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Goblet cells (GCs) are specialized cells of the intestinal epithelium
contributing critically to mucosal homeostasis. One of the func-
tions of GCs is to produce and secrete MUC2, the mucin that forms
the scaffold of the intestinal mucus layer coating the epithelium
and separates the luminal pathogens and commensal microbiota
from the host tissues. Although a variety of ion channels and
transporters are thought to impact on MUC2 secretion, the specific
cellular mechanisms that regulate GC function remain incom-
pletely understood. Previously, we demonstrated that leucine-
rich repeat-containing protein 26 (LRRC26), a known regulatory
subunit of the Ca2+-and voltage-activated K+ channel (BK channel),
localizes specifically to secretory cells within the intestinal tract.
Here, utilizing a mouse model in which MUC2 is fluorescently
tagged, thereby allowing visualization of single GCs in intact co-
lonic crypts, we show that murine colonic GCs have functional
LRRC26-associated BK channels. In the absence of LRRC26, BK
channels are present in GCs, but are not activated at physiological
conditions. In contrast, all testedMUC2− cells completely lacked BK
channels. Moreover, LRRC26-associated BK channels underlie the
BK channel contribution to the resting transepithelial current
across mouse distal colonic mucosa. Genetic ablation of either
LRRC26 or BK pore-forming α-subunit in mice results in a dramat-
ically enhanced susceptibility to colitis induced by dextran sodium
sulfate. These results demonstrate that normal potassium flux
through LRRC26-associated BK channels in GCs has protective ef-
fects against colitis in mice.
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The colonic epithelium is composed of a single layer of het-
erogeneous cells, covered by mucus, that separate the lumi-

nal contents from host tissues. Acting both in concert and
individually, the diverse cells comprising the epithelial layer play
the functions of protection (1), sensation (2, 3), transport of
substances (4, 5), and repair (6). Colonic epithelial cells belong
to three lineages: Absorptive enterocytes, enteroendocrine cells,
and goblet cells (GCs). The colonic epithelium is morphologi-
cally organized into repeating units called crypts of Lieberkühn,
where stem cells located at the base of the crypts divide and
successively differentiate into the mature lineages as they mi-
grate toward the crypt surface (7). Many of the key specialized
functions of epithelial cells are, in part, defined by proteins in-
volved in ion transport, located either on their luminal or
basolateral membrane. Thus, among different gastrointestinal
epithelial cells, ion channels, carriers, exchangers, and pumps
work in concert to define a variety of essential functions: 1)
Solute and electrolyte absorption and secretion in absorptive
enterocytes (reviewed in refs. 5 and 8); 2) environment sensation
and serotonin secretion by enteroendocrine cells (2, 9); and 3)
mucus secretion by GCs and subsequent mucus maturation into
the protective layer covering the epithelial surface (10–12).

Despite this progress, ionic transport in GCs and its implications
in GC physiology is a topic that remains poorly understood.
Here, we address the role of the Ca2+- and voltage-activated K+

channel (BK channel) in GCs.
GCs play two primary roles: One related to the maintenance

of the mucosal barrier (reviewed in refs. 1 and 13) and one re-
lated with the mucosal immune homeostasis (reviewed in refs. 14
and 15). The role of GCs in barrier maintenance consists in
generation of the mucus layer lining the intestinal lumen. One
way GCs carry out this role is by secreting MUC2, the gel-
forming mucin that forms the scaffold of the mucus layer sepa-
rating luminal pathogens and commensal microbiota from the
epithelial surface (11, 12, 15, 16). This separation is critical, as
has been demonstrated in both animal models and humans:
Mouse models with deficient mucus layer generation develop
spontaneous colitis (16, 17), whereas a more penetrable mucus
layer has been observed in patients with ulcerative colitis (UC), a
form of human inflammatory bowel disease (IBD) (18, 19). The
constant replenishment of the mucus layer involves MUC2
exocytosis from GCs, and subsequent maturation (hydration and
expansion) of the secreted MUC2 to form the gel-like mucus
coating the epithelium (15). Both exocytosis and maturation of
MUC2 are highly dependent on anion and K+ transport (10–12,
20). It has been proposed that mucin exocytosis in colon requires
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activities of the Na+/K+/2Cl− cotransporter (NKCC1) (20, 21),
and also anion and K+ channels whose identities are still unclear
(20). It is also not clearly known whether specific ionic conduc-
tances are intrinsic to GCs or are located in the surrounding
absorptive enterocytes. Although several types of K+

channels—including KCa3.1, Kv7.1, and BK channels—have
been found in colonic epithelial cells (22–27), to what extent any
of those K+ channels are specifically associated with GCs or
critical to their function remains unclear. To date, most func-
tional studies about colonic K+ channels have focused on their
roles in electrolyte and fluid secretion/absorption of the whole
colon, whereas the cellular events relating K+ channels to spe-
cific roles in GC function are still poorly understood.
Among colonic epithelial K+ channels, the BK channel (also

known as KCa1.1), the Ca2+- and voltage-activated K+ channel
of high conductance, has been proposed to be the main com-
ponent of colonic K+ secretion into the lumen (28–30). BK
channels are homotetramers of the pore-forming BKα subunit,
but can also contain tissue-specific regulatory subunits that
critically define the functional properties of the channel (31). BK
channels composed exclusively of the pore-forming BKα subunit
are unlikely to be activated at the physiological conditions of
epithelial cells and, as a consequence, the molecular properties
of colonic BK channels that would allow them to contribute to
colonic ion transport remain unclear. Recently, we established
that the leucine-rich repeat-containing protein 26 (LRRC26), a
BK regulatory γ-subunit, is specifically expressed in secretory
epithelial cells, including GCs of the gastrointestinal tract (32).
When LRRC26 is present in a BK channel complex, the resulting
channel activates near normal resting physiological conditions,
even in the absence of any elevation of intracellular Ca2+ (33).
In the present study, we have specifically probed the role of

BK channels in cells of the colonic epithelium and examined the
impact of deletions of either the BKα subunit or LRRC26 on
colonic function. Here, through recordings from identified GCs
in intact colonic crypts, we show that LRRC26-associated BK
channels contribute the major K+ current at low intracellular
Ca2+ (∼250 nM) in mouse colonic GCs. Furthermore, the
LRRC26-containing BK channels are activated near −40 mV,
even in the absence of intracellular Ca2+. In contrast, in iden-
tified GCs from Lrrc26−/− mice, BK current is present, but it is
only activated at membrane potentials unlikely to ever occur
physiologically. Surprisingly, all colonic epithelial MUC2− cells
sampled completely lack functional BK channels. To establish
that the LRRC26-containing BK channels contribute to normal
K+ fluxes in intact colon tissue, we show that the transepithelial
current across distal colon at rest has a component dependent on
LRRC26-associated BK channels, which is absent when either
BKα or LRRC26 is genetically deleted. Moreover, the genetic
ablation of either LRRC26 or BK channel results in a dramati-
cally enhanced susceptibility to colitis induced by dextran sodium
sulfate (DSS). Overall, our results suggest that normal potassium
flux through LRRC26-associated BK channels in GCs has a
protective role against development of colitis.

