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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 
differ ent a ges in mice and in human intestinal e pithelial (Caco-2) cells in r esponse 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 μCT. 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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ntroduction 

eriods of rapid growth, such as during postnatal develop-
ent, r equir e optimal intestinal absorption of calcium to meet

emands of building bones. Intestinal absorption occurs via
oth transcellular and paracellular pathways. We previously
escribed novel pathways contributing to transcellular Ca 2 + 

bsorption that occur only early in infancy. 1 Howev er, gi v en the
igh concentration of Ca 2 + in breast milk relative to serum,

ntestinal absorption via paracellular diffusion also presents
n energetically fa vorable pathwa y to provide a large amount
f Ca 2 + to ena b le gr o wth. 2 It is not kno wn if the paracellular
athway contributes to enhanced Ca 2 + uptake in infancy nor
hether it is regulated to facilitate greater Ca 2 + absorption dur-

ng postnatal development. 3 

The tight junction proteins claudin-2 (gene CLDN2 ) and
laudin-12 (gene CLDN12 ), members of the claudin family, have
een implicated in forming Ca 2 + permea b le por es acr oss intesti-
al and renal epithelia 4 , 5 that facilitate paracellular Ca 2 + absorp-
ion. Claudin proteins interact within and between epithelial
ells to form selecti v e barriers and pores and thus confer specific
ermea bility pr operties acr oss e pithelial tissue. In the murine
roximal colon, claudin-2 and claudin-12 form independent,
a 2 + permea b le por es, which contribute calcium permeabil-

ty (P Ca ) across the tissue. 6 , 7 Both Cldn2 and Cldn12 are also
xpressed in the renal proximal tubule with Cldn12 KO mice dis-
laying decreased P Ca and Cldn2 KO animals displaying hyper-
alciuria, consistent with a role in renal Ca 2 + reabsorption. 8 , 9 In
oth mice and humans, intestinal CLDN2 expression is higher
arly in life . 10–12 How e ver, pre vious work has not examined
hether this higher level of gene expression translates to higher

laudin-2 or -12 protein levels, which may then confer greater
 Ca to the small intestine during postnatal development. Addi-
ionall y, r egulation of these pathw ays is not full y understood. 

We ther efor e sought to determine if P Ca across the small
ntestine changes with age and if claudin-2 or -12 regulation
acilitates greater paracellular Ca 2 + permeability at a young age.
ased on the need for high Ca 2 + deposition during develop-
ent, we hypothesized that intestinal Ca 2 + permeability would

e gr eater earl y in life to optimize Ca 2 + absorption for bone
rowth and that claudin-2 or -12 would confer this greater P Ca . By
xamining the impacts of claudin-2 or -12 expression in vivo dur-
ng early postnatal life, we found that P Ca across the jejunum and
leum are 2-fold higher before weaning than after, and that this
reater P Ca is conferred by higher Cldn2 expression and CLDN2
bundance. Cldn2 deletion results in decreased bone mineral-
zation early in life despite evidence of compensatory intestinal
ranscellular Ca 2 + absorption and decreased Ca 2 + excretion into
rine. Mor eov er, we show that e pidermal gr owth factor (EGF)
resent in human breast milk increases CLDN2 expression and
 Ca across a human epithelial Caco-2 cell monolayer, uncover-
ng a mechanism for this regulation. Thus overall, we propose
hat EGF-mediated increases in intestinal claudin-2 expression
acilitates greater uptake of dietary Ca 2 + in suckling animals. 

aterials and Methods 

tudy Appro v al 

nimal experiments were approved by the University of
lberta animal ethics committee, Health Sciences Section

AUP00000213). Written informed consent was provided by par-
icipants who donated breast milk samples as appr ov ed by the
ni v ersity of Alberta Health Resear c h Ethics Board—Biomedical
anel (Pro00100603). 

nimals 

ild-type FVB/N (Taconic labs, North America), global Cldn2 KO
MMRRC at Uni v erity of California, Davis), global Cldn12 KO 

9 and
ice with a nonfunctioning pore mutation in TRPV6 ( Trpv6 mt ) 13 

ere maintained on a 12-h light/dark cycle with drinking water
nd standard chow (Lab Diet Irradiated Rodent Diet 5053 4.5%
at) av aila b le ad libitum. Global KO mice and TRPV6 m utant mice
ad been backcrossed onto the FVB/N background for 9 gener-
tions. Early weaning experiments were described pr eviousl y. 1 

itter mates were used to compare WT and KO animals. 

a 

2 + Permeability Across Intestinal Segments and 

n-Vitro 

i-ionic diffusion potential experiments were performed
n intestinal segments and Caco-2 cells as described previ-
usly. 6 , 7 , 14 Fresh tissue was excised and mounted into Ussing
 hambers (VCC multic hannel Voltage/Current Clamp, Physio-
ogic Instruments, San Diego, CA). Tissue was bathed bilaterally
ith 4 mL Krebs buffer (140 m m Na + , 5.2 m m K 

+ , 120 m m Cl −,
.2 m m Mg 2 + , 1.2 m m Ca 2 + , 2.8 m m PO 4 

−, 25 m m HCO3, pH 7.4)
t 37 ◦C and bubbled with 5% CO 2 (balance O 2 ). Where indicated,
ifedipine (Sigma-Aldrich; cat.# N7634) was added to a final
oncentration 10 μmol L −1 apically. The tissue was allowed to
tabilize for 15 min and then three 90 μA current pulses were
pplied to calculate transepithelial resistance (TER) using Ohm’s
aw. The clamp was then turned off and the tissue left in an
pen circuit setting ena b ling the potential differ ence (v olta ge)
cross the tissue to be monitored. The basolateral chamber
as then filled with “control” Krebs-Ringer buffer (144 m m Na + ,

.6 m m K 

+ , 146 m m Cl – , 1 m m Mg 2 + , 1.3 m m Ca 2 + , 2 m m PO 4 
– ,

art/zqad033_gra.eps
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 m m HEPES, pH 7.4) at 37 ◦C and the apical buffer was changed
o a low NaCl solution (30 m m Na + , 3.6 m m K 

