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SUMMARY

A mouse model that recapitulates a unique human mutation
in the Naþ-Kþ-2Cl- cotransporter shows a deficit in intesti-
nal water and mucus secretion. Abnormal hydration and
mucus integrity leads to bacterial invasion of the epithelium,
and reduced ability of the intestine to clear bacterial in-
fections. The same impaired gut barrier function that we
observed in the mouse likely contributed to the deficit of the
gastrointestinal tract of the patient.

BACKGROUND & AIMS: Infections resulting from intestinal
yeast and bacteria affect a large number of patients with defi-
cits in absorptive or secretory epithelial transport mechanisms.
The basolateral Naþ-Kþ-2Cl- cotransporter (NKCC1) has been
implicated in intestinal epithelial fluid secretion. Two patients
with deleterious heterozygous (NKCC1-DFX, DFX for Asp-Phe-
stop codon) or homozygous (Kilquist) mutations in SLC12A2
(NKCC1) suffered from gastrointestinal deficits. Because of
chronic infections, the colon and the small intestine of the
NKCC1-DFX patient were resected surgically.

METHODS: To investigate how NKCC1 affects the integrity and
function of the gut epithelia, we used a mouse model recapit-
ulating the NKCC1-DFX patient mutation. Electron microscopy
and immunostaining were used to analyze the integrity of the
colonic mucus layers and immune cell infiltration. Fluorescence
in situ hybridization was performed on the distal colon sections
to measure bacteria translocation to the mucosa and submu-
cosa. Citrobacter rodentium was used to measure mouse ability
to clear enteric infection. A multiplex cytokine assay was used
to analyze mouse inflammatory response to infection.

RESULTS: We show that NKCC1-DFX expression causes
defective goblet cell mucus granule exocytosis, leading to
secretion of intact granules into the lumen of the large intestine.
In addition, NKCC1-DFX colon submucosal glands secrete
mucus that remained attached to the epithelium. Importantly,
expression of the mutant NKCC1 or complete loss of NKCC1
function leads to aggravated inflammatory response to C
rodentium infection. Compared with wild-type, NKCC1-DFX
mice showed decreased expression of claudin-2, a tight junc-
tion protein involved in paracellular Naþ and water transport
and enteric infection clearance.

CONCLUSIONS: Our data indicate that NKCC1-DFX impairs gut
barrier function by affecting mucus secretion and immune
properties. (Cell Mol Gastroenterol Hepatol 2020;9:239–255;
https://doi.org/10.1016/j.jcmgh.2019.10.006)
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neurons,2–5 smooth muscle cells,6,7 and epithelial cells.8–12

Because of its importance in the function of so many cell
types, the human Na-K-2Cl transporter likely is resistant to
deleterious mutations. However, 2 patients with unique
mutations in SLC12A2 (NKCC1) recently were described and
they both suffer from severe intestinal dysfunction.13,14 In
2016, we reported the case of a 16-year-old girl who
gradually lost all gastrointestinal function and now requires
total parenteral nutrition.13 She carries a de novo frameshift
mutation in exon 22 of SLC12A2, leading to truncation of a
large portion of the cytosolic carboxyl-terminal tail of the
transporter. The mutation, called NKCC1-DFX, was shown to
exert dominant-negative effects on the trafficking of the
wild-type transporter in epithelial cells, including in a novel
mouse model that recapitulates the mutation of the pa-
tient.15 Earlier this year, the case of a 5-year-old boy with
complete deletion of NKCC1 resulting from homozygous loss
of exons 2–7 was reported.14 The patient suffers from se-
vere gastrointestinal deficits, including midgut malrotation
and a mucus secretion deficit. As was the case with the first
patient, his weight loss and failure to thrive necessitated the
placement of a gastrostomy tube.

Several NKCC1 knockout (KO) mouse models were
generated approximately 20 years ago. The 2 striking phe-
notypes were sensorineural deafness plus imbalance
resulting from inner ear defects and male sterility owing to
absence of proper sperm maturation.16–19 In 1 model, peri-
weaning lethality also was observed, resulting from intestinal
obstruction.17 Interestingly, this phenotype was not noted in
another model in which most homozygote animals sur-
vived,16 possibly indicating strain/background effects. Two
studies also reported deficits in pacemaking currents in
myenteric interstitial cells of Cajal in the intestine of NKCC1
KO mice.20,21

The prime function of the intestine is to absorb small
nutrients derived from food broken down in the upper
digestive tract. This work is performed by epithelial cells
that line the inner surface of the gut. To facilitate transit,
epithelial cells also modify the composition of the intestinal
content, including its hydration. Along the length of the in-
testine, hydration of the stool is modified by water ab-
sorption and secretion. Water secretion is driven by the
movement of Cl- through apical Cl- channel (Cystic Fibrosis
Transmembrane conductance Regulator) and basolateral
NKCC1.22 As in the lung, these epithelial cells are exposed to
the external milieu, including potential pathogens, and they
secrete layers of mucus to protect themselves from this
outside environment. Proper intestinal function also re-
quires peristalsis or contractile movement of smooth muscle
cells, a process under the control of the enteric nervous
system. Thus, the work of the intestine relies on the function
of many cell types that work in concert to achieve the
overall mission of the tissue.

The present study was designed to understand the basis
for the intestinal infection that led to colon and small in-
testine resection in the NKCC1-DFX patient. Our results
identify deficits in stool hydration, mucus release, and
mucus barrier integrity in the colon, leading to interaction of
commensal bacteria with the underlying epithelium,
exaggerated inflammatory response, and a reduced ability
to clear bacterial infection.