Results
LRRC26 Is Specifically Expressed in Epithelial GCs in Mouse Colon. The
Lrrc26−/− mice, as previously described, have the entire genomic
sequence of Lrrc26 replaced with a cassette including a LacZ
gene (32). Using the β-GAL enzymatic activity as reporter,
Lrrc26 promoter activity is primarily observed in secretory epi-
thelial cells, including those in the gastrointestinal tract (32).
Here, we examined the Lrrc26 promoter activity in mouse colon
in more detail. After incubation with X-Gal substrate, longitu-
dinal sections of Lrrc26−/− and WT colons dissected from lit-
termate mice identify only a subset of epithelial cells as positive
for Lrrc26 promoter activity (Fig. 1 A and B and SI Appendix, Fig.
S1). Positive cells are found at all levels of the crypts and also in

the luminal brush border surface. Positive cells in the uppermost
luminal third of the crypts exhibit a morphology typical of dif-
ferentiated GCs (13). The number of Lrrc26+ cells gradually
increases moving from the proximal toward the distal end of the
colon, with the larger number of blue-stained cells per crypt in
the two-thirds most distal segments (SI Appendix, Fig. S1) and
the highest number per crypt in the region closer to the anorectal
junction. Blue staining was not observed in lamina propria or in
the smooth muscle cell layer even after varying fixation condi-
tions or using longer substrate exposure (up to 24 h) (SI Ap-
pendix, Fig. S2).
At present, we are unaware of an anti-LRRC26 antibody that

works for immunostaining in mouse tissues, when side-by-side
comparisons between sections from WT and Lrrc26−/− mice are
made. The anti-LRRC26 antibody we successfully used previ-
ously in Western blots (32) did not work in immunostainings.
Therefore, in order to verify that Lrrc26+ cells are GCs, we used
X-Gal staining followed by periodic acid-Schiff (PAS) staining.
PAS stains polysaccharide-rich cells and, therefore, readily
identifies GC mucin granules (34). PAS is the classic method to
histologically identify intestinal secretory cells which in colon are
mainly GCs. X-Gal/PAS staining of frozen sections mildly fixed
with either glutaraldehyde (Fig. 1 C and D) or paraformaldehyde
(SI Appendix, Fig. S2) reveals that essentially all β-Gal+ cells in
the brush border or the three-quarters outermost part of the
crypt were also PAS+. We also observed that some PAS+ cells
do not show appreciable X-Gal staining. Although X-Gal stain-
ing can exhibit substantial variability (32), the basis for which is
not entirely clear, the absence of staining may suggest potential
heterogeneity of Lrrc26 expression in GCs. This point is
addressed below when direct recordings of LRRC26-containing
BK channels in GCs are presented. It is also worthwhile to
mention that a few blue-stained cells located at the base of the
crypts in the most distal third of colon exhibited no appreciable
PAS staining (SI Appendix, Fig. S2 A and C), perhaps suggesting
that Lrrc26 may also be expressed in stem cells. Overall, our
results indicate that, in mouse colon, Lrrc26 is expressed in ep-
ithelial GCs at all stages of differentiation. These results are
consistent with a single-cell screening of mouse intestinal epi-
thelial cells where Lrrc26 has been identified as a GC
marker (35).
We next examined whether knockout (KO) of LRRC26 has

consequences on colonic morphology and epithelial cell com-
position by comparing Lrrc26−/− and WT colon histologic sec-
tions after thorough tissue fixation and staining with H&E (SI
Appendix, Fig. S3) or PAS (Fig. 1 E and F and SI Appendix, Fig.
S3). We analyzed the crypt metrics and GC abundance in the
most distal third of colon in mice from five sets of siblings. Our
results indicate that there are no substantial differences between
Lrrc26−/− and WT mice in terms of crypt depth or abundance of
GCs (Fig. 1 G and H). Although we observed a weak trend for
Lrrc26−/− mice to have slightly shorter crypts than WT litter-
mates (Fig. 1G), this difference was only marginally significant
(see Fig. 1 legend for details of statistical comparison), while
there was no difference in the abundance of GCs in those crypts
(Fig. 1H).

GC BK Channels Contain LRRC26, Endowing Them with Ability to Be
Activated at Resting Physiological Conditions. We have previously
found that BK channels in acinar cells of lacrimal and salivary
glands contain LRRC26 subunits (32). In colonic mucosa, the
presence of BK channels has been documented for several spe-
cies, including humans (22, 27, 30, 36, 37), although the cell types
where it is expressed remain unclear. Using patch clamp, we
directly tested whether colonic GCs have functional BK channels
with properties consistent with the presence of LRRC26. In or-
der to unambiguously identify the GCs, we used a transgenic
mouse in which a mCherry-tag is attached to MUC2, the main

2 of 11 | PNAS Gonzalez-Perez et al.
https://doi.org/10.1073/pnas.2019149118 Goblet cell LRRC26 regulates BK channel activation and protects against colitis in mice

https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2019149118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2019149118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2019149118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2019149118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2019149118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2019149118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2019149118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2019149118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2019149118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2019149118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2019149118/-/DCSupplemental
https://doi.org/10.1073/pnas.2019149118


mucin produced and secreted by gastrointestinal GCs (38). Thus,
fluorescent cells are MUC2+, indicative of GCs. By mating this
mouse with our Lrrc26−/− mouse model, we also generated
Lrrc26−/− mice with fluorescent GCs.
We recorded the whole-cell current in individual fluorescent

cells of intact crypts freshly isolated from the most distal third
colonic segment of WT (Fig. 2 A and B) or Lrrc26−/− mice
(Fig. 2 C and D). We used solutions containing physiological
Na+ and K+ gradients, but with glutamate replacing most of Cl−

in the solutions to minimize the contribution of anion currents,
and an intracellular solution containing a Ca2+ concentration
buffered to 250 nM, similar to conditions that we have previously
utilized for patch clamping salivary gland cells (32). Our results
show that, in fluorescent cells (i.e., GCs), depolarizing voltage
steps evoke a time-dependent K+ current typical of BK channels,
but with a markedly shifted range of current activation between
WT and Lrrc26−/− cells (Fig. 2 B, D, and H). In WT GCs, the K+

current begins to be activated at a membrane potential
around −40 mV with an activation curve for individual cells
having, on average, a voltage of half activation of conductance
(Vh) = 13.4 ± 3.2 mV.
In contrast, in Lrrc26−/− GCs, depolarizing steps up to

+100 mV (red traces in Fig. 2 B and D) barely activate any K+

current. However, further depolarization does evoke a large K+

current, with voltage- and time-dependent activation properties
characteristic of BK, with an activation G/V having on average a
Vh = 158.7 ± 5.1 mV for individual Lrrc26−/− GCs. Both WT and
Lrrc26−/− GC-K+ currents were pharmacologically confirmed as
BK (Fig. 2 E–G). WT currents were reversibly blocked by
bathing the cells with 5 mM tetraethyl ammonium (TEA), and
both WT and Lrrc26−/− currents were completely inhibited by
200 nM of paxilline, a BK-specific blocker (39, 40). A Boltzmann
fit to the averaged fractional conductance-voltage (G-V) curve
generated from tail currents (Fig. 2H) yielded a Vh =13.5 mV
and z = 1.13 e0 for WT-GCs, while a Vh = 158.5 mV and z =
1.05 e0 for Lrrc26−/− GCs. These results indicate that genetic
ablation of LRRC26 results in a 145-mV rightward shift of the
activation curve of GC-BK channels (Fig. 2H). The magnitude of
the effect of LRRC26 on the activation of BK channels is con-
sistent with the known effects of LRRC26 on heterologously
expressed BK channels (41) or on native BK channels from
salivary glands (32). The impact of LRRC26 is so pronounced
that GC-BK channels lacking LRRC26 are hardly open and
likely nonfunctional under physiological conditions. However, it
is important to note that BK channels can still be identified in
such Lrrc26−/− GCs, when sufficiently depolarized potentials are
employed. Overall, these results indicate that mouse colonic GCs
have LRRC26-associated BK channels whose gating range is
suitable to permit K+ efflux near normal physiological condi-
tions, but only when LRR26 is present. Furthermore, the results
show that BK channels are the primary K+ current present in
GCs under these conditions.

