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Abstract. Since the major mechanisms responsible forintroduction
regulation of intracellular pH of enterocytes are located
in the basolateral membrane, respective effects may b8hort-chain fatty acids (SCFA), such as acetate, propio-
expected on pH in the compartment near the basolateralate and butyrate, are the major metabolites of anerobic
membrane. A method was established to estimate the plhicrobial fermentation of polysaccharides in the hind
at the basolateral membrane )idf isolated caecal epi- gut. They represent important nutrients for the caecal
thelia of guinea pig using pH-sensitive fluorescein at-and colonic epithelial cells, and they contribute in con-
tached to lectinléns culinarig. In the presence of bi- siderable amounts to the overall energy metabolism of
carbonate and a perfusion solution-pH of 7.4,,pitas  herbivores [1, 38, 43]. In most of the mammals studied
7.70 £ 0.15. In the absence of bicarbonate or chloride aso far, concentrations of SCFA in the caecal and colonic
well as by inhibition of the basolateral GHCO; ex-  contents are about 100 mmal ™, which implies a large
change with B-DIDS, pH, was reduced near to solution- transepithelial SCFA gradient [4, 18]. SCFA are rapidly
pH. Inhibition of the basolateral NeH" exchanger by absorbed [18] in the undissociated (protonated) form as
adding a sodium- and bicarbonate-free, low-buffered sowell as in the ionized form [20, 22]. However, observa-
lution increased pfl Decrease of pH of serosal perfu- tions concerning the extent of absorption in these ways
sion solution to 6.4 provoked a similar decrease of fiH  are very conflicting. In a number of recent studies SCFA
solution pH. Short-chain fatty acids (SCFA) added toabsorption is believed to occur mainly by diffusion in the
the mucosal solution caused a slight decrease gf pH protonated form [9, 12, 41]. Other investigators postu-
SCFA added to the serosal side alkalized pHowever, late a predominantely ionized transport of SCFA [25, 30,
in the presence of bicarbonate pketurned quickly to  36]. Obviously major segmental and species differences
the initial pH,, and after removal of SCFA a transient exist in respect to the transport in the protonated and in
acidification of pH, was seen. These responses couldthe ionized form [19, 21].
not be inhibited by MIA or H-DIDS. We conclude that The absorption of SCFA in the protonated form as
no constant pH-microclimate exists at the basolateralvell as the flux of bicarbonate in exchange with SCFA-
side. The regulation of the intracellular pH of entero- anions implies a considerable proton load for the entero-
cytes reflects pil The slightly alkaline pijis due to the  cytes of the large intestine. It was therefore not unex-
bicarbonate efflux. Data support the presence of arpected that the addition of SCFA cause an acidification
SCFA-HCO; exchange. of the intracellular pH (pH [5, 14, 15]. SCFA also
cause pH changes at the apical membrane of epithelia
[11, 23]. However, effective mechanisms responsible
for the regulation of pHare mainly located in the baso-
lateral membrane of the enterocytes [5, 6, 7, 8, 29, 41,
45]. We therefore expected relevant changes in the ex-
tracellular pH at the basolateral membrane (péiring
pH;-regulation. Changes in pftould have considerable
*Present addressDepartment of Physiological Chemistry, School of effect on the transeplthgllal transport of weak electro-
Veterinary Medicine, Hannover, Germany lytes [33]. Fu_rthermore, itwas not knoyvn whe'gher at the
basolateral side a pH-microclimate exists similar to that
Correspondence toV.v. Engelhardt at the luminal side of intestinal mucosa [23, 31, 34].
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of the apical and of the basolateral side of the epithelium by two
silicone half chambers having a fluid volume of @0 on each side.

A nylon net (mesh-size: 20@m, Polymon, Switzerland) placed on the
inferior basolateral side and a silk net (mesh-size: 1) placed on

the upper apical side served as a mechanical support. The microper-
fusion chamber was mounted on a heatable and motordriven stage of an
inverted microscope (Axiovert 35M, Zeiss, Oberkochen). The serosal
side of the epithelium was directed towards the objective. The perfu-
sion was driven by gravity at a rate of about 400 min™. Solutions

on both side could be changed using two miniature eight-port valves
(Hamilton, Bonaduz, Switzerland). For connections isoverinic-tubing
with a low permeability for CQ internal diameter 0.5 mm (Amicon,
Langenfeld), had been used. If solutions had been in the tubing for
longer periods tubing were flushed with the fresh solutions prior to the
recorded experiments. The solutions were kept at 37°C and were
gassed as described below.

PERFUSATE SOLUTIONS AND CHEMICALS
Fig. 1. Caecal epithelium after separation from the submucosal tissue.
For the demonstration of the serosal side, the tissue sheet was folded §&§€bs-Ringer solution buffered with bicarbonate contained (in
that the mucosal side is on the mucosal side, and the serosal side f8mol- 17%): 113.6 NaCl, 5.4 KCI, 1.2 CaGJ 1.2 MgCl, 0.6
outwardly directed. The picture was taken at the edge of the folded\aHPOs, 2.4 NaHPO,, 10.0 Glucose, 21 NaHCOgassed with 95%
sheet. Single crypts come out fingerlike. The dark spots are crypts noP2/5%C0; (carbogen)golution J. Bicarbonate-free Krebs-Ringer so-

in the focal plane. Transmission light microscopy (10x objective). Thelution buffered with N-2-hydroxyethylpiperazine-2-ethane-sulfonic
bar represents 5am. acid (HEPES) contained 21.0 mmdi* NaHEPES (Serva, Heidel-

berg, Germany) instead of NaHG@nd was equilibrated with 100%

We were interested in factors affecting lpr_g_ O, (solution 2. Low-buffered, bicarbonate-free solution contained 5
SCFA) and in mechanisms and processes that a;,e iﬁr_lmorl’lNaHEPESinstead of 21 mmel™* and was also equilibrated

