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Abstract

A well-balanced incubation saline is necessary for permeability experiments with the rat jejunal tissue in the diffusion
chambers. At the same time the investigated substance must be chemically stable and sufficiently soluble in this incubation
saline. To investigate whether the absence of some ions in incubation salines influences the tissue viability and integrity or the
diffusional characteristics of the epithelial membrane the electrical parameters were monitored and the permeability of fluorescein
and acyclovir was evaluated during the experiments in side-by-side diffusion chambers. Our results show that the tissue integrity
and viability are seriously impaired when €aand Mg -free conditions are applied on both sides of the diffusion chambers,
but not when only mucosal or only serosal side i€*Cand Mg -free. Bicarbonate-free incubation salines can also alter the
measured apparent permeability coefficients even though the tissue viability and integrity do not change. This change in the
apparent permeability is most likely due to a change in the pH of the mucosal surface and can be prevented if the buffer capacity
of the incubation saline is increased.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction buffer/solution Tai and Decker, 1980; Taylor et al.,
2001; Charney et al., 20DKrebs buffer {fang et al.,

A well-balanced incubation saline is necessary for 1999; Hayden and Carey, 200Rrebs-Ringers buffer
viability of the tissue segments during the permeabi- (Karlsson et al., 1999 Krebs bicarbonate Ringer,
lity experiments in the diffusion chambers. It is also HEPES (4-(2-hydroxyethyl)-1-piperazine-ethanesul-
important that the saline does not influence the diffu- phonic acid) RingerGharney et al., 2002TRIS (tris
sional characteristics of the epithelial membrane and (hydroxymethyl) aminomethane) HCI buffer solution
that the investigated substance is chemically stable (TBS) (Mineo et al., 200 Dulbecco'’s buffer etc. All
and sufficiently soluble. There are many different these salines differ only slightly in the concentrations
incubation salines used for the experiments with in- of Nat, C&t, Mg?t, CI~ or phosphates. In the litera-
testinal tissue in Ussing, Sweetana-Grass and otherture there are also several instances of modified incub-
types of side-by-side diffusion chambers, i.e. Ringer ation salines. These are most commonly used when the

permeability or active transport of electrolytes-ions,
"+ Corresponding author. Tel386-1-476-9503; which_ are ot.herwi.se a[so present in.the standard in-
fax: +386-1-425-8031. cubation salines, is being evaluatélhi(and Decker,
E-mail addressalbin.kristl. @ffa.uni-lj.si (A. Kristl). 1980; Erba et al., 2001; Taylor et al., 2001
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Bivalent metallic cations (G4 and Mg™t) in
the incubation salines can interact with some active
pharmaceutical compounds like quinolon&aiichez
Navarro et al., 1994; Lomaestro and Bailie, 1995
tetracyclines Neuvonen, 1976 bisphosphonates
(Nicklin et al., 1995; Raiman et al., 20p&and oth-
ers by chelation or by formation of sparingly soluble
salts (ibuprofenlevis et al., 2003and indomethacin,
Fini et al., 200). These interactions can influence
the drug permeability in vivo and in vitroS@gnchez
Navarro et al., 1994 Some difficulties in measuring
the apparent permeability of drugs from above men-
tioned groups could be overcome by using &Ca
and Mg*-free solution at least on the donor side of
diffusion chambers.

A number of studies on natural and on cultured ep-
ithelia have shown that the presence of extracellular
C&™* is necessary for normal tight junction function
and assembly of tight junction proteirisacaz-Vieira,
1997; Ward et al., 2000; Huber et al., 200The im-
portance of the extracellular &a for the tight junc-
tion integrity in intestinal epithelia has been shown on
CaCo-2 monolayers using chelating agents for deplet-
ing extracellular C&" (Artursson and Magnusson,
1990; Noach et al.,, 1992, 1993; Collares-Buzato
et al., 1994. However, EDTA and EGTA (a chelation
agent which binds G4 but not Mgt) increase the
permeability of CaCo-2 monolayers to hydrophilic