Colonic Epithelial MUC2− Cells Lack BK Channels.Next, we examined
whether colonic crypt cells other than GCs have functional BK
channels. Using the same preparation and ionic conditions as
above, we patch-clamped nonfluorescent cells from WT mCherry-
Muc2 transgenic mice. In nonfluorescent cells (i.e., MUC2− cells),
which in the mouse distal colon are predominantly columnar

Fig. 1. In mouse colon, LRRC26 is specifically expressed in epithelial GCs.
Representative images of glutaraldehyde-fixed frozen 20-μm sections of
Lrrc26−/− and WT distal colons from littermates, stained side-by-side with
X-Gal substrate for 1 h (A and B) or X-Gal for 1 h, followed by PAS staining (C
and D). Regions outlined in the boxes (dotted lines) are shown at higher
magnification below with arrowheads identifying cells positive for both
Lrrc26-promoter activity and PAS staining. Images were taken at 0.5 cm from
the anorectal junction. SMC, smooth muscle cell layer. (E–H) Morphological
comparison between Lrrc26−/− and WT distal colon. Representative images
of paraformaldehyde-fixed paraffin embedded 5-μm sections of the distal
third of colons from Lrrc26−/− (E) and WT (F) littermates (taken at 1 cm from
the anorectal junction), stained with PAS and counterstained with hema-
toxylin to identify nuclei. Comparison of crypt depth (G) and relative
abundance of GCs per crypt (H) between genotypes (mean ± SD). Data
plotted correspond to five sets of littermates, both sexes included, dissected
at approximately same age (8 to 12 wk). In four of five sets, the litters had
one WT and one Lrrc26−/−, while one litter had three WTs and one Lrrc26−/−.

For the latter litter, the three WT siblings were averaged to obtain a single
WT value plotted. Dotted lines connect results from siblings. For each ani-
mal, the value included in the plot was the average from all well-oriented
crypts (at least 25) located within 4 to 20 mm from the anorectal junction.
Sets of WT and Lrrc26−/− values were compared with two-tailed Student’s
t test, P = 0.0413 for crypt depth, P = 0.4232 for GC abundance.
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enterocytes, the same voltage protocol applied previously only
evokes a small, time-independent current (Fig. 3 A and B) that
linearly increases with the magnitude of the depolarization
(Fig. 3C). This voltage-independent current has, on average, a
reversal potential (Erev) of −35.2 ± 14.4 mV (mean ± SD) for
individual cells (Fig. 3D). The fact that, in most of MUC2− cells
sampled, this current reverses at a potential apart from the the-
oretical K+ reversal potential (EK+) suggests that it might result
from the contribution of multiple conductances (e.g., K+-selective,
Na+-selective, or simply cation-selective). The large variability of
individual Erev values (Fig. 3D) might reflect the existence of
different subsets of MUC2− cells having different sets of con-
ductances. K+ channels that have previously been identified in
colonic epithelial cells and are potential candidates that might
underlie the currents observed in MUC2− cells include KCa3.1 or
Kv7.1-KCNE3 (24, 27, 42, 43). However, in only 2 of the 16
recorded nonfluorescent cells, the voltage-independent current
yielded Erev∼ −63 mV, suggesting a primary contribution of only a
K+-selective conductance. These two cells were located at the
bottom of their respective crypts and their current showed prop-
erties similar to KCa3.1 (44).
Although further pharmacological studies are required to

identify the conductances contributing to cation currents in
MUC2− cells, the key point here is that such currents have no
features characteristic of BK (Fig. 3 E and F). These currents

lack the voltage-dependent and time-dependent activation of BK
channels. Since our stimulation protocol goes up to +200 mV, it
would have readily revealed the presence of BK channels, even if
they lack LRRC26, over voltages from +100 to +200 mV, as
seen in the Lrrc26−/− GCs. Even if only a few BK channels were
present, they would have been readily detected under our re-
cording conditions due to BK channel’s large unitary conduc-
tance, which would contribute a unique increase in current
variance during activation in a whole-cell recording. Unlike BK
current in GCs, cation currents in MUC2− cells exhibited a sig-
nificant rundown over a few minutes. Furthermore, MUC2− cells
have an overall current density considerably smaller than
fluorescence-identified GCs (Fig. 3G), despite having similar
capacitance (Fig. 3H). The fact that none of the MUC2− cells
tested (n = 16) exhibit any indication of BK current strongly
suggests that colonic absorptive enterocytes not only lack
LRRC26, but also lack the BKα pore-forming subunit. The
finding that no BK current was observed in mouse distal colon
enterocytes was surprising and contrasts with the general as-
sumption that BK channels are widely expressed in colonic epi-
thelial cells. However, our results are in agreement with a study
in intact human crypts isolated from patient biopsies, which
found BK only in a subset of nonidentified human crypt
cells (27).

Fig. 2. BK currents in GCs exhibit properties consistent with coassembly with LRRC26 permitting channel activation at resting physiological conditions. (A)
Brightfield and fluorescent images of a colonic crypt isolated from WT mouse (crypt oriented with opening facing downward), with the recording pipette
attached to the fluorescence-identified GC whose current is shown in B and E. (Scale bars, 10 μm.) (B) Representative whole-cell K+ currents evoked by the
depicted voltage protocol (Top) in WT-GCs. (C and D) Similar experiment as in A and B performed in intact colonic crypt isolated from Lrrc26−/− mouse (scale
bars, 10 μm), showing that KO of LRRC26 removes K+ currents activated by depolarizations up to +100 mV (red traces). Dotted lines show zero current level.
(E) K+ current inhibition at +140 mV (maximal BK activation), in the same WT GC shown in A and B, produced by extracellular 5 mM TEA (magenta), after TEA
washout (gray), and finally with 200 nM paxilline (blue). (F) K+ current inhibition in the same Lrrc26−/− GC shown in C and D by 200 nM paxilline (blue). Note
the much larger depolarizing step (+200 mV) required to fully activate BK current in the Lrrc26−/− GC. (G) Summary of pharmacological experiments con-
firming original current as mostly BK current (bars plot mean ± SD with points plotting measurements from individual cells). (H) Voltage-dependence of
activation of BK conductance obtained from recordings as in B and D. Fractional conductance-voltage [G(V)/Gmax] curves were generated from the tail
conductances [G(V)], normalized to the maximum conductance (Gmax) from a Boltzmann fit of each individual cell, and averaged (± SEM). From Boltzmann fit
to individual cells, for WT GCs (n = 14), mean Vh = 13.4 ± 3.2 mV and z = 1.23 ± 0.05 e0; for Lrrc26

−/− GCs (n = 15), mean Vh = 158.7 ± 5.1 mV, and z = 1.25 ±
0.06 e0. Fit of averaged G(V)/Gmax curves yielded similar values: WT GCs, Vh = 13.5 mV, z = 1.13 e0; Lrrc26

