in the bladder and its failure to dif-
fuse down its concentration gradient suggest that the permea-
bility of the bladder to CO2 might be very low. We have shown
previously that gases such as CO2 andH2S are freely permeable
across the lipidmembrane and are limited only by the unstirred
layer adjacent to the membrane (11, 12). Because the umbrella
cell apicalmembrane forms a barrier towater and solute flux (1,
3, 13), we hypothesized that this specialized membrane may
also act as a barrier to CO2 flux.

We measured the CO2 flux across a normal urothelium and
urothelium in which apical barrier function was disrupted. We
found that disrupting apical membrane barrier function by
protamine sulfate treatment or by genetic ablation of uro-
plakins (II/IIIA) resulted in water and urea permeabilities that
were 7- to 8-fold higher than in wild type mice with intact
urothelium. However, these interventions had no impact on
CO2 permeability across the bladder. To test whether the
observed permeability was due to an unstirred layer effect or
due to kinetics of CO2 hydration, wemeasured the CO2 perme-
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ability in Madin-Darby canine kidney (MDCK)2 cells in the
presence and absence of carbonic anhydrase inhibitor. Our
studies show that the lowered permeability of CO2 across the
bladder is mainly due to a lack of carbonic anhydrase (CA) in
the urothelium.

EXPERIMENTAL PROCEDURES

Generation of Uroplakin II/III Knock-out Mice—The gener-
ation and characterization of the UPIIIa and UPII knock-out
mice were described previously (23, 24). UPII/UPIIIa double
knock-out mice were generated by cross-breeding UPII and
UPIIIa knock-out mice. To identify the UPII/IIIa homozygote,
the following primer pairs were used for genotyping. For dele-
tion of UPII gene, one forward (5�-TCCCACTCCGAGACAA-
AATC-3�) and two reverse (5�-TATCGCCTTCTTGACGAG-
TTC-3� for detecting a 600-bp product of the neomycin
sequence were used, and 5�-TCCCACCAGCAATAGAG-
ACC-3� was used for a 198-bp product of the native UPII gene.
For deletion of the UPIIIa gene, forward (5�-GGACCGGACT-
GTATGCAAAT-3�) and reverse (5�-TATCGCCTTCTTGAC-
GAGTTC-3�) primers were used; for detecting a 700-bp prod-
uct of the neomycin sequence, forward (5-CACCTCCTCT-
TTTGCTTTGA-3) and reverse (5-GCCCACTTACATCCCA-
GTTT-3) for a 250-bp product of the native UPIIIa gene were
used.
Measurement ofUrothelial Barrier Function—Animal exper-

iments were performed in accordance with the animal use and
care committees of New York University, University of Pitts-
burgh, Beth Israel Deaconess Medical Center, and Johannes
KeplerUniversity. Bladderswere excised after lethal anesthesia,
washed in placed in NaCl-Ringer buffer (110 mMNaCl, 5.8 mM

KCl, 25 mM NaHCO3, 1.2 mM KH2PO4, 2.0 mM CaCl2, 1.2 mM

MgSO4, and 11.1 mM glucose (pH 7.4) at 37 °C, bubbled with
95%O2, 5% CO2 gas) and carefully stretched andmounted on a
small ring in the same solution at 37 °C. The bladder was then
placed in a modified Ussing chamber (11). Both compartments
of the chamber were under constant stirring and temperature
control and allowed electrical measurements and sampling.
In all other transepithelial resistance measurements both

voltage-sensing and current-passing electrodes were con-
nected to an automatic voltage clamp (EC-825,Warner Instru-
ments, Hamden, CT), whichwas, in turn, connected to amicro-
computer with a MacLab interface (3, 11). All permeability
measurements were performed at 37 °C after stabilization of
the transepithelial resistance. Diffusive water and urea perme-
ability coefficients were determined by using isotopic fluxes as
described (13, 27). Briefly, tritiated water (1 �Ci/ml) or
[14C]urea (0.25 �Ci/ml) were added to the apical chamber and
100-�l samples of both apical and basolateral chambers were
taken every 15 min. Sample volumes were replaced quantita-
tively with warmed NaCl-Ringer. Sample radioactivities were
counted with a liquid scintillation counter (model 1500, Pack-
ard Tri-Carb), and flux rates and permeabilities were calculated
as described previously (13, 27).