. . with 100% O, (solution 3. In SCFA media the NaCl was replaced by
volved in Changes of P Recemly the PH in the sub- equimolar (113.6 mmol 1Y) sodiumn-butyrate whereby the concen-

epithelial tissue [11, 12] and in the lateral intercellular yation of chioride was reduced to 15.3 mmd™ in bicarbonate-
space of monolayers [10, 17, 26] have been describedontaining solutiongolution 4 and to 10.4 mmol I"* in bicarbonate-
An adequate method for the estimation of the pH at théree solution $olution §. In propionate-containing solutiosglution
basolateral membrane of epithelia (ks not available 6) NaCl was also replaced by equimolar (113.6 mmiof) Na-
so far. It was therefore our aim to establish such gPropionate resulting in a low concentration of chloride (10.4

: " 179, | ium-f i -free, low-buff i
method for pH-measurements using a pH-sensitive fluo- "' ). In sodium-free and bicarbonate-free, low-buffered media
. : ; sodium was replaced with N-MethptGlucamine and the concentra-
rochrome attached to lectife(is culinarig.

tion of HEPES was reduced to 5 mmdI™ (solution 3. The solution
with a reduced chloride concentration contains 11.4 mntidichloride
. while 113.6 mmot |~* chloride were substituted by gluconaselution
Materials and Methods 8). The solution with a reduced pH was Krebs-Ringer solution titrated
to a pH of 6.4 by HCl ¢§olution 9. All the other solutions were titrated
to a pH of 7.4 and adjusted to a final osmolarity of 300 + 2 mosmol
with mannitol. The osmolarity was determined by freezing point de-
pression (Roebling Osmometer, Berlin, Germany).

To investigate the influence of different basolateral ion transport
mechanisms on pkl several drugs inhibiting these transporters were

TISSUE PREPARATION

Male guinea pigs (body weight of 300-500 g) fed a standard diet
(Altromin No. 3122, Altromin, Lage, Germany) with wated libitum

were killed by decapitation between 8:00 and 9:00 A.M. The caecum ; - _1
was excised and flushed with ice-cold Krebs-Ringer solution to removefgwl(:)eii tlo th_? pzrfus'\l/tljlnA s?\’luuon. r51 T?:.fOEOI | Iolf t5-N-r?ethyII_-|N-
the luminal contents. Mucosal sheets were kept on ice in Krebs—Ringo:—zE0 utyl-amiiori T (d ) ’d' esfﬁrf Iflogdemlgiﬂsgergg&rf,?o .
solution gassed with 95% £and 5% CQ until use. For experiments ermany) presolved in dimethyl-sulfoxide, ( ’ chemi-

’ ) o -1
the epithelium was separated from the submucosal tissue using a glagglj“ (??IsetEhOfen]’( Getrm?ny_) Lnt?tctc;]nc?h:;iatlon r(])fllﬂol |2 ):N(:enrje
slide. The separation procedure removes almost all the submucosgﬁd ed lo the perusate fo Inhibit the exchanger.

= A . . o ) -
tissue including the lamina propria of the caecal epithelium of ther?—IOIDIIDSd:\:y?rO |4,4Pdllzoth|Ecyanato(§g|berl1e ij’ﬁls?”odn'lc S\'\c;:gOt

guinea pig. Submucosal cells are virtually absent in the tissue prepa(— 2; K ’I tc.)ec;;rx rl(zrfs’ Iug:??e, ), azof IS.S%.\:)e.t. n f th 0
ration SeeFig. 1). Due to the low density of crypts in the guinea pig a stock-solution mo » was used tor Innibition ot the

caecum such a preparation is possible. Afterwards the epithelial laye | I"-HCG; gxcha?ge:.tTTs dlhydhrodgenatedt f((j)rfm of 2:IDSthdoei no_t
was slightly stretched and fixed by a supporting silicone ring with uloresce, |nf con Iratl_s IO Znondy rogenste_ Z"fn' MO ekr cDeml-
HistoacryP [23] (Braun Melsungen, Melsungen). cals were of analytical grade and were obtained from Merck (Darm-

stadt, Germany).

PERFUSION CHAMBER LABELING WITH FITC-LECTIN

The silicone ring with the stabilized epithelium was mounted in a small The basolateral pH (pi)l was estimated with lectinlgns culinarig
perfusion chamber [6, 23]. The chamber allows separate superfusiolabeled with the pH-sensitive fluorescent dye fluorescein-
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isothiocyanate (FITC) (Molecular Probes, Eugene, OR). As the lectin 4
binds to sugar residues (mainly mannosyl- and glycosyl-residues) of
membrane proteins, the fluorescein stays at the basolateral membrane
during the perfusion. Dye loading was carried out on ice by applying

10 wl of 20 pmol - I7* FITC-labeled lectin to the serosal side of the (16)
epithelium for 12 min. Afterwards any unattached dye was washed
away, and the epithelium was mounted in the microperfusion chamber. (14)

MICROSPECTROFLUOROMETRY (26)

36 nm

The fluorescence intensity at the basolateral side of the caecal epitht%

lium was determined using a Zeiss MPM 200 system (Zeiss, Oberko%ro

chen, Germany) built around an inverted microscope equipped with ao o

75 W xenon lamp, a high speed shutter and a rotating filter wheel'®

equipped with two bandpass filters of 436 + 20 nm and 485 = 10 nm.

