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ABSTRACT It has been suggested that transepithelial
gradients of short-chain fatty acids (SCFAs; the major anions
in the colonic lumen) generate pH gradients across the colonic
epithelium. Quantitative confocal microscopy was used to
study extracellular pH in mouse distal colon with intact
epithelial architecture, by superfusing tissue with carboxy
SNARF-1 (a pH-sensitive fluorescent dye). Results demon-
strate extracellular pH regulation in two separate microdo-
mains surrounding colonic crypts: the crypt lumen and the
subepithelial tissue adjacent to crypt colonocytes. Apical
superfusion with (i) a poorly metabolized SCFA (isobutyrate),
(ii) an avidly metabolized SCFA (n-butyrate), or (iii) a phys-
iologic mixture of acetate/propionate/n-butyrate produced
similar results: alkalinization of the crypt lumen and acidi-
fication of subepithelial tissue. Effects were (i) dependent on
the presence and orientation of a transepithelial SCFA gra-
dient, (ii) not observed with gluconate substitution, and (iii)
required activation of sustained vectorial acid /base transport
by SCFAs. Results suggest that the crypt lumen functions as
a pH microdomain due to slow mixing with bulk superfusates
and that crypts contribute significant buffering capacity to
the lumen. In conclusion, physiologic SCFA gradients cause
polarized extracellular pH regulation because epithelial ar-
chitecture and vectorial transport synergize to establish reg-
ulated microenvironments.

The large intestine contributes to water and salt conservation,
in part by mediating vectorial absorption of sodium and
short-chain fatty acids (SCFAs) from the colonic lumen (1).
SCFAs (e.g., acetate, propionate, and butyrate) are produced
by bacterial fermentation and are predominant anions (col-
lectively 100-150 mM) in the colonic lumen (2, 3). SCFAs are
a major metabolic substrate for colonocytes (2). In addition,
SCFAs stimulate electroneutral sodium absorption via activa-
tion of colonocyte apical Nat/H* exchange (4-7). SCFAs
acidify cultured and native colonocytes (8-11), and intracel-
lular acidification has been presumed to mediate activation of
apical Nat/H* exchange by SCFAs (4-8). However, recent
evidence suggests that apical-to-basolateral transepithelial
SCFA gradients, such as those existing in vivio (3), are required
for efficient activation of apical Na*/H* exchange (8). Baso-
lateral SCFAs cause cellular acidification (8) but do not
efficiently activate apical Na*/H* exchange in HT29-18-C;
cells (8) or stimulate sodium absorption in native tissue (5, 6,
12). To reconcile all observations, we hypothesized that tran-
sepithelial SCFA gradients generate asymmetries of intracel-
lular and/or extracellular pH across the epithelium (8).
Consistent with this hypothesis, evidence suggests that reg-
ulation of extracellular pH may not be the same at the apical
and basolateral membranes of epithelia. Extracellular pH
electrodes detect a “pH microclimate” (defined as a region
with a pH distinct from the bulk extracellular fluid) near the
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luminal surface of the colonic epithelium (13, 14). At present
there is no consensus whether this space is regulated by luminal
fluid pH or [SCFA] (13-15). Recent information also shows
that lateral intercellular spaces between cultured renal cells
(Madin-Darby canine kidney) maintain a pH distinct from
bulk perfusates (16, 17). A similar basolateral pH microenvi-
ronment has been suggested for enterocytes, on the basis of
mathematical modeling of transepithelial SCFA fluxes (18,
19). In this report, confocal microscopy has been applied to
measure extracellular pH in crypts of mouse distal colon.
Results show dynamic and polarized regulation of extracellular
pH in two separate microdomains adjacent to crypt colono-
cytes.

MATERIALS AND METHODS

Tissue Preparation. CD-1 mice (Charles River Breeding
Laboratories) were euthanized with halothane; then distal
colon was excised, flushed with saline, and stripped of muscle
layers. Mucosal sheets were kept at 4°C in Dulbecco’s mini-
mum Eagle’s medium (GIBCO/BRL) until use. For experi-
ments, mucosa was mounted in a chamber allowing separate
perfusion of the apical (mucosal) and basolateral (serosal)
surfaces while tissue was mounted on an inverted microscope
(Zeiss Axiovert) coupled to a confocal laser scanning unit
(Bio-Rad MRC-600). The serosal surface was closest to the
microscope objective (Leitz PlanFluotar 100X; numerical
aperture, 1.2; water immersion). The chamber was continu-
ously perfused with room temperature solutions at 0.5-1
ml/min (chamber volumes: 25 ul, apical; 15 ul, basolateral).
The chamber was custom manufactured (Summit Precision
Machining, Baltimore) and is a modification of our microscopy
chamber for study of polarized functions in cultured epithelia
(8, 20). In brief, a ring secures tissue in an aluminum block with
separate ports for apical and basolateral perfusion. A detailed
description and validation of the chamber will be published
elsewhere (unpublished data).