−/− GCs, Vh = 158.5 mV, z = 1.1. As reference,
activation curves of LRRC26-associated BK or BK (lacking LRRC26) from parotid cells are shown in blue.
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LRRC26-Associated BK Channels Contribute to Transepithelial Current
under Resting Physiological Conditions. BK channels have been
shown to be involved in potassium secretion in distal colon of
several mammalian species (27, 30, 36, 45) and the results above
demonstrate that LRRC26-containing BK channels have acti-
vation properties that would likely allow them to contribute to
K+ flux under physiological conditions. Under resting physio-
logical conditions, Ussing chamber experiments have shown that
active BK channels contribute to the net basal ionic current
across distal colonic mucosa ex vivo (30, 36). This basal current is
sensitive to both block of BK channels via luminal application of
pharmacological agents (30, 36) or the genetic ablation of the
BK α-subunit (30). Since LRRC26 uniquely defines the func-
tionality of GC BK channels and we did not detect BK channels
in MUC2− cells, we hypothesized that the contribution of BK
channels to the basal transepithelial current should depend on
the presence of LRRC26. Thus, genetic ablation of LRRC26
should mimic the effects of BK α-subunit KO. We therefore
measured short circuit current (ISC) across pieces of distal colon
stripped of smooth muscle after equilibrating the tissues for
30 min in symmetrical Krebs solution. Similar to previously
reported values for basal ISC of mouse distal colonic mucosae
(30, 46, 47), our WT tissues showed on average a basal ISC =
21.6 ± 10.0 μA/cm2 (mean ± SD, n = 10) (Fig. 4 A, B, and E).
However, Lrrc26−/− mucosae showed a significantly more posi-
tive basal ISC = 104.0 ± 39.5 μA/cm2, n = 11 (Fig. 4 A, C, and E),
statistically similar to ISC of BK−/− tissues (basal ISC = 112.6 ±
25.7 μA/cm2, n = 6) (Fig. 4 A, D, and E), and in agreement with
previously reported basal ISC of BK−/− distal colonic
mucosa (30).

Our results are consistent with apical LRRC26-associated BK
channels underlying a basal K+ efflux in WT tissues. Since a
cationic current in the serosal-mucosal direction would contrib-
ute a negative (downward) current to the net ISC, its absence in
tissues lacking any of the subunits required for functionally
normal GCs BK channels would lead to a more positive net basal
ISC. To further test this hypothesis, we examined the effects of
the pharmacological block of BK channels on the basal current
by luminal application of 5 mM TEA. TEA offers several ad-
vantages in terms of accessibility and kinetics of block for this
type of experiment in comparison to more specific extracellular
blockers of BK channels, such as Iberiotoxin (IbTx). TEA is a
positively charged, highly soluble, small molecule acting as a fast
blocker, and therefore does not require long exposure times
characteristic of drugs such as IbTx or paxilline. Since BK
channels exhibit a higher affinity for extracellular TEA (Kd ∼1
mM) compared to most other K+ channels (48, 49), the use of
extracellular TEA allows a fairly specific, fast, and readily visual-
ized effect. As predicted, 5 mM TEA induces a prompt upward
change in WT basal ISC that reaches a steady state within a couple
of minutes (ΔISC [WT] = 19.4 ± 9.2 μA/cm2, n = 10, mean ± SD)
(Fig. 4 A, B, and F), while producing no significant change in Isc of
either Lrrc26−/− or BK−/− tissues [ΔISC(Lrrc26−/−) = −3.8 ± 9.2
μA/cm2, n = 11; ΔISC(BKα−/−) = −2.3 ± 10.8 μA/cm2, (n = 6)]
(Fig. 4 A, C, D, and F). The presence of a 5 mM TEA-sensitive
current under resting conditions, which is absent in both KO
mouse models, supports the conclusion that LRRC26-associated
BK channels of GCs underlie the K+ secretion occurring in distal
colon at resting physiological conditions.
It should be noted that the amount of ISC inhibited by TEA in

WT colon is less than the reduction of resting ISC produced by

Fig. 3. Colonic epithelial MUC2− cells tested lack BK channel currents. (A) Brightfield and fluorescent images of colonic crypt isolated from WT mouse
(opening of the crypt oriented downward), with the recording pipette attached to the nonfluorescent cell whose current is shown in B. (Scale bars, 10 μm.) (B)
Representative whole-cell currents evoked by the same voltage protocol (Top) used in WT fluorescence-identified GCs. Red trace is the current evoked by
depolarization up to +100 mV. (C) Voltage dependence of the whole-cell current of nonfluorescent cells (NFC) after normalization by cell capacitance. Current
density at the steady-state (SS current) was calculated from current averaged during the last 10 ms of the depolarization pulse, divided by the cell capacitance,
expressed as means ± SD. (D) Reversal potential of currents from individual NFC. (E and F) Images (scale bars, 10 μm) and representative whole-cell currents of
a WT fluorescence-identified GC, showing the differences in current waveform and magnitude when compared with NFC. Note the considerable difference in
amplitude reflected in the scales. (G and H) Comparison between NFC and fluorescent cells (FC) (means ± SEM) in terms of current densities (G) and cell
capacitance (H). Values of current densities are significantly different at membrane potentials above −20 mV (P < 0.001), while capacitance values are not (P =
0.054), as compared by Kolmogorov–Smirnov test.
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either BK or LRRC26 KO. Part of the difference is expected,
since 5 mM TEA will leave about 10% of GC BK current
unblocked (Fig. 2 E–G). Another confounding factor in inter-
preting the absolute magnitude of both resting and evoked re-
sponses in ISC experiments is that there is known up-regulation
of other conductances that may occur in KO animal models. For
example, it has been previously reported that BKα−/− exhibits an
increased electrogenic Na+ absorption in the distal colon in
comparison with WT controls (30), which would be expected to
contribute a TEA-insensitive upward component contributing to
the baseline ISC. This might also occur in both the BKα−/− and
Lrrc26−/− models. Irrespective of any compensatory effects that
might occur in both KO models that would complicate inter-
pretation of ISC measurements, the fact that a 5 mM TEA-
sensitive component is equally absent in both Lrrc26−/− and
BKα−/− tissues strongly suggests that the contribution of BK

channels under resting conditions in colonic epithelium is me-
diated by BK channels containing LRRC26.
Since TEA application results in an absence of response in

both KO models, to confirm viability of tissues with no obvious
response we ended each experiment with the luminal application
of 10 μM of the agonist forskolin (FSK). FSK induces an increase
in intracellular cAMP, which elicits the activation of several
conductances with the cystic fibrosis transmembrane conduc-
tance regulator (CFTR) contributing a major component (5, 8).
The FSK response also likely involves contributions from mul-
tiple cell types. In all colonic strips we assayed, FSK evoked a
large increase in ISC as has been previously observed in mouse
distal colonic strips (47, 50), thereby confirming tissue viability in
cases where a TEA response was not observed. We did observe a
large variability in the ΔISC induced by FSK in the presence of
TEA (Fig. 4), although the measured ΔISC are not statistically
different between WT and Lrrc26−/−, nor between Lrrc26−/− and
BKα−/−, being only statistically different between WT and
BKα−/− (SI Appendix, Fig. S4). Although the direct comparison
of FSK responses among different genotypes might be infor-
mative about any potential contribution of BK channels to the
cAMP-induced K+ secretion, interpretation of the significance
of the FSK responses is likely complicated by multiple factors: 1)
During luminal application of TEA, any potential direct contri-
bution of apical BK channels to the FSK response would be
minimal; 2) given that apical BK contributions arise only from
GCs, while the FSK response likely involves multiple cell types,
any BK component in the FSK response is likely to be quite
small in comparison with other components including the CFTR-
mediated Cl− flux; 3) there is the possibility of up-regulation of
other conductances in both KO models that may also respond to
FSK and contribute to the response. In an effort to test whether
an apical BK-mediated component of the FSK response could be
identified, we compared the response to FSK of the different
genotypes with and without apical TEA (SI Appendix, Fig. S4).
For all genotypes, we found no significant differences between
ΔISC caused by FSK in presence or absence of TEA (SI Ap-
pendix, Fig. S4G). In addition, there were no significant differ-
ence among genotypes in ΔISC caused by FSK in the absence of
TEA (SI Appendix, Fig. S4G).
Although BK channels seem to be involved in cAMP-K+ se-