In pilot studies an excitation spectrum of FITC-labeled lectins was

measured in solutions of different pH (pH 5.0 to pH 8.0) with the

excitation wavelength varying from 400-510 nm. In this way, the ex-

citation maxima and the isobestic point could be estimated. The is-

obestic point, where all curves run through a single point, was situated 1 T T T

at 420 nm, while the excitation-maxima were achieved at 490 nm. 6 7 8

These results fit to the wavelength range of the two bandpass filters

(436 = 20 nm, 485 £ 10 nm) used in the further measurements. The pH-value

excitation beam was reflected by a 510 nm dichroic mirror and directed

through a 40x long distance objective (LD40, Zeiss, Oberkochen, GerFig. 2. Comparison of the ratio of calibration-experiments with caecal

many). To achieve measurements at both wavelengths with the samepithelia. The calibration-buffers contained1énol - I"* nigericin and

gain setting of the photomultiplier the excitation intensity at 485 nm had pH-values between 6 and 8. The number of experiments is shown

was reduced to 25% by a neutral density filter. To minimize photo- in brackets.

bleaching, the intensity at both wavelengths was further reduced to

10% by a neutral density filter, and the excitation time was restricted to

200 msec for each time point using a high-speed shutter. The fluoresQUENCHING OF THE FLUORESCENCEINTENSITY WITH

cence emission was collected by a photomultiplier (RS928, Hama-ANTI-FLUORESCEINANTIBODY

matsu, Herrsching, Germany) in the range of 515-530 nm. Measure-

ments were taken looking at surface cells. Results from the crypt bas€or quenching the fluorescence intensity of a FITC lectin-labeled epi-

are not presented in this paper. The emission from an area defined brelium, a monoclonal IgG antibody against free and bound fluorescein

a pin hole corresponds to 4-6 cells. The high-speed shutter, filteBoehringer Mannheim GmbH, Germany) was used. After mounting

wheel and photomultiplier unit were driven by a MSP21 controller the stripped epithelium of the caecum of guinea pig into the microper-

(Zeiss, Oberkochen, Germany). The whole system was connected to gnsion chamber and after staining it with FITC lectin, the fluorescence

IBM-compatible personal computer, that controlled the time intervals,intensity was measured near the isosbestic pointul28 the antibody

collected the fluorescence signals and performed online calculations odolution containing 7.7.g of anti-fluorescein antibody were added to

signal ratios from the two wavelengths continuously [6, 23]. the serosal side of the epithelium. After 45 min of incubation with the
antibody the fluorescence intensity was measured again.

(12)

CALIBRATION OF THE FLUORESCENCESIGNAL
UsSING CHAMBER EXPERIMENTS
The ratios of the fluorescence signals were calibrated by the K
nigericin method [46]. Cells were superfused on both sides with cali-
bration buffer containing 133.4 mmel™* K*, which reflected approxi-
mately the intracellular concentration of Kand 10° mol - I7* nigeri-
cin. The pH of these calibration buffers was tritrated to pH values
between 6.0 and 8.@éeFig. 2). Since nigericin is a KH*-ionophore,
intracellular H-concentrations equilibrate to extracellular concentra-
tions [6]. By this method potential pH gradients produced by active
proton transport mechanisms should be diminished.

Transepithelial conductancey,) and short-circuit currentl{o of
stripped mucosal sheets of the caecal epithelium were measured in
Ussing-chamber experiments after superfusion with a solution contain-
ing FITC-labeled lectinléns culinarig (3.3 wmol - 172, 30 min) and
without addition of lectin (control). The inner diameter of the chamber
was 1.13 cri. To both sides of the epithelium 10 ml of Krebs-Ringer
solution (pH 7.4; 37°Csolution 1,containing 10° mol - I"* indometh-

acin) was added and gassed by a gas lift system with carbogen. Each
chamber was connected with an automatic computer-controlled voltage
clamp amplifier (AC copy, Aachen, Germany). Details have been de-

CONFOCAL LASER-SCANNING MICROSCOPY scribed recently [20, 22].

The position of FITC after dye staining of the epithelium was investi- STATISTICS

gated by a confocal laser-scanning microscope (Bio-Rad, MRC 600,

Hemel Hampstead, England). The FITC-labeled epithelium was fo-Results are given as meanss; n designates the number of experi-
cused through in the z-direction in micrometer-steps. The fluorescencenents. Differences were evaluated by paired and unpditedts
intensity of the layers was collected by a photomultiplier. where appropriate witf? < 0.05 considered as significant.
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Fig. 3. FITC-lectin was added to the serosal side of the caecal epithelium. The location of the dye was checked by confocal fluoresce
microscopy. A) The white cell margins represent the fluorescence intensity at the basolateral membrane (BM) in the intercellular space of sur
cells (SC) (magnitude 100x)B) Cross-section of a FITC-lectin-labeled crypt (magnitude 400x). The white margins of the crypt cells (CC) represe
intercellular spaces and the basolateral membrane near the basal lamina stained by the fluorochrome. Only the basolateral membranes (B
labeled, not the apical membranes (AM), or the crypt lumen (CL).

Results 600
500 - T

VALIDITY OF THE FLUOROMETRIC METHOD FOR
ESTIMATION OF THE SURFACE FH AT THE o 400 -
BASOLATERAL MEMBRANE %’

2 300 -
Localization of the Dye Molecular 5]

2 200
The localization of the lectin molecule was checked by
confocal laser scanning microscopy to ensure that after 100 T
labeling the serosal side of the epithelium with FITC the
lectin is located and remained at the basolateral mem- 0 , | -
brane. In Fig. & the fluorescence intensity of the FITC- . ) .

without with  antibody

lectin is seen only in the intercellular space of caecal

surface ePIt_he“_al cells, and ”‘?t inside th_e _Ce”S' I_n I:lg'Fig. 4. Quenching of the fluorescein-molecule of the FITC-labeled
3B the localization of the dye in a crypt is in the inter- jectins attached to the basolateral membrane by a anti-fluorescein an-
cellular space and close to the basal lamina at the bas@body. After the incubation of the guinea pig caecal epithelium with
lateral membrane, however, not in the crypt lumen and-ITC-lectin from the serosal side 7j¥g of the lyophilized antibody
not at the apical surface. We conclude that FITC-lectinsolution was added to the serosal solutisnlte 3 for 45 min. The
does not pass the tight junctions and is attached to thguoresc_:ence intensity was _m(_easured in the epithelia with and without
basolateral membrane after serosal addition. the antibody (standard deviations of 20 measurements).