S. Zakelj et al./International Journal of Pharmaceutics 272 (2004) 173-180

the incubation saline can even enhance the effect of
some polycations used as permeability enhancers on
monolayers of CaCo-2 cellR@naldi et al., 2002
Bicarbonate-free salines are usually buffered with
weak organic acids or bases like HEPES and TRIS
(Stewart and Jackson, 1981; Erba et al., 2001; Charney
et al., 2002. These buffers havely values closer to
the physiologic pH and therefore provide higher buffer
capacity than bicarbonate in similar concentrations.
Furthermore, they are not sensitive to the equilibrium
with CO; in the gas mixture for saline oxygenation.
The aim of this study was to investigate which
incubation salines can be used during permeability
experiments in side-by-side diffusion cells without
deteriorating the tissue viability. Additionally, we
wanted to evaluate the importance of the ions, present
in the incubation saline with special emphasis on bi-
valent cations (C& and Mg*) on the function of the
jejunal segment as an absorption barrier. The influence
of substituting bicarbonate in Ringer buffer by HEPES
on tissue viability and permeability was also evaluated.
For this purpose different electrical parameters
(transepithelial potential difference—PD, short circuit
current—sc and transepithelial electrical resistance—
TEER) were measured. To get better insight into
permeability properties of the rat intestinal tissue
mounted in diffusion chambers the apparent perme-
ability coefficients Papp) of two substances, acyclovir

molecules and decrease their transepithelial electrical and fluorescein, which under normal physiologic con-

resistance (TEER) more when added to the basolat-

eral side than when added to the apical sidedch

et al., 1992, 1993; Collares-Buzato et al., 1p9%
basolateral C# -free conditions, the paracellular per-
meability of CaCo-2 monolayers is increased even
when EDTA is not presentTomita et al., 199
The addition of EGTA on both sides of rat jejunum

ditions permeate through the intestinal tissue passively
(Kristl and Tukker, 1998 were measured. Recently,

it was established that thBap, of fluorescein—an
acidic drug, is also indicative of alterations in the
pH of the mucosal surface—mucuskuvayama

et al.,, 2002, which is highly significant for the
permeability of ionized drugsHogerle and Winne,

mounted in Ussing-type chambers has also been1983.

shown to strongly increase passive permeability of
mannitol Pérez et al., 199Avhereas EGTA did not
affect the transepithelial resistance when added only
on one (any) side of the middle intestine of the eel
(Trischitta et al., 200)L Additionally, EDTA increases
the tight junction permeability in CaCo-2 monolayers
more than in rat jejunumT@naka et al., 1995

It has been shown on frog urinary bladder that¥g
cannot maintain the tight junction seal when ndCa
is present in the basolateral solutiobataz-Vieira,
1997, furthermore excess (20 mM) Mg cations in

2. Materials and methods
2.1. Materials

Gemfibrozil was obtained from Sigma Aldrich
Chemie (Deisenhofen, Germany). Acyclovir was syn-
thesized at the National Institute of Chemistry, Ljubl-
jana, Slovenia$timac and Kobe, 1990Fluorescein
sodium was purchased from Fluka (Deisenhofen,
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Germany). All chemicals used in this study were of
analytical grade.

Incubation salines used for experiments with dif-
fusion chambers were standard Ringer buffer @gH
7.4) containing (in mM): 140.6 N, 5 K+, 1.2 C&*,
1.2 M¢?t, 121.8 Ct, 25 HCG ™, 0.4 HbPO*, 1.6
HPO42~ and modified Ringer buffers without one or
two ions:

cat and M¢t-free Ringer buffer;

C&t-free Ringer buffer;

Mg?t-free Ringer buffer;

HCO;~/CO;—free Ringer buffer;
HCO;~/CO,-free Ringer buffers with 5mM or
20 mM HEPES instead of bicarbonate;
phosphate-free Ringer buffer;

e K*-free Ringer buffer.

In modified buffers isoosmolality was achieved by
adding sufficient amount of NaCl. Salines containing
25mM HCQG;~ were bubbled with carbogen (95% O
and 5% CQ). HCOs;~ -free salines were bubbled with
Oo.

2.2. Transport studies across rat jejunum in vitro

The experiments conform to the European conven-
tion for the protection of vertebrate animals used for
experimental and other scientific purposes (Council of
Europe No. 123, Strasbourg, 1986).

Rat jejunum was obtained from male Wistar rats
(250-3209). All animals were starved for 18 h be-
fore the experiments. After decapitation and laparo-
tomy, the small intestine was immediately excised and
placed into the ice-cold 10 mM solution ofglucose
in standard Ringer buffer bubbled with carbogen.