cretion (51), given the major contribution of other conductances
to the FSK-induced change in net ISC from the whole mucosa,
teasing apart the BK-component using this approach would re-
quire further knowledge about the individual responses of the
different cell types and the use of a combination of KO mice
models, together with careful pharmacological discrimination.

The Absence of LRRC26 Increases Susceptibility to DSS-Induced
Colitis. Given the key role of LRRC26 in defining the func-
tional properties of GC BK channels, we sought to investigate
whether LRRC26-associated BK channel activity in GCs has
implications for colonic epithelial homeostasis. Compromised
intestinal epithelial homeostasis and barrier function play major
roles in the development and perpetuation of the human in-
flammatory bowel diseases including Crohn’s disease and UC
(52). Although Lrrc26−/− mice exhibited no differences from WT
mice in terms of gross appearance, colon histology (including
crypt morphology and number of GCs) (Fig. 1 E and F and SI
Appendix, Fig. S3), or fecal microbiota (SI Appendix, Fig. S5), we
compared the responses of Lrrc26−/− and WT littermates in an
experimental model of colitis that shares similarities to human
UC, the DSS colitis model. DSS colitis is initiated by loss of
epithelial barrier function with subsequent stimulation of innate
and adaptive immune responses with proinflammatory cytokines
that are reflective of human UC. The DSS model is typically
chosen when investigations are aimed at revealing phenotypes
associated with epithelial barrier function/dysfunction including

Fig. 4. LRRC26-associated BK channels contribute to the resting K+ secre-
tion in distal colonic mucosa. (A) Representative transepithelial currents (ISC)
recorded under voltage clamp at 0 mV in distal colonic mucosae from dif-
ferent genotypes. In all cases baseline ISC was recorded for 10 min followed
by luminal application of 5 mM TEA and 10 μM FSK at the indicated times.
(B–D) Averaged ISC (line) ± SEM (gray shadow) obtained from independent
experiments for Lrrc26−/− (B), Lrrc26+/+ (C), and BK−/− (D). (E) Baseline ISC
(mean ± SD) in the different genotypes. Sets of values were compared with
ANOVA with Tukey’s correction. For Lrrc26+/+ vs. Lrrc26−/−, P < 0.0001 (n = 10
vs. n = 11); for Lrrc26+/+ vs. BK−/−, P < 0.0001 (n = 10 vs. n = 6); for Lrrc26−/− vs.
BK−/−, P = 0.931 (n = 11 vs. n = 6). (F) Response to luminal TEA (mean ± SD).
For Lrrc26+/+ vs. Lrrc26−/− P < 0.0001 (n = 10 vs. n = 11); for Lrrc26+/+ vs. BK−/−,
P = 0.0004 (n = 10 vs. n = 6); for Lrrc26−/− vs. BK−/−, P = 0.9878 (n = 11 vs.
n = 6).
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in GC function (16, 53, 54). Since our data indicate that the
number of Lrrc26+ GCs display a gradient increasing toward the
distal colon, we chose the DSS model to challenge our
Lrrc26−/− mice.
Sets of littermates were provided with drinking water con-

taining 2.5% DSS for 7 d, and then returned to regular water.
Starting on the day 5 of treatment both Lrrc26−/− and WT mice
displayed a typical drop of body weight (53), accompanied by
increasingly loose stools with bloody diarrhea becoming appar-
ent around day 7. While in most WT mice the diarrhea ceased
within about 24 h after switching to regular water with weight
beginning to recover on day 10, in Lrrc26−/− mice bloody diar-
rhea and body weight loss persisted. Between days 9 and 10 a
significant fraction of Lrrc26−/− mice began to show clinical signs
of morbidity, including a hunched posture and inactivity to the
point where they either died or required killing due to a weight
loss over 30% of the initial value. By day 13 around 50% of
Lrrc26−/− treated with 2.5% DSS died or required killing in
comparison to <10% of WTs (Fig. 5 A and B). Increasing the
DSS concentration to 3.5% DSS resulted in 100% lethality of
Lrrc26−/− vs. <30% in WT littermates (Fig. 5C). We also com-
pared BKα−/− and WT littermates using 2.5% DSS; 100% of
BKα−/− mice died or required killing vs. none of WT mice (SI
Appendix, Fig. S6). A more severe phenotype for BKα−/− mice is
not unexpected, given the strong expression of BK α-subunit in
nonepithelial colonic cells including the smooth muscle cell layer
(30) and Cajal’s cells in the lamina propria (55).
The differences in colitis severity of Lrrc26−/− vs. WT mice

treated with DSS were confirmed by histology (Fig. 5 E–H).
H&E-stained sections showed that, at day 7 of 2.5% DSS
treatment, Lrrc26−/−mice already have a more severe crypt and
GC depletion in the distal colon in comparison with WT litter-
mates (Fig. 5 E, F, and I). In addition to the crypt loss, Lrrc26−/−

mice show increased inflammation (Fig. 5 E, F, and H), more
extensive ulcerations (Fig. 5 E, F, and H), and larger infiltration
of immune cells from the lamina propria (Fig. 5 E and F).
Overall, these results demonstrate that Lrrc26−/− mice exhibit
increased colitis severity and suggest a protective role for
LRRC26-BK channels in the colonic epithelium.

Discussion
The present study establishes the following: 1) In colonic GCs,
BK channels are associated with LRRC26 regulatory subunits
and represent the major cation current present in these cells at
low intracellular Ca2+ (∼250 nM); 2) the shifted gating proper-
ties of LRRC26-containing BK channels allow them to be active
at membrane potentials (−40 mV and more positive), likely to
reflect normal GC resting conditions, which was also confirmed
by the impact of LRRC26 KO on transepithelial ion flux mea-
surements in intact colon strips; 3) colonic absorptive entero-
cytes within crypts lack BK channel currents; 4) the absence of
LRRC26 in GC BK channels results in a severe DSS-induced
colitis phenotype, also occurring with complete KO of the BKα
subunit. The DSS-induced colitis is associated with a significantly
enhanced loss of crypts and GCs in the distal colon of Lrrc26−/−

in comparison to WT littermates, illustrating the importance of
LRRC26 to colonic epithelial barrier function.

