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Abstract

A higher concentration of calcium in breast milk than blood favors paracellular calcium absorption enabling growth during
postnatal development. We aimed to determine whether suckling animals have greater intestinal calcium permeability to
maximize absorption and to identify the underlying molecular mechanism. We examined intestinal claudin expression at
different ages in mice and in human intestinal epithelial (Caco-2) cells in response to hormones or human milk. We also
measured intestinal calcium permeability in wildtype, Cldn2 and Cldn12 KO mice and Caco-2 cells in response to hormones
or human milk. Bone mineralization in mice was assessed by ©CT. Calcium permeability across the jejunum and ileum of
mice were 2-fold greater at 2 wk than 2 mo postnatal age. At 2 wk, Cldn2 and Cldn12 expression were greater, but only Cldn2
KO mice had decreased calcium permeability compared to wildtype. This translated to decreased bone volume,
cross-sectional thickness, and tissue mineral density of femurs. Weaning from breast milk led to a 50% decrease in Cldn2
expression in the jejunum and ileum. Epidermal growth factor (EGF) in breast milk specifically increased only CLDN2
expression and calcium permeability in Caco-2 cells. These data support intestinal permeability to calcium, conferred by
claudin-2, being greater in suckling mice and being driven by EGF in breast milk. Loss of the CLDN2 pathway leads to
suboptimal bone mineralization at 2 wk of life. Overall, EGF-mediated control of intestinal claudin-2 expression contributes
to maximal intestinal calcium absorption in suckling animals.
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Introduction

Periods of rapid growth, such as during postnatal develop-
ment, require optimal intestinal absorption of calcium to meet
demands of building bones. Intestinal absorption occurs via
both transcellular and paracellular pathways. We previously
described novel pathways contributing to transcellular Ca?*
absorption that occur only early in infancy.® However, given the
high concentration of Ca?* in breast milk relative to serum,
intestinal absorption via paracellular diffusion also presents
an energetically favorable pathway to provide a large amount
of Ca?* to enable growth.? It is not known if the paracellular
pathway contributes to enhanced Ca?* uptake in infancy nor
whether it is regulated to facilitate greater Ca?* absorption dur-
ing postnatal development.?

The tight junction proteins claudin-2 (gene CLDN2) and
claudin-12 (gene CLDN12), members of the claudin family, have
been implicated in forming Ca?* permeable pores across intesti-
nal and renal epithelia*? that facilitate paracellular Ca?+ absorp-
tion. Claudin proteins interact within and between epithelial
cells to form selective barriers and pores and thus confer specific
permeability properties across epithelial tissue. In the murine
proximal colon, claudin-2 and claudin-12 form independent,
Ca?t permeable pores, which contribute calcium permeabil-
ity (Pca) across the tissue.®” Both Cldn2 and Cldn12 are also
expressed in the renal proximal tubule with Cldn12 KO mice dis-
playing decreased Pc, and Cldn2 KO animals displaying hyper-
calciuria, consistent with a role in renal Ca?* reabsorption.®° In
both mice and humans, intestinal CLDN2 expression is higher
early in life.’%'?2 However, previous work has not examined
whether this higher level of gene expression translates to higher
claudin-2 or -12 protein levels, which may then confer greater
Pca to the small intestine during postnatal development. Addi-
tionally, regulation of these pathways is not fully understood.

We therefore sought to determine if Pg, across the small
intestine changes with age and if claudin-2 or -12 regulation
facilitates greater paracellular Ca?* permeability at a young age.
Based on the need for high Ca?" deposition during develop-
ment, we hypothesized that intestinal Ca?* permeability would
be greater early in life to optimize Ca?* absorption for bone
growth and that claudin-2 or -12 would confer this greater Pc,. By
examining the impacts of claudin-2 or -12 expression in vivo dur-
ing early postnatal life, we found that P, across the jejunum and
ileum are 2-fold higher before weaning than after, and that this
greater Pc, is conferred by higher Cldn2 expression and CLDN2
abundance. Cldn2 deletion results in decreased bone mineral-
ization early in life despite evidence of compensatory intestinal
transcellular Ca?* absorption and decreased Ca?* excretion into
urine. Moreover, we show that epidermal growth factor (EGF)

present in human breast milk increases CLDN2 expression and
Pca across a human epithelial Caco-2 cell monolayer, uncover-
ing a mechanism for this regulation. Thus overall, we propose
that EGF-mediated increases in intestinal claudin-2 expression
facilitates greater uptake of dietary Ca?* in suckling animals.

Materials and Methods
Study Approval

Animal experiments were approved by the University of
Alberta animal ethics committee, Health Sciences Section
(AUP00000213). Written informed consent was provided by par-
ticipants who donated breast milk samples as approved by the
University of Alberta Health Research Ethics Board—Biomedical
Panel (Pro00100603).

Animals

Wild-type FVB/N (Taconic labs, North America), global Cldn2 KO
(MMRRC at Univerity of California, Davis), global Cldn12 KO® and
mice with a nonfunctioning pore mutation in TRPV6 (Trpu6™)!3
were maintained on a 12-h light/dark cycle with drinking water
and standard chow (Lab Diet Irradiated Rodent Diet 5053 4.5%
fat) available ad libitum. Global KO mice and TRPV6 mutant mice
had been backcrossed onto the FVB/N background for 9 gener-
ations. Early weaning experiments were described previously.!
Litter mates were used to compare WT and KO animals.