Results
The purpose of this study was to understand the cellular

defects that led to the total colectomy and eventual subtotal
enterectomy in an undiagnosed patient carrying a de novo
mutation in the gene encoding the Na-K-2Cl cotransporter,
NKCC1. Pathology of the specimen showed proximal colon
hyperemia and edema, with the distal portion being grossly
thickened with some adherent exudative material. The
midportion of the colon had some focal hyperemia. The
distal 2.5 cm of small intestine included in the specimen had
some soft-tissue duskiness and hyperemia. It is unclear
which portions of these pathologic findings were the result
of patient disease and how much of it occurred from
handling the tissue during laparoscopy. It was also of in-
terest to note that the small bowel had normal peristalsis
during laparoscopy even though the patient had no clinical
motility, was never able to tolerate enteral feeds, and
required proximal gastric and jejunal decompression owing
to a retrograde flow of bile that suggested functional
obstruction but no mechanical obstruction. The colectomy
and eventual enterectomy were performed out of despera-
tion to exclude entry points of life-threatening yeast
resulting in sepsis, which has significantly decreased since
the surgery. The patient has been struggling with eventual
liver dysfunction resulting from the short intestinal length
and prolonged total parenteral nutrition, but has enjoyed a
significantly enhanced quality of life.

Relationship Between Mouse Strains and the
Survival of NKCC1 Knockout Mice

In addition to the patient carrying the NKCC1-DFX mu-
tation,13 the patient completely lacking NKCC1 expression14

suffered from severe intestinal dysfunction. To establish the
relationship between the cotransporter and intestinal
function, we examined the intestine of wild-type, NKCC1-
DFX heterozygote15 and homozygote mice. Note that when
original KO mice were generated and studies were pub-
lished in 1999, some laboratories noticed periweaning
lethality,17 although others did not,16 indicating a possible
strain/background effect. Similarly, when we generated our
NKCC1-DFX mouse line, we noticed that most of our first-
generation mice (ie, those generated from direct Clustered
Regularly Interspaced Short Palindromic Repeats/CRISPR

http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.jcmgh.2019.10.006


10

8

5

B6:D2

6

4

2

0
10 15 20 25 30

B6

Postnatal age (days)

etogyzo
mo

H
lavivruS

A

0

WT / DFXWT / WT DFX / DFX

B

Figure 1. Deletion of NKCC1 results in death in C57BL/6J. (A) NKCC1DFX/DFX mice in C57BL/6J and mixed C57BL/
6J:DBA/2J background were maintained in a pathogen-free environment and survival was determined. The B6:D2 KO mice
that survived the periweaning period lived for several months until use. (B) Gross anatomy of the cecum and colon of
NKCC1WT/WT, NKCC1WT/DFX, and NKCC1DFX/DFX in C57BL/6J background around weaning time.
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Associated Protein 9 (CRISPR/Cas9) embryonic injection in
a B6:D2 background), were viable compound heterozygous
knockouts. Upon backcrossing of the DFX allele into C57BL/
6J, we lost ability to produce adult homozygotes. Figure 1A
shows survival of NKCC1DFX/DFX (KO) mice in C57BL6/J (>5
generations) vs a mixed B6:D2 background. An anatomic
examination of the intestine in the 3 genotypes showed
tissue shrinkage, especially in the NKCC1 homozygote mice
(Figure 1B). As previously shown by Flagella,17 blood also
was observed in the intestine of NKCC1DFX/DFX mice.

Intestinal Transit and Feces Water Content
Deficits in NKCC1-DFX and KO Mice

To assess the overall function of the intestinal tract of
mice, we collected pellets from NKCC1wild-type (WT)/WT,
NKCC1WT/DFX, and NKCC1DFX/DFX mice and determined their
water content. A significant reduction in water content was
observed in both NKCC1WT/DFX and NKCC1DFX/DFX mouse
pellets, compared with controls, indicating a deficit in water
secretion in the intestine (Figure 2A). Gastrointestinal
transit time was measured after gavage of a carmine (bright
red) dye. There was no difference between controls and
NKCC1WT/DFX mice, but a significant delay in transit time in
NKCC1DFX/DFX mice (Figure 2B). This phenotype was
confirmed by killing the animals and counting the number of
pellets transiting in the intestinal tract. There was a signif-
icant increase in the number of formed pellets in the colons
of NKCC1DFX/DFX mice, compared with their wild-type and
heterozygote counterparts (Figure 2C and D).

NKCC1 Is Required for Normal Goblet Cell
Mucus Granule Exocytosis

Epithelial cells in the intestine separate bacteria in the
lumen from the mucosal immune system and from the cir-
culation. The first line of defense against intestinal bacteria
is formed by layers of secreted mucus that protect the
epithelium.23 Sheets of mucin 2 (Muc2)-containing mucus
are secreted by goblet cells. In the colon, the mucus is
composed of 2 layers: an outer layer that is home to
commensal bacteria, and an inner layer that is packed more
densely and impenetrable to bacteria.24 By using trans-
mission electron microscopy, we analyzed colonic tissue
isolated from NKCC1WT/WT, NKCC1WT/DFX, and NKCC1DFX/
DFX mice. In WT mice, the exocrine cells containing mucin
granules could be seen cupping and releasing mucus pro-
teins into the intestinal lumen once it reached the apical
surface of the intestinal epithelium (Figure 3A and B).
In contrast, in NKCC1WT/DFX (Figure 3C and D) and
NKCC1DFX/DFX (Figure 3E and F) mice, these cells failed to
form the typical cupping shape before releasing the mucins
and instead showed mucin granules abnormally plugging
the apical membrane. In addition, intact mucin granules
could be seen floating in the lumen (Figure 3C and E). These
abnormal phenotypes were quantitated in 3 mice, with 8
sections per mouse. Of the 24 wild-type sections, none had
abnormal theca release and none had intact granules
observed floating in the lumen. In contrast, 7 abnormal
theca releases and 2 groups of intact granules in the lumen
were observed in the NKCC1-DFX sections, whereas of 24
micrographs of KO tissue, 11 had abnormal theca release
and 3 micrographs showed floating granules in the lumen. A
similar pattern was seen with exocrine cells located at the
base of the crypt (data not shown). To confirm the presence
of mucin granules in the lumen of NKCC1-DFX and NKCC1-
KO mice colons, we performed immunohistochemistry (IHC)
staining with a Clca1 antibody (protein also called Clca3 and
gob-5). Clca1 is a chloride channel accessory protein located
in the membrane of mucin granules in goblet cells of the
intestinal, respiratory, and reproductive tracts.25 In WT
mice, very little to no Clca1 staining was observed in the
colon lumen (Figure 3G). In contrast, in colon sections of
NKCC1WT/DFX (Figure 3H) and NKCC1DFX/DFX (Figure 3I)
mice, a strong Clca1 signal was observed in the lumen,