+ , 32 m m Cl – , 1 m m
g 2 + , 1.3 m m Ca 2 + , 2 m m PO 4 

– , 3 m m HEPES, pH 7.4). The low
aCl solution was kept iso-osmotic to the control solution with 

he addition of mannitol. The resulting peak change in transep- 
thelial v olta ge w as used to determine the permeability ratio of 
a + to Cl – (P Na /P Cl ) Goldman–Hodgkin–Katz (GHK) v olta ge equa- 

ion for monovalent positive and negative ion species where the 
ctivity of other ions apart from Na + and Cl − were negligible in 

he experimental conditions at this step of the protocol where a 
arge sodium and c hloride concentr ation gr adient was imposed. 
 simplified Kimizuka–Koketsu equation was then used to 
alculate absolute permeability. The calculations employed for 
hese determinations have also been pr eviousl y described. 4 , 14–18 

he apical buffer was then changed to the control buffer and 

ER w as measur ed as a bov e after the potential differ ence w as
ta b le. Due to the fact that the GHK v olta ge equation is for
onovalent ions, an ion flux approach was used to determine 

i v alent cation permeability (ie, P Ca ). 6 , 7 , 9 , 14 , 15 Solutions were 
xchanged on both the basolateral (140 m m Na + , 3.6 m m K 

+ ,
46 m m Cl – , 1 m m Mg 2 + , 1.3 m m Ca 2 + , 3 m m HEPES, pH 7.4) and
pical sides (3.6 m m K 

+ , 146 m m Cl – , 1 m m Mg 2 + , 70 m m Ca 2 + ,
 m m HEPES, pH 7.4) and the potential difference measured, 
hich was used to calculate the relative P Ca /P Na and absolute P Ca 

sing published equations. 14 As previously described, solutions 
or determining ion permeabilities were bicarbonate-free to 
v oid pr ecipitation and wer e buffer ed with HEPES. 14 Both buffers 
er e finall y c hanged bac k to the contr ol buffer to measur e TER.
issue via bility w as consider ed as a TER change less than 40%. 19 

ll potential difference measurements were corrected for liquid 

unction potentials as pr eviousl y described. 4 All basolateral 
uffers contained 10 m m dextrose. Osmolarity of all buffers 
as balanced using mannitol to 291 ± 1 mOsm (Advanced 

nstruments Model 3D3 osmometer). Experiments performed 

ith Caco-2 cells employed the same culture medium and 

er e gr o wn as described belo w in the “Cell Culture” section. 
ells were grown on a tr answ ell culture filter insert (Corning 
ostar, Cat#3407). When milk, EGF, or erlotinib was added, it 
as added to the apical side. For experiments with the addition 

f milk to media, 2% milk by volume was added unless stated 

therwise. 

a 

2 + Flux Studies 

a 2 + flux studies were performed as previously and are further 
escribed below. 1 , 19 Briefly, fresh tissue was mounted into Uss- 

ng chambers connected to a VCC multichannel v olta ge/curr ent 
lamp (Physiologic Instruments, San Diego, CA). Tissue was 
athed bilaterally with 4 mL Krebs buffer (140 m m Na + , 5.2 m m
 

+ , 120 m m Cl −, 1.2 m m Mg 2 + , 1.2 m m Ca 2 + , 2.8 m m PO 4 
−, 25 m m

CO3, pH 7.4) at 37 ◦C and bubbled with 5% CO 2 (balance O 2 ). 
ndomethacin (Sigma-Aldrich Cat#17378) 2 μm bilaterally and 

etrodotoxin (Alomone Labs, Jerusalem, Israel; Cat#T-550) 0.1 
m only basolaterally were added to inhibit prostaglandin syn- 

hesis and neuronal activity respectively. The basolateral buffer 
ontained 10 m m glucose and the apical side 10 m m mannitol 
o balance osmolarity. The tissue was allowed to stabilize for 
5 min and then TER calculated using Ohm’s law after three 
 mV pulses were applied. One hemichamber was then spiked 

ith 5 mCi mL −1 45 Ca 2 + (PerkinElmer Health Sciences, Waltham, 
A) and the v olta ge clamp set to 0 mV to ensure there was
o net driving force for paracellular ion diffusion present. Sam- 
les were taken from both chambers at 15-min intervals for 60 
in. TER was again calculated and data omitted if TER changed 

y more than 40%. 19 Sample radioactivity was measured (LS6500 
ulti-Purpose Scintillation Counter, Beckman Coulter, Brea, CA) 

nd J Ca calculated as the rate of appearance of 45 Ca 2 + in cpm 

 

−1 into the cold chamber divided by the specific activity of 
he hot chamber in cpm mol −1 and normalized to surface 
rea of tissue exposed. Data for basolateral to apical unidirec- 
ional fluxes by age were taken from previously published net 
 Ca 

2 + data. 1 

uantitati v e Real-Time PCR 

uantitati v e PCR with specific primers and pr obes w as per-
ormed as previous and sequences are listed in Ta b le S1. 1 , 20 , 21 

otal RNA was isolated using the TRIzol method (Invitrogen, 
arlsbad, CA) with DNAse treatment (ThermoScientific, Vilnius, 
ithuania). Fi v e micr ogram total RNA, quantified with a Nan- 
drop 2000 (Thermo Fisher Scientific, Waltham, MA) was reverse 
r anscribed (SensiFAST cDN A Synthesis Kit, F roggaBio , C A). Real-
ime PCR was then performed in triplicate for each cDNA sample 
TaqMan Uni v ersal Master Mix II, ThermoF isc her Scientific) with 

pecific primers and probes (Inte gr ated DN A Tec hnologies) on a
uantStudio 6 Pro Real Time PCR System (ThermoFisher Scien- 

ific). Pooled RNA was used to create a standard mix of cDNA that
 as seriall y diluted to generate a standard curv e and samples
ere quantified using the standard curve method. A C q value of 

reater than 35 was considered not detectable. 