Jejunum 25cm distally from the pyloric sphincter
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sue was kept at 3T during the experiments. Incu-
bation salines inside diffusion chambers were oxy-
genated and circulated by bubbling with carbogen or
oxygen. After preincubation for 25 min, the incubation
saline on the donor (mucosal) side was replaced with
an appropriate buffer solution containing 0.005 mM
fluorescein, 1.0 mM acyclovir and 10 mM mannitol.
Every 25 min till the end of the experiment (175 min)
samples of 25Q.1 were withdrawn from the acceptor
(serosal) compartment and replaced with fresh saline
containing 10 mMb-glucose to maintain a constant
volume. Effect of compound withdrawal was taken
into account for when calculating apparent permeabil-
ity coefficient Papp) values.

2.3. Electrical measurements

PD andlsc were measured by a multi channel
voltage-current clamp (model VCC MCB6, Physiologic
Instruments). The diffusion chambers were equipped
with two pairs of Ag/AgCl electrodes connected to the
chambers via 3M KCI/3.5% agar bridges, for mea-
suring PD and for passing current, respectively. The
experiments were performed under open circuit condi-
tions. The tissue viability was checked by monitoring
PD andls; every 25 min during the experiments and
additionally by recording the increase kf and PD
after the addition ob-glucose (final concentration was
25 mM) to the mucosal compartment at the end of ex-
periments. Because glucose is actively co-transported
with Na™ through the apical membrane into the mu-
cosal cells in the viable tissue the absolute value of
PD rises in a few minutes (1-5) after the addition of
D-glucose to the mucosal side. TEER was determined
according to the Ohm’s lawlsc and TEER were
corrected for fluid resistance prior to mounting the

was used in the experiments. The tissue was rinsedtissue in the diffusion chamber system. The average

with ice-cold standard Ringer buffer to remove lumi-
nal content and cut into 3cm long segments, exclud-

TEER from 75th to 175th minute of the experiment
(TEERy5—175) was calculated and was used to assess

ing visible Peyer’s patches. The intestinal segments the tissue integrity. Acceptable ranges for viable tissue
were opened along the mesenteric border and stretchedvith good integrity are more than 1.0 mV (absolute

onto an insert with exposed tissue area of £cfthe

value) for P .y (PD after the addition of glucose)

insert was then placed between the two EasyMount and between 20 and 4Bcr? for TEERy5—17s.

side-by-side diffusion chambers (Physiologic Instru-
ments, San Diego, CA, USA). Each compartment was
filled with 2.5ml of incubation saline supplemented
with 10 mM p-glucose or 10 mM mannitol on serosal
and mucosal side of the tissue, respectively. The tis-

2.4. Analytical procedures

The concentrations of acyclovir and fluorescein
in the samples from the transport experiments were
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analyzed by a HPLC system (Series 1100, Hewlett  All data are presented as meahsS.D. To inves-
Packard, Waldbron, Germany). The column Euro- tigate the effect of incubation saline composition on
spher C-8 (fum, 250 mmx 4 mm; Bia Separations, the values oPapp of fluorescein and acyclovir and on
Ljubljana, Slovenia) was used at 35 and a flow TEERy5—175, ANOVA was used. Least significant dif-
of 1 ml/min. The mobile phase for acyclovir and flu- ference (LSD) was applied for pairwise comparisons.
orescein was composed of 24% methanol and 76%
phosphate buffer (pH= 7.5). For detection of acy- ) )
clovir UV absorption diode array detector was used at 3- Results and discussion
254 nm. Fluorescein was detected by a fluorescence
detector {ex = 487nm,igm = 510nm) (model
RF-535, Shimadzu, Kyoto, Japan).

The mucosal surface pH was measured with a flat
membrane pH electrode as describedlegen et al.