with the fluorescein-specific antibody. The antibody
may not completely reach all binding sides of the fluo-
rescein due to the steric conformation of the lectin, and
o _ this might explain the remaining fluorescence of 15%.
To check whether the attached FITC-lectin in Fig. 3 is

solely located extracellularly we quenched the fluorespo Lectins Affect Electrophysiological Parameters of
cence of the lectin labeled epithelium with a anti- the Caecal Epithelium?

fluorescein antibody added to the serosal side of the epi-

thelium. As shown in Fig. 4, the basolateral fluorescenceTransepithelial conductancg, and short-circuit current
caused by FITC-labeled lectin could be reduced by 85%lsJ as electric parameters for the viability of the dye-

Quenching of the Fluorescence of the Epithelium
Labeled with FITC-Lectin by Anti-Fluorescein Antibodies
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Table. Transepithelial conductancg; (mS- cm™?- hr) and short- pH DIDS
circuit currentl s (pequiv- cm 2 - hr?) of guinea pig caecal epithelia b
in Ussing-chambers without (control) and after incubation with 3.37.6 - J

wmol - I”* FITC-labeled lectins for 30 min (number of chambars=

12). Results are given as mearse. Neither the transepithelial con-
ductance nor the short-circuit current of the control epithelia are sig-
nificantly different from the FITC-lectin-labeled epithelia.

Control-epithelia Epithelia incubated with
FITC-labeled lectins
H
o 5.23+1.02 5.48 + 0.54 10 min
lsc 2.28+0.25 254 +0.31

Fig. 5. pH, before and after the inhibition of the basolateral-BICO;
exchanger by addition of HDIDS (2 x 10“ mol - I™%) to the serosal
solution &olution J).

labeled membrane were measured in Ussing-chamber

experiments. Neither the short-circuit current nor thecentration remained highsglution ). This low serosal
transepithelial conductance were changed significantlghloride concentration caused a decrease qfpH0.14
by the addition of lectin to the serosal solution in com-* 0.09 pH units § = 14; P < 0.001).

parison to control experiments without addition of lectin ~ We expected that also the N&l* exchanger at the
(Table). basolateral membrane affects pHro test this hypoth-

esis the epithelium was superfused on the serosal side

with sodium-free, bicarbonate-free 21 mmadr?
SURFACE-PH AT THE BASOLATERAL MEMBRANE (pH,) oF  HEPES solution golution 3. However, no significant
CAECAL EPITHELIA OF GUINEA PiGs changes of pElwere seenr( = 5; P = 0.902). On the
other hand, an effect was achieved with sodium- and
bicarbonate-free, low-buffered solutiorso(utions 3 and
7). As shown in Fig. 6 the removal of the sodium gra-
dient as the driving force for the basolateral N4 ex-
changer led to an increase of pbly 0.21 + 0.09 pH-units
For the estimation of the basic surfacepkhe isolated (n = 17; P < 0.0001). Furthermore, the activity of the
caecal epithelium was superfused with standard KrebsNa'™-H* exchanger could be shown in an experiment with
Henseleit solutiongolution ) containing 21 mmol 1™ an ammonium prepulse in low-buffered, bicarbonate-free
bicarbonate at pH 7.4 at both sides of the tissue. Undeperfusion solution (Fig. 7). It is well documented that the
these conditions a basic gidf 7.70 + 0.15( = 86) was intracellular pH of enterocytes acidifies markedly when
measured, which is significantly above the pH of theammonia is added and then removed from the bathing
perfusion solution. Under bicarbonate-free conditionssolution [3, 32]. After the addition of the low-buffered,
(solution 2, when bicarbonate was replaced by 21 bicarbonate-free solutios@lution 3, pH, had decreased
mmol - I”* HEPES, pH was 7.50 + 0.14r{ = 26) and by 0.12 + 0.04 pH-unitsr( = 6; P < 0.001). Addition of
did not differ significantly from solution-pH. ammonia increased pfslightly by 0.10 pH-unitsif =
6; P = 0.03; Wilcoxon Signed Rank Test was per-
formed). Upon removal of sodium an additional increase
of pH, was observed (initial increase of pH 0.22 + 0.10
pH-units;n = 6; P < 0.01; after 10 min 0.09 + 0.08
Some regulation mechanisms like the'Nd" exchanger  pH-units;n = 6; P < 0.05). After readdition of sodium,
and the CI-HCO; exchanger [6, 16, 29] have been de- pH, acidified dramatically (max. change of pt9.52 +
scribed at the basolateral membrane. To find out wheth.02 pH-unitsn = 6; P < 0.0001) with a recovery back
er bicarbonate-dependent mechanisms are involved ito the starting values within 10 min. In the presence of 5
the alkaline pl in bicarbonate-containing solution, the x 10° mol - I”* MIA the primary acidifying peak was not
basolateral CFHCO; exchanger was inhibited with 2 X as impressive as in the absence of MIA (max.,pH
10 mol - I"* H,-DIDS added to the serosal solution. change 0.15 + 0.04 pH-units; = 6; P < 0.005). These
As shown in Fig. 5 the inhibition of the GIHCO; ex-  findings emphasize that, in the presence of physiological
changer caused a decrease of, iy 0.08 + 0.04 pH- concentrations of bicarbonate in the perfusion solution,
units (0 = 15; P < 0.0001). In further experiments the proton efflux via the basolateral Riad™ does not change
chloride concentration was reduced in the perfusion sopH, due to the high buffer capacity. In the absence of
lution at the serosal sideglution § from 124 mmol- I™*  bicarbonate and in a low-buffered medium, the activity
to 11.4 mmol I, at the mucosal side the chloride con- of the N&-H* exchanger can be demonstrated by using

pH, in Bicarbonate-containing and
Bicarbonate-free Solutions

Exchange Mechanisms Influencing pH
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Hepes mucosal The addition of butyrate to the mucosal solution caused
= only a slight decrease of pHin bicarbonate-containing

Na’ free Hepes serosal solution (0.06 * 0.04 pH-units) = 20; P < 0.0001) and
pH, also in bicarbonate-free solution (0.06 + 0.07 pH-units;
= 16; P < 0.01). The pH-changes in bicarbonate-
7.6 containing and in bicarbonate-free solution did not differ
significantly. The addition of another short-chain fatty
acid, of 113.6 mmol I™* propionate, added to the lumi-
7.4 nal solution éolution § caused a comparable slight de-
crease in pig (0.09 £ 0.05 pH-unitsp = 5; P < 0.01);
findings did not differ significantly from those with bu-
7.2 - tyrate.