LRRC26 Is a Critical Component of GC BK Channels. Most existing
models that summarize the interplay among different ion
transport mechanisms in intestinal epithelial cells are focused on
absorptive enterocytes (8, 45), whereas ion transport in GCs has
been largely overlooked. There are several lines of evidence
supporting the presence of BK channels in colonic epithelial cells
of several species, including mice (30), rats (22, 42), guinea pigs
(36), and humans (24, 27, 56), although without identifying the
cell type. In rodents, colonic epithelial BK channels play a
prominent role in K+ secretion under both basal conditions (30)

and upon stimulation with purines (30), adrenaline (28), aldo-
sterone (29, 57), or in response to high dietary K+ load (22, 29).
However, a long unanswered question has been how these epi-
thelial BK channels can be activated under physiological condi-
tions. BK channels composed exclusively of the pore-forming
BKα subunit would require both elevation of cytosolic Ca2+ to
micromolar concentrations and membrane depolarizations
above 0 mV in order to achieve activation necessary for its
physiological roles (58). Therefore, in order for BK channels to
be active under physiological conditions of colonic epithelial
cells [reported to be ∼120 nM intracellular Ca2+ at resting (59)
and ∼500 nM under muscarinic stimulation (60) in GCs], it
seems likely that a regulatory subunit may be required.
In this study we demonstrate that the regulatory subunit

LRRC26 is a critical component of BK channels in colonic GCs,
allowing the BK channels to contribute to epithelial K+ efflux
even at resting conditions. Cytosolic elevations of Ca2+ triggered
by secretagogues or other stimuli would further enhance GC BK-
mediated K+ fluxes. Another surprising and unexpected finding
of this study concerns identification of the cell type expressing
colonic epithelial BK channels. It has been suggested that epi-
thelial BK channels fulfill their abovementioned role in K+ se-
cretion by widespread expression in colonic epithelial cells,
including enterocytes (8, 45). Here, we provide evidence that
unambiguously indicates that, at least in mouse distal colonic
epithelium, cells belonging to the GC lineage contain BK cur-
rent, while BK current is absent in all MUC2− cells tested. Since
enterocytes are the major population of cells negative for MUC2
in distal colon, the conditions of our experiments should have
readily revealed BK current in enterocytes, if it were present. In
agreement with our results, previous evidence also suggests that
BK channels are likely specifically expressed in GCs in human
distal colon epithelium (27). Specifically, BK and KCa3.1 cur-
rents are the major K+ currents in different subsets of cells from
human intact crypts (27). Although those cell types were not
identified, only KCa3.1-containing cells developed a CFTR-
mediated response to increased levels of intracellular cAMP.
Therefore, the absence of a CFTR response in human crypt cells
having BK currents suggests that CFTR, a protein well known to
be expressed in enterocytes, and BK channels are located in
different types of epithelial cells in human distal colon (27). Our
evidence regarding the segregation of BK channels between
distinct epithelial cell types, besides challenging previous ex-
pectations about BK cellular localization in colonic epithelium,
suggests that the functional contributions of BK channels are
tightly linked to the functional roles of GCs.

What Might the Role of BK Current Be in GC Function? The segre-
gation of BK channels among colonic epithelial cells shares an
interesting parallel with the previously observed probable seg-
regation of two Ca2+-dependent anion conductances, mediated
by BEST2 and TMEM16A (also known as ANO1), in mouse
colonic epithelium (50). In this work, Ca2+-activated anion
currents with properties similar to heterologously expressed
BEST2 currents were the major anion current in a subset of
dissociated epithelial cells presumed to be GCs. In a different set
of epithelial cells, presumed to be enterocytes, the principal
Ca2+-activated anion current exhibited properties similar to
heterologously expressed TMEM16A currents. BEST2, which
has a high bicarbonate permeability relative to other anions,
seems likely to be involved in the HCO3

− secretion upon cho-
linergic stimulation (50). Besides both being specifically
expressed in murine GCs, BK channels and BEST2 share a
number of other features. First, both are activated by elevations
of cytosolic Ca2+; second, Best2 shares with Lrrc26 a similar in-
creased proximal to distal gradient of expression along the colon;
third, Best2−/− mice also exhibit a DSS-colitis phenotype al-
though less severe than that occurring in Lrrc26−/− mice. One
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difference is that, although LRRC26-containing BK channels
contribute to basal K+ flux as revealed by the BK-dependent
component of basal ISC, BEST2 probably exhibits little activa-
tion until intracellular Ca2+ is elevated. Yet, it seems reasonable
to think that a coordinated activation of K+ flux through BK
channels and bicarbonate fluxes through BEST2 channels is
somehow critical in supporting mucus secretion and the extra-
cellular conditions of Ca2+ and elevated pH critical to mucus
expansion.
In addition to BEST2, GC BK channels might act in concert

with other ion transport entities proposed to be implicated in
colonic mucus secretion. For example, activation of luminal
purinergic G protein-coupled (P2Y) receptors by ATP or UTP in
mouse colon stimulates a K+ secretion mediated by BK channels
(30, 61). Luminal ATP stimulation also induces mucus secretion
by intestinal GCs (59), which is compromised in mice with KO of
TMEM16A specifically in intestinal epithelial cells. In fact, this
mouse model exhibits an accumulation of mucus in intestinal
GCs (59). An increase in BK channel-mediated K+ flux during
ATP-mediated mucus secretion seems plausible since the acti-
vation of P2Y receptor produces an elevation in cytosolic Ca2+

concentration measured in colonic GCs (59, 60). Similar mucus
accumulation in GCs has also been observed in a mouse model
that recapitulates a human mutation in NKCC1 (21). Both the
mouse model and patients carrying this NKCC1 truncation
mutation also exhibit deficient exocytosis of mucus granules from
GCs, mucus attached to epithelium, and a thinner colonic mucus
layer (21). Although it is not clear yet whether TMEM16A or
NKCC1 influences mucus secretion by intrinsic expression in
GCs or by a paracrine effect from the neighboring enterocytes, if
the first case is true, K+ flux through BK channels might act in
concert with the anion transport pathways, such as NKCC1
or TMEM16A.
The demonstration here that LRRC26-containing BK chan-

nels are specifically localized in colonic GCs and contribute to
resting K+ flux in isolated colonic strips defines a component
that needs to be probed in terms of how ion fluxes in GCs par-
ticipate in mucus secretion and maturation. Although beyond the
scope of the present work, we would suggest that LRRC26-
containing BK channels may act in concert, acting as a neces-
sary counter ion, with an anion conductance that perhaps is di-
rectly involved in the initiation of mucus exocytosis, or is critical
for appropriate mucus maturation. Key questions that can now
be more meaningfully pursued with respect to the role of BK and
other K+ channels in colonic function include: 1) Is there a
change in mucus properties and/or mucus secretion in the
Lrrc26−/− mice? 2) Is there any residual non-BK K+ current in
GCs? 3) What are the K+ fluxes in enterocytes? Answers to
these questions will allow a better understanding of the role of
ion transport in colonic mucus secretion.