2.5

KODFXWT

A

2.0

1.5

1.0

0.5

0

P < .01 P < .01

)thgie
w

yrd
g/g(

tnetnocreta
W

C

KODFXWT

8

KODFXWT

D

6

4

2

P < .05

P < .01

noloc
ni

stell eP

600

KODFXWT
0

P < .001

)srh(
e

miTtisnarT

B

450

300

150

Figure 2. Abnormal water
and intestinal transit are
observed in NKCC1-DFX
mutant mice. (A) Water
content of fecal pellets
collected from WT
NKCC1WT/WT, NKCC1WT/DFX,
and NKCC1DFX/DFX mice.
Whisker plot data presents
the median, lower and
upper quartiles, and mini-
mum and maximum for 9–
12 pellets from 3–4
animals per group. (B)
Gastrointestinal transit
time measured by sub-
tracting time of oral
gavage with 6% carmine
red solution from time of
appearance of red fecal
pellets (n ¼ 3–4 mice per
group). (C and D) The
number of pellets in-
creases in the colon of
NKCC1DFX/DFX mice. (A, B,
and D) P values were ob-
tained from 1-way analysis
of variance with follow-up
Tukey posttests.
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mostly sticking to the epithelial layer, indicating that Clca1
accumulates in the mucus gel of NKCC1WT/DFX and
NKCC1DFX/DFX mice.
Loss of NKCC1 Function Impairs the
Organization of the Outer and Inner Mucus
Layers

To assess the composition and physical characteristics of
the mucus layers in the colon of NKCC1WT/WT, NKCC1WT/

DFX, and NKCC1DFX/DFX mice, we first stained Carnoy-fixed
colon sections with Alcian blue and periodic acid–Schiff
(AB/PAS) to stain polysaccharides and observed no signif-
icant difference in the number of goblet cells between the
WT and NKCC1-DFX mice (Figure 4A, B, and D). A small but
significant decrease (P < .05) was observed in the kO mice
(Figure 4A, C, and D). To test whether goblet cell maturation
was affected, we examined messenger RNA expression
levels of key proteins involved in the differentiation and
maturation process of these cells. We observed no differ-
ence in the messenger RNA expression of Hes1, Gfi1, Kif4,
Spdef1, and Trefoil factor 3 (TFF3) among the 3 genotypes
(Figure 4E–I). We then used IHC to examine the mucus
using an anti-muc2 antibody. In contrast to WT mice in
which the mucus layer separates the mucosa from stools
(Figure 4J), in NKCC1WT/DFX (Figure 4K) and NKCC1DFX/DFX

(Figure 4L) mouse sections, the mucus layer appears
thinner and occasionally discontinued. A similar phenotype
was observed in the colon of the affected DFX patient, but
not in colon sections from healthy controls. Indeed, H&E-
stained sections from the control colon shows open crypt
lumens with little dense material (Figure 5A–C), whereas
the section of the NKCC1-DFX patient shows plugging of
materials in the crypt interior (Figure 5D–F). In addition,
AB/PAS-stained sections show little signal at the surface of
control colonic epithelial cells (Figure 5G), but clear staining
at the surface of the epithelial cells in the NKCC1-DFX colon
(Figure 5H and I).

To better visualize the inner and outer mucus layer in
mouse colon sections, we next stained with a fluorescein
isothiocyanate (FITC)-tagged Ulex europaeus agglutinin I
(UEA-1) lectin. As seen in Figure 6, mucus layers that are
nicely stratified are observed in WT sections (Figure 6A and
D), whereas the number of mucin layers was reduced
significantly in WT/DFX colon (Figure 6B and E), and was
almost absent in the DFX/DFX colon (Figure 6C and F). We
measured the thickness of the inner mucus layer and
compared it with WT mice, the thickness was reduced
significantly in both the WT/DFX and DFX/DFX mice
(Figure 6G).
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Figure 3. NKCC1 is required for goblet cells mucus granule exocytosis. Representative transmission electron microscopy
images of (A and B) NKCC1WT/WT, (C and D) NKCC1WT/DFX, and (E and F) NKCC1DFX/DFX mouse colon sections. In this
experiment, 3 mice per group and 10–20 micrographs per mouse section were analyzed. Stars show the proper release
of mucus from goblet cell granules. Red circles highlight improper release of intact mucus granules. Scale bars: (A, C, and E)
2 mm, and (B, D, and F) 500 nm. (G–I) Representative immunostaining of mucus granules with specific protein CLCA1
(green), counterstained with DAPI (blue). Arrowheads indicate accumulation of CLCA1 in the lumen of NKCC1WT/DFX and
NKCC1DFX/DFX mouse colons. Dotted lines mark the surface of the epithelium. Fg, floating granules.
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Bacteria Are Found Near the Epithelium in
NKCC1WT/DFX and NKCC1DFX/DFX Mice