Carbonic Anhydrase Activity Measurement—Carbonic an-
hydrase activity of bladder tissue was measured by pH electro-
metric method (28). Briefly, we added 2 ml of CO2 saturated
water to 3 ml of a Tris-sulfate solution (pH 8.3) and monitored
the time that elapsed until pH dropped to 6.3. CA activity of
bladder tissue was measured similarly by adding bladder tissue
homogenate (100 �g of protein). The bladder musculature was
dissected away before homogenization. All CA activities were
measured on ice.
Protamine Sulfate Treatment and Confocal Imaging—Prota-

mine sulfate was instilled into mouse bladder transuretherally
using a lubricated catheter under light halothane anesthesia.
Protamine sulfate (PS) was instilled was instilled as a bolus (100
�l of 15 mg/ml PS in PBS) for 15 min before emptying, and the
animals were euthanized. Mouse bladders were removed
according to animal protocols, and its muscle layers were dis-
sected away. These bladders were mounted in modified Ussing
chamber and washed in PBS, and its permeability to water and
urea were measured as described above. For CO2 studies, the
bladders weremounted in theUssing chambers, and protamine
sulfate (15 mg/ml) was then added to the apical or luminal
surface and incubated for 15 min. The tissue was washed with
PBS at the end of incubation and fixed for antibody staining and
confocal imaging as described previously (29). Monoclonal
antibody for uroplakin II was a kind gift from Dr. Apodaca,
University of Pittsburgh. F-actin and nuclei was visualized by
using Alexa Fluor� 546 phalloidin and Topro-3 probes respec-
tively. Both these probes and secondary antibodies were pur-
chased from Invitrogen.
Cell Culture—Stably aquaporin-1-overexpressing Madin-

Darby canine kidney (MDCK-AQP1) cells (30), and MDCK
cells were cultured in DMEM supplemented with 110 mg/liter
sodium pyruvate, 584 mg/liter L-glutamine, non-essential
amino acids, 5% FCS, 20 mM HEPES, 0.1% NaHCO3, and peni-
cillin/streptomycin at 37° in 8.5% CO2. For MDCK-AQP1, 75
�g/ml hygromycin B was added. For microelectrode measure-
ments, the cells were seeded 1:1 onto semipermeable supports
(Transwell, Costar) with a surface area of 0.33 cm2 and cultured
again until the electrical resistance reached �3 Kilo ohm, indi-
cating a tightmonolayer (usually after 3–4 days). All cell exper-
iments were carried out in HBBS buffer at 37°.
CO2 Flux Measurements—The flux of the weak acid CO2

from the apical to the basolateral compartment of the Ussing
chamber caused acidification of the external unstirred layers
(USL) adjacent to the basolateral membrane as shown previ-
ously (11). The pH shift is a result of the following chemical
reactions,

H� � OH�^ H2O

H� � HEPES^ HEPESH

CO2 � H2O^ H2CO3^ H� � HCO3
�^ H� � CO3

2�

CO2 � OH�^ HCO3
�

REACTIONS 1–4

Because both the CO2 flux JCO2
USL and the HCO3

� flux JCO2
USL

through the USL contribute to the membrane CO2 flux JCO2,

2 The abbreviations used are: MDCK, Madin-Darby canine kidney; CA, car-
bonic anhydrase; PS, protamine sulfate; USL, unstirred layers; AQP1,
aquaporin-1.
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JCO2 � JHCO3

USL � JCO2

USL (Eq. 1)

the simplified diffusion model (15) is valid,

1

JCO2

�
1

PA �
USL�HCO3

��
�

1

PCO2�CO2�
(Eq. 2)

where the bicarbonate concentration in the apical compart-
ment [HCO3

�] is much larger than the bicarbonate concentra-
tion in the basolateral compartment. In the presence of CA, we
assume the hydration and dehydration reactions of CO2 to be
in equilibrium because diffusion through the membrane or
through adjacent unstirred layers is rate-limiting.
Equation 2 transforms the problem of determining PCO2 into

the task of determining JHCO�3
USL � PA�

USL[HCO3
�]. Because the

only bicarbonate sink is the formation of CO2, JHCO3�
USL must be

equal to the proton flux (JP) through the USL. Due to the high
buffer concentration the proton is carried by buffer molecules.
The flux is calculated according to Ref. 31,