SCFA Added to the Serosal Solutidfi.the trans-
— port of SCFA across the basolateral membrane from the
7.0 - 10 min serosal side into the caecal enterocyte would occur either

in the protonized form or in exchange with intracellular
Fig. 6. pH, before and after the inhibition of the basolateral"N#& bicarbonate we should expect an increase of. pFhe
exchanger by sergial removal of.sodium. in bicarbonate-free, |°W'serosa| addition of 113.6 mmel™* butyrate in bicar-
buffered (5 mmok I"* HEPES) solutiongolutions 3 and J bonate-free solutionsplution § caused an increase of
pH, (0.15 + 0.08 pH-unitsn = 26; P < 0.0001). pH
returned to the original values after the removal of bu-
tyrate (Fig. 9). However, in bicarbonate-containing so-

sodium-containing and sodium-free solution. The inhi-
bition with MIA had an effect on pkHonly after acidi- ; X L
fication of the enterocytes by means of an ammonia-lunon only a_tran3|ent alkalinization of pH0.19 + 0.09

pulse. Without acidification, the addition of MIA to bi- pH-g_nits; n = 69; P < 0.0001) was seen after serosal
carbonate-free, low-buffered solution did not causg-pH addition of butyrate. Although butyrate always was pre-
changestf = 1,8). sent, pH quickly returned back to the baseline pid the

presence of butyrate (Fig. 10). After removal of buty-
: _ rate, a transient acidification of pH0.20 £ 0.07;n =

Effects of a Decreased pH of the Perfusion Solutions 69; P = 0.0001) with a rapid return back to the baseline
on pH, pH, was recorded. The serosal addition of 113.6

_ N mmol - |7 propionate in bicarbonate-containing solution
Because basolateral GHCO; exchanger and the Na  (gq|ution § also caused an initial increase of pf@.19 +

H* exchanger can influence gHwve may expect that a 0.03 pH-unitsn = 5; P < 0.001) with a quick recovery
constant microclimate is present at the basolateral sidg, p5seline pH. After removal of propionate, an acidify-
similar to that at the apical side of the hind gut MUCOS8n g oyershoot of piwas measured (0.18 + 0’.05.: 5
[23, 24]. For this reason, the basolateral side and the"_  000s5). The addition of propionate to the serosal
apical sides of the epithelium were superfused alternately | ;tion caused similar nHchanges as the addition of
with solutions of low pH $olution 9 (Fig. 8). Lowering butyrate.

the pH of the luminal solutic_Jn by one pH-unit from pH In further experiments the NeH* exchanger and
7.4 10 pH 6.4 led only to a slight decrease of#y 0.14 ¢ cr-HCO; exchanger were inhibited before the ad-

% 0.06 pH-units from pH 7.70 to pH 7.561(= 8, P < o0 of butyrate. After inhibition of the basolateral
0.001). However, the decrease of the serosal bqu-pI—Na+_H+ exchanger wh 5 x 1075 mol - I"*MIA (n = 11)

reduced pi to pH values near to that of the perfusion . 4tter inhibition of the basolateral GHCO; ex-
solution; pH, dec!ined by 1.29 + 0.28 pH-units from pH changer wib 2 x 10% mol - I H,-DIDS (n = 21) the
7.69 to the solution pH of 6.41(= 8; P < 0.0001). transient pk changes after addition of butyrate were
very similar to those without the inhibitors. In these ex-
Effects of Short-chain Fatty Acids on pH periments (Fig. 11) either the Ni&d™ exchanger or the
CI"-HCGO; exchanger might have regulated pHiuring
SCFA Added to the Mucosal Solutiotfithe transport of  butyrate application. We, therefore, inhibited both ex-
SCFA from the lumen into the blood across the basolatchangers wh 5 x 10° mol - I™* MIA and with 2 x 104
eral membrane occurs either in the protonated form or irmol - 17> H,-DIDS before 113.6 mmoll™ of butyrate in
exchange with extracellular HGOwe should expect a bicarbonate-containing solution was addedlition 4.
decrease of pjl Therefore 113.6 mmoll™* Na-  Asseenin Fig. 12, inhibition of both exchangers resulted
butyrate was added to the mucosal side to either a bicain similar pH, changes compared to those seen without
bonate-containing solutiorsglution 4 or to a bicarbon-  the inhibitors @ = 4).
ate-free solutiondolution § on both sides of the mucosa. Without the application of the drugs the addition of
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pHy
Hepes 5
8.0 1 KH NHJNH4] Na-free [ P [NHy/NH, [ Na-free/MIA] Hepes 5/MIA | mucosal
Hepes 5
KH INH;INH.‘I Na-free [NH./NH,* Na-free/MIA] Hepes 5/MIA] serosal
7.8

Fig. 7. Documentation of the participation of the
Na"™-H* exchanger in pitregulation. The

7.6 experiment was done in bicarbonate-free,
low-buffered solution golution 3. After addition
of 25 mmol- |7 NH,/NH; to both sides of the
7.4 1 epithelium the perfusate was replaced by a

1 sodium-free solutiongplution 7. Finally both
chambers were perfused again with the

7.2 1
bicarbonate-free, low-buffered solution. The same
experimental sequence was repeated with the
7.0 Na"™-H* exchanger being inhibited by bilateral
addition d 5 x 10° mmol- I"* MIA during and
10 min. after the replacement of sodium.
PH, T e mucosal PH, Hepes mucosal
HCO,
80 pH74 [ pred [ gizs _ Serosal 80— _| butyrate | Hepes serosal
7.9 —
7.5
7.8 —
7.0 4
7.7 —
6.5 7.6 — 5 min
Fig. 9. Effect of serosal addition of 113.6 mmol™* butyrate on pH
—_— in bicarbonate-free solution on both sides of the epithelisaiutions
6.0 4 10 min. 2 and 5.