Ca?* Permeability Across Intestinal Segments and
In-Vitro

Bi-ionic diffusion potential experiments were performed
on intestinal segments and Caco-2 cells as described previ-
ously.®7-1 Fresh tissue was excised and mounted into Ussing
chambers (VCC multichannel Voltage/Current Clamp, Physio-
logic Instruments, San Diego, CA). Tissue was bathed bilaterally
with 4 mL Krebs buffer (140 mm Na*, 5.2 mMm K*, 120 mm Cl-,
1.2 mm Mg?+, 1.2 mm Ca?*, 2.8 mm PO, ~, 25 mm HCO3, pH 7.4)
at 37°C and bubbled with 5% CO, (balance O,). Where indicated,
nifedipine (Sigma-Aldrich; cat.# N7634) was added to a final
concentration 10 umol L-! apically. The tissue was allowed to
stabilize for 15 min and then three 90 nA current pulses were
applied to calculate transepithelial resistance (TER) using Ohm’s
law. The clamp was then turned off and the tissue left in an
open circuit setting enabling the potential difference (voltage)
across the tissue to be monitored. The basolateral chamber
was then filled with “control” Krebs-Ringer buffer (144 mm Na¥,
3.6 mm K+, 146 mm CI7, 1 mm Mg?*, 1.3 mm Ca?*, 2 mm PO,
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3 mMm HEPES, pH 7.4) at 37°C and the apical buffer was changed
to a low NaCl solution (30 mMm Na*, 3.6 mm K*, 32 mm CI7, 1 mMm
Mg?*, 1.3 mMm Ca?*, 2 mm PO,~, 3 mm HEPES, pH 7.4). The low
NaCl solution was kept iso-osmotic to the control solution with
the addition of mannitol. The resulting peak change in transep-
ithelial voltage was used to determine the permeability ratio of
Na™ to CI” (Pna/Pq) Goldman-Hodgkin-Katz (GHK) voltage equa-
tion for monovalent positive and negative ion species where the
activity of other ions apart from Na* and Cl~ were negligible in
the experimental conditions at this step of the protocol where a
large sodium and chloride concentration gradient was imposed.
A simplified Kimizuka-Koketsu equation was then used to
calculate absolute permeability. The calculations employed for
these determinations have also been previously described.* 1418
The apical buffer was then changed to the control buffer and
TER was measured as above after the potential difference was
stable. Due to the fact that the GHK voltage equation is for
monovalent ions, an ion flux approach was used to determine
divalent cation permeability (ie, Pca).7:%**1> Solutions were
exchanged on both the basolateral (140 mm Na*, 3.6 mMm K,
146 mwM Cl, 1 mm Mg?*, 1.3 mMm Ca?*, 3 mMm HEPES, pH 7.4) and
apical sides (3.6 mm K+, 146 mm CI-, 1 mm Mg?*, 70 mm Ca’*,
3 mM HEPES, pH 7.4) and the potential difference measured,
which was used to calculate the relative Pc./Pna and absolute Pca
using published equations.* As previously described, solutions
for determining ion permeabilities were bicarbonate-free to
avoid precipitation and were buffered with HEPES.'* Both buffers
were finally changed back to the control buffer to measure TER.
Tissue viability was considered as a TER change less than 40%.°
All potential difference measurements were corrected for liquid
junction potentials as previously described.* All basolateral
buffers contained 10 mmMm dextrose. Osmolarity of all buffers
was balanced using mannitol to 291 + 1 mOsm (Advanced
Instruments Model 3D3 osmometer). Experiments performed
with Caco-2 cells employed the same culture medium and
were grown as described below in the “Cell Culture” section.
Cells were grown on a transwell culture filter insert (Corning
Costar, Cat#3407). When milk, EGF, or erlotinib was added, it
was added to the apical side. For experiments with the addition
of milk to media, 2% milk by volume was added unless stated
otherwise.

Ca?t Flux Studies

Ca?* flux studies were performed as previously and are further
described below.>*? Briefly, fresh tissue was mounted into Uss-
ing chambers connected to a VCC multichannel voltage/current
clamp (Physiologic Instruments, San Diego, CA). Tissue was
bathed bilaterally with 4 mL Krebs buffer (140 mm Na*, 5.2 mM
K*, 120 mm Cl-, 1.2 mm Mg?+, 1.2 mm Ca?*, 2.8 mm PO, ~, 25 mM
HCO3, pH 7.4) at 37°C and bubbled with 5% CO, (balance O,).
Indomethacin (Sigma-Aldrich Cat#17378) 2 um bilaterally and
tetrodotoxin (Alomone Labs, Jerusalem, Israel; Cat#T-550) 0.1
um only basolaterally were added to inhibit prostaglandin syn-
thesis and neuronal activity respectively. The basolateral buffer
contained 10 mM glucose and the apical side 10 mM mannitol
to balance osmolarity. The tissue was allowed to stabilize for
15 min and then TER calculated using Ohm’s law after three
2 mV pulses were applied. One hemichamber was then spiked
with 5 mCi mL~! °Ca?* (PerkinElmer Health Sciences, Waltham,
MA) and the voltage clamp set to 0 mV to ensure there was
no net driving force for paracellular ion diffusion present. Sam-
ples were taken from both chambers at 15-min intervals for 60
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min. TER was again calculated and data omitted if TER changed
by more than 40%.° Sample radioactivity was measured (LS6500
Multi-Purpose Scintillation Counter, Beckman Coulter, Brea, CA)
and Jca calculated as the rate of appearance of *°Ca?* in cpm
h! into the cold chamber divided by the specific activity of
the hot chamber in cpm mol~! and normalized to surface
area of tissue exposed. Data for basolateral to apical unidirec-
tional fluxes by age were taken from previously published net
JCa2Jr data.!

Quantitative Real-Time PCR

Quantitative PCR with specific primers and probes was per-
formed as previous and sequences are listed in Table S1.1:20:2
Total RNA was isolated using the TRIzol method (Invitrogen,
Carlsbad, CA) with DNAse treatment (ThermoScientific, Vilnius,
Lithuania). Five microgram total RNA, quantified with a Nan-
odrop 2000 (Thermo Fisher Scientific, Waltham, MA) was reverse
transcribed (SensiFAST cDNA Synthesis Kit, FroggaBio, CA). Real-
time PCR was then performed in triplicate for each cDNA sample
(TagMan Universal Master Mix II, ThermoFischer Scientific) with
specific primers and probes (Integrated DNA Technologies) on a
QuantStudio 6 Pro Real Time PCR System (ThermoFisher Scien-
tific). Pooled RNA was used to create a standard mix of cDNA that
was serially diluted to generate a standard curve and samples
were quantified using the standard curve method. A Cq value of
greater than 35 was considered not detectable.