LRRC26-Associated BK Channels Have a Protective Effect in an
Experimental Model of DSS-Induced Colitis in Mouse and Perhaps in
Human IBD. Our experiments in Lrrc26−/− mice indicate that the
activity of LRRC26-associated BK channels has a protective
effect against colitis induced by DSS. Not surprisingly, BKα−/−

mice exhibit a more profound colitis phenotype with the same
treatment (Fig. 5 and SI Appendix, Fig. S6). These differences
may be explained by the high levels of expression of BKα subunit
in smooth muscle cells (30, 62), and interstitial cells of Cajal (55),

Fig. 5. Genetic ablation of LRRC26 dramatically enhances susceptibility to
DSS-induced colitis. (A–D) Survival plots and change in body weight curves of
mice treated for 7 d with 2.5% (A and B) or 3.5% DSS (MP Biomedicals,
molecular mass, 36 to 50 KDa) (C and D). In accordance with guidance from
Washington University in St. Louis-animal studies committee, animals whose
body weight dropped >30% of their initial value were considered terminal
and killed. Graphs compile results from four independent assays where eight
litters (with both Lrrc26−/− and WT littermates) were treated with 2.5% DSS
or two assays where four litters were treated with 3.5%. Mice were 10- to
14-wk old at the time of the treatment and both sexes were included. In
body weight plots (mean ± SEM), for mice that died or required killing,
weight at the time of death was considered the same until the end of the
experiment. Curves were compared using a two-way ANOVA that yielded
P = 0.0117 for 2.5% and P = 0.0073 for 3.5% DSS. (E) Representative images
of H&E-stained most distal segment of colon from Lrrc26−/− and WT (litter-
mates) at the day 7 of treatment. (Scale bar, 2.5 mm.) (F) Areas within the
squares in E. (Scale bars, 250 μm.) (G–I) Histophatologic colitis severity in the
distal colon of DSS-treated mice scored from sections as in E and F. Inflam-
mation score (G), total ulcer extention (H), and fraction of epithelial surface

with 50% or more of crypt loss (I), represented as mean ± SD. Dotted lines
connect results from siblings. Sets of values were compared using two-tailed
t test that yielded P = 0.00054, P = 0.0071, and P = 00036 for comparisons in
G–I, respectively. **P < 0.01, ***P < 0.001.
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which suggest that BKα−/− mice might also have a compromised
intestinal motility.
At present, how a deficiency in K+ flux through GC BK

channels leads to enhanced susceptibility to DSS colitis remains
an important unanswered question. Although it is clear that a
deficit in GC BK function in Lrrc26−/− mice is associated with
both a more drastic depletion of GCs, and a dramatically in-
creased vulnerability to DSS in comparison to WT littermates,
further studies are required to understand the cellular events
underlying the protective effects of LRRC26-containing BK
channels against colitis, a topic for future work.
A shared hallmark of UC and DSS-colitis is GC depletion (53,

63–65). Given the strong phenotype observed as result of genetic
ablation of the subunits contributing to colonic epithelial BK
channels, what are the potential implications of epithelial BK
channels in human IBD? In UC patients, expression of BKα
subunit in colonic crypts is enhanced (56). Whether the up-
regulation is an initial step in pathology, is part of a compensa-
tory response, or involves only some or all epithelial cells are all
unknown. At present, nothing is known about LRRC26 expres-
sion in UC. This is important information considering that co-
lonic epithelial BK channels lacking LRRC26 are likely
nonfunctional under physiological conditions. One might imag-
ine that some variables, such as diet, aging, or stress-related
factors could impact on LRRC26 expression, and potentially
influence the susceptibility to UC. Intriguingly, work with
LRRC26-containing BK channels expressed heterologously in-
dicate that LRRC26 and BKα subunit interactions can be labile
(41). Therefore, we addressed the possibility that LRRC26 gene
expression may change in different UC disease states. Analysis of
a public database containing gene-expression profiles from colon
of patients with IBD (66) reveals a significantly reduced ex-
pression of LRRC26 in samples of patients with active UC in
comparison to patients with inactive disease (SI Appendix, Fig.
S7). As expected for a GC-specific protein, LRRC26 expression
positively correlates with MUC2 expression among all samples
analyzed. Consistent with having a protective role, LRRC26 ex-
pression negatively correlates with the expression of the in-
flammatory cytokine IL-6 in samples of patients with active
disease. These results suggest that understanding the protective
role of LRRC26-associated BK channels against colitis may
provide a new opportunity to understand IBD pathophysiology.

Materials and Methods
Animal Care. Animals were handled and housed according to the National
Institutes of Health Committee on Laboratory Animal Resources guidelines.
All experimental protocols were approved by the Institutional Animal Care
and Use Committees of Washington University in St Louis (protocol
#20180288). All mice were on a C57BL/6J background. The Lrrc26−/− mouse
strain is a global KO previously described (32) and is available from the
Knockout Mouse Project Repository (https://www.komp.org/) with the
neomycin-resistance selection cassette deleted. The mouse referred as BK−/−

is the Kcnma1−/− mouse line, a kind gift of Andrea Meredith, University of
Maryland, Baltimore, MD. The mCherry-Muc2 mouse line was kindly shared
by Gunnar C. Hansson, University of Gothenburg, Sweden.

X-Gal Staining. Fresh entire colons (from anus to cecum) from Lrrc26−/− and
WT mice were dissected and rinsed with cold 0.1 M phosphate buffer, pH =
7.4 (PB). Then, colons were opened longitudinally along the mesenteric line
and quickly immersion-fixed, by pinning flat with the mucosal surface facing
up, in a chamber containing fixative solution, at 4 °C. The fixatives proce-
dures were 0.2% glutaraldehyde for 24 h or 4% paraformaldehyde for 1 h,
both dissolved in PB. Fixed tissues were transferred to ice-cold 30% sucrose
in PB and kept at 4 °C for 48 h. Colonic pieces of 3 × 18 mm were mounted in
OCT block and frozen in dry ice. Next, 20-μm frozen tissue sections were
prepared in a cryostat at −20 °C. Slides were washed once briefly with 0.1 M
PB and then once with 37 °C X-Gal dilution buffer (5 mM potassium ferri-
cyanide, 5 mM potassium ferrocyanide, 2 mM magnesium chloride, 0.1%
Tween-20 in PBS [pH 7.4]). Just before staining, X-Gal stock solution [4%
(wt/vol) Bluo-Gal (Invitrogen, 15519-028) in dimethylformamide] was diluted

at 1:40 in 37 °C X-Gal dilution buffer to prepare the fresh X-Gal working
solution. Tissue sections were then incubated in the X-Gal working solution
at 37 °C in a humidity box. Incubation times of 1, 2, 3, 6, 18, and 24 h were
assayed. Using glutaraldehyde fixation, 1 to 2 h is enough to develop a
strong and specific signal, while 3 h or longer incubation times result in
unspecific signal in WT tissues. Paraformaldehyde fixed tissues requires 18 to
24 h to develop a signal. Finally, sections were rinsed in deionized water, and
some sections were counterstained with PAS Staining System (395B-1KT;
Sigma-Aldrich) before being mounted with aqueous mounting medium.

For quantification of the number of stained cells along colon, from distal
end until the beginning of the ridges in the proximal colon, blue-stained cells
per crypt were counted in five consecutive well oriented crypts, at intervals
of 5 mm.

Morphological and Histological Analysis. Fresh entire colons (from anus to
cecum) from Lrrc26−/− and WT littermates were dissected, rinsed with cold
PBS, opened longitudinally along the mesenteric line, and pinned flat in a
chamber containing 4% paraformaldehyde in PBS. Tissues were fixed over-
night at 4 °C then transferred to 70% ethanol before processing for paraffin
embedding. Five-micrometer serial sections were prepared and stained with
H&E or PAS. Slide imaging was performed in a Hamamatsu Nanozoomer 2.0
HT System hosted by the Hope Center for Neurological Disorders of the
Washington University in St. Louis. Morphological measurements were
performed as has been previously described (67); crypt depth was quantified
as the average from at least 25 well-oriented crypts per animal, all located in
the distal colon at a distance between 4 and 20 mm from the anorectal
junction; abundance of GCs was measured from PAS-stained tissues, and was
calculated from at least 25 well-oriented crypts in the distal colon, as the
percentage of GCs (stained in dark pink) regarding the total number of cells
of a crypt (counting the nuclei). Colitis severity in DSS-treated mice was
scored as have been described previously (67, 68).