Perfusate Solutions. Perfusate solutions were based on a
standard NaCl medium (containing in mM: 130 NaCl, 5 KCl,
1 MgSOy, 2 CaCl,, 20 Hepes, and 25 mannose). SCFA media
substituted 130 mM NaCl in NaCl medium with 130 mM of
either (sodium salts) n-butyrate, isobutyrate, or a mixture of
the major physiologic SCFAs in mouse colon (final concen-
trations in mM; acetate/propionate/n-butyrate = 91:13:26)
(14). Gluconate medium substituted 130 mM NaCl with 130
mM sodium gluconate. To make NaCl media of different
buffering capacity, NaCl was reduced to 100 mM, and 20 mM
Hepes was replaced by either (i) 5 mM Hepes plus 42 mM
sodium gluconate (low buffering capacity) or (i) 60 mM Hepes
(high buffering capacity). To examine effects of SCFAs in
media with different buffering capacity, 100 mM sodium
isobutyrate was substituted for 100 mM NaCl in either the low
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or the high buffering capacity formulation described above. All
media were isosmotic with original NaCl medium (range,
300-309 mosM; Wescor 5500 osmometer). All solutions were
titrated to pH 7.4 and, unless indicated otherwise, contained
0.1 mM carboxy SNARF-1 free acid (Molecular Probes).

Measurement of Extracellular pH. Tissue was rapidly su-
perfused with medium containing 0.1 mM carboxy SNARF-1
throughout the experiment (21). A Kr/Ar laser (488 nm) was
excitation source, and two fluorescence images were collected
simultaneously at 580 *= 15 nm and 640 * 17 nm. Photo-
bleaching of extracellular SNARF-1 was not observed. To
equalize z-axis resolution between channels, confocal pinholes
of each detector were set to equal values. xy images were
collected under conditions of constant detector gain and dark
current, from a single plane of focus in the tissue. Ratio (640
nm/580 nm) images were formed by linear division of back-
ground-corrected images (background images from chambers
without dye). To optimize reliability of ratio data, image
masking discarded (set to zero) ratio values calculated from
regions of 580 nm or 640 nm images that had values below a
preselected threshold, and regions with values of 255 (consid-
ered off-scale) were manually discarded during analysis. To
analyze ratio images, mean pixel intensity was calculated from
the entire lumen or a (manually selected) 3- to 5-um band of
lamina propria directly encircling the crypt basal surface
(referred to as submucosal tissue). Extracellular pH was
calculated from a calibration curve determined in the confocal
microscope with 0.1 mM SNARF-1 in NaCl media of pH
6.0-8.0. A single point (pH 7.0) calibration was performed for
each experiment to standardize pH calculation for daily in-
strument settings.

RESULTS

The colonic epithelium has complex three-dimensional archi-
tecture: a relatively flat surface epithelium continuous with
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crypt epithelium lining abundant glandular structures in the
tissue. Confocal microscopy was used to visualize extracellular
dye in crypt lumens (fluid spaces continuous with the colonic
lumen) and submucosal tissue between crypts. Fig. 1 shows
confocal images visualizing two crypts in cross section. As
shown in the raw fluorescence image of Fig. 1i, dye penetrated
into the lumen and submucosa but did not accumulate within
colonocytes. By enhancing contrast in the images, dye was
always detectable in lateral intercellular spaces (Fig. 1ii),
suggesting that dye entered spaces directly adjacent to crypt
colonocytes. Dual-emission ratios of SNARF-1 fluorescence
were used to estimate extracellular pH (21) in the crypt lumen
and submucosal tissue directly surrounding crypts. Lateral
intercellular spaces may function as a distinct extracellular pH
microdomain (16, 17). However, in our preparation, lateral
spaces had insufficient signal for reliable ratio calculations in
most experiments and therefore were not analyzed.