JHCO3
�

USL
� JP � DB

��	pH

�
(Eq. 3)

where�, �, andDB are the buffering capacity of the solution, the
USL thickness, and the buffer diffusion coefficient, respectively.
We measured local pH as a function of the distance x to the
epithelium. 	pH/� was the first derivative of the experimental
pH profiles at x � 0.
The proton-sensitive microelectrode had a tip size of 2–4

�m. Their 90% rise time was below 0.8 s. Addition of CA to the
calibrating solution did not affect the sensitivity of the elec-
trodes. Voltage recording was performed every second by an
electrometer (model 6514; Keithley Instruments) connected via
an IEEE-488 interface to a personal computer. A hydraulic
microdrive manipulator (Narishige, Tokyo, Japan) moved the
microelectrodes with a velocity of 2 �m s�1.

We performed the experiments in HBBS buffer (118 mM

NaCl, 4.6mMKCl, 10mMglucose, and 20mMHEPES, pH7.4) at
37 °C and applied the CO2 gradient by adding NaHCO3 and
Na2CO3 to the apical side. Both sides of the measurement
chamber containedCA (SigmaAldrich).Magnetic stirrers con-
tinuously agitated the solutions.

RESULTS

First, we measured the flux of CO2 across MDCK cell mono-
layers grown on filter supports and mounted in an Ussing type
chamber (11). The CO2 flux acidified the USL adjacent to the
basal membrane. Increasing concentrations of bicarbonate in
the apical medium led to increased acidification of the basolat-
eral USL (Fig. 1, top). According to Equation 2, we plotted
1/JCO2 versus 1/[CO2] and calculated the PCO2 to be 7 
 10�3

cm/s (Fig. 1, top, inset). Comparison of this value with the
unstirred layer permeability, PUSL � DCO2/� � 2.9 
 10�5/1 

10�2 cm/s � 2.9 
 10�3 cm/s suggest that transport is limited
by diffusion through the USL.
We measured PCO2 of the urinary bladder similarly by

mounting the bladder on a circular holder with pins, which in
turn separated the two halves of a modified Ussing type cham-
ber. Both the apical and basal sides were bathed in modified

Ringer’s solution. As shown in Fig. 1B, increased apical CO2
concentrations caused increased USL acidification on the basal
side of the bladder. Bladder PCO2 was equal to 1.5 
 10�4 cm/s
(Fig. 1), which is �45-fold lower than that of MDCKmonolay-
ers. These results confirmed that urothelium acts as a barrier to
CO2 transport.
We had shown previously that the urothelium has a very low

permeability towater andurea and that the permeability barrier
residesmainly in the uroplakin layer of the urothelium (4, 7). To
investigate whether the uroplakins are also responsible for
reduced permeability of CO2, we selectively damaged the uro-
plakin layer by exposing the apical side of the bladder to PS. In
rats, instillation of protamine sulfate (10 mg/ml) into bladders
in vivo was shown to selectively damage the uppermost
umbrella cell layer and caused enhanced leakage of urea and
water from the bladder (4, 7). Fig. 2A shows that in mice, prot-
amine sulfate treatment leads to a loss of umbrella cells and
uroplakins. Staining and confocal imaging of bladder tissue sec-
tions using antibodies to uroplakin shows uroplakin II staining
(Fig. 2, green) in control (Fig. 2A) and a loss of uroplakin II
staining in protamine sulfate-treated bladder (Fig. 2B). The
localization of cell layers in the bladder was visualized by stain-
ing for F-actin (red) and nuclei (blue). Fig. 2B clearly shows the
loss of umbrella cells in the PS-treated bladder. Furthermore,
the loss of umbrella cells disrupts apical membrane barrier
function, as evidenced by a decrease in transepithelial resis-

FIGURE 1. CO2 permeability of MDCK cells (A) and bladder (B): CO2 flux-
induced steady state pH shifts in the vicinity of MDCK cells was measured
as a function of the distance to the cell monolayer or to the bladder at
various apical HCO3