Fig. 8. pH, during a decrease of the pH in the bulk solutigpl(tion

9) at the apical or at the basolateral side. The bicarbonate—containin%mdies have shown that the regulation of intracellular pH
solutions had been titrated to pH 7 gb(ution ). is achieved mainly by the NaH* exchanger and the
CI-HCQO; exchanger in the basolateral membrane of the

o enterocytes in the large intestine [5, 6, 7, 8, 29, 39, 45].
butyrate caused a transient increase of ptD. 19 +0.09 We, thus, may expect that a proton load from the luminal

and upon removal a transient decrease of 0.20 + 107 (side of the enterocytes should result in an acidification of

= 69). In the presence of MIA. these valqes are 0.18 ithe compartment near the basolateral membrane of the
0.07 and 0.18 + 0.0N(= 11) units, respectively. In the

presence of DIDS these values are 0.21 + 0.08 and 0.200 94t Mucosa. In contrast, a flux of protons from he
+ 0.09 (h = 25), respectively. There had been no dif- Y 9

ference between values with and without the drugs. tion of pH,. To test this hypothesis it was first necessary
to develop a method that allows continual measurement

of the pH at the basolateral membrane.

Discussion

A NEw METHOD FOR THEESTIMATION OF THE FH AT
Considerable amounts of SCFA are produced and abFHE SURFACE OF THE BASOLATERAL MEMBRANE OF THE
sorbed in the large intestine [4]. The absorption of theHINnD GuT EPITHELIUM
protonized form [9, 20, 41, 42] as well as in exchange
with bicarbonate [22, 30, 35, 36] represents a substantidt is difficult, if not impossible, to control with sufficient
displacement of protons across the cell membrane of thaccuracy the position of the tip of a pH-sensitive micro-
enterocytes. An effective pH regulation of the entero-electrode for pH measurements at the serosal side of the
cytes is, therefore, of considerable importance. Recentind gut epithelium. Moreover, during perfusion and
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pH, HCOy mucosal pH,
8.2 1 [ buyrate ] HCO, serosal 7.8 — MIA + DIDS HCOy mucosal
[0S [ butyrate ] Mia | HCOs serosal

8.0 7.6 —

7.8 7.4 —

P
7.6 7.2 10 min.
r 3 1
- 10 min. Fig. 12. Effect of serosal perfusion with 113.6 mmdi™* butyrate in

) N » bicarbonate-containing solutiosdlutions 1 and ¥on pH, when the
Fig. 10. Effect of serosal addition of 113.6 mmol™ butyrate on pl§  pasolateral N&H* exchanger as well as the basolateraf-BCO;
in bicarbonate-containing solutiosdutions 1 and ¥on both sides of exchanger had been inhibited i x 10° mol - I"*MIA and 2 x 104

the epithelium. mol - I7* H,-DIDS, respectively.
pH, HCOy Hcos  mucosal  in the lateral intercellular space. This method is limited
7.8 HCO; [ ufyrate | MIA DIDS hutyrate ] HOs  serosal to special studies in polarized cell cultures. Due to the

need for an impermeable support for BCECF cells were

| grown on coverslips [26] or on supports with a reduced
7.6 permeability [10, 17]. The compartment below the ba-
' solateral membrane does not exchange or may have &
. reduced exchange with the serosal perfusion solution.
In a recent study, we had used 5-N-hexadecanoyl-
10 min.