mm unohistoc hemistry of Intestinal Tissue 

r eshl y excised tissue was fixed in 10% formalin (Sigma Aldrich, 
at#F8775) then rinsed in PBS with 0.02% sodium azide (Fisher 
hemical, Cat#S227I25). The tissue was embedded in paraf- 
n, sectioned and stained for EGFR or CLDN2 essentially as 
escribed pr eviousl y. 20 , 22 Rehydrated tissue w as micr ow av e 
oiled in T ris-EGT A buffer (TEG, 10 m m Tris, 0.5 m m EGTA, pH 9.0)
or antigen r etriev al. Fr ee aldehyde gr oups wer e b locked in 0.6%
 2 O 2 and 50 m m NH4Cl in PBS. Sections were blocked in 5% skim
ilk (Millipore Sigma Aldrich, Cat#70165), probed with primary 

ntibody in 0.1% Triton-X100 in PBS overnight at 4 ◦C and then 

ncubated with secondary antibodies. Sections were visualized 

ith DAB + Substrate Chromogen System (K3467, DakoCytoma- 
ion) and counterstained with hematoxylin. 

icroCT of Bones 

emora from P14 WT and Cldn-2 KO mice wer e anal yzed by
icroCT and IHC as described pr eviousl y. 1 Femora fr om p14 
ild-type and Cldn-2 KO mice were scanned with the resolu- 

ion of 6.5 μm using a high r esolution micr o-CT system (Bruker,
kyScan 1172). The bones w ere wr apped within wet tissue paper, 
laced in a plastic holder and mounted v erticall y in the scan-
er sample chamber for imaging. X-rays source v olta ge and cur- 
 ent wer e 49 kV and 200 μA, r especti v el y. Beam hardening w as
educed using a 0.5 mm Al filter. The exposure time was 5 s and
canning angular rotation was set to 180 ◦ with an increment of 
.4 deg rotation step. 23 NRecon (1.6.10.6) was used to reconstruct 
he images while other software like DataViewer (1.5.1.2) and CT 

nal yser (1.16.4.1 + ) fr om Bruker, Micr oCT wer e used for bone
nalysis. A total number of 50 cross-sections exactly in the mid- 
le of femoral shaft wer e anal yzed to access the cortical bone
arameters. 
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mm unohistoc hemical Analysis of Bones 

istology to determine tr abecular par ameter of femurs from
14 WT and Cldn2 KO mice were performed as previously
escribed. 1 Fr eshl y excised fem urs wer e fixed in 4% PFA, incu-
ated overnight in 30% sucrose, and then embedded in tis-
ue freezing medium (simulated colonic environment medium;
EM-001; Section-Lab Co Ltd, Hiroshima, Japan). Four 6- μm sec-

ions in an anterior–posterior orientation were made at 2 dif-
er ent r egions (minim um 100 μm spacing) for each bone. Two
ections were stained with a modified toluidine blue to visual-
ze cartilage and determine growth plate thickness. The mean
f either two per bone was taken as a single value. Two sections
ere stained with alizarin red to visualize calcified bone and cal-

ulate trabecular parameters. 

etermination of Electrolytes and Hormones 

rine electr ol ytes wer e measur ed by ion chr omatography
Dionex Aquion Ion Chromatography System, Thermo Fisher
cientific). Samples were diluted 1:50 in ddH 2 O with eluent of
.5 m m Na 2 CO 3 /1.5 m m NaHCO 3 in ddH 2 O for anions and 20 m m
ethanesulfonic acid in ddH 2 O for cations. Results were inter-

olated from a standard curved generated by serial dilutions of
ionex 5 anion and 6 cation-I standards (Dionex, Thermo Fisher
cientific Inc., Mississauga, ON, Canada) using Chromeleon
 Chromatography Data System software (Thermo Scientific).
rine creatinine was measured using the Parameter creatinine
it (R&D systems, Minneapolis, MN). Plasma PTH (Immutopics
ouse Intact PTH 1–84), 1,25(OH) 2 -vitamin D (Imm unodia gnos-

ic Systems Limited, Boldon, UK), FGF23 (Kainos Laboratories,
nc.) and milk EGF (Quantikine Human EGF Immunoassay, R&D
ystems) were measured by ELISA. 

ell Culture 

ell culture and immunoblots were performed as described
r eviousl y. 1 Caco-2 cells (ATCC, Roc kville , MD) w er e gr own in
MEM supplemented with 10% FBS and 5% penicillin str e p-

omycin glutamine at 37 ◦C in 5% CO 2 in 6-well plates (Fisher
cientific, Cat#FB012927). For imm unob lotting experiments,
ells were seeded onto 100 mm dishes. When cells reached
onfluence , hormone , human br east milk, and/or erlotinib w as
dded to the media for 48 h. Of note, EGF w as undetecta b le by
LISA (Quantikine Human EGF Immunoassay, R&D systems) in
oth DMEM and FBS. EGF (Life Technologies Inc., Cat#PHG0311)
as added to a final concentration of 100 ng mL −1 , vitamin D

s calcitriol (Sigma-Aldrich, Cat#17936) to 20 n m , 24 prolactin
Sigma-Aldrich, Cat#SRP9000) at 400 ng mL −1 and Erlotinib
Sigma-Aldrich, Cat#SML2156) at 0.1 μm . Human milk was
btained as a random sample donated by volunteer participants
nd stored at −80 ◦C until used for experiments. Milk was then
dded to cell culture media as % volume as indicated. 

mmunoblot 

ells were lysed in RIPA buffer (50 mmol L −1 Tris, 150 mmol L −1 

aCl, 1 mmol L −1 EDTA, 1% Triton-X, 1% sodium dodecyl sulfate,
% NP-40, pH 7.4) with phen ylmeth ylsulfon yl fluoride to 1:1000
oncentration (Thermo Scientific, Rockford, IL; cat.# 36978) and
rotease inhibitor set III to 1:100 concentration (Calbiochem,
an Diego, CA; cat.# 535140) for 1 h on ice and then centrifuged
or 10 min at 14 000 centrifugal force at 4 ◦C. The protein content
f the supernatant was quantified using the Pierce 660 nm Pro-
ein Assay Reagent (ThermoFisher Scientific). Fifty microgram
r otein w as run on 10% SDS-PAGE, electr otransferr ed to PVDF
nd b locked ov er night in TBST with 5% skim milk. Blots were
ncubated overnight at 4 ◦C with primary antibody and 1 h at
 oom temperatur e with secondar y antibody. Primar y antibodies
sed were mouse anti-claudin-2 (Cat#32–5600, ThermoFisher
cientific), rabbit anti-claudin-4 (Cat#PA1-37471, ThermoFisher
cientific), rabbit anti-claudin-7 (Cat#34–9100, Invitrogen),
abbit anti-claudin-10 (sc-25710, Santa Cruz Biotechnologies),
nd mouse anti- β-actin (BA3R, Invitrogen). HRP conjugated
econdary antibodies employed included anti-rabbit (#7074,
ell Signaling, MA) and anti-mouse (#7076, Cell Signaling, MA). 