The values forPgpp of fluorescein and acyclovir
and electrical parameters (TEER;75 and PDs u)
obtained under different experimental conditions are
given inTable 1 Fig. 1 shows the time-course of PD

(2003) and TEER of tissue segments under control conditions.
The concentrations of calcium and magnesium were 3,0 —60
measured by a Perkin-Elmer 2280 atomic absorption »
spectrophotometer at 422.7 and 285.2 nm, respectively 25 1%
using air-acetylene flame. 2,0 tao €
s -
. - E 15 130 o
2.5. Data analysis and statistics o R
. -1,0 +20 lu—J
The Pgpp value of the investigated substances was 05 [10
calculated from the following equation: ’ I
0,0+——r+——+———+——+0
do 1 '
_ ¥ (cm/s) 0 50 100 150 200
P dr AG time [minutes]

where d)/dt is the steady-state appearance rate on the _ , -

. . . Fig. 1. Tracks of PD @) and TEER () vs. time for jejunal
acceptor side of t_he t'SS_u_A_’ is the exposgd area of segments incubated in normal Ringer buffer (control) during the
the tissue andC is the initial concentration of the  experiment. Each point is an average of measurements on 27 rat
investigated substance in the donor compartment.  jejunal segments.

Table 1
The influence of saline composition on the valuesPgfy, of fluorescein and acyclovir, on average TEER from 75min till the end of
experiment and on the transepithelial potential after the addition of glucose in the mucosal compartment

n Papp (FLU) Papp (ACV) TEER75175 PDgLu (MV)
(x10-%cm/s) (x10-8cm/s) (Qcmd)

Ringer buffer on both% 27 56+ 15 10.0+ 1.6 329+ 145 —244+ 08
C&t and Md¢**-free on both s 6 10.4 2.7 18.5+ 3.1 9.9+ 8.6 -0.1+0.3
c&t and M¢t-free on S's 6 5.8 1.0 111+ 1.2 33.8+ 6.3 -17+13
c&t and M¢tt-free on M s 3 4.4+ 0.3 7.5+ 0.9 36.5+ 1.3 -234+1.0
Cat-free on both sides 3 5611 10.94 2.8 245+ 13.8 -14+11
Mg?*-free on both sides 3 4118 8.4+ 27 36.1+ 15.0 —28+0.3
HCOz;~-free 6 15.1+ 5.9 11.4+ 1.3 24.0+ 10.5 -0.6+ 0.3
HEPES (5 mM) 3 13.9+ 2.6 9.6+ 1.3 22.9+ 8.4 —27+0.9
HEPES (20 mM) 3 4.8+ 1.2 9.9+ 1.6 28.1+ 7.7 —-20+0.3
Phosphate-free 3 6% 4.4 10.5+ 2.6 27.7+ 8.7 -3.0+ 0.8
Kt-free 6 11.7+ 3.8 9.0+ 2.6 39.0+ 19.3 —2.0+ 0.6

Data are presented as mean$.D.; n is the number of determinations on different rat jejunal segmétgs, (FLU) is the permeability
coefficient of fluoresceinPapp (ACV) is the permeability coefficient of acyclovir.
@ Control experiment.
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Fig. 2. Tracks of PD @) and TEER () vs. time for jejunal
segments incubated in &a and Mg*-free Ringer buffer on
both sides of diffusion chambers. Each point is an average of
measurements on three rat jejunal segments.

The results clearly show, that in the case of a Ringer
buffer without C&" and Mgt on both sides of the

177

the case of control experimeriigble J). It was shown
(Tomita et al., 199%that CaCo-2 monolayers are not
influenced by C&"-free conditions on apical side if
EDTA is not used. On the other hand, the basolateral
C&t-free conditions cause a significant increase in
CaCo-2 monolayer permeability even when no EDTA
is added {omita et al., 199% It was shown on dif-
ferent cultured epithelia that a morphological change
in uvomorulin is the major if not the only cause of
the disruption of paracellular barrier induced by*Ca
chelation Collares-Buzato et al., 1994The cellular
location of this C&t-dependant molecule, which is
distributed over the lateral membrane, could thus ex-
plain the sensitivity of the junctional complex to basal
Cat-free conditions and the lack of sensitivity to api-
cal C&*-free conditions. On the other hand, the ba-
solateral side of the unstripped isolated segment of rat
jejunum is protected by underlying muscular and con-
nective tissue, which could make it less susceptible to

isolated jejunal segment, the tissue was not viable dur- the lack of bivalent cations than the basolateral side of

ing the experimentt(= 175 min). In 50 min after the

monolayers of cultured cells which is directly exposed

beginning of the experiment TEER and PD decreased to the incubation saline.