� concentrations. Increasing bicarbonate concentra-
tions caused increasing acidification in the immediate monolayer/bladder
vicinities. PCO2 of bladder and MDCK cells were determined from the linear
regression shown in the insets (compare Equation 2) to be equal to 7 
 10�3

cm/s and 1.5 
 10�4 cm/s, respectively.
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tance and�3-fold increase in water and urea permeability (Fig.
3). PS treatment in rats was shown to selectively remove
umbrella cells from the urothelium without causing inflamma-
tion (4, 7).
Although our confocal studies indicate that protamine sul-

fate treatment selectively damaged the upper urothelial layers,
we used a second method to enhance the apical membrane
leakiness by genetic ablation of uroplakins II and IIIa. The blad-
ders from UPII knock-out mice were shown to be devoid of
uroplakin plaques (14). Fig. 4 shows that in contrast to PS-
treated bladders, in knock-out mice, UPII�/UPIIIa� bladders
lacking uroplakins the transepitheial resistance did not change.
However, therewas� 9-fold increase inwater permeability and
an�8-fold increase in urea permeability, which shows that uro-
plakins indeed form a permeability barrier to these molecules.
To determine whether uroplakin removal increases PCO2, we

measured USL acidification in the presence of a CO2 gradient.
Fig. 5 shows that the pH profiles generated by CO2 flux across
wild type, uroplakin knock-out, and protamine sulfate-treated
mice bladders are similar. These results show that ablation of
uroplakins by protamine sulfate treatment and genetic knock-
out does not increase themembrane leakiness toCO2, although
it does so for water and urea. Furthermore, these results also
suggest that in contrast to the physical nature of the barrier for
water and urea flux, the barrier to CO2 transport may not be
physical in nature. Rather, it may be (i) the thickness of the
multiple urothelial cell layers causing diffusional limitations or
(ii) low CA concentrations leading to slow down of the hydra-
tion-dehydration of CO2. Because at physiological pH the equi-
librium between bicarbonate and CO2 is shifted to 95% in favor
of the anionic form and as bicarbonate is membrane imperme-
able, this chemical reaction accompanies every CO2 passage
across a membrane. If not facilitated by CA, the reaction rate
becomes the rate-limiting transport step, a scenario that recurs
every time CO2 crosses one of the multiple membrane barriers
of the urothelium.

To identify the nature of the CO2 permeability barrier, we
studied the kinetics of CO2 hydration and dehydration. It is
known that hydration-dehydration reactions of CO2 are very
slow at neutral pH with a rate constant of 14 s�1 (for dehydra-
tion, K�2) in absence of CA enzyme (15). To test whether the
CO2 hydration-dehydration reaction is the rate-limiting step
for CO2 permeation, we measured the CA activity of the blad-
der. A homogenate of bladder tissue devoid of musculature did
not show any measurable CA activity and was similar to that of
the control containing only the buffer (Fig. 6). As a positive
control, we measured the CA activity of mouse blood and the
activity of purified carbonic anhydrase at various enzyme con-
centrations. This result suggests that the lack of CA activity
leads to the reduced CO2 permeability of the urothelium.

To unambiguously show that absence of CA lowers the
apparent CO2 permeability, we recapitulated the bladder per-
meability results in MDCK monolayers. These cells have the
advantage of an intrinsically active CA. Adding CA also to the
bathing solution produced rather large pH shifts in the USL in
response to a transepithelial CO2 gradient (Fig. 7). PCO2 was
equal to 7 
 10�3 cm/s, indicating that the system was USL-
limited (Fig. 8). Omitting CA from the bathing solution

FIGURE 2. Protamine sulfate treatment removes uroplakins and umbrella
cells. A (upper panel) shows control bladder showing uroplakin staining,
green (left). Middle panel shows actin cytoskeleton and nuclear staining of
the umbrella cells. Right most panel shows overlay of all three staining. B
(lower panel), Protamine sulfate-treated cells show very little uroplakin stain-
ing (left) and loss of umbrella cells causing exposure of intermediate cells
(right). UC, umbrella cell; IC, intermediate cell.