tatistics and Data Availability 

ndividual data points in each graph r e pr esent data fr om one
nimal or experimental r e peat. Both male and female animals
ere used for each experiment, and the numbers are in Table
2. Exploratory analysis found no differences between sexes.
ample sizes were based on previous publications. 1 , 6 , 7 , 9 , 19 , 20 

ata wer e anal yzed unb linded using GraphPad Prism 9.1.0. The
hapir o–Wilk test w as used to ev aluate for normal distribution
nd F test to compar e v ariances. Data were analyzed and pre-
ented as indicated in figure and table legends. A P < .05 was con-
ider ed statisticall y significant. The data underl ying this article
r e av aila b le in the article and its online supplementar y mate-
ial. 

esults 

ntestinal Calcium Permeability Is Greater Prior to 

eaning 

n our previous work as part of assessing net transcellular Ca 2 + 

ux across all segments of the small intestine in mice at post-
atal day 14 (P14) and 2 mo of age, 1 we measured unidirectional
asolateral to apical Ca 2 + flux, which only occurs via the para-
ellular route due to the absence of transcellular calcium secre-
ion into the intestinal lumen. When we compared basolateral to
pical 45 Ca 2 + flux across the small intestine of mice at P14 and 2
o, we observed higher flux across the duodenum and jejunum

t P14, suggesting higher Ca 2 + permeability (P Ca ) across these
egments early in life (Figure S1). Although no difference was
bserv ed acr oss the ileum, this experimental design was origi-
ally intended to examine the tr anscellular Ca 2 + tr ansport path-
ay and so was conducted under conditions without an electro-
 hemical driving for ce for par acellular Ca 2 + diffusion. Ther efor e,
e conducted further experiments to assess P Ca across the small

ntestine of young and older mice. 
To dir ectl y assess P Ca along the small intestine of P14 and

-mo-old mice , w e performed bi-ionic diffusion potential exper-
ments. Ther e w as slight, but significantl y gr eater P Ca measur ed
cr oss the duoden um in mice at P14 in comparison to at 2 mo
 Figure 1 A). Moreover, the P Ca across the jejunum and ileum of

ice at P14 was doubled that of the older animals at 2 mo ( Figure
 B-C). In the duodenum, permeability to Na + (P Na ) is lower while
ER and permeability to Cl − (P Cl ) are not different at P14. In the

ejunum, TER is lower, P Cl is greater and P Na not different at
14. Across the ileum, TER and P Na are not different while P Cl is
reater at P14. Moreover, the relative Ca 2 + to Na + permeability
P Ca /P Na ) significantl y decr eases fr om P14 to 2 mo in all segments
Ta b les S3–S5). The small intestine of younger mice ther efor e has
reater P Ca and thus a greater capacity for Ca 2 + a bsorption gi v en
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Figure 1. Calcium permeability across the small intestine is greater in y oung mice . (A) Duodenum ( P = .0152), (B) jejunum ( P = .0022), (C) ileum ( P = .0007). Values 
presented as median and interquartile r ange . Analysis by Mann–Whitney test. P Ca , Calcium permeability; P14, 2 wk old; 2 mo, 2 months old. 
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 3–5-fold greater concentration of calcium in milk r elati v e to 
lood. 25 

To exclude the possibility that the transcellular pathway 
ight be contributing to the higher paracellular P Ca measured 

n young animals, we performed further experiments. TRPV6 
ediates transcellular Ca 2 + uptake across the duodenum at 2 
o but not at P14. 1 To eliminate the possibility that TRPV6 was 

ontributing Ca 2 + permeability under our experimental condi- 
ions, P Ca was measured across the duodenum of mice lack- 
ng functional Trpv6 ( Trpv6 mt mice) at 2 mo and found not 
o be different from WT mice of the same age (Figure S2A). 
hus, the P Ca observed is solely dependent on the paracellu- 

ar pathway. Previous work also demonstrated that TRPV6 in 

he jejunum and Ca v 1.3 in the jejunum and ileum mediate net 
ranscellular Ca 2 + absorption at P14 but not 2 mo. 1 To exclude 
he possibility that these channels contribute to the greater 
 Ca observed in younger mice in our experiments, we r e peated 

he bi-ionic diffusion potential experiments on Trvp6 WT and 

rpv6 mt mice and on WT mice in the presence or absence of 
he L-type Ca 2 + channel blocker, nifedipine, at P14. No differ- 
nces wer e observ ed in either tissue (Figur e S2B–C). Together, 
hese data str ongl y support the conclusion that paracellular P Ca 

s higher across the small intestine of suckling mice than after 
eaning. 

ldn2 and Cldn12 Expression Are Greater Along the 
mall Intestine Prior to Weaning 

revious in vitro and ex vivo work found that claudin-2 and 

laudin-12 contribute calcium permeability to intestinal epithe- 
ia. 5 , 6 , 9 We ther efor e hypothesized that the expression of 
ne or both of these claudins is higher in younger mice and 

nderlie the greater P Ca observed. We examined claudin-2 and 

laudin-12 expression in the small intestine of mice from age 
1 to 6 mo. We found that Cldn2 expression was indeed higher 
n the jejunum and ileum of suckling pups at P1, P7, and P14, 
s compared to that of mice who are no longer suckling, that is, 
 mo of age and older. In the duodenum, Cldn2 expression was 
reater at P1 and P7 but not at P14, relative to 1 mo ( Figure 2 A–C).
o determine if CLDN2 protein is commensurately more abun- 
ant in younger animals, we stained fixed sections of intestine 
 Figure 2 D–F) and observed strong junctional CLDN2 staining 
hroughout the villi, where nutrient absorption occurs, and 

rypts along the small intestine at P14. By 2 mo of age , how ever,
LDN2 expr ession w as less a bundant in villi and strong staining 

ound largel y r estricted to the cr ypts ( Figur e 2 G–I), as r e ported
r eviousl y for the jejunum. 11 , 12 Cldn12 gene expression was 
igher in the jejunum but not the duodenum or ileum of 
uckling mice ( Figure 2 J–L). Unfortunately, the lack of a specific 
ntibody for claudin-12 precludes examining pr otein a bun- 
ance. 9 , 26 These results suggest that either or both claudin-2 
nd claudin-12 confer the greater P Ca observed in younger mice 
t P14 compared to at 2 mo. 