Immunohistochemistry of Intestinal Tissue

Freshly excised tissue was fixed in 10% formalin (Sigma Aldrich,
Cat#F8775) then rinsed in PBS with 0.02% sodium azide (Fisher
Chemical, Cat#S5227125). The tissue was embedded in paraf-
fin, sectioned and stained for EGFR or CLDN2 essentially as
described previously.?®??> Rehydrated tissue was microwave
boiled in Tris-EGTA buffer (TEG, 10 mmM Tris, 0.5 mM EGTA, pH 9.0)
for antigen retrieval. Free aldehyde groups were blocked in 0.6%
H,0;, and 50 mM NH4Cl in PBS. Sections were blocked in 5% skim
milk (Millipore Sigma Aldrich, Cat#70165), probed with primary
antibody in 0.1% Triton-X100 in PBS overnight at 4°C and then
incubated with secondary antibodies. Sections were visualized
with DAB + Substrate Chromogen System (K3467, DakoCytoma-
tion) and counterstained with hematoxylin.

MicroCT of Bones

Femora from P14 WT and Cldn-2 KO mice were analyzed by
microCT and IHC as described previously.! Femora from pl4
wild-type and Cldn-2 KO mice were scanned with the resolu-
tion of 6.5 um using a high resolution micro-CT system (Bruker,
SkyScan 1172). The bones were wrapped within wet tissue paper,
placed in a plastic holder and mounted vertically in the scan-
ner sample chamber for imaging. X-rays source voltage and cur-
rent were 49 kV and 200 pA, respectively. Beam hardening was
reduced using a 0.5 mm Al filter. The exposure time was 5 s and
scanning angular rotation was set to 180° with an increment of
0.4 deg rotation step.?> NRecon (1.6.10.6) was used to reconstruct
the images while other software like DataViewer (1.5.1.2) and CT
Analyser (1.16.4.1+) from Bruker, MicroCT were used for bone
analysis. A total number of 50 cross-sections exactly in the mid-
dle of femoral shaft were analyzed to access the cortical bone
parameters.
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Immunohistochemical Analysis of Bones

Histology to determine trabecular parameter of femurs from
P14 WT and Cldn2 KO mice were performed as previously
described.! Freshly excised femurs were fixed in 4% PFA, incu-
bated overnight in 30% sucrose, and then embedded in tis-
sue freezing medium (simulated colonic environment medium,;
CEM-001; Section-Lab Co Ltd, Hiroshima, Japan). Four 6-um sec-
tions in an anterior-posterior orientation were made at 2 dif-
ferent regions (minimum 100 xm spacing) for each bone. Two
sections were stained with a modified toluidine blue to visual-
ize cartilage and determine growth plate thickness. The mean
of either two per bone was taken as a single value. Two sections
were stained with alizarin red to visualize calcified bone and cal-
culate trabecular parameters.

Determination of Electrolytes and Hormones

Urine electrolytes were measured by ion chromatography
(Dionex Aquion Ion Chromatography System, Thermo Fisher
Scientific). Samples were diluted 1:50 in ddH,0 with eluent of
4.5 mM Na,CO3/1.5 mM NaHCO3 in ddH,0 for anions and 20 mm
Methanesulfonic acid in ddH,0 for cations. Results were inter-
polated from a standard curved generated by serial dilutions of
Dionex 5 anion and 6 cation-I standards (Dionex, Thermo Fisher
Scientific Inc., Mississauga, ON, Canada) using Chromeleon
7 Chromatography Data System software (Thermo Scientific).
Urine creatinine was measured using the Parameter creatinine
kit (R&D systems, Minneapolis, MN). Plasma PTH (Immutopics
Mouse Intact PTH 1-84), 1,25(0H),-vitamin D (Immunodiagnos-
tic Systems Limited, Boldon, UK), FGF23 (Kainos Laboratories,
Inc.) and milk EGF (Quantikine Human EGF Immunoassay, R&D
systems) were measured by ELISA.

Cell Culture

Cell culture and immunoblots were performed as described
previously.! Caco-2 cells (ATCC, Rockville, MD) were grown in
DMEM supplemented with 10% FBS and 5% penicillin strep-
tomycin glutamine at 37°C in 5% CO, in 6-well plates (Fisher
Scientific, Cat#FB012927). For immunoblotting experiments,
cells were seeded onto 100 mm dishes. When cells reached
confluence, hormone, human breast milk, and/or erlotinib was
added to the media for 48 h. Of note, EGF was undetectable by
ELISA (Quantikine Human EGF Immunoassay, R&D systems) in
both DMEM and FBS. EGF (Life Technologies Inc., Cat#PHG0311)
was added to a final concentration of 100 ng mL~?, vitamin D
as calcitriol (Sigma-Aldrich, Cat#17936) to 20 nm,** prolactin
(Sigma-Aldrich, Cat#SRP9000) at 400 ng mL~! and Erlotinib
(Sigma-Aldrich, Cat#SML2156) at 0.1 puMm. Human milk was
obtained as a random sample donated by volunteer participants
and stored at —80°C until used for experiments. Milk was then
added to cell culture media as % volume as indicated.

Immunoblot

Cells were lysed in RIPA buffer (50 mmol L~* Tris, 150 mmol L~*
NaCl, 1 mmol L= EDTA, 1% Triton-X, 1% sodium dodecyl sulfate,
1% NP-40, pH 7.4) with phenylmethylsulfonyl fluoride to 1:1000
concentration (Thermo Scientific, Rockford, IL; cat.# 36978) and
protease inhibitor set III to 1:100 concentration (Calbiochem,
San Diego, CA; cat.# 535140) for 1 h on ice and then centrifuged
for 10 min at 14 000 centrifugal force at 4°C. The protein content

of the supernatant was quantified using the Pierce 660 nm Pro-
tein Assay Reagent (ThermoFisher Scientific). Fifty microgram
protein was run on 10% SDS-PAGE, electrotransferred to PVDF
and blocked over night in TBST with 5% skim milk. Blots were
incubated overnight at 4°C with primary antibody and 1 h at
room temperature with secondary antibody. Primary antibodies
used were mouse anti-claudin-2 (Cat#32-5600, ThermoFisher
Scientific), rabbit anti-claudin-4 (Cat#PA1-37471, ThermoFisher
Scientific), rabbit anti-claudin-7 (Cat#34-9100, Invitrogen),
rabbit anti-claudin-10 (sc-25710, Santa Cruz Biotechnologies),
and mouse anti-g-actin (BA3R, Invitrogen). HRP conjugated
secondary antibodies employed included anti-rabbit (#7074,
Cell Signaling, MA) and anti-mouse (#7076, Cell Signaling, MA).