Experiments measured extracellular pH following exposure
to luminal superfusate containing the major physiologic SC-
FAs in mouse colon (22). As shown qualitatively in SNARF-1
ratio images of Fig. 1 iii-v, apical perfusion with SCFAs
reversibly alkalinized crypt lumens and acidified submucosal
tissue. Results from multiple crypts are quantified in Fig. 2.

Fig. 2 also compares the physiologic SCFA mixture versus
the response to equimolar concentrations of individual SCFAs
that are either poorly (isobutyrate) or avidly (n-butyrate)
metabolized by colonocytes (23-25). Fig. 2.4 and B separately
compile measurements of luminal pH and submucosal pH,
respectively, from the same crypts. As shown, results are
qualitatively similar among tested SCFAs, suggesting that
SCFA metabolism is not the major basis for observations. In
contrast, extracellular pH is unaffected when 130 mM chloride
is replaced by equimolar gluconate. This suggests that addition
of luminal SCFA, not removal of chloride, is responsible for
extracellular pH regulation.

FiG. 1. Raw fluorescence and ratio images of extracellular SNARF-1 in colonic crypts. ({) Raw 640-nm xy image of crypt cross section showing
SNARF-1 excluded from colonocytes but penetrating into spaces surrounding colonocytes, including central crypt lumen (L) and submucosal tissue
(S) surrounding crypts. (ii) Same image after contrast enhancement. Pseudocolored ratio images (640 nm/580 nm) collected from the same crypts
are shown in images iii—v, with pH values in pseudocolor scale. (iii) Ratio image of epithelium in NaCl medium. (iv) Ratio image 5 min after apical
exposure to 130 mM mixed SCFAs (see text). (v) Ratio image 5 min after apical perfusion switched back to NaCl medium.
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FiG. 2. Effect of luminal SCFAs on extracellular pH of mouse
colonic crypts. (4) Analysis of luminal pH from 20 crypts in four
experiments performed as in Fig. 1. Results are mean + SEM (n = 20)
for crypts exposed to mixed SCFAs, isobutyrate, n-butyrate, or
gluconate. Gluconate was not significantly different from either
beginning or end control (ANOVA, P > 0.1), but all other monocar-
boxylates alkalinized luminal pH significantly versus either beginning
or end controls (P < 0.0001). (B) Analysis of submucosal pH from the
same experiments as in 4. All apical SCFAs (except gluconate)
. significantly acidified submucosal tissue (P < 0.05) versus controls.

Experiments tested whether results were affected by the
transepithelial SCFA gradient that exists in vivo and in our
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initial protocol. Isobutyrate was used in all further experiments
to minimize metabolic effects. Fig. 34 compiles time course
experiments in which crypts were sequentially exposed to
isobutyrate in basolateral and/or apical perfusates, and re-
sultant luminal and submucosal pH values were analyzed
separately. Ratio images in Fig. 3B were collected from a single
experiment, at times indicated by markers in Fig. 34. As
shown, reversing orientation of the transepithelial SCFA gra-
dient produces qualitatively opposite changes in luminal and
submucosal pH (compare ii versus iv). This suggests that all
transepithelial acid/base transport mechanisms that contrib-
ute to polarized pH changes are readily reversible. Bilateral
perfusion with identical isobutyrate solutions (iif) produces
minimal changes in extracellular pH versus the NaCl condition
(¢). This suggests that transepithelial SCFA gradients, and not
just presence of SCFAs, are required to generate polarized
extracellular pH changes. This strongly supports transport, and
not SCFA metabolism, as the basis for observations.

Experiments addressed how crypt lumens maintain pH
distinct from bulk perfusate pH. Experiments first measured
the time course of SNARF-1 dye entry into crypts. Then, in the
presence of constant extracellular SNARF-1, apical SCFA was
added and resultant luminal pH changes were monitored at the
same location. As shown in Fig. 4, dye entered crypt lumens
with a t,/, =~ 2 min and apical SCFA addition changed luminal
pH with a similar time course. In contrast, control experiments
demonstrated that within 30 sec (i) apical dye fully equilibrated
in the bulk perfusate directly adjacent to tissue and (ii)
basolateral dye fluorescence reached steady state in submu-
cosal tissue (data not shown). The experiment suggests that
entry of SCFAs into crypt lumens may be rate limiting for
observed pH changes. More importantly, a restricted mixing
environment in crypt lumens explains how a luminal pH
microdomain is maintained, despite continuity of crypt luminal
fluid with colonic luminal fluid.