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

o assess the r elati v e contributions of claudin-2 and claudin-12 
o P Ca , we r e peated bi-ionic dilution potential studies in WT,
ldn2 KO and Cldn12 KO mice at P14 and 2 mo. P Ca across the

ejunum and ileum was significantly reduced in the P14 Cldn2 
O mice. Mor eov er, P Ca in the Cldn2 KO P14 mice was no longer
iffer ent fr om that at 2 mo, consistent with claudin-2 conferring 
he greater P Ca . No difference was observed by genotype across 
ny intestinal segment at 2 mo of a ge ( Figur e 3 A–C). TER and
ermeability to Na + and Cl − in the duodenum was not different 
y age or genotype. TER and PCl but not PNa decreased with 

ge in the jejunum, while claudin-2 KO decreased TER and PNa 
t P14 but not 2 mo in the ileum (Ta b les S6–8). Unlike what
e observed with Cldn2 KO mice, bi-ionic diffusion potential 

xperiments on tissue from WT and Cldn12 KO mice r ev ealed 

o differences between WT and Cldn12 KO mice at any age or 
ntestinal segment ( Figure 3 D–F). TER and permeability to Na + 

nd Cl − were not affected by genotype at either age (Tables 
9–11). Taken together, these results are consistent with the 
r eater P Ca observ ed acr oss the jejun um and ileum of younger
ice being attributed to claudin-2. 

ldn2 KO Mice Display Impaired Bone Miner aliza tion At 
14 

e hypothesized that the loss of Cldn2 -mediated intestinal and 

 enal permea bility to Ca 2 + would lead to an inability to maintain
n optimal Ca 2 + balance for bone mineralization during growth. 
e ther efor e examined the micr oar c hitectur e of fem urs fr om

ldn2 WT and KO mice at P14 ( Ta b le 1 ). We observed a significant
ecrease in cortical bone volume, cross-sectional thickness, 
nd tissue mineral density in the Cldn2 KO mice. No significant 
iffer ences wer e observ ed in the par ameters of tr abecular
one. These results suggest that the greater P Ca across the 
mall intestine early in life conferred by claudin-2 is necessary 
o facilitate peak bone mineralization during this period of 
rowth. 
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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 40 × magnification and size 

bar indicates 50 μm. Re pr esentati v e ima ges ar e obtained fr om ev aluation of n = 3–4 mice per gr oup. 
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 + 2 + P14 Cldn2 KO Mice Exhibit Compensatory 

eduction in Urinary Ca Excretion and Higher 
ranscellular Ca Flux Across the Jejunum 

i v en that claudin-2 mediates higher small intestine P Ca at P14,
e hypothesized that Cldn2 KO mice at P14 would display intesti-
al and renal alterations to compensate for the loss of para-
ellular Ca 2 + absorption. Indeed, we observed that urinary Ca 2 + 

xcretion normalized to creatinine was more than 2-fold lower
n the Cldn2 KO mice r elati v e to WT ( Figure 4 A). This is partic-
larly significant given that Cldn2 KO mice at 8 weeks have a
-fold increase in fractional Ca 2 + excretion. 6 , 8 We next exam-
ned the expression of genes involved in renal Ca 2 + reabsorp-
ion and found gr eater expr ession of Trpv5 , Calb1 , and Atp2b1 ,
hich together mediate transcellular Ca 2 + r ea bsorption in the
istal renal tubule (Figure S3). Thus, our results suggest compen-
ator y incr eased r enal Ca 2 + r ea bsorption in the Cldn2 KO pups
hat leads to decr eased urinar y Ca 2 + excr etion. Inter estingl y, we
lso observed decreased urinary phosphate, magnesium, and
hloride excretion in the P14 Cldn2 KO mice (Table S12). 
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Figure 3. Claudin-2 confers gr eater P Ca acr oss jejun um and ileum in P14 mice. Calcium permea bility acr oss the duoden um (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. 

Ta ble 1. Microar c hitecture 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 

3 ) 0.322 ± 0.020 0.328 ± 0.016 .819 
Bone volume (mm 

3 ) 0.101 ± 0.005 0.085 ± 0.003 .034 
Endocortical volume (mm 

3 ) 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 (%) 24.6 ± 1.1 26.7 ± 1.3 .2487 
Tra becular n umber (1 mm 

−1 ) 0.014 ± 0.0003 0.015 ± 0.0004 .0802 
Trabecular width ( μm) 17.9 ± 0.04 18.1 ± 0.6 .8686 
Tra becular se paration ( μm) 55.5 ± 2.2 50.0 ± 2.4 .1175 
Growth plate thickness ( μm) 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 2 + normalized to urinary creatinine ( P = .011), (B) plasma PTH ( P = .1680), (C) 
plasma calcitriol ( P = .0323), and (D) plasma-ionized Ca 2 + ( P = .8182) in Cldn2 WT and KO mice at P14. Data presented as mean ± SD and compared by unpaired t -test. 
Relati v e a bundance of genes expressing (E) TRPV6 and (F) Ca v 1.3 in the intestine of WT and Cldn2 KO mice at P14. Expression is normalized to β-Actin and presented 

r elati v e to WT for each intestinal segment. (G) Net apical to basolateral 45 Ca 2 + flux across ex vivo segments of jejunum from P14 mice ( P = .0289). Each data point per 
segment r e pr esents an indi vidual animal. Data pr esented as median ± IQR. Comparison of KO to WT for eac h intestinal se gment b y Mann–Whitne y test. ∗P < .05. Duo, 
duoden um; J ej, jejun um; Ile, ileum; Col, colon. ND = not detected. 