Statistics and Data Availability

Individual data points in each graph represent data from one
animal or experimental repeat. Both male and female animals
were used for each experiment, and the numbers are in Table
S2. Exploratory analysis found no differences between sexes.
Sample sizes were based on previous publications.¢:7:9,19,20
Data were analyzed unblinded using GraphPad Prism 9.1.0. The
Shapiro-Wilk test was used to evaluate for normal distribution
and F test to compare variances. Data were analyzed and pre-
sented as indicated in figure and table legends. AP < .05 was con-
sidered statistically significant. The data underlying this article
are available in the article and its online supplementary mate-
rial.

Results

Intestinal Calcium Permeability Is Greater Prior to
Weaning

In our previous work as part of assessing net transcellular Ca?+
flux across all segments of the small intestine in mice at post-
natal day 14 (P14) and 2 mo of age,! we measured unidirectional
basolateral to apical Ca?* flux, which only occurs via the para-
cellular route due to the absence of transcellular calcium secre-
tion into the intestinal lumen. When we compared basolateral to
apical ¥°Ca?* flux across the small intestine of mice at P14 and 2
mo, we observed higher flux across the duodenum and jejunum
at P14, suggesting higher Ca?* permeability (Pc,) across these
segments early in life (Figure S1). Although no difference was
observed across the ileum, this experimental design was origi-
nally intended to examine the transcellular Ca?* transport path-
way and so was conducted under conditions without an electro-
chemical driving force for paracellular Ca%* diffusion. Therefore,
we conducted further experiments to assess Pc, across the small
intestine of young and older mice.

To directly assess Pc, along the small intestine of P14 and
2-mo-old mice, we performed bi-ionic diffusion potential exper-
iments. There was slight, but significantly greater Pg, measured
across the duodenum in mice at P14 in comparison to at 2 mo
(Figure 1A). Moreover, the Pc, across the jejunum and ileum of
mice at P14 was doubled that of the older animals at 2 mo (Figure
1B-C). In the duodenum, permeability to Na* (Pya) is lower while
TER and permeability to Cl~ (P¢) are not different at P14. In the
jejunum, TER is lower, Pq is greater and Py, not different at
P14. Across the ileum, TER and Py, are not different while P¢; is
greater at P14. Moreover, the relative Ca?* to Na* permeability
(Pca/Pna) significantly decreases from P14 to 2 mo in all segments
(Tables S3-S5). The small intestine of younger mice therefore has
greater Pc, and thus a greater capacity for Ca?* absorption given
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Figure 1. Calcium permeability across the small intestine is greater in young mice. (A) Duodenum (P = .0152), (B) jejunum (P = .0022), (C) ileum (P = .0007). Values
presented as median and interquartile range. Analysis by Mann-Whitney test. Pc,, Calcium permeability; P14, 2 wk old; 2 mo, 2 months old.

a 3-5-fold greater concentration of calcium in milk relative to
blood.?

To exclude the possibility that the transcellular pathway
might be contributing to the higher paracellular Pc, measured
in young animals, we performed further experiments. TRPV6
mediates transcellular Ca?* uptake across the duodenum at 2
mo but not at P14.! To eliminate the possibility that TRPV6 was
contributing Ca?* permeability under our experimental condi-
tions, Pc, was measured across the duodenum of mice lack-
ing functional Trpvé (Trpu6™' mice) at 2 mo and found not
to be different from WT mice of the same age (Figure S2A).
Thus, the Pg, observed is solely dependent on the paracellu-
lar pathway. Previous work also demonstrated that TRPV6 in
the jejunum and Cay1.3 in the jejunum and ileum mediate net
transcellular Ca?* absorption at P14 but not 2 mo.! To exclude
the possibility that these channels contribute to the greater
Pca Observed in younger mice in our experiments, we repeated
the bi-ionic diffusion potential experiments on Trup6 WT and
Trpu6™ mice and on WT mice in the presence or absence of
the L-type Ca?* channel blocker, nifedipine, at P14. No differ-
ences were observed in either tissue (Figure S2B-C). Together,
these data strongly support the conclusion that paracellular Pcy
is higher across the small intestine of suckling mice than after
weaning.

Cldn2 and Cldn12 Expression Are Greater Along the
Small Intestine Prior to Weaning

Previous in vitro and ex vivo work found that claudin-2 and
claudin-12 contribute calcium permeability to intestinal epithe-
lia.>®° We therefore hypothesized that the expression of
one or both of these claudins is higher in younger mice and
underlie the greater Pc, observed. We examined claudin-2 and
claudin-12 expression in the small intestine of mice from age
P1 to 6 mo. We found that Cldn2 expression was indeed higher
in the jejunum and ileum of suckling pups at P1, P7, and P14,
as compared to that of mice who are no longer suckling, that is,
1 mo of age and older. In the duodenum, Cldn2 expression was
greater at P1 and P7 but not at P14, relative to 1 mo (Figure 2A-C).
To determine if CLDN2 protein is commensurately more abun-
dant in younger animals, we stained fixed sections of intestine
(Figure 2D-F) and observed strong junctional CLDN2 staining
throughout the villi, where nutrient absorption occurs, and
crypts along the small intestine at P14. By 2 mo of age, however,
CLDN2 expression was less abundant in villi and strong staining
found largely restricted to the crypts (Figure 2G-I), as reported
previously for the jejunum.'''? Cldn12 gene expression was

higher in the jejunum but not the duodenum or ileum of
suckling mice (Figure 2J-L). Unfortunately, the lack of a specific
antibody for claudin-12 precludes examining protein abun-
dance.>?® These results suggest that either or both claudin-2
and claudin-12 confer the greater Pc, observed in younger mice
at P14 compared to at 2 mo.