7.4 aminofluorescein (Molecular Probes) (HAF) for studies
of the pH in the microclimate at the apical membrane of
the colonic epithelium [23]. Unfortunately it was not
Fig. 11. Effects of basolateral addition of 113.6 mmdr™* butyrate in possible to use this method for successful measurements
bicarbonate-containing solutiosdiutions 1 and on pH, when the 54 1ha pasplateral membrane. Pilot studies indicate that
basolateral N&H* exchanger was inhibited wit5 x 10°° mol - |1 . . o ..
MIA (left side) or the basolateral GIHCO; exchanger wh 2 x 10°# HAF_ malnly bm,ds unspeC|f|.caIIy to the remaining con-
mol - I"* H,-DIDS (right side). nective tissue in the propria mucosa and to the basal
lamina. Reliable attachment of HAF to the basolateral
membrane could not be achieved.
changes of the perfusion solutions, slight movements of It turned out that a lectinléns culinari§ labeled
the epithelium would cause unpredictable alterations ofvith fluorescein (FITC) is a suitable tool for measure-
the tip position. Chu et al. [12, 13] recently studied thement of the pH at the basolateral membrane. It could be
pH in the subepithelial compartment by confocal mea-shown with confocal microscopy that FITC-labeled lec-
surements with the pH-sensitive fluorescence dye cartin of lens culinarisis attached at the basolateral mem-
boxy-SNARF-1 in the serosal and in the luminal solu- brane of the serosal side of the caecal epithelium and also
tion. This is an elegant approach to study pH gradientsn the paracellular pathway. Due to the low density of
in the mucosa, however, as mentioned above, thigrypts in the guinea pig caecum a preparation of the
method is not appropriate for estimations in the narrowepithelium can be achieved in which cells from the
intercellular lateral space and directly at the basolateralamina propia are virtually absent (Fig. 1). The FITC-
membrane. Another group [10, 17, 26] estimated the pHabeled lectin does not enter the enterocytes and does noi
in the lateral intercellular space of cultured renalpass the tight junctions after addition to the serosal side
(MDCK) cell monolayers with the fluorochrome (Fig. 3). The extracellular localization of fluorescein
BCECF. After incorporation of the fluorescence-dye in could be demonstrated by adding anti-fluorescein anti-
the cells BCECF was secreted by these cells across theody (Fig. 4). The intracellularly located fluorescein
basolateral membrane in the lateral intercellular spacewould not have been quenched by the large antibody
The basolateral support of the monolayers was impermemolecule, which is not expected to enter the cells. Fur-
able for BCECF, and this allowed estimations of the pHthermore Ussing-chamber experiments have proved that
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neither the short-circuit current nor the transepithelialserosal perfusion solution of pH 7.4. We explain this by
resistance of the caecal mucosa are affected by FITCan efflux of bicarbonate across the basolateral mem-
labeled lectin (Table). That indicates that FITC-labeledbrane. A higher gradient exists for chloride (approxi-
lectin did not cause electrogenic ion fluxes. In contrastmately 18 times higher in the extracellular fluid) as com-
to results with concanavalin A in alveolar macrophagespared to bicarbonate (approximately 2 times higher in the
[2] and lymphocytes [24] in our studies lectin frdens  extracellular fluid). Bicarbonate-efflux across the baso-
culinaris had no influence on the basolateral 'N&"  lateral membrane can be assumed similar to the bicar-
exchange as demonstrated by measurements of the intraenate-efflux at the apical membrane [22]. We suggest
cellular pH with and without the attached lectolata not  that after an inhibition of the basolateral ¢iCO; ex-
shown. The FITC-labeled lectin remains attached to thechanger 2 x 10 mol - I”* H,-DIDS as well as by
basolateral membrane for longer periods in sufficientperfusion with bicarbonate-free solutions, bicarbonate
concentrations. The concentration of the attached dyefflux ceased and therefore pieturned close to the pH
had been estimated by repeated determination of thef the serosal perfusion solution of pH 7.4 (Figs. 5-7).
fluorescence intensity after excitation at 436 nm (theSimilarly the reduction of chloride in the serosal perfu-
isosbestic point, where the fluorescence intensity desion solution decreased pHThis is explained by the
pends only on the concentration of the dye). The averagdiminished chloride gradient and thereby a reduced bi-
loss of fluorescence intensity of 14 arbitrarily chosencarbonate efflux.

experiments was 19.2% after 2 hr. This loss of fluores-  The Nd-H" exchanger at the basolateral side is of
cence might be explained partly by the loss of dead cell€onsiderable importance for pliegulation [5, 16, 29,
with membrane-bound dye or by washout. 45]. It is activated by intracellular acidification [5, 6,
28]. Under basic conditions the activity of the basolat-
eral Na-H™ exchanger is not reflected in changes of pH
as the proton secretion is masked by the effective bicar-
bonate buffer system as well as by bicarbonate efflux.

At the luminal surface of the hind gut mucosa, a ratherHowever, in bicarbonate-free and low-buffered perfusion

. , +
constant pH microclimate near pH 7.0 has been showﬁzlitrg%r\lvzhsv'r?gr?lt\ﬁmggjf ];Tcigr?ﬁerev)f/gzairr:%?t:itce %ul;j
by a number of investigators. This pH microclimate is g y

. . . ithdrawal of sodium from the serosal solution, this re-
rather independent of changes of the pH in the luminal . A : -
solution as shown for guinea pig, rat and human [23, 27Srl1Jallttedrt|Jr'][o?1ns %\llke?gzﬁgolgr? feﬁﬁgll'?s. ?r.tezh?rzmd:ﬁztisto—
31, 34]. At the surface of the basolateral membrane o% P 9 P Y

the caecal mucosa we could not find such a constant pﬁlasm of the enterocytes across the basolateral mem-

. . : brane. After an ammonia prepulse, that provokes an in-
microclimate. The pifollowed the pH of the perfusion e .
solution (Fig. 8). The observation is different from thosetraCeIIUIar acidification [3, 32], a marked increase of,pH

reported by the group of Spring [10, 17, 26] who found wa}st_seeg n b|carb|0nfate-;_ree ?nd I(:;/]v-bufferetlj pderqus_lon
a pH in the lateral space of cultured renal MDCK cells of?O u_l_'ﬁ.n y rgypva orso ;um romt I'If Ter.osg SI te( '9.
0.4 below the basolateral perfusion solution or Chu & )- id |?flrap|f ;\rlmr?ase 31 RHTOS Itey IS uetho % i
Montrose [12] where the observed pH in the submucosa]2P'd EMux 0 H; from the enterocytes across the ba

compartment was 0.2 units below the perfusion solution.‘c’cjlalteral membrane. The readdition of sodium is accom-

These differences might be due to the support or thé)anled by a potent transient decrease of, plke to the

F +
submucosal tissue, respectively. We had observed dif?ecé'g\'gr OIot?hee :\rlwig: coeri(t(r:cr)]la\?eaﬁtra \t(\?iltlr?ivr;/zdfe?/?// rr?in%?t;s
ferences between the calibration in vivo and in vitro in y

our studies with FITC-lectin and also with HAF [23], (Fig. 7). This is evidence that in the presence of sodium

The vivo calibration curve was shifted to a more alkalineg:ce "\I_Ia -;'n deﬁﬁir;air;gree;feraigk%dchlrr:;/ﬁlvssd i': relgrlljcliaetrlon
pH as compared to the in vitro calibration (approxi- PH, y 9 P