r  

p
a  

w  

e  

1  

n  

s  

C
 

w  

i
c  

v  

T  

p  

W  

g  

c  

w  

t  

t  

o  

p  

(  

g  

m  

v  

e  

I  

b  

(  

c  

i  

A  

c

E
I

G  

e  

d  

m  

t  

t  

w  

g  

l  

l  

s  

a  

w  

l  

i  

e  

i  
Serum Ca 2 + is tightly regulated. Decreased plasma Ca 2 + 

 esults in incr eased plasma acti v e vitamin D (calcitriol) via
arathyroid hormone (PTH) signaling to increase intestinal Ca 2 + 

bsorption and mobilization of Ca 2 + from bone. 27 , 28 Plasma PTH
as higher in the Cldn2 KO mice, although not statistically differ-

nt than WT ( Figure 4 B). However, plasma calcitriol was almost
.6-fold greater in the Cldn2 KO mice ( Figure 4 C). FGF-23 was
ot different between groups (Table S12). Overall, these compen-
atory mechanisms were adequate to maintain plasma-ionized
a 2 + ( Figure 4 D). 

We next hypothesized that the increased plasma calcitriol
ould lead to increased expression of genes implicated in

ntestinal Ca 2 + absorption of P14 Cldn2 KO mice. The apical Ca 2 + 

hannels TRPV6 and Ca v 1.3 (which have been shown to mediate
 ectorial Ca 2 + transport acr oss the intestine) and the kinase
RPM7 have been suggested to be inv olv ed in intestinal trans-
ort of Ca 2 + . 29 We ther efor e examined their expression in P14
T and Cldn2 KO mice intestines. The abundance of these three

enes across all segments of the small intestine and proximal
olon were not different ( Figure 4 E and Figure S4A–B). However,
e found 2.3-fold greater expression of S100g , which encodes

he intracellular binding protein calbindin-D 9k ( P = .0221), in
he jejunum of Cldn2 KO mice ( Figure 4 F). No differences were
bserved in the expression of the basolateral Ca 2 + extrusion
roteins Atp2b1 encoding PMC A1b , and Slc8a1 , encoding NCX1

Figur e S4C–D). Incr eased S100g expr ession is consistent with
reater influx of Ca 2 + into the enterocyte. 30 Accordingly, we
easured net apical to basolateral flux of 45 Ca 2 + across ex

ivo sections of the jejunum under conditions without an
lectroc hemical gr adient driving net paracellular diffusion.
ndeed, the Cldn2 KO mice at P14 had greater net apical to
asolateral Ca 2 + flux across this segment than WT littermates
 Figure 4 G). We also assessed for compensatory changes in other
ation-pore forming claudins. We detected a 1.5-fold increase
n both Cldn12 and Cldn15 in the duodenum (Figure S4E–F).
ltogether, these results demonstrate renal and intestinal
ompensation for the loss of claudin-2 at P14 in mice. 

pidermal Growth Factor Is Present in Breast Milk and 

ncreases Cldn2 Expression 

i v en the corr elation between incr eased Ca 2 + uptake and Cldn2
xpression and the period pups are nursing, we next sought to
etermine if a bioacti v e compound is present in breast milk that
ediates the higher P Ca by increasing Cldn2 expression. To test

his hypothesis, half of a litter of pups was weaned early, at P12,
o solid chow while the other half of the litter remained suckling
ith the dam for the following 48 h, then tissue was isolated and

ene expression assessed. We found that Cldn2 expression was
ower by 50% in both the jejunum and ileum of mice that were no
ong er ing esting breast milk ( Figure 5 A–B). These results are con-
istent with breast milk containing a bioacti v e compound that
cts to maintain or increase Cldn2 expression. However, early
eaning itself may also pose stress to the pups, which then

eads to alterations in intestinal gene expression. 31 , 32 To specif-
cally examine if breast milk regulates claudin-2 expression, we
mployed Caco-2 cells, an intestinal epithelial cell model, and
ncubated them with v ar ying 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 β-Actin and presented relative to suckling group 
as median ± IQR and compared by Mann–Whitney test. (C) Re pr esentati v e b lots fr om 6 inde pendent experiments of Caco-2 cells gr own in media with incr easing 
concentration as % by volume of human breast milk. (D) Semi-quantification of CLDN2 abundance from panel C normalized to β-actin and r elati v e to contr ol fr om 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. 
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uman donors in the cell culture media. We observed increased 

LDN2 expression when the concentration of milk in the cell 
ulture media was 2%–5% ( Figure 5 C–D), consistent with a com- 
ound in breast milk mediating the effect. Expression of CLDN4, 
LDN7, and CLDN10 (Figure S5A–D) were not altered by breast 
ilk, consistent with a specific effect on CLDN2. 

Candidates for a bioacti v e compound in breast milk include 
itamin D, prolactin, and EGF. Vitamin D is known to increase 
laudin-2 expression, but its concentration in breast milk is very 
ow, less than 1 n m and it is not present in the acti v e form,
alcitriol. 24 , 33 Prolactin is known to be present in breast milk 
nd has also been proposed to increase Ca 2 + absorption via 
oth transcellular and paracellular pathways along the small 
nd large intestine, 34–37 whereas EGF is present in murine and 

uman breast milk and is known to alter claudin-2 expression, 
ith different effects depending on the cell line. 31 , 38 , 39 To inves- 

igate the putati v e r ole of these signalling molecules in detail, 
e first confirmed the presence of EGF in our human breast 
ilk samples. We found an av era ge of 31.7 ± 23.1 ng mL −1 EGF, 

lightly lower than the published average of 83 ± 14 ng mL −1 but 
ot unexpected as the mothers in the current study were fur- 

her postpartum than in the pr evious pub lished work. 40–42 We 
ext confirmed that 20 n m calcitriol increased CLDN2 expres- 
ion in this cell model as r e ported pr eviousl y. 24 We found that
00 ng mL −1 EGF specifically increased CLDN2 expression, with- 
ut affecting the expression of claudins 4, 7, or 10. Vitamin 

 increased and prolactin had no effect on CLDN2 expression 

n the Caco-2 intestinal epithelial cell model ( Figure 6 A–B and 

igure S5E–H). These results suggest either vitamin D or EGF 
resent in breast milk regulates intestinal CLDN2 expression. 