2+ Cldn2 Confers Greater Ca Permeability Across the
Jejunum and Ileum At P14

To assess the relative contributions of claudin-2 and claudin-12
to Pca, we repeated bi-ionic dilution potential studies in WT,
Cldn2 KO and Cldn12 KO mice at P14 and 2 mo. Pc, across the
jejunum and ileum was significantly reduced in the P14 Cldn2
KO mice. Moreover, Pc, in the Cldn2 KO P14 mice was no longer
different from that at 2 mo, consistent with claudin-2 conferring
the greater Pg,. No difference was observed by genotype across
any intestinal segment at 2 mo of age (Figure 3A-C). TER and
permeability to Na* and Cl~ in the duodenum was not different
by age or genotype. TER and PCl but not PNa decreased with
age in the jejunum, while claudin-2 KO decreased TER and PNa
at P14 but not 2 mo in the ileum (Tables S6-8). Unlike what
we observed with Cldn2 KO mice, bi-ionic diffusion potential
experiments on tissue from WT and Cldn12 KO mice revealed
no differences between WT and Cldn12 KO mice at any age or
intestinal segment (Figure 3D-F). TER and permeability to Na*
and Cl- were not affected by genotype at either age (Tables
S9-11). Taken together, these results are consistent with the
greater Pc, observed across the jejunum and ileum of younger
mice being attributed to claudin-2.

Cldn2 KO Mice Display Impaired Bone Mineralization At
P14

We hypothesized that the loss of Cldn2-mediated intestinal and
renal permeability to Ca?* would lead to an inability to maintain
an optimal Ca?* balance for bone mineralization during growth.
We therefore examined the microarchitecture of femurs from
Cldn2 WT and KO mice at P14 (Table 1). We observed a significant
decrease in cortical bone volume, cross-sectional thickness,
and tissue mineral density in the Cldn2 KO mice. No significant
differences were observed in the parameters of trabecular
bone. These results suggest that the greater Pc, across the
small intestine early in life conferred by claudin-2 is necessary
to facilitate peak bone mineralization during this period of
growth.


art/zqad033_f1.eps

6 | FUNCTION, 2023, Vol. 4, no. 5

Duodenum

>
)

Relative mRNA
abundance of Cldn2
'S
L

sk
Relative mRNA
abundance of Cldn2
F -9
[

gt

Jejunum

i
&
e
Relative mRNA

lleum

(@)

-
o
1

abundance of Cldn2
* %
L 2 e
Clows
oFefiee %

P

LR Q'\“'&%ﬂ,&q,& <

D | E

Q\ \& r"é\ fb& 6&

T

—

(=]
1

(=2}
1

Relative mRNA
N
]

P14
G H__
?ﬂ
2 mo
J K .
] . =Y
%g . * * * ggs-'
€944 O
Eo E o 2-
o @ s oo
> O > O Jege
£ € o sc 1 .
28 23 5
2E } ?% 11 g%
%c" ooo CRRES
\’\
QQ ‘@'\5‘\":&6& QTN

o 0
SaEuSs®

abundance of Cldn12
F-9

o
1

NS

Figure 2. Cldn2 and Cldn12 expression varies with age along the small intestine. Relative expression of (A-C) Cldn2 and (J-L) Cldn12 from P1 to 6 mo of age in the
duodenum (A and J), jejunum (B and K), and ileum (C and L). Expression is normalized to Gapdh and relative to 1 mo. Data presented as mean =+ SD, *P < .05 vs 1 mo
by ANOVA with Dunnett’s multiple comparisons test. Immunoreactivity for CLDN2 was strong along both the villi and crypts of segments from (D) the duodenum, (E)
the jejunum, and (F) the ileum at P14, whereas strong immunoreactivity was restricted to the crypts at 6 wk (G-I). Images were taken at 40x magnification and size
bar indicates 50 pm. Representative images are obtained from evaluation of n = 3-4 mice per group.

2+ 2+ P14 Cldn2 KO Mice Exhibit Compensatory
Reduction in Urinary Ca Excretion and Higher
Transcellular Ca Flux Across the Jejunum

Given that claudin-2 mediates higher small intestine P¢, at P14,
we hypothesized that Cldn2 KO mice at P14 would display intesti-
nal and renal alterations to compensate for the loss of para-
cellular Ca?* absorption. Indeed, we observed that urinary Ca?*
excretion normalized to creatinine was more than 2-fold lower
in the Cldn2 KO mice relative to WT (Figure 4A). This is partic-

ularly significant given that Cldn2 KO mice at 8 weeks have a
3-fold increase in fractional Ca®* excretion.®® We next exam-
ined the expression of genes involved in renal Ca?t reabsorp-
tion and found greater expression of Trpu5, Calbl, and Atp2b1,
which together mediate transcellular Ca?* reabsorption in the
distal renal tubule (Figure S3). Thus, our results suggest compen-
satory increased renal Ca?* reabsorption in the Cldn2 KO pups
that leads to decreased urinary Ca?* excretion. Interestingly, we
also observed decreased urinary phosphate, magnesium, and
chloride excretion in the P14 Cldn2 KO mice (Table S12).
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Figure 3. Claudin-2 confers greater Pg, across jejunum and ileum in P14 mice. Calcium permeability across the duodenum (A, D), jejunum (B, E), and ileum (C, F) from
Cldn2 (A-C) and Cldn12 (D-F) WT and KO mice at P14 and 2 mo. Data presented as mean + SD and compared by one-way ANOVA with Tukey’s multiple comparisons
test, *P < .05, **P < .001, ***P < .0001.

Table 1. Microarchitecture of femurs from Cldn2 WT and KO mice at 2 wk

WT Cldn2 KO P-value
Cortical Bone
N 7 (3 males) 6 (3 males)
Tissue volume (mm?) 0.322 + 0.020 0.328 + 0.016 .819
Bone volume (mm?) 0.101 £ 0.005 0.085 £ 0.003 .034
Endocortical volume (mm?) 0.221 + 0.015 0.243 + 0.013 312
Cross-sectional thickness (mm) 0.081 + 0.001 0.070 + 0.001 <.001
Perimeter (mm) 3.72 £ 0.11 3.76 + 0.10 .813
Femur length (mm) 9.07 £ 0.26 9.17 £ 0.19 754
Tissue mineral density (g cm™3) 1.11 £+ 0.01 1.07 £+ 0.01 .023
Trabecular Bone
N 6 (3 males) 6 (3 males)
BV/TV (%) 246 £ 1.1 267 £ 1.3 .2487
Trabecular number (1 mm™?) 0.014 + 0.0003 0.015 + 0.0004 .0802
Trabecular width (pum) 17.9 + 0.04 18.1 £ 0.6 .8686
Trabecular separation (um) 55.5 + 22 50.0 + 2.4 1175
Growth plate thickness (um) 388. + 18 396 + 32 .8482