One of the fundamental roles of the mucus layer in
the intestine is to separate commensal pathogens from
the epithelium and underlining immune system. To
explore the consequence of defective mucus secretion,
we performed fluorescence in situ hybridization in
Carnoy-fixed colon sections with a Cy3-tagged EUB338
bacterial probe. The red/orange fluorescent Cy3 dye
conjugated to the oligonucleotide allows for direct visu-
alization of bacteria in tissue sections. As expected,
good separation between the epithelial cells and bacteria
was observed in the colon of NKCC1WT/WT mice
(Figure 7A). In contrast, bacteria were detected in the
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Figure 5. Evidence for mucus plugging colonic crypts in NKCC1-DFX patient. (A–C) H&E-stained sections of control colon
showing clear crypts. (D–F) Evidence for dense material plugging the colonic crypts in sections of NKCC1-DFX patient. AB/
PAS staining of (G) normal colon section and (H and I) patient colon sections showing abnormal mucus deposition at the
surface of NKCC1-DFX patient colonic epithelial cells. Scale bars: 100 mm.
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mucosa and submucosa of NKCC1WT/DFX (Figure 7B) and
NKCC1WT/DFX (Figure 7C) mice. Counterstaining with
FITC-conjugated UEA-1 lectin showed that bacteria
infiltration occurs at segments where the inner and
outer mucus layers are not formed properly (Figure 7E
and F). The number of bacteria in the mucosa and
Figure 4. (See previous page). Mucus remains attached
mutant mice and the NKCC1-DFX patient. (A–C) Represen
NKCC1DFX/DFX colon sections. (D) Quantitation of the number o
mice, 8 micrographs per mouse). One-way analysis of variance
.092) and between DFX and KO (P ¼ .066), but a small differe
expression of Hes1, Klf4, Spdef1, Gfi1, and TFF3 quantitated by
no differences between groups (P > .05). (J–L) Represent
NKCC1DFX/DFX mouse colon sections with anti-Muc2 and anti-N
submucosa was quantitated, and the numbers were
significantly higher in NKCC1WT/DFX and NKCC1DFX/DFX

colon sections, compared with NKCC1WT/WT mice
(Figure 7G). In contrast to wild-type (Figure 7H), bac-
teria were noticed inside and close to epithelial cells in
NKCC1WT/DFX (Figure 7I) and NKCC1DFX/DFX (Figure 7J).
on the luminal side of the colon in both NKCC1-DFX
tative AB/PAS staining of NKCC1WT/WT, NKCC1WT/DFX, and
f PAS-positive goblet cells per crypt in intestinal sections (3
showed no significant differences between WT and DFX (P ¼
nce between WT and KO (P ¼ .029). (E–I) messenger RNA
quantitative PCR is compared among genotypes. There were
ative immunostaining of NKCC1WT/WT, NKCC1WT/DFX, and
KCC1 antibodies. Scale bars: 20 mm.
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The Presence of Commensal Bacteria Might
Cause Low Spontaneous Inflammation

To determine if loss of NKCC1 function affects the in-
testinal inflammatory response, we examined H&E colon
sections of NKCC1WT/WT, NKCC1WT/DFX, and NKCC1DFX/DFX

mice and looked for obvious signs of immune cell localiza-
tion. No overt inflammation was noted (Figure 8A–C).
However, IHC analysis of CD3þ cells showed a small but
significant increase in CD3þ lymphocyte in NKCC1DFX/DFX

mice (Figure 8D–G). Note that this was not observed all
along the length of the intestinal tract but localized in iso-
lated regions of the intestine.
NKCC1 Protects Against Enteric Citrobacter
rodentium Infection

The presence of native bacteria within the epithelial layer
of mice carrying the NKCC1-DFX allele raises the possibility
that colonizationmight increase during enteric infection. This
was investigated by testing the ability of mice to clear a C
rodentium infection. The mouse pathogen was obtained from
the American Type Culture Collection (Manassas, VA) and
transfected with a vector that confers kanamycin resistance.
After gavage of 2 � 109 colony forming units in 200 uL
phosphate-buffered saline (PBS), fecal pellets were collected
after 4 hours and after 1–9 days, gently homogenized in PBS,
and aliquots plated on kanamycin plates. As seen in Figure 9,
after 2 days, 50% of wild-type mice already had cleared the
infection, whereas colonization was evident in DFX hetero-
zygote and homozygote mice because pellets still contained
bacteria after 9 days in 50% and 100% of mice, respectively.
Inflammatory cytokines were measured in the blood of ani-
mals after 9 days postinfection. Interferon-g and tumor ne-
crosis factor-a (TNF-a) were detected in the plasma of
NKCC1DFX/DFX mice (Figure 9C).
Claudin-2 Expression Is Limited to the Base of
the Crypts in NKCC1WT/DFX and NKCC1DFX/DFX

Mice
As shown in Figure 2A, the fecal content of NKCC1WT/DFX

and NKCC1DFX/DFX mice was significantly drier than that of
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wild-type mice. Transport of water to the lumen of the colon
(ie, diarrhea) is an essential defense mechanism against
enteric pathogens. IHC analysis showed that in WT mice
claudin-2 is expressed in most cells along the length of the
colonic crypts (Figure 10A and B). In contrast, claudin-2
expression was restricted to the base of the crypts in
NKCC1WT/DFX and NKCC1DFX/DFX (Figure 10B and C vs A). The
number of cells showing claudin-2 expression was reduced in
both NKCC1-DFX and NKCC1-KO sections (Figure 10D). This
observation is consistent with a deficit in transepithelial
water secretion, which is needed to drive the mucus and
other antibacterial peptides to the lumen of the colon. In
contrast, the lateral staining of claudin-1 at the tip of the
crypts was not affected by the cotransporter mutation
(Figure 10E–G).