FIGURE 3. PS treatment and bladder permeability. PS exposure leads to
decrease in transepithelial resistance (TER; A) and increased permeability to
water, (Pd, water) (B) and to urea (Pd, urea) (C). Standard error bars are shown.
Control (n of 6) and PS-treated mice (n of 10) are shown.
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decreased the pH shift, which mimicked a drop in PCO2. Inhi-
bition of intracellular CA by acetazolamide further reduced the
pH shift in the USL. The apparent PCO2 value of 5 
 10�4 cm/s

(a 14-fold drop) indicates that the systemmay be reaction-lim-
ited (Fig. 8) rather than membrane-limited.
The implication of this result is that CA is perfectly suited to

regulate CO2 transport. This result contrasts with a large body
of literature (for an overview, see Ref. 16), which ascribes a role for
the regulation ofCO2permeability to aquaporins. To testwhether
aquaporinsmay reverse the inhibitory effectofmissingCAactivity

FIGURE 4. Permeability of bladder of uroplakin knock-out mice lacking
uroplakin plaques. A shows that transepithelial resistance (TER) is normal,
whereas water (B) and urea leakage (C) are significantly higher in mice blad-
der lacking uroplakins. Standard error bars are shown. Control (n of 5) and
knock-out (n of 7) are shown.

FIGURE 5. Bladder PCO2 does not depend on the presence of the uroplakin
layer. CO2 flux through the bladder monitored in terms of steady-state pH as
a function of the distance to the membrane. Wild type mouse urinary bladder
(red), the uroplakin knock-out bladder (black), and the urinary bladder treated
with 10 mg/ml protamine sulfate and additional mechanical scratching
(green) showed no difference in CO2 permeability.

FIGURE 6. CA activity of bladder. Increasing amounts (units) of CA show
increasing carbonic anhydrase activity (activity of 20 units of CA was normal-
ized to 100% activity). Homogenized bladder tissue (muscle layer was dis-
sected away) does not show any measurable CA activity. As an alternative
control, 2 �l of mice blood shows high CA activity.

FIGURE 7. CA activity but not aquaporins regulate PCO2. pH profiles mea-
sured in the presence of a 1 mM CO2 gradient (�CO2 � 33.3 mm Hg; 20 mM

HCO3
�) across monolayers from MDCK (A) and MDCK-AQP1 cells (B). CO2

fluxes through AQP1 expressing and non-expressing cells were identical (n �
9). The red profiles were measured in the presence of 2 mg/ml CA in the
bathing medium, the pink profiles were measured without external CA, and
the blue profiles were measured with 1 mM acetazolamide (Acet.) to inhibit the
intracellular CA. The bulk solution consisted of Hanks’ Buffered Salt Solution
with 20 mM HEPES in addition (pH � 7.4, 37 °C).
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on CO2 transport, we repeated the experiments in aquaporin-1-
overexpressing cells (11). The measured pH profiles in presence
and absence of AQP1 (Fig. 7) show no difference. These results
suggest that AQP1 does not facilitate CO2 transport and that the
flux is just limited by CO2 hydration/dehydration kinetics. Fur-
thermore, these results also confirm our earlier studies showing
that AQP1 does not transport CO2 (11).

DISCUSSION

When the kidney generates acidic urine, partial CO2pressure
�CO2 of urine reaches 80–100 mm Hg, 3–4-fold higher than
blood �CO2 (8) (9, 10). This indicates that CO2 equilibrates
across the bladder very slowly and suggests that the bladder is a
barrier to CO2 transport. Such a conclusion contrasts with our
earlier observation that CO2 transport acrossmembranes is not
limited by the membrane itself but by adjacent USLs (11). PCO2
of lipid membranes is so high that it exceeds the permeabilities
to ammonia or water by at least 2 orders of magnitude (17). In
contrast, the bladder shows a �45-fold reduced PCO2 com-
pared with monolayer of MDCK cells. Such an unusual low
PCO2 across the bladder could be due to: (a) the uroplakin
plaques that cover the urothelium, (b) a large unstirred layer
created by the four to five layers of cells, or (c) slow kinetics of
CO2 hydration and/or dehydration.