. these experimental conditions. The pronounced reduc-
mately 0.4 pH units). tion of the respective pHovershoot after sodium read-
dition in the presence of MIA is in agreement with an
TRANSPORTMECHANISMS IN THE BASOLATERAL inhibition of this regulation. We have, however, no con-
MEMBRANE AFFECT BASOLATERAL SURFACE pH vincing explanation for the rapid drop of pHfter this

readdition of sodium in the presence of MIA; the Nd"
The CI-HCO; exchanger in the basolateral membraneexchanger might not have been inhibited totally by MIA.
of enterocytes in the mucosa of the large intestine idn the presence of bicarbonate and without an intracel-
described as one of the major mechanisms in the regdular acidification of the enterocytes the inhibition of the
lation of pH [5, 6, 44]. The basic p}lis slightly more  Na'™-H* exchanger at the basolateral membrane with
alkaline in bicarbonate-containing solution at a pH of theMIA had no significant effect on pglindicating that the

No CONSTANT pH MICROCLIMATE AT THE SURFACE OF
THE BASOLATERAL MEMBRANE OF THE CAECAL MUCOSA
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Na'-H* exchange was masked by the bicarbonate buffebbserved in the experiments without inhibition (Figs. 10—
system. 12). However, after the addition of butyrate in bicarbon-
ate-free media a regulation of gldfter the alkalinization
was not seen (Fig. 9). These findings support the pres-
FLUXES OF SHORT-CHAIN FATTY AciDs AFFECTpH, ence of a SCFAHCQO; exchanger in the basolateral
membrane. From studies with isolated membrane
SCFA are absorbed in the large intestine in the protovesicles it was also supposed that a SCIHCO; ex-
nated and in the ionized form. Thereby considerablechange mechanism exists in the basolateral [35] and also
amounts of protons are moved across the enterocytei the apical [30] membrane of the rat distal colon, as
SCFA absorption therefore require an effective regulawell as in the apical membrane of the human colon [25].
tion of pH. The intracellular pH regulation of entero- Such a SCFA-HCO; exchanger seems to be responsible
cytes in response to SCFA exposure had been studiefdr the predominant portion of SCFA-absorption in the
recently [5, 14, 12, 15, 41]. Most of these findings con-caecum and in the proximal colon of guinea pig [18, 22].
firmed that the major pHregulation is achieved by Measurements of the HGEpermeability also support
mechanisms in the basolateral membrane. We thereforte existence of a SCFAHCO; exchanger in the apical
expected changes in phfter addition of SCFA to the membrane of the proximal colon of the guinea pig. In
mucosal or to the serosal side of the caecal epitheliumthe distal colon, the exchanger seems to be present to &
After addition of butyrate to the luminal side of the epi- lesser extent [E. Grospersonal communicatign A
thelium pH, decreased only slightly. This is consistent monocarboxylate transporter isoform typ 1 (MCT1) that
with findings of Chu and Montrose [12] who observed may be involved in SCFA transport in the apical mem-
also a decrease of pH in the serosal tissue surroundinigrane had been recently identified [37].
colonic crypts upon mucosal addition of butyrate. It is We conclude that it has been shown with a newly
interesting to note that in our experiments the slight de-established method that at the surface of the basolateral
crease of pig after mucosal addition of butyrate did not membrane of the caecal epithelium a pH-microclimate
depend on the presence of bicarbonate. We interpret thgoes not exist in contrast to the pH-microclimate at the
observed decrease of pHo be the consequence of a luminal surface. Mostly, pklis similar or close to the
diffusion of SCFA in the protonated form from the cy- pH of the serosal perfusion solution. The slightly more
toplasm across the basolateral membrane of the caecalkaline pH, at pH 7.4 of the perfusion solution is main-
enterocytes. tained by the CI-HCO; exchanger. An influence of the
To study the effect of SCFA transport at the baso-activity of the basolateral NaH*-exchanger on pH
lateral side of the epithelium in more detail we appliedseems to be masked under physiological conditions by
butyrate also to the serosal side. The addition of butyraté¢he capacity of the serosal bicarbonate buffer system.
or propionate to the serosal perfusion solution caused &indings after addition of butyrate or propionate to the
persisting increase of pHin bicarbonate-free solution serosal perfusion solutions offer further support for the
(Fig. 9) and a transient increase in the presence of bicapresence of a DIDS- and MIA-insensitive SCFACO;
bonate (Fig. 10). This is in accordance with findings by exchange in the basolateral membrane of the epithelium
Chu and Montrose [12] who also observed a continuousf the large intestine.
alkalinization in the subepithelial tissue after serosal ad-
dition of butyrate in bicarbonate-free solution. After re- _ _ ,
moval of butyrate the pH at the basolateral side of theWe thank Gerhl_ld Beckgr, Marion Burmester and Kathrin Ha}'nsen for
. . . . . excellent technical assistance, Prof. W.G. Forssmann, Niéadersa
colonic epithelium returned to baS.IC pH values. We I,n'sisches Institut fuPeptidforschung (IPF), Hannover, for the possibility
terpret these results as the portion of butyrate being, yse the confocal microscope.
transported in the nonionized form across the basolateral
membrane. This is in agreement with the decrease of
pH; after addition of butyrate to the serosal solution asThis work was supported by the Deutsche Forschungsgemeinschaft
shown in studies under the same experimental conditionSFB 280: “Gastrointgstin_ale_ Barrier_") and _b_y the Graduiertenkolleg
[5]. “Zell- und Molekularbiologie in der Tiermedizin.”
We, first of all, assumed that the transient changes of
pH, after addition of butyrate to the serosal bicarbonate-
containing solution were caused by regulation mechaReferences
nisms in the baSOIatJ,eral membrane, the-BLO; ex- 1. Bergmann, E.N. 1990. Energy contributions of volatile fatty acids
change and the NGH_ exc;hange. It was, therefore, un- from the gastrointestinal tract in various speciBfysiol. Rev.
expected that after inhibition of the basolateral" N 70'567—90
exchanger and the GHCO; exchanger separately or 2. Bidani, A., Heming, T.A. 1998. Effects of concanavalin A on
simultaneously, the addition of butyrate to the serosal  Na-dependent and Nandependent mechanisms fo kixtrusion
perfusion solution caused similar pldhanges to those in alveolar macrophagesung 176:25-34
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