Discussion
At the start of our study, the cellular and molecular

mechanisms underlying the role of NKCC1 in the intestinal
pathology were unclear. In part, this is because the trans-
porter is expressed in many cell types involved in intestinal
function. By using a mouse model that recapitulates the
patient mutation, we closely examined the intestinal
epithelium of control mice and mice carrying 1 and 2 copies
of the mutant allele. Our study provides important new in-
formation regarding the role of NKCC1 in preventing bac-
terial infection and inflammation in the intestine.

Our results show that the absence of NKCC1 function
leads to intestinal hyperemia, a phenotype observed in
young weanlings. The severity of this phenotype seems to be
strain-dependent because most mice of a mixed C57BL/
6J:DBA/2J background survive to adulthood, whereas mice
in purer C57BL6/J background die before or shortly after
weaning. The time of death likely is related to the transition
from mother’s milk to solid food. We noted that the loss of
weanlings was observed previously in a group of NKCC1 KO
animals,17 but not in another group.16

We also noticed differences in the overall appearance of
the colon (as shown in Figure 1B), with increasing signs of
tissue dehydration from NKCC1WT/WT to NKCC1WT/DFX, and
NKCC1DFX/DFX colon. A smaller-diameter colon also was
noted in the pathology report of the Undiagnosed Diseases
Program patient 2780 (UDP-2780). This phenotype was not
unexpected because NKCC1 is involved in a regulatory
volume increase after a hypertonic shock in many cells26

and because shrinkage was observed in other tissues (eg,
choroid plexus) in the absence of NKCC1 function.27,28

The first major epithelial deficit found in these studies
relates to mucus secretion. Goblet cells are the cells in the
intestine that secrete gel-forming mucins. The mucus in the
intestine is made from Muc2 sheets secreted by goblet cells,
specialized columnar epithelial cells scattered among the
lining of the intestinal epithelium. In the colon, the mucus is
composed of 2 layers, the outer layer, which is home to
commensal bacteria, and the inner layer, which is densely
packed and impenetrable to bacteria.24 The secretory
granules containing the mucus are normally accumulated as
an apical mass limited by a dense, cup-shaped layer of
cytoplasm called the theca. For secretion, vesicles fuse and
empty their content in the lumen. In both the NKCC1WT/DFX

and NKCC1DFX/DFX mice, intact granules are expulsed from
the theca and many are localized ectopically in the lumen at
the apical membrane of epithelial cells. In addition, entire
collections of granules from 1 goblet cell can be seen
floating intact in the lumen. Further analysis indicated that
in the mutant mice, the lumen of crypts also was packed
with intact mucin granules, a phenotype that was not
observed in WT mice. Our labeling of sections with CLCA1, a
protein located in the mucin granule membranes of intes-
tinal goblet cells25 and that is normally dissolved in
the mucus gel, and with Muc2 antibodies suggested
abnormal biochemical properties or viscosity of the mucus
NKCC1WT/DFX and NKCC1DFX/DFX mice. Intact mucus gran-
ules in the colon also could be seen in the colon crypts of
NKCC1DFX/DFX mice, potentially creating mucus plugs.

A possible reason for a deficit in mucus secretion and a
thinner mucus layer could be a defect in the formation of
goblet cells. Although we detected a small decrease in the
number of goblet cells in the knockout animals by PAS
staining, no difference was observed in the NKCC1-DFX in-
testine, which also shows a thinner inner mucus layer. In
addition, expression levels of markers of goblet cell matu-
ration and differentiation were similar among all 3 geno-
types. This was the case for the transcription factors Hes1,
Gfi1, Kif4, and Spdef1,29 as well as for the Muc2-associated
TFF3.30 Thus, it seems that the signaling pathways that
control goblet cell differentiation in the intestine are normal
in both NKCC1-DFX and NKCC1 KO mice, making it unlikely
that the mucus thinning is caused by a deficit in goblet cell
number. Because of the role of NKCC1 in Cl- and HCO3

-

secretion,31 it is far more likely that the thinner mucus layer
is caused by impaired mucus expansion. Indeed, in airway
epithelial cells bathed in a HCO3

--free saline, it was shown
that application of bumetanide led to the production of
strands of mucus that were abnormally viscous.32

A major cause of microbiome imbalance and ensuing
inflammation in the intestine is enteric infection. Secretion
and biochemical properties of mucus are equally important
factors in host defense against multiple enteric pathogen
infections. Muc2 KO mice have bacteria in direct contact
with the epithelium and spontaneously develop colitis.24,33

In cystic fibrosis, the loss of CFTR-mediated chloride and
bicarbonate transport results in a viscid mucus (muco-
viscidosis) in most organs, leading to chronic inflammation
in the airway and intestine.34,35 Our data with NKCC1-DFX
and NKCC1 KO mice show reduced thickness of the mucus
inner layer and the presence of bacteria within the epithelial
layer. In agreement with the observation of bacterial infil-
tration, we observed an increase in CD3þ lymphocyte
infiltration in the epithelium. Because the pathology of the
colon in UDP-2780 was not uniform, it is important to stress
that in the NKCC1DFX/DFX mice, the thinner inner mucus
layer occasionally was discontinuous, and lymphocytes and
hyperemia tended to be observed focally. Based on these
observations it stands to reason that in the C57BL6/J
background, mice in the periweaning period likely die from
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severe inflammatory response owing to infection in the
intestine.