Preparation of Crypts for Whole-Cell Recording. Intact crypts from distal colon
were isolated by a modification of a Ca2+ chelation protocol previously
reported (27, 69). Mice of 10- to 16-wk old, both sexes, were used, one
mouse per day of recording. Colon was quickly dissected, rinsed with cold
PBS to remove fecal content and opened longitudinally following the mes-
enteric line. The most distal 2 cm were cut, placed in a small glass flask
containing 10 mL of Ca2+-chelating solution, and incubated at 37 °C. Ca2+-
chelating solution was always used freshly made and contained: 20 mM
Hepes, 10 mM EDTA, 112 mM NaCl, 5 mM KCl, 3 mM dithiothreitol, and
adjusted to pH = 7.1 with TRIZMA base. After 3 min of incubation at 37 °C,
the piece of colon was briefly and gently stirred within the solution, and
further incubated at 37 °C for another 3 min. Then, after changing the piece
of tissue to a new small flask containing fresh Ca2+-chelating solution pre-
incubated at 37 °C, the suspension was shaken vigorously for 3 to 4 s using a
spatula, repeatedly five to six times, to liberate intact into the solution.
Crypts were collected by centrifugation at 150 × g for 3 min at 4 °C and
washed twice with cold crypt-storage solution containing: 100 mM
K-gluconate, 30 mM KCl, 20 mM NaCl, 1.25 mM CaCl2, 1 mM MgCl2, 10 mM
Hepes, 5 mM glucose, 5 mM Na-pyruvate, 5 mM Na-ubtyrate, supplemented
with 1 g/L BSA, pH = 7.4 adjusted with KOH. The pellet resulting from the
last centrifugation was resuspended in 0.5 mL of crypt-storage solution.
0.1 mL of the final suspension containing the crypts was seeded in coverslips
(diameter 12 mm) and allowed to attach for 1 h at room temperature before
beginning the patch-clamp recordings. The coverslips had been previously
treated with a dilution one-tenth of Matrigel (Corning, cat #354234) in PBS
for at least 30 min at 37 °C and rinsed with PBS just before seeding the crypt
suspension. All experiments were obtained within 1 to 5 h after crypt
dissociation.

Patch-Clamp Recordings. Standard whole-cell recording methods were done
using a Multiclamp 700B amplifier (Molecular Devices). Data acquisition was
performed using a 16-bit analog/digital converter and voltage stimulation
protocols were accomplished by using Clampex 9.0 (Molecular Devices) with
analysis of waveforms done via Clampfit. Patch-clamp pipettes were made
from borosilicate glass and coated with Sylgard. Typical pipette resistances
after heat-polishing typically were of 3 MΩ. Following whole-cell access, cells
were used if the series resistance (Rs) was less than 10 G Ω. Rs was 90%
compensated. Current records were filtered at 10 kHz. Recording solutions
contained physiological gradients of Na+ and K+, while most of Cl− was
replaced by glutamate to minimize the contribution of any Cl− current. The
bath solution (extracellular) consisted of: 135 mM Na-glutamate, 5 mM
K-glutamate, 2 mM CaCl2, 2 mMMgCl2, 10 mM Hepes (pH = 7.2). The pipette
solution (intracellular) consisted of : 135 mM K-glutamate, 10 mM Hepes,
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and 5 mM EGTA + 3 mM Ca2+ which results in a free Ca2+ solution of 250 nM
(pH = 7.2). For these nominal ionic gradients, theoretical EK = −84.5 mV. All
the experiments were at nominal room temperature (22 to 25 °C). Tetrae-
thylammonium (Sigma) or paxilline (Tocris Bioscience) were added (from
concentrated stock solutions freshly prepared) to the extracellular solutions
at final concentrations given in the text.

G-V curves of fluorescence-identified GCs were generated from the tail
currents measured following a repolarization step at -20 mV for WT cells or
at +20 mV for Lrrc26−/− cells. Tail current amplitude at 400 μs following the
nominal repolarization step to minimize contribution of uncompensated
signals. G-V curves were fitted to a single Boltzmann distribution:

G(V) = Gmax

1 + e
−zF(V−Vh)

RT

,

where Vh represents the voltage of half activation and z is the valence of the
voltage dependence. F and R are the Faraday’s and Gas’s constants, re-
spectively and T is the temperature.

Ussing Chamber Experiments. We used the most distal 2 cm of the mouse
colon. After colon dissection, smooth muscle layer was removed by stripping,
and a piece of mucosa was mounted in an Easy Mount Ussing chamber
(Physiologic Instruments) using an insert with an aperture of 0.1 cm2 (P2303A,
Physiologic Instruments). The standard Krebs solution contained 119 mM
NaCl, 2.7 mM KCl, 23 mM NaHCO3, 1.25 mM Na2HPO4, 1.8 mM CaCl2, 1.5 mM
MgSO4, 0.5 mM ascorbic acid, and 10 mM glucose. The reservoirs were
continuously gassed with 5% CO2 and 95% O2 and maintained at 37 °C by
water jackets. ISC was measured using an automatic voltage clamping device
(EVC-4000; Physiologic Instruments) that compensates for resistance of the
solution between the potential measuring electrodes. The transepithelial
current was applied across the tissue via a pair of Ag/AgCl electrodes that
were kept in contact with the mucosal and serosal bathing solution using
3 M KCl-agar bridges. All experiments were done under voltage clamp at
0 mV. The ISC is negative when positive current flows from serosa to mucosa.
The tissue was placed in the apparatus and equilibrated for 30 min to sta-
bilize ISC before starting the experiment. The baseline value of electrical
parameters was determined as the mean over the 10 min immediately prior
to drug administration. A positive ISC corresponds to the net electrogenic
secretion of anions or the net electrogenic absorption of cations. FSK (10 μM)
were used on the luminal side for confirming the viability of the tissues.

DSS-Induced Colitis Assay. Sets of siblings (both sexes included), 10- to 14-wk
old, were treated for 7 d with drinking water containing 2.5% or 3.5% DSS
(molecular mass of 36 to 50 kDa; MP Biomedicals), then switched to regular
drinking water. Body weight and diarrhea score were monitored daily.
Following guidelines Washington University Division of Comparative Medi-
cine committee, mice with body weight <70% of the initial weight was
considered terminal and killed. At day 7 of DSS treatment, some pairs of
siblings were killed for histological comparison. Colitis severity was scored in
the distal third of colons as has been described previously (67, 68), following
a score (0 to 12) based on ulcer extent (0 to 4) + percent crypt loss (0 to 4) +
degree of edema (0 to 4). The total ulcer extension (millimeters) and the
percentage of epithelial surface with >50% of crypt loss were plotted
independently.

Statistical Analysis. For comparisons between two distributions, a two-tailed
unpaired Student’s t test or a Kolmogorov–Smirnov test was employed.
When multiple comparisons were required, an ANOVA with Tukey’s cor-
rection was used. For comparison of body weight curves, a two-way ANOVA
with Geisser–Greenhouse correction was used. The Geisser–Greenhouse
correction was required due the lack of sphericity in the data caused by the
30% limit in the body weight drop measurements.

Data Availability. All study data are included in the article and supporting
information.
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