To explore why transepithelial SCFA gradients were re-
quired to regulate extracellular pH, experiments compared
response to apical media of different buffering capacity in
either the presence or the absence of 100 mM isobutyrate. As
shown in Fig. 5 (section a-b), experiments first increased

Fic. 3. Effect of transepithelial SCFA gradients on extracellular pH. (4) Time course of extracellular pH changes with separate results for
measurement of luminal and submucosal pH, as in Fig. 2. Data are mean + SEM (n = 11 crypts from three experiments) after crypts were exposed
to sodium isobutyrate (SCFA) or NaCl (Cl) medium in apical (A) and/or basolateral (BL) perfusate. (B) Ratio images of colonic crypts from
representative experiment performed as in A. Corresponding markers (i—iv) above the graph in A indicate times at which images were collected.
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FiG.4. Comparison of perfusate access to crypt lumen versus time
course of luminal pH change caused by SCFAs. Experiments started
with dye-free NaCl medium perfused at both tissue surfaces.
SNARF-1 (0.1 mM) was added to apical NaCl perfusate and the
appearance of 640-nm fluorescence was measured in crypt lumens at
a single focal plane in xy images. After the dye equilibrated in the
lumens (6 min), apical perfusate was changed to isobutyrate medium
(containing 0.1 mM SNARF-1) and the time course of luminal pH
change was monitored at the same location in the same crypts. To
compare results between measurements of dye wash-in (A) and pH
change (@), results are presented as the fractional change in each value
observed over the time course: normalized value = (X — X;)/ (Xt — Xi),
where X; = initial value prior to switch in perfusate, X; = final value
after perfusate switch, and X = data at intermediate time points.
Results in figure are mean + SEM (rn = 7 crypts from four experi-
ments) of normalized values.

apical buffering capacity in chloride-containing medium, and
luminal pH approached perfusate pH (7.4). Next, high buff-
ering capacity was maintained while SCFA was added to apical
perfusate (b-c), and then luminal buffering capacity was
varied in the presence of constant [SCFA] (c-d). Results show
(i) a reversible effect of varying buffering capacity in the
presence of constant [SCFA] (pH changes within section c-d)
and (i) larger luminal pH change in the presence versus the
absence of SCFAs (compare effects of switching buffering
capacity within c-d versus a-b, respectively). These results
show that SCFA gradients activate and sustain net flux of acid
equivalents from the lumen.

Results in Fig. 5 also allow comparison of isobutyrate-
induced pH changes when the same crypts were preequili-
brated with high versus low buffering capacity. Comparison of
pH changes in section b—c versus section d-e in Fig. 5 (high
versus low buffering, respectively) indicates that luminal pH
changes caused by isobutyrate differed by 1.9 * 0.2-fold (n =
10). This value was 6-fold smaller than expected from mea-
surements of medium buffering capacity (by direct titration of
perfusates after use in experiments), which predicted an
11.7-fold difference over these pH ranges (data not shown).
Results suggest that crypt colonocytes contribute significant
pH buffering to luminal fluid. Assuming constant transepi-
thelial flux of acid/base equivalents, results can be explained
by colonic crypts contributing 33 mM H*/pH unit of extra-
cellular buffering capacity to the lumen. This upper estimate
will be lowered if SCFA fluxes are inhibited by luminal
alkalinization (6, 26, 27) or if perfusate buffers do not attain
full concentration within the lumen.

DISCUSSION

Quantitative confocal microscopy has been applied to study
colonic epithelium having intact epithelial architecture, to
directly address questions about interrelationships between
epithelial structure and function. Results suggest that colonic
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FiG. 5. Effect of apical perfusate buffering on crypt extracellular
pH. Crypts were exposed to apical perfusates with variable buffering
capacity but constant medium pH (low buffering capacity, Cl lo-B; high
buffering capacity, Cl hi-B). Basolateral perfusate was standard NaCl
medium (containing 20 mM Hepes) throughout the experiment. To
examine the effects of SCFA, 100 mM sodium isobutyrate was
substituted for 100 mM NacCl in either low or high buffering capacity
formulation (SCFA lo-B and SCFA hi-B, respectively). Extracellular
pH was measured in crypt lumen and submucosa as before. Results are
mean * SEM (n = 10 crypts from six experiments). Letters a—e guide
discussion in text.

crypt structure includes extracellular microenvironments reg-
ulated by vectorial transport. One other group measured
extracellular fluorescence in the crypt lumen (28), but these
single-wavelength studies of SBFI (a Na-sensitive dye) from a
nonconfocal microscope are difficult to interpret. Nonetheless,
results from all studies are consistent with the conclusion that
the crypt lumen maintains a distinct composition from the
colonic lumen.