To specifically implicate EGF in breast milk in regulating 
LDN2 abundance , w e cultured Caco-2 cells in the presence 
f the EGF r ece ptor (EGFR) inhibitor erlotinib with or without 
edia containing 2% breast milk ( Figure 6 C–D). Consistent with 

he previous experiments, the addition of breast milk increased 

LDN2 abundance 2-fold. The addition of 0.1 μm erlotinib inhib- 
ted the milk-induced increase in CLDN2. These results specifi- 
ally implicate EGF as the bioactive compound present in breast- 
ilk that increases intestinal expression of Cldn2 as erlotinib 

oes not inhibit calcitriol activity. 
We next performed bi-ionic diffusion potential experiments 

n Caco-2 cells grown under control conditions or with the 
ddition of 100 ng mL −1 EGF to the media. P Ca significantly 
ncreased 38% when cells were grown in the presence of EGF 
 Figure 6 E). To test whether EGF in breast milk increases P Ca ,
i v en it increases CLDN2 abundance, we r e peated bionic diffu-
ion potential experiments in Caco-2 cells grown with 2% breast 
ilk in the media in the absence and presence of the EGFR 

nhibitor, erlotinib. Addition of erlotinib significantly decreased 

 Ca when cells were grown with breast milk ( Figure 6 F). Con-
istent with results from murine tissue, P Na was increased in 

he presence of EGF and decreased when erlotinib was added 

n addition to milk suggesting an effect on CLDN2 (Ta b les S13–
4). Altogether, these results are consistent with EGF in breast 
ilk incr easing Ca 2 + permea bility acr oss intestinal e pithelia via 

ncreasing the abundance of claudin-2. 
EGF exerts its actions via the plasma membrane EGFR. There- 

ore, if EGF present in breast milk is regulating intestinal expres- 
ion of Cldn2 , EGFR must be expressed in these intestinal cells. 
ndeed, Egfr is expressed in all segments of the small intes- 
ine and proximal colon of Cldn2 WT and KO mice at P14, 
lthough no differences were found between genotypes (Figure 
6A). Thr ough imm unohistoc hemical staining, w e also found 

GFR expression in the jejunum and ileum of mice at both P14 
nd 6 wk old (Figure S6B–E). We observ ed, howev er, mor e EGFR
taining in 6-wk-old mice, likely due to upregulation as a con- 
equence of reduced EGF exposure at this age when no longer 
ursing. 

iscussion 

e examined paracellular intestinal Ca 2 + permeability during 
ostnatal development to determine whether it is regulated 

o support greater Ca 2 + absorption early in postnatal develop- 
ent. We found greater P Ca across the jejunum and ileum of 

uckling mice compared to older mice. Using genetic knockout 
ouse models, we were able to attribute the greater intestinal 
 Ca in young animals to higher claudin-2 expression. Loss of 
ldn2 resulted in decreased bone mineralization at 2 wk, despite 
ompensator y incr eased transcellular intestinal Ca 2 + a bsorp- 
ion and renal reabsorption capacity. Furthermore, we implicate 
GF in breast milk as the bioactive factor that increases CLDN2 
bundance in a human intestinal epithelial cell model. Thus, 
e 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 β-actin and r elati v e to contr ol fr om the same b lot. (C) Re pr esentati v e 

b lots fr om 3 to 6 independent experiments of Caco-2 cells grown with or without human breast milk and the EGFR inhibitor erlotinib (0.1 μm ). (D) Semi-quantification 
of CLDN2 abundance from panel C normalized to β-actin and r elati v e to contr ol fr om the same blot. (E) Calcium permeability across Caco-2 monolayers grown without 
and with 100 ng mL −1 EGF normalized to control conditions. (F) Calcium permeability across Caco-2 monolayers in media containing 2% human milk without or with 
0.1 μm 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; P Ca , calcium permeability. 
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tim ulated via br east milk that ensur es gr eater intestinal para-
ellular Ca 2 + absorption from the small intestine to meet the
igh demands r equir ed for optimal growth. 

Physiologically, the paracellular pathway is energetically 
av ora b le as fewer proteins are required and, unlike the transcel-
ular pathway, does not require ATP consumption. 2 In particular,
iffusion down an electrochemical gradient is fav ora b le under
onditions of r elati v el y high dietar y Ca 2 + intake such as occurs
ith a breast milk-only diet. 43 Dietary intake may explain why
et absorption is observed across the small intestine of suckling
 odents, wher eas net secr etion is observ ed acr oss the jejun um
nd ileum of adult mice consuming normal chow because lower
ietary Ca 2 + intake alters the transepithelial driving force for
aracellular Ca 2 + absorption. 6 , 19 , 44–47 

Our findings are consistent with greater paracellular Ca 2 + 

 bsorption fr om the small intestine r esulting in net incr eased
one mineral accretion during the suckling period. A systematic
e vie w found that breastfeeding during infancy has a positi v e
ong-term impact on bone mass into adolescence, suggesting
hat infancy contributes to esta b lishing lifelong bone health. 48 

etween 3 and 11 wk of age in rats, intestinal Ca 2 + absorp-
ion is equi v alent to whole body Ca 2 + r etention and ther efor e,
one mineralization. 49 Similarly, in humans, Ca 2 + retention and

ntestinal a bsorption ar e gr eatest during infancy and adoles-
ence. 50 Previous studies in rats at 2, 3, and 6 wk of age and
s adults suggests that the paracellular pathway predominates
arly in life and decreases with age but remains important for
v erall net a bsorption acr oss the small intestine. 44 , 51 However,
e hav e pr eviousl y shown that bone mineralization parameters
r e not differ ent between Cldn2 WT and KO animals at 10 wk
f a ge. 6 Ov erall, this is consistent with the paracellular pathway
eing less significant after weaning and an ability for catch-up
ineralization later, in the knockout animals at least. 