Our results show that, in contrast to water and solute flux,
removal of uroplakins by protamine sulfate treatment or by
genetic ablation does not influence the flux of CO2. A USL
created by the four to five cell layers of the urotheliumwould be
�50 �m in size. A simple calculation shows that its permeabil-
ity PUSL � DCO2/� � 2.9 
 10�5/5 
 10�3 cm/s � 6 
 10�3

cm/s ismuch too large to explain the�45-fold decrease in PCO2
of the bladder compared with a monolayer of MDCK cells.
Such a large reduction must be due to slow CO2 hydration-

dehydration kinetics caused by lack of CA in the urothelium.
Inhibition of the CA in MDCK cells decreased apparent PCO2
by a factor of 10 and thus recapitulated the reaction limited
transport of the bladder, validating our conclusion. A series
connection of four or five monolayers, as represented by the

bladder epithelium, would have a 40–50-fold lower apparent
PCO2 because CO2 must undergo the same chemical reaction
every time it crosses a membrane on its way. These observa-
tions suggest that CA activity can regulate PCO2.
Sometimes regulation of PCO2 is attributed to aquaporins.

But even if aquaporin-1 could facilitate CO2 transport in red
blood cells and in Xenopus oocytes (11, 18–20), it would still
transport only the neutral species. This means that CO2 trans-
port must be limited in the absence of CA, even if AQP1 is
expressed because there is simply no CO2 available for trans-
port. These considerations are in perfect agreement with our
experiment (Fig. 7). That is, the identification of membrane
barriers to CO2 transport does not necessarily imply that pro-
teinaceous transport machineries are required. It may simply
mean that CA activity is low as we have now shown for the
bladder epithelium.
With a partition coefficient of 1.3 (hexadecane), CO2 parti-

tions into lipids as easily as it does into an aqueous pore. Thus,
the inability of AQPs to facilitate CO2 transport is already
implied by the comparison of the total membrane surface area
A of 3.2 
 10�13 cm2 of the aquaporin tetramer, and the max-
imal pore area of 3 
 10�15 cm2 provided by the tetramer for
CO2 diffusion. A more quantitative analysis must also account
for mobility differences in the two environments. Thus, the
ratio JLip/JAQP of the fluxes through a lipid patch the size of an
aquaporin tetramer and through four aqueous pores is calcu-
lated as follows,

JL

JAQP
�

PMA�CO2�

4p�CO2�
�

3.2 cm/s � 3.2 � 10�13 cm2

4 � 1.2 � 10�14 cm3/s
� 21

(Eq. 4)

where PM and p are the lower limit of membrane permeability
to CO2 (11) and the upper limit of single channel CO2 perme-
ability, respectively. The factor four in the denominator indi-
cates the four pores of the tetramer. Given that CO2 is highly
diluted in the aqueous solution (i.e. that the ratio ofH2O toCO2
concentrations is roughly equal to 105), it is safe to assume that
there is nomore than oneCO2molecule in the pore at one time.
Because molecules cannot pass each other in single file trans-
port, this leads to p � pf/10, where 10 indicates the total num-
ber of molecules in the pore and pf � 11.7 
 10�14 cm3/s (32)
denotes single pore permeability to H2O. This calculation does
not account for the central pore. Molecular dynamics simula-
tions, however, predict that the central pore is either entirely
non-conductive (33) or its permeability to CO2 is smaller than
pf (34). We conclude that JLip/JAQP � 1, indicating that aqua-
porin insertion into a membrane tends to lower its permeabil-
ity. This result is in agreementwith previousMD simulations of
CO2 passages through lipid membranes and aquaporins (21,
34). Ammonia is the only gas, which according to the solubility
diffusionmodel, may be facilitated by presence of channel such
as an aquaporin (22).
We have shown that expression of aquaporin-1 in MDCK

cells leads to a 3-fold increase in water permeability (11) but
with no detectable change in CO2 permeability, which is con-
sistent with our earlier results (11). Presence or absence of
aquaporin-1 in cells lacking CA activity did not alter the CO2

FIGURE 8. Determining PCO2. The slope of 1/JCO2 � f(1/[CO2]) is inversely
proportional to PCO2 (compare Equation 2). The urinary mouse bladder (PCO2
� 1.6 
 10�4 cm/s) is 45
 less permeable than MDCK cells with external CA
(7 
 10�3 cm/s) and three times less permeable than MDCK monolayer with
blocked intracellular CA (5.1 
 10�4 cm/s). We conclude that CA regulates
membrane PCO2. Acet., acetazolamide.
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flux. The urothelium functions as a low permeability barrier to
CO2 due to lack of detectable CA in the urothelium.We suggest
that PCO2 of biological barriers is generally regulated by CA
activity.
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