below 202 and below—0.5mV, respectively. After
175 min of incubation in C& and Mdt-free saline
the transepithelial potential was low and did not re-
spond to the addition of glucosEi@. 2). It is reported
that the TEER of CaCo-2 monolayers, can recover af-
ter the treatment with EDTA if sufficient 4 is added
(Artursson and Magnusson, 199While on the con-
trary in our experiments the viability and the integrity
of the rat intestinal tissue segments did not improve
when the C&" and Mgt -free saline in the diffusion

Since the aim of this study was to establish whether
an incubation saline-free of bivalent cations, which
could interact with some tested compounds inside the
donor solutions could be used for the experiments with
rat jejunum mounted in the diffusion chambers we de-
termined the amount of these cations that appears in
the “C&* and M@ -free” donor solution during the
experiment. The appearance ofCand Mg+ could
be either due to the diffusion from the acceptor side
(where standard Ringer buffer with 1.2 mM of each bi-

chambers was replaced by standard Ringer buffer. This valent cation was present) or from the tissue segment

shows that when the lack of bivalent cations was suf-
ficient to cause a disruption of the paracellular barrier
the rat intestinal epithelium was irreversibly damaged.
Consequently th®qpp values of fluorescein and acy-
clovir were significantly higher and the TEER175
was significantly lower compared to the control con-
ditions (P < 0.001 for all three parameters). This can
indicate that the ability of intestinal tissue to regener-
ate in “in vitro” conditions is not as good as that of
cultured cancer cells.

The tissue was viable throughout the experiment
when both C&+ and Mg+, were absent from the in-

itself. The donor side can be serosal or mucosal side
depending on whether m-to-s (mucosal to serosal.) or
s-to-m (serosal to mucosal) drug permeability is be-
ing measured. Therefore, the concentrations d'Ca
and Md¢?™ at the end of a 175min experiment were
measured in both mucosal and serosal *Cand
Mg?*-free” saline. The C& concentrations deter-
mined were only 348 M (meart-S.D.; n = 3) and
27 + 9uM on mucosal and on serosal “Gafree”
side, respectively. Similarly the Mg concentrations
rose to 377 £ 1.7 uM and to 245+ 1.1 M on mu-
cosal and on serosal “Mg-free” side of side-by-side

cubation saline only on mucosal or only on serosal side diffusion chambers, respectively. €aand Mg+ at

of the tissue. TEER values as well as thgpvalues of

concentrations this low probably would not cause any

fluorescein and acyclovir were in the same range as inimportant interactions with the tested compounds,
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which are usually applied in much higher concentra- -3,0 — 60
tions (i.e. 1 mM) in the donor solutions. I

The absence of only & or only Mg?t from in- 25 T _
cubation salines in both compartments of the diffu- _ 20 +40 E
sion chambers did not affect the tissue integrity since E 15 L 30 %
TEER andPgpp values for fluorescein and acyclovir o L u
were not affected, compared to the control experiment -1,0 T2 F
(Table 9. The observation that the absence ofCa 0,5 110
does not cause any changes in tissue integrity is rather g
surprising since C -free conditions on both sides S

(apical and basolateral) cause deterioration in the in-
tegrity of cultured epithelia—an opening of tight junc-
tions (Tomita et al., 1994 When a similar test on
rat jejunum was performedP€rez et al., 19975 mM
EGTA was used to provide Ga-free conditions and
the mannitol flux was dramatically increased (the con-
trol of tissue viability was not reported). In our ex- changed to %7+0.01 and to 781+0.14 on mucosal
periments the Cd reserves of the tissue segments and on serosal side, respectively. This pH gradient also
themselves were not depleted by any chelating agentexplains the increased,pp of fluorescein. Although
and might have been sufficient to maintain the tissue fluorescein is used as a marker molecule for para-
viability and integrity while the incubation saline con-  cellular permeability itdPapp is influenced by the pH
tained Mgt in normal concentration. It was shown gradient across the apical membrane and is markedly
(Lacaz-Vieira, 199y that M@ itself probably can- increased when an inwardly directed proton gradient
not replace C&' in its protein binding sites, however is present Kuwayama et al., 2002 By replacing bi-

our results indicate that Mg must have some role  carbonate with NaCl the buffer capacity (as calculated
in maintaining the tissue integrity and viability in the by the Van Slyke equation) is decreased from 0.00331
absence of C&. The results, which show that the ab- (standard Ringer buffer) to 0.00103. It seems that the
sence of only M§" from incubation saline on both  changes in saline pH during the experiment described
sides of the isolated jejunal segment does not alter above could be simply the consequence of the insuf-
the function of the epithelial barrier are in accordance ficient buffer capacity of this bicarbonate-free saline.