BV/TV, bone volume/tissue volume. Data presented as mean + SD and compared by unpaired t-test.
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Figure 4. Cldn2 KO pups at P14 display renal and intestinal compensation. (A) Urinary Ca?* normalized to urinary creatinine (P = .011), (B) plasma PTH (P = .1680), (C)
plasma calcitriol (P = .0323), and (D) plasma-ionized Ca?* (P = .8182) in Cldn2 WT and KO mice at P14. Data presented as mean = SD and compared by unpaired t-test.
Relative abundance of genes expressing (E) TRPV6 and (F) Ca,1.3 in the intestine of WT and Cldn2 KO mice at P14. Expression is normalized to g-Actin and presented
relative to WT for each intestinal segment. (G) Net apical to basolateral #°Ca?* flux across ex vivo segments of jejunum from P14 mice (P = .0289). Each data point per
segment represents an individual animal. Data presented as median + IQR. Comparison of KO to WT for each intestinal segment by Mann-Whitney test. *P < .05. Duo,

duodenum,; Jej, jejunum; Ile, ileum; Col, colon. ND = not detected.

Serum Ca’* is tightly regulated. Decreased plasma Ca?*
results in increased plasma active vitamin D (calcitriol) via
parathyroid hormone (PTH) signaling to increase intestinal Ca?*
absorption and mobilization of Ca?* from bone.?’-?® Plasma PTH
was higher in the Cldn2 KO mice, although not statistically differ-
ent than WT (Figure 4B). However, plasma calcitriol was almost
1.6-fold greater in the Cldn2 KO mice (Figure 4C). FGF-23 was
not different between groups (Table $12). Overall, these compen-
satory mechanisms were adequate to maintain plasma-ionized
Ca?* (Figure 4D).

We next hypothesized that the increased plasma calcitriol
would lead to increased expression of genes implicated in
intestinal Ca?* absorption of P14 Cldn2 KO mice. The apical Ca?*
channels TRPV6 and Cay 1.3 (which have been shown to mediate
vectorial Ca?* transport across the intestine) and the kinase
TRPM7 have been suggested to be involved in intestinal trans-
port of Ca?".?° We therefore examined their expression in P14
WT and Cldn2 KO mice intestines. The abundance of these three
genes across all segments of the small intestine and proximal
colon were not different (Figure 4E and Figure S4A-B). However,
we found 2.3-fold greater expression of S100g, which encodes
the intracellular binding protein calbindin-Dgy (P = .0221), in
the jejunum of Cldn2 KO mice (Figure 4F). No differences were
observed in the expression of the basolateral Ca?* extrusion
proteins Atp2bl encoding PMCA1b, and Slc8al, encoding NCX1
(Figure S4C-D). Increased S100g expression is consistent with
greater influx of Ca?* into the enterocyte.’® Accordingly, we
measured net apical to basolateral flux of #°Ca?* across ex
vivo sections of the jejunum under conditions without an

electrochemical gradient driving net paracellular diffusion.
Indeed, the Cldn2 KO mice at P14 had greater net apical to
basolateral Ca?* flux across this segment than WT littermates
(Figure 4G). We also assessed for compensatory changes in other
cation-pore forming claudins. We detected a 1.5-fold increase
in both Cldni2 and Cldn15 in the duodenum (Figure S4E-F).
Altogether, these results demonstrate renal and intestinal
compensation for the loss of claudin-2 at P14 in mice.

Epidermal Growth Factor Is Present in Breast Milk and
Increases Cldn2 Expression

Given the correlation between increased Ca?* uptake and Cldn2
expression and the period pups are nursing, we next sought to
determine if a bioactive compound is present in breast milk that
mediates the higher P, by increasing Cldn2 expression. To test
this hypothesis, half of a litter of pups was weaned early, at P12,
to solid chow while the other half of the litter remained suckling
with the dam for the following 48 h, then tissue was isolated and
gene expression assessed. We found that Cldn2 expression was
lower by 50% in both the jejunum and ileum of mice that were no
longer ingesting breast milk (Figure 5A-B). These results are con-
sistent with breast milk containing a bioactive compound that
acts to maintain or increase Cldn2 expression. However, early
weaning itself may also pose stress to the pups, which then
leads to alterations in intestinal gene expression.3':3? To specif-
ically examine if breast milk regulates claudin-2 expression, we
employed Caco-2 cells, an intestinal epithelial cell model, and
incubated them with varying concentrations of breast milk from
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Figure 5. Breast milk increases intestinal expression of claudin-2. mRNA abundance of Cldn2 in the (A) jejunum (P = .0019) and (B) ileum (P = .0003) of mice at P15
who remain with the dam (suckling) or who were weaned to solid chow at P12 (weaned). Expression is normalized to -Actin and presented relative to suckling group
as median + IQR and compared by Mann-Whitney test. (C) Representative blots from 6 independent experiments of Caco-2 cells grown in media with increasing
concentration as % by volume of human breast milk. (D) Semi-quantification of CLDN2 abundance from panel C normalized to g-actin and relative to control from the
same blot. Data presented as mean + SD and compared by one-way ANOVA with Tukey’s multiple comparisons test. *P < .05, **P < .01, ***P < .001. Con, control.

human donors in the cell culture media. We observed increased
CLDN2 expression when the concentration of milk in the cell
culture media was 2%-5% (Figure 5C-D), consistent with a com-
pound in breast milk mediating the effect. Expression of CLDN4,
CLDN7, and CLDN10 (Figure S5A-D) were not altered by breast
milk, consistent with a specific effect on CLDN2.