The fact that commensal bacteria were observed sticking
to the intestinal lining of NKCC1 mutant mice predicts that
upon challenge, these mice might be at increased risk to
develop long-lasting infections. In fact, this is exactly what
we observed after infecting mice with the C rodentium
mouse pathogen: there was a clear genotype dependency in
the ability of the intestine to clear the infection. Indeed,
wild-type mice and, to a lesser extent, NKCC1WT/DFX mice
were able to clear the infection within a few days, whereas
kanamycin-resistant bacteria lingered for a significantly
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longer time in the intestines of NKCC1DFX/DFX mice. Corre-
lated with this lingering infection was the increased
production of interferon g and TNF-a in the blood of
NKCC1DFX/DFX mice. The fact that TNF-a is not detectable in
the serum of the DFX mice 9 days after inoculation may
indicate that the course of C rodentium infection in the
mixed-background C57:DBA mice is much faster than in a
C57 background. This may explain why the WT mice clear
the infection in just 9 days, as opposed to the typical 21 days
that was reported previously.36 These 2 inflammatory cy-
tokines have been shown to contribute to the host defense
during bacterial infection. In addition, TNF-a play a critical
role in the early phase of inflammation by activating other
proinflammatory cytokines, however, persistent TNF-a
production also has been linked to chronic inflamma-
tion.37–39 Many anti–TNF-a therapies have been developed
over the past 20 years. They routinely are used to treat
rheumatoid arthritis as well as other inflammatory diseases
such as Crohn’s disease and ulcerative colitis.40–42

The role of NKCC1 in the pathology likely is complex, but
in part could be intimated from our observation that the
water content of fecal pellets is reduced significantly in the
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NKCC1WT/DFX and NKCC1DFX/DFX mice. It is well known that
NKCC1 in the intestine is located on the basolateral mem-
brane of epithelial cells. Proper NKCC1 function is critical to
replenish intracellular Cl- because the anion is secreted to
the lumen by apical Cl- channels. This Cl- secretion leads to
an electronegative lumen that drives Naþ and water
movement through paracellular pathways. Transport of
water to the lumen of the gut (ie, diarrhea) is an essential
defense mechanism against enteric pathogens. Thus, a
deficit in mucus secretion and in transepithelial water
movement is likely to account for the intestinal deficit
caused by loss of NKCC1 function.

One additional supportive piece of evidence to tie the
deficit to water movement in the NKCC1 mutant mice is the
observation of redistribution of claudin-2 protein from the
entire length of the crypt to the base only. Claudin-2 is a
tight junction protein part of the paracellular barrier facili-
tating the movement of Naþ ions and water molecules
through the intercellular space between the epithelial
cells.43 Decrease in claudin-2 expression in the intestine was
shown in Ste20-like proline/alanine-rich kinase knockout
mice44 (ie, mice lacking the terminal kinase that phos-
phorylate and activates NKCC1).45 In kidney proximal tu-
bule, deletion of claudin-2 results in a 30% decrease in fluid
reabsorption.46 Absence of claudin-2 also results in a 50%
reduction in bile flow in the liver.47 Finally, claudin-2 is up-
regulated in mice infected with C rodentium, thereby
inducing diarrhea and facilitating the clearance of bacteria
during infection.48 Thus, the changes in claudin-2 localiza-
tion that we observed in the distal colon of NKCC1 mutant
mice are additional evidence that the cotransporter is
involved in fluid secretion.

In addition to the epithelial deficit discussed here, we
show that NKCC1DFX/DFX mice also have a deficit in intesti-
nal transit time. In contrast to the mucus and hydration
phenotypes observed in NKCC1WT/DFX and NKCC1DFX/DFX

mice, the intestinal transit phenotype was observed only in
the knockout animals. This phenotype likely is owing to a
deficit in the pacemaking currents generated by the myen-
teric interstitial cells of Cajal, which lead to the contractions
of the smooth muscle cell layer lining the intestinal
epithelium.20,21 In NKCC1WT/DFX myenteric neurons, a
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reduced (50%) NKCC1 expression is likely to be sufficient to
sustain their pacemaking activity. This is in contrast to the
dominant-negative effect that the mutant cotransporter ex-
erts in epithelial cells.15 We anticipate that disruption in
pacemaking currents is likely to aggravate the intestinal
function in the 5-year old NKCC1 knockout patient.

In summary, our studies show that the patient trun-
cation mutation in NKCC1 is sufficient to affect mucus
release and the mucus barrier that keeps bacteria from
interacting with the epithelium. In combination with
decreased hydration of fecal content and possibly
decreased peristalsis, the bacteria at the epithelium might
focally trigger inflammatory responses drawing extra
blood to the tissue. The phenotype is stronger in mice with
2 copies of the nonfunctional transporter that more closely
resembles the Kilquist patient. Homozygous mice in a pure
C57BL/6J background are highly susceptible and develop
this pathology around weaning time, leading to death. In
contrast, mice of a mixed background are less susceptible,
show a less severe pathology, and survive to adulthood.
Materials and Methods
Reagents

Prolong Gold antifade with 40,6-diamidino-2-
phenylindole (DAPI) was obtained from Life Technologies
(Grand Island, NY). FITC-tagged UEA-1 lectin was obtained
from Sigma, St. Louis, MO (cat. L9006; 10 mg/mL). The
following antibodies were used as primary antibodies:
NKCC1 (cat. ab59791, 1:200; Abcam); CLCA1 (Develop-
mental Studies Hybridoma Bank 10.1.1 monoclonal, 1:100);
mucin 2 (cat. sc-7314; 1:100; Santa Cruz Biotechnology,
Dallas, TX); claudin-1 (cat. 71-7800, 1:200; ThermoFisher,
Waltham, MA); claudin-2 (cat. 35-5600, 1:200; Thermo-
Fisher); and Bio-Plex Pro Mouse Cytokine kit (cat.
M6000007NY; Bio-Rad, Hercules, CA).