The extracellular pH response to apical SCFAs could be
predicted from some (13, 15, 18), but not all (14, 19), previous
studies using surface pH electrodes or mathematical modeling
of SCFA fluxes. Differences among pH electrode results may
be due to the limited spatial resolution of surface pH elec-
trodes and the use of perfused (15) versus static (13, 14)
incubations. Our experiments measured extracellular pH dur-
ing rapid tissue superfusion (>20 chamber volumes per min)
and specifically measured pH adjacent to crypts. The term
“microdomain” was used to distinguish the spaces we evalu-
ated from the “microclimate” at the colonic surface.

Mechanisms of transepithelial SCFA fluxes are being de-
bated but are likely to include a combination of nonionic
diffusion of these weak acids (9, 19, 26-28) and the activity of
defined colonocyte monocarboxylate transporters (e.g., carri-
er-mediated SCFA~/HCO;3~ exchange and/or SCFA~/H*
cotransport) (29, 32). Simple models of transcellular SCFA
fluxes via any of these transporters can explain our observa-
tions. As an example, in the presence of a physiologically
oriented SCFA gradient, apical influx of SCFA via nonionic
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diffusion could cause luminal alkalinization as protons are
consumed (via reassociation of SCFA anion with protons) to
fuel continuous nonionic uptake. Such alkalinization has been
shown to occur in lipid bilayers (26). Nonionic SCFA efflux at
the basal pole of the colonocyte could acidify submucosal pH
due to the continued appearance and dissociation of proto-
nated acid in that compartment. Related models may be
envisioned based on the predicted net acid/base transport
mediated by other SCFA transporters (29-32). However, our
results require that any model must include (i) vectorial
transepithelial acid/base transport, (ii) reversible transport
mechanisms, (iii) a dependence on the presence and orienta-
tion of the transepithelial SCFA gradient, and (iv) sustained
acid/base transport activated by a transepithelial SCFA gra-
dient. Sustained transport is required to overcome abundant
buffering in the crypt lumen (potentially contributed by pro-
teins in the apical membrane of colonocytes, secreted mucins,
or other unidentified substances).

The physiologic impact of microdomain extracellular pH
regulation is not yet known. Most important, we have not
defined the epithelial cell types exposed to the pH microdo-
mains. The colonic crypt contains multiple epithelial cell types
(1), but sites of ion absorptive and secretory functions along
the crypt-to-surface axis are still being established (33-35). We
speculate that extracellular pH regulation could contribute to
several recognized effects of SCFAs on colonic ion transport.
Polarized regulation of extracellular pH may help explain how
polarized Na*/H* exchangers are selectively activated by
transepithelial SCFA gradients (8). Extracellular pH can reg-
ulate Na*/H* exchange via competition between protons and
the sodium substrate site (36); therefore luminal alkalinization
should stimulate apical Na*/H* exchange, and submucosal
acidification should inhibit basal Na*/H™* exchange. I:: addi-
tion, regulation of extracellular pH will affect the pH-sensitive
fraction of transepithelial SCFA absorption and may have
confounded tissue experiments testing the pH sensitivity of
SCFA transport (4, 6, 27, 37). The transepithelial pH gradient
established by SCFAs is also a driving force for titration of
other weak acids and bases across the epithelium, potentially
explaining how SCFAs stimulate colonic bicarbonate secretion
(38) and ammonia absorption (39). Further experiments are
needed to substantiate these speculations, but it is clear that
extracellular pH regulation has the potential to explain nu-
merous effects of SCFAs.

All epithelia exist at interfaces between dissimilar environ-
ments. Our results show that tissue architecture and vectorial
transport can directly contribute to regulating the microenvi-
ronment adjacent to epithelia. Extracellular regulation is
predicted to be important for modifying epithelial transport
function (8, 13, 15, 16, 18, 19) as well as providing a local
regulatory mechanism to integratively control function among
diverse cell types exposed to the microdomain. This demon-
stration of dynamic extracellular pH regulation in native tissue
suggests further roles for the crypt lumen in maintaining a
specialized environment and identifies a potential site for
cellular regulation.
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