Candidates for a bioactive compound in breast milk include
vitamin D, prolactin, and EGF. Vitamin D is known to increase
claudin-2 expression, but its concentration in breast milk is very
low, less than 1 nM and it is not present in the active form,
calcitriol.?*:33 Prolactin is known to be present in breast milk
and has also been proposed to increase Ca’* absorption via
both transcellular and paracellular pathways along the small
and large intestine,3*% whereas EGF is present in murine and
human breast milk and is known to alter claudin-2 expression,
with different effects depending on the cell line.3*:38:3° To inves-
tigate the putative role of these signalling molecules in detail,
we first confirmed the presence of EGF in our human breast
milk samples. We found an average of 31.7 + 23.1 ng mL~! EGF,
slightly lower than the published average of 83 + 14 ng mL~! but
not unexpected as the mothers in the current study were fur-
ther postpartum than in the previous published work.**? We
next confirmed that 20 nm calcitriol increased CLDN2 expres-
sion in this cell model as reported previously.?* We found that
100 ng mL~! EGF specifically increased CLDN2 expression, with-
out affecting the expression of claudins 4, 7, or 10. Vitamin
D increased and prolactin had no effect on CLDN2 expression
in the Caco-2 intestinal epithelial cell model (Figure 6A-B and
Figure S5E-H). These results suggest either vitamin D or EGF
present in breast milk regulates intestinal CLDN2 expression.

To specifically implicate EGF in breast milk in regulating
CLDN2 abundance, we cultured Caco-2 cells in the presence
of the EGF receptor (EGFR) inhibitor erlotinib with or without
media containing 2% breast milk (Figure 6C-D). Consistent with
the previous experiments, the addition of breast milk increased
CLDN2 abundance 2-fold. The addition of 0.1 um erlotinib inhib-
ited the milk-induced increase in CLDN2. These results specifi-
cally implicate EGF as the bioactive compound present in breast-
milk that increases intestinal expression of Cldn2 as erlotinib
does not inhibit calcitriol activity.

We next performed bi-ionic diffusion potential experiments
on Caco-2 cells grown under control conditions or with the

addition of 100 ng mL~! EGF to the media. Pc, significantly
increased 38% when cells were grown in the presence of EGF
(Figure 6E). To test whether EGF in breast milk increases Pca,
given it increases CLDN2 abundance, we repeated bionic diffu-
sion potential experiments in Caco-2 cells grown with 2% breast
milk in the media in the absence and presence of the EGFR
inhibitor, erlotinib. Addition of erlotinib significantly decreased
Pca when cells were grown with breast milk (Figure 6F). Con-
sistent with results from murine tissue, Py, Was increased in
the presence of EGF and decreased when erlotinib was added
in addition to milk suggesting an effect on CLDN2 (Tables S13-
14). Altogether, these results are consistent with EGF in breast
milk increasing Ca?* permeability across intestinal epithelia via
increasing the abundance of claudin-2.

EGF exerts its actions via the plasma membrane EGFR. There-
fore, if EGF present in breast milk is regulating intestinal expres-
sion of Cldn2, EGFR must be expressed in these intestinal cells.
Indeed, Egfr is expressed in all segments of the small intes-
tine and proximal colon of Cldn2 WT and KO mice at P14,
although no differences were found between genotypes (Figure
S6A). Through immunohistochemical staining, we also found
EGFR expression in the jejunum and ileum of mice at both P14
and 6 wk old (Figure S6B-E). We observed, however, more EGFR
staining in 6-wk-old mice, likely due to upregulation as a con-
sequence of reduced EGF exposure at this age when no longer
nursing.

Discussion

We examined paracellular intestinal Ca?* permeability during
postnatal development to determine whether it is regulated
to support greater Ca?* absorption early in postnatal develop-
ment. We found greater Pc, across the jejunum and ileum of
suckling mice compared to older mice. Using genetic knockout
mouse models, we were able to attribute the greater intestinal
Pca in young animals to higher claudin-2 expression. Loss of
Cldn2 resulted in decreased bone mineralization at 2 wk, despite
compensatory increased transcellular intestinal Ca?* absorp-
tion and renal reabsorption capacity. Furthermore, we implicate
EGF in breast milk as the bioactive factor that increases CLDN2
abundance in a human intestinal epithelial cell model. Thus,
we propose that a regulatory pathway through EGFR signaling
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Figure 6. EGF in breast milk increases claudin-2 expression. (A) Representative blot from 7 independent experiments of Caco-2 cells grown in media with additional
hormones as indicated. (B) Semi-quantification of CLDN2 abundance from panel (A) normalized to g-actin and relative to control from the same blot. (C) Representative
blots from 3 to 6 independent experiments of Caco-2 cells grown with or without human breast milk and the EGFR inhibitor erlotinib (0.1 um). (D) Semi-quantification
of CLDN2 abundance from panel C normalized to g-actin and relative to control from the same blot. (E) Calcium permeability across Caco-2 monolayers grown without
and with 100 ng mL~! EGF normalized to control conditions. (F) Calcium permeability across Caco-2 monolayers in media containing 2% human milk without or with
0.1 pM erlotinib normalized to individual milk samples. *P < .05, **P < .01, ***P < .001, ***P < .0001. Con, control; VitD, calcitriol; EGF, epidermal growth factor; Prl,

prolactin; milk, human milk; Pc,, calcium permeability.

stimulated via breast milk that ensures greater intestinal para-
cellular Ca?* absorption from the small intestine to meet the
high demands required for optimal growth.

Physiologically, the paracellular pathway is energetically
favorable as fewer proteins are required and, unlike the transcel-
lular pathway, does not require ATP consumption.? In particular,
diffusion down an electrochemical gradient is favorable under
conditions of relatively high dietary Ca?* intake such as occurs
with a breast milk-only diet.*> Dietary intake may explain why
net absorption is observed across the small intestine of suckling
rodents, whereas net secretion is observed across the jejunum
and ileum of adult mice consuming normal chow because lower
dietary Ca?* intake alters the transepithelial driving force for
paracellular Ca®* absorption.®1%4447

Our findings are consistent with greater paracellular Ca?*
absorption from the small intestine resulting in net increased
bone mineral accretion during the suckling period. A systematic
review found that breastfeeding during infancy has a positive
long-term impact on bone mass into adolescence, suggesting
that infancy contributes to establishing lifelong bone health.®
Between 3 and 11 wk of age in rats, intestinal Ca?* absorp-
tion is equivalent to whole body Ca?* retention and therefore,
bone mineralization.*® Similarly, in humans, Ca?* retention and
intestinal absorption are greatest during infancy and adoles-
cence.”® Previous studies in rats at 2, 3, and 6 wk of age and
as adults suggests that the paracellular pathway predominates
early in life and decreases with age but remains important for
overall net absorption across the small intestine.*>! However,

we have previously shown that bone mineralization parameters
are not different between Cldn2 WT and KO animals at 10 wk
of age.® Overall, this is consistent with the paracellular pathway
being less significant after weaning and an ability for catch-up
mineralization later, in the knockout animals at least.