Immunohistochemistry
Segments of the distal colon (without washing) iso-

lated from 8- to 12-week-old animals were fixed for 4
hours in Carnoy’s fixative (60 mL methanol, 30 mL
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chloroform, 10 mL acetic acid glacial) and embedded in
paraffin. Paraffin-embedded sections were dewaxed with
CitriSolv (Thermo Fisher Scientific) and were rehydrated
by 3 consecutive 5-minute washes in 100%, 95%, and
70% ethanol; followed by an additional 5-minute wash in
PBS. Antigens were retrieved by CitraPlus (BioGenex,
Fremont, CA). Next, sections were treated with blocking
buffer (5% bovine serum albumin þ 1% goat serum þ
0.5% Triton X-100, Sigma) in PBS for 2 hours. Sections
then were stained with H&E, UEA-1 lectin, AB/PAS, or
with anti-Muc2, CLND2, NKCC1, and CLCA1 antibodies.
Indicated primary antibodies were resuspended in
blocking buffer and incubated at room temperature for
1.5 hours and then transferred to 4�C for overnight in-
cubation. The following day the sections were washed
3 � 10 minutes with PBS. Fluorophore-tagged secondary
antibodies were resuspended in blocking buffer, and then
added to sections for incubation at room temperature for
2 hours. Finally, sections were washed 3 � 10 minutes in
PBS and mounted with ProLong Gold antifade reagent
with DAPI and imaged on the Zeiss (White Plains, NY)
LSM 880 microscope. H&E, AB/PAS, CD3, and F4/80
staining were performed by the Vanderbilt University
Medical Center Translational Pathology Shared Resource
core and images were acquired on the Nikon (Tokyo,
Japan) AZ 100 M equipped with a Nikon DS-Ri1 color
camera.
Fluorescence In Situ Hybridization
Fluorescence in situ hybridization was performed as

previously described.24 Paraffin sections were dewaxed and
washed in 95% ethanol. The sections then were incubated
with 250 mg of Cy3-conjugated EUB 338 (sequence derived
from EU622773 bacteria ribosomal RNA) oligo (50-
GCTGCCTCCCGTAGGAGT-30, bp 337–354 in bacteria
EU622773) in 50 mL of hybridization buffer (20 mmol/L
TRIS-HCl [pH 7.4], 0.9 mol/L NaCl, 0.1% sodium dodecyl
sulfate) at 50�C overnight. The sections were rinsed in wash
buffer (20 mmol/L TRIS-HCl [pH 7.4], 0.9 mol/L NaCl),
washed at 50�C for 20 minutes, and counterstained with
DAPI. Co-immunostaining with anti-Muc2 antibody was
performed at 4�C without antigen retrieval and mounted in
prolong Gold antifade.
NKCC1-DFX Mice
The generation of NKCC1-DFX mice was described in a

recent publication.15 All procedures with mice were
approved by the Vanderbilt University Medical Center Ani-
mal Care and Use Committee.
Fecal Water Content Quantification
Fresh stools were collected onto preweighed small

square pieces of aluminum foil (boats), weighed immedi-
ately, and placed in a glass Petri dish. After collection and
determination of fresh weights, the samples were incubated
in an oven at 110�C for 24 hours. Aluminum boats with
dried stools then were reweighed, and fecal water was
determined as the fraction of total mass lost upon desicca-
tion. Water content was calculated as follows: (fresh weight
– dry weight)/dry weight.
Measurement of Intestinal Transit
Carmine (C1022; Sigma-Aldrich) prepared at 6% over-

night in 0.5% methylcellulose (274429; Sigma-Aldrich) in
filtered 0.09% NaCl and stored at 4�C before use. Solution
was warmed up to room temperature before gavage. Nine-
to 10-week-old mice of the 3 genotypes were fed with 300
mL carmine solution through 20-ga � 30-mm plastic feeding
tubes (Instech Laboratories, Inc, Plymouth Meeting, PA)
placed on a 1-mL syringe and individually placed in cages
without bedding and water for the remaining of the exper-
iment. Times of gavage and deposition of first red fecal
pellets were recorded before the mice were returned to
their home cages.
Transmission Electron Microscopy
Freshly excised colonic tissue from mice was washed

quickly in 0.1 mol/L cacodylate buffer. Samples then
were fixed in 2.5% glutaraldehyde (in 0.1 mol/L sodium
phosphate, pH 7.4, containing 0.1 mol/L Na-cacodylate)
for 30 minutes at room temperature, followed by
overnight postfixation at 4�C. After several washes,
samples were treated with 1% osmium tetroxide for 1
hour and dehydrated through serial ethanol solutions
(30%, 50%, 70%, 95%, and 100%). Samples then were
incubated with propylene oxide followed by removal of
ethanol from the samples before infiltration with and
embedding in EPON 812 resin. Ultrathin (70- to 80-nm
thick) sections were cut and collected on 300-mesh
copper grids. Sections were stained with 2% uranyl
acetate, followed by Reynold’s lead citrate, and imaged
using a Philips/FEI (Hillsboro, OR) T-12 Tecnai electron
microscope.
Preparation of C rodentium
The open reading frame of the firefly luciferase gene