In this study, we uncover new evidence supporting an impor-
ant role of intestinal claudin-2 for overall Ca 2 + balance early
n life. Claudin-2 has pr eviousl y been implicated in mediating
a 2 + permea bility acr oss intestinal and r enal e pithelia. 4–6 Con-
istent with our results, loss of Cldn2 in mice decreased the
ation permeability (P Na ) of the small intestine at 2 and 8 wk
f age. 12 Our current and previous published work found greater
laudin-2 expression in suckling animals. 11 , 12 In humans, chil-
r en hav e a 3.3-fold gr eater claudin-2 a bundance than adults

n the duodenum, 10 leading to the suggestion that claudin-2
xpression changes with age are independent of weaning. How-
ver, the pediatric population examined was 1–5 yr old, the age
f weaning was not specifically stated, and other segments of
he intestines were not examined. 10 Thus, it is possible that
laudin-2 expression is even greater during infancy or that the
ejunum and ileum have greater significance. Nonetheless, our
esults suggest that regulation of intestinal claudin-2 abundance
resents a potential therapeutic target to maximize Ca 2 + absorp-
ion for those with reduced bone mineralization. 

EGF has long been recognized as a bioactive compound in
reast milk and is also known to be present in saliva at all
ges. 52–55 EGF in amniotic fluid and breast milk has a strong
rophic effect on infant intestines and is associated with a
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ecreased risk of necrotizing enterocolitis (NEC) in premature 
nfants. 56 , 57 In mice weaned early, EGF administration results 
n greater weight gain, villous height, crypt depth, and ente- 
 ocyte pr oliferation. 31 EGF is critical for e pithelial pr oliferation 

nd r e pair thr oughout life and lower sali v ar y lev els ar e asso-
iated with small intestine ulcers. 57 Our study demonstrates 
hat EGF specificall y incr eases CLDN2 a bundance in Caco-2 
uman intestinal epithelial cells. Similarly, previous studies 
 ev ealed that addition of EGFR ligands (keratinoc yte gro wth fac- 
or and amphiregulin) to growth media increases CLDN2 in 

his cell line. 58 Consistent with an effect of EGF in breast milk 
ediating greater claudin-2 expression, we found that weaning 

r om br east milk leads to decr eased Cldn2 expr ession in infant 
ice. Mor eov er, the addition of the EGFR anta gonist erlotinib to 

ells treated with breast milk prevented the increase in CLDN2 
xpr ession and decr eased P Ca . Ther efor e, in addition to pr evious
nvestigations of EGF as a therapeutic for intestinal conditions, 
e present evidence for the potential of EGF as a therapeutic to 
odulate intestinal Ca 2 + permeability enabling greater absorp- 

ion and bone deposition during growth. 
Our r esults ar e consistent with 20 n m calcitriol increasing the 

xpression of claudin-2 in the Caco-2 cell model. However, the 
iterature does not support a role for active vitamin D in breast 

ilk altering claudin-2 expression. The vitamin D concentration 

n breast milk is very low, less than 1 n m and thus breast milk
s likely not contributing biological activity. 59 , 60 In addition, the 
orm of vitamin D in breast milk is largely as vitamin D and 25- 
ydroxyvitamin D, not the acti v e form calcitriol that we demon- 
tr ate , and is known, to increase claudin-2 expression. While 
alcitriol is classically considered the active form of the hor- 
one vitamin D that acts as a ligand for the vitamin D r ece ptor

VDR), some studies have found that 25-hydroxyvitamin D may 
lso be a low affinity ligand for VDR. Importantl y, howev er, the 
oncentration of this form of vitamin D r equir ed to alter down- 
tream gene expression is many times greater than the concen- 
ration in breast milk, and is at least 100 n m or up to 500 n m
epending on the cell type. 61–63 Ther efor e, we do not consider 
hat vitamin D in breast milk is contributing to the effect of EGF 
n claudin-2 expression. 

Although claudin-2 increases intestinal calcium permeabil- 
ty early in life, it also increases sodium permeability propor- 
ionatel y. Consequentl y P Ca /P Na w as unalter ed by the deletion of 
laudin-2 at either 2 wk of age or 2 mo. This calcium selectiv- 
ty is not conferred by claudin-2, nor claudin-12. It is unknown 

hat contributes selecti v e calcium ov er sodium permea bility 
o the intestine and is an area for future study. We did, how- 
v er, observ e gr eater a bsolute calcium permea bility and r ela- 
i v e calcium to sodium permeability (P Ca /P Na ) at 2 wk, consis- 
ent with the need for greater calcium absorption at a young 
ge. 

A potential limitation of our current work is the lack of inves- 
igation of the large intestine. The colon is a major site of net 
a 2 + absorption in adult humans and rodents, a process that 
ay be mediated in some part by the microbiome. 19 , 64 , 65 Previ- 

us work by our group found that, at three months, Cldn2 KO 

nd Cldn12 KO mice hav e decr eased P Ca acr oss the pr oximal 
olon. 6 , 7 Further resear c h is required to determine the contri- 
ution of the large intestine to net Ca 2 + balance early in life. Our 
ork is also limited by the use of Caco2 cells as a model sys- 

em, which may not r e pr esent young intestinal epithelial. Future 
orks should examine the effect of EGF on claudin-2 expression 

nd intestinal P Ca in vivo . Finally, we and others assess paracel- 
ular calcium permeability via the imposition of large gradients 
cross the epithelia and the potential difference measured rela- 
i v el y quickl y ther eafter used to calculate r elati v e and a bsolute
on permeabilities. Other methods, such as the use of radioac- 
i v e tracers under v olta ge clamp or the imposition of smaller
oncentr ation gr adients and measuring fluxes over longer peri- 
ds of time may produce variations to these results. For this 
ork, it is reassuring that our basolateral to apical flux exper- 

ments with calcium-45 r ev ealed incr eased flux, consistent with 

ur electrophysiological measurements. 
In conclusion, we demonstrate that small intestine Ca 2 + per- 

eability is 2-fold greater in suckling vs adult mice. This greater 
apacity for paracellular Ca 2 + absorption is conferred by greater 
laudin-2 expression induced by EGF in breast milk. Loss of this 
ermea bility r esults in suboptimal bone mineralization during 
his critical period of growth. This resear c h elucidates a vital 
athway to optimize intestinal Ca 2 + absorption and highlights 
 potential therapeutic target. 
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