In this study, we uncover new evidence supporting an impor-
tant role of intestinal claudin-2 for overall Ca* balance early
in life. Claudin-2 has previously been implicated in mediating
Ca?* permeability across intestinal and renal epithelia.*® Con-
sistent with our results, loss of Cldn2 in mice decreased the
cation permeability (Pna) of the small intestine at 2 and 8 wk
of age.'? Our current and previous published work found greater
claudin-2 expression in suckling animals.?*'? In humans, chil-
dren have a 3.3-fold greater claudin-2 abundance than adults
in the duodenum,’ leading to the suggestion that claudin-2
expression changes with age are independent of weaning. How-
ever, the pediatric population examined was 1-5 yr old, the age
of weaning was not specifically stated, and other segments of
the intestines were not examined.'® Thus, it is possible that
claudin-2 expression is even greater during infancy or that the
jejunum and ileum have greater significance. Nonetheless, our
results suggest that regulation of intestinal claudin-2 abundance
presents a potential therapeutic target to maximize Ca?* absorp-
tion for those with reduced bone mineralization.

EGF has long been recognized as a bioactive compound in
breast milk and is also known to be present in saliva at all
ages.”?™> EGF in amniotic fluid and breast milk has a strong
trophic effect on infant intestines and is associated with a


art/zqad033_f6.eps

decreased risk of necrotizing enterocolitis (NEC) in premature
infants.*®>” In mice weaned early, EGF administration results
in greater weight gain, villous height, crypt depth, and ente-
rocyte proliferation.3! EGF is critical for epithelial proliferation
and repair throughout life and lower salivary levels are asso-
ciated with small intestine ulcers.”” Our study demonstrates
that EGF specifically increases CLDN2 abundance in Caco-2
human intestinal epithelial cells. Similarly, previous studies
revealed that addition of EGFR ligands (keratinocyte growth fac-
tor and amphiregulin) to growth media increases CLDN2 in
this cell line.® Consistent with an effect of EGF in breast milk
mediating greater claudin-2 expression, we found that weaning
from breast milk leads to decreased Cldn2 expression in infant
mice. Moreover, the addition of the EGFR antagonist erlotinib to
cells treated with breast milk prevented the increase in CLDN2
expression and decreased Pc,. Therefore, in addition to previous
investigations of EGF as a therapeutic for intestinal conditions,
we present evidence for the potential of EGF as a therapeutic to
modulate intestinal Ca?* permeability enabling greater absorp-
tion and bone deposition during growth.

Our results are consistent with 20 nM calcitriol increasing the
expression of claudin-2 in the Caco-2 cell model. However, the
literature does not support a role for active vitamin D in breast
milk altering claudin-2 expression. The vitamin D concentration
in breast milk is very low, less than 1 nm and thus breast milk
is likely not contributing biological activity.>* In addition, the
form of vitamin D in breast milk is largely as vitamin D and 25-
hydroxyvitamin D, not the active form calcitriol that we demon-
strate, and is known, to increase claudin-2 expression. While
calcitriol is classically considered the active form of the hor-
mone vitamin D that acts as a ligand for the vitamin D receptor
(VDR), some studies have found that 25-hydroxyvitamin D may
also be a low affinity ligand for VDR. Importantly, however, the
concentration of this form of vitamin D required to alter down-
stream gene expression is many times greater than the concen-
tration in breast milk, and is at least 100 nM or up to 500 nM
depending on the cell type.®*%3 Therefore, we do not consider
that vitamin D in breast milk is contributing to the effect of EGF
on claudin-2 expression.

Although claudin-2 increases intestinal calcium permeabil-
ity early in life, it also increases sodium permeability propor-
tionately. Consequently Pca/Pna Was unaltered by the deletion of
claudin-2 at either 2 wk of age or 2 mo. This calcium selectiv-
ity is not conferred by claudin-2, nor claudin-12. It is unknown
what contributes selective calcium over sodium permeability
to the intestine and is an area for future study. We did, how-
ever, observe greater absolute calcium permeability and rela-
tive calcium to sodium permeability (Pca/Pna) at 2 wk, consis-
tent with the need for greater calcium absorption at a young
age.

A potential limitation of our current work is the lack of inves-
tigation of the large intestine. The colon is a major site of net
Ca?* absorption in adult humans and rodents, a process that
may be mediated in some part by the microbiome.*?:%4: Previ-
ous work by our group found that, at three months, Cldn2 KO
and Cldn12 KO mice have decreased Pc, across the proximal
colon.®’ Further research is required to determine the contri-
bution of the large intestine to net Ca?* balance early in life. Our
work is also limited by the use of Caco2 cells as a model sys-
tem, which may not represent young intestinal epithelial. Future
works should examine the effect of EGF on claudin-2 expression
and intestinal Pg, in vivo. Finally, we and others assess paracel-
lular calcium permeability via the imposition of large gradients
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across the epithelia and the potential difference measured rela-
tively quickly thereafter used to calculate relative and absolute
ion permeabilities. Other methods, such as the use of radioac-
tive tracers under voltage clamp or the imposition of smaller
concentration gradients and measuring fluxes over longer peri-
ods of time may produce variations to these results. For this
work, it is reassuring that our basolateral to apical flux exper-
iments with calcium-45 revealed increased flux, consistent with
our electrophysiological measurements.

In conclusion, we demonstrate that small intestine Ca?* per-
meability is 2-fold greater in suckling vs adult mice. This greater
capacity for paracellular Ca?* absorption is conferred by greater
claudin-2 expression induced by EGF in breast milk. Loss of this
permeability results in suboptimal bone mineralization during
this critical period of growth. This research elucidates a vital
pathway to optimize intestinal Ca%* absorption and highlights
a potential therapeutic target.
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