was excised from pGL3 basic (Promega, Madison, WI)
using NcoI þ BamHI and ligated into the bacterial
expression vector pET28a (EMD Millipore, Burlington,
MA). C rodentium (ATCC 51459) were grown overnight at
37�C in Luria Broth medium. The next day, 500 mL of the
culture was added to 50 mL LB and grown to an optical
density at 600 nm of 0.3. The cells then were pelleted at
8000 rpm for 5 minutes and the pellet was resuspended
in 5 mL ice-cold CaCl2 (30 mmol/L) solution. Aliquots of 1
mL then were spun in 1.5-mL Eppendorf tubes, and the
pellets were resuspended in 500 mL ice-cold CaCl2 (30
mmol/L) solution and subdivided into 50-uL aliquots. The
luciferase_pET28a vector then was transformed into
competent Citrobacter cells and plated on a kanamycin-
resistant plate. Kanamycin-resistant Citrobacter colonies
then were picked and grown in 4 mL LB medium with
kanamycin and aliquoted at -80�C in LB containing 16.7%
glycerol.
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Clearance of C rodentium in Mixed C57:DBA
Mice

Mice were infected by oral gavage with 0.2 mL of an
overnight culture of LB containing approximately 2 � 109

colony forming units of a kanamycin-resistant C rodentium
DBS100 (ICC180). Fresh stools were collected at the indi-
cated time points and transferred to a preweighed 1.5-mL
Eppendorf tube containing 100 mL Hank’s balanced salt
solution HBSS containing Ca2þ and Mg2þ). The weight of the
fresh stool was determined by subtracting the weight of the
stool-containing Eppendorf tube from the pre-tare value.
The pellets then were resuspended at a ratio of 0.1 g of
pellet per 1 mL HBSS2þ. Pellets were left to soften in
HBSS2þ for 20 minutes, and then dispersed by pipetting up
and down a few times through a 1-mL pipette tip. The slurry
then was passed through a 70-mm Corning cell strainer (cat.
352350; Thermo Fisher Scientific) and collected. To assess
titers, 50 mL of the filtered slurries was plated on LB agar
plates containing kanamycin and incubated at 37�C over-
night. The number of colonies on the plates was counted the
next day.

Serum Cytokine Measurement
Mice were anesthetized with isoflurane and blood was

collected via cardiac puncture. Blood then was centrifuged
in 1.5-mL Eppendorf tubes at 6000 rpm for 10 minutes.
Serum was collected and saved at -80�C until used. In-
flammatory cytokines in serum were detected using a 6-Plex
Th17 enzyme-linked immunosorbent assay panel (Bio-Rad),
according to the manufacturer’s recommendation.

Isolation of Intestinal Epithelial Cells
Intestinal epithelial cells were obtained from freshly

isolated colons. Colons were flushed and washed multiple
times with sterile ice-cold HBSS2- (HBSS without Ca2þ and
Mg2þ). Colons then were opened longitudinally and washed
thoroughly in HBSS2-. They then were incubated in 10 mL
Gentle Cell Dissociation Reagent (Stemcell Technologies,
Cambridge, MA) and rotated at 4�C for 30 minutes. Tissue
then was removed and cells were washed in ice-cold HBSS2-

and passed through a 70-mm filter. The cells then were
centrifuged at 900 � g for 4 minutes at 4�C, washed in
HBSS2-, and spun for another 4 minutes at 900 � g. Cell
pellets were finally lysed in 1 mL TRIzol and RNA was
extracted according to the manufacturer’s protocol.

Quantitative Reverse-Transcription Polymerase
Chain Reaction

RNA (2–5 mg) was reverse-transcribed using Superscript
III (Stratagene, La Jolla, CA) according to the manufacturer’s
protocol. The complementary DNA then was diluted 1:4 and
quantitative polymerase chain reaction (PCR) was performed
on a ABI 7000 StepOnePlus real time PCR machine (Applied
Biosystem, Foster City, CA). The sequences of the primers used
were as follows: Hes1-forward: 5’-TCAACACGACACCGGA-
CAAAC-3’; Hes1-reverse 5’-ATGCCGGGAGCTATCTTTCTT-3’,
Gfi1 forward: 5’-AGAAGGCGCACAGCTATCAC-3’, Gfi1 reverse:
5’-GGCTCCATTTTCGACTCGC-3’, Spdef forward: 5’-ATGGACA-
GAACACCAGTACCG-3’; Spdef reverse: 5’-AGGCGCAGTAGT-
GAAGGGT-3’; Klf4 forward 5’-AGGAACTCTCTCAC
ATGAAGCG-3’; Klf4 reverse: 5’-GGTCGTTGAACTCCTCGGTC-3’;
and TFF3 forward: 5’-TTGCTGGGTCCTCTGGGATAG-3’; TFF3
reverse: 5’-TACACTGCTCCGATGTGACAG-3’. Quantitative PCR
reactions contained 12.5 mL SYBR Green PCR master mix
(Applied Biosystems), 1 mL of each primer (1 mmol/L), 9.5 mL
water, and 1 mL complementary DNA. Data were expressed
relative to glyceraldehyde-3-phosphate dehydrogenase
expression. The primers for this housekeeping gene were
as follows: glyceraldehyde-3-phosphate dehydrogenase for-
ward: 5’-AGGTCGGTGTGAACGGATTTG-3’ and glyceraldehyde-
3-phosphate dehydrogenase reverse: 5’-GGGGTCGTTGATGG-
CAACA-3’. The PCR cycling conditions used were an initial
denaturation step at 95�C for 5 minutes, followed by dena-
turation at 95�C for 30 seconds, annealing for 30 seconds at
60�C, and extension at 72�C for 30 seconds. These short
steps were repeated or cycled 40 times. The melting curve
analysis confirmed the presence of only 1 pick for each
primer set.
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