time [minutes]

Fig. 3. Tracks of PD @) and TEER () vs. time for jejunal
segments incubated in HGO—free Ringer buffer on both sides

of diffusion chambers. Each point is an average of measurements
on three rat jejunal segments.

with previously reported observations, when similar
permeability experiments with rat small intestine were
performed Emi et al., 1998

When bicarbonate-free buffer with bicarbonate sub-
stituted by an equimolar amount of NaCl was tested,
the value for TEER was in acceptable range BRagh
of acyclovir was similar to that obtained in control
conditions, indicating that the function of the tight
junctions between epithelial cells was not affected
(Fig. 3 Table 1. However, the transepithelial poten-
tial was much lower than in control conditions, and
the Papp of fluorescein was significantly?( < 0.001)
higher than in control experiments. The measured
transepithelial potentials were probably low due to the
inwardly directed proton gradient across the intestinal
tissue. The pH of this bicarbonate-free saline at time
zero was 7.50 on both sides of the tissue. In 175 min
(the duration of the experiment), the saline pH has

However, when bicarbonate in Ringer buffer was
replaced by 5mM HEPES and not by NacCl, the calcu-
lated buffer capacity was 0.00391 but #hg, of fluo-
rescein was still significantly higheP(< 0.001) then
under the control conditionsTéble J). Furthermore,
when a buffer with normal bicarbonate concentration
but without phosphates (phosphate-free Ringer buffer,
Table 1) was tested botlfPapp values and all electri-
cal parameters were similar to those obtained under
control conditions although the buffer capacity of this
phosphate-free saline was only 0.00228. These results
indicate that there must be another mechanism, most
probably connected with the presence of bicarbonate
ions in the saline, which influences the permeability of
fluorescein. A possible explanation is givenlbggen

and Kristl (2003)who suggest that bicarbonate-free
conditions activate NHE3 NadH™ exchangers on
the apical enterocyte membrane. Increased activity of
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these exchangers then causes a drop in the pH valueof the isolated rat intestine “in vitro”. The withdrawal
at the mucosal surface. Consequently, low pH of the of an ion from this buffer or its substitution with
mucosal surface (mucus) is most probably the reasonanother ionized substance could cause unexpected
for increasedPqpp of the acidic marker fluorescein. changes in permeability of some substances (i.e.
When bicarbonate in Ringer buffer was replaced with fluorescein).
NaCl the buffer capacity of the incubation saline On the other hand, it seems that passively permeable
was insufficient to resist the change in pH and the substances that cannot be transported by any other
acidification was not limited to the mucosal surface mechanism (i.e. acyclovir) are not so susceptible to the
microclimate as it was when bicarbonate was replaced ionic composition of the incubation saline unless tissue
with 5mM HEPES. is not viable during the experiment or tight junctions

To insure a constant pH of bicarbonate-free incu- are opened.
bation saline and to minimize the acidification of the Regarding the tissue viability and the opening of
mucosal surface during the experiment, the incubation tight junctions, one must pay special attention to bi-
saline’s buffer capacity must be much higher. Fag, valent cations, Ca& and M¢* in the composition
value of fluorescein in a bicarbonate-free incubation of incubation salines. However, unilateral ¢aand
saline was similar to the value obtained under control Mg2*-free conditions could be used when necessary
conditions only when bicarbonate was replaced with for m-to-s and s-to-m experiments with compounds,
20mM HEPES and the buffer capacity was 0.0126. which would otherwise interact with these cations. Al-
When salines were buffered with 20 mM HEPES in- though the passive permeability of nonionized com-
stead of bicarbonate/GQhe viability, TEER and the  pounds Papp of acyclovir) through paracellular route
values ofPapp for both, fluorescein and acyclovir were is not significantly affected when bicarbonate is re-
similar as under control conditions. moved or substituted by other buffers like HEPES,

The effect of HEPES, used instead of bicarbonate in such changes of salines could significantly influence
the incubation saline, on the mucosal surface pH was the Papps of weak acids or bases.
further confirmed by pH measurements of mucosal
surface after incubation of tissue segments in standard
Ringer buffer or in 20 mM HEPES buffered incubation References
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