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Abstract

The physiological importance of the intestinal plasma membrane calcium pump, isoform 1, 

(Pmca1, Atp2b1), in calcium absorption and homeostasis has not been previously demonstrated in 

vivo. Since global germ-line deletion of the Pmca1 in mice is associated with embryonic lethality, 

we selectively deleted the Pmca1 in intestinal absorptive cells. Mice with loxP sites flanking exon 

2 of the Pmca1 gene (Pmca1fl/fl) were crossed with mice expressing Cre recombinase in the 

intestine under control of the villin promoter to give mice in which the Pmca1 had been deleted in 

the intestine (Pmca1EKO mice). Pmca1EKO mice were born at a reduced frequency and were small 

at the time of birth when compared to wild-type (Wt) litter mates. At two months of age, 

Pmca1EKO mice fed a 0.81% calcium, 0.34% phosphorus, normal vitamin D diet had reduced 

whole body bone mineral density (P <0.037), and reduced femoral bone mineral density (P 

<0.015). There was a trend towards lower serum calcium and higher serum parathyroid hormone 

(PTH) and 1α,25-dihydroxyvitamin D3 (1α,25(OH)2D3) concentrations in Pmca1EKO mice 

compared to Wt mice but the changes were not statistically significant. The urinary phosphorus/

creatinine ratio was increased in Pmca1EKO mice (P <0.004). Following the administration of 200 

ng of 1α,25(OH)2D3 intraperitoneally to Wt mice, active intestinal calcium transport increased 

∼2-fold, whereas Pmca1EKO mice administered an equal amount of 1α,25(OH)2D3 failed to show 

Address inquiries to: Rajiv Kumar or Emanuel Strehler, Mayo Clinic, 200 1st Street SW, Rochester, MN 55905, USA, Telephone: 
507-284-0020, Fax: 507-538-9536, rkumar@mayo.edu or strehler.emanuel@mayo.edu. 

Conflict of Interest: The authors have no conflicts of interest to declare.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our 
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of 
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be 
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

HHS Public Access
Author manuscript
Biochem Biophys Res Commun. Author manuscript; available in PMC 2016 November 06.

Published in final edited form as:
Biochem Biophys Res Commun. 2015 November 6; 467(1): 152–156. doi:10.1016/j.bbrc.2015.09.087.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



an increase in active calcium transport. Deletion of the Pmca1 in the intestine is associated with 

reduced growth and bone mineralization, and a failure to up-regulate calcium absorption in 

response to 1α,25(OH)2D3.
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Introduction

Absorption of dietary calcium (Ca) by the intestine is essential for the maintenance of 

normal Ca homeostasis [1]. The efficiency of Ca absorption increases or decreases inversely 

with the amount of dietary Ca, and adaptations to changes in Ca intake are dependent upon 

vitamin D and its active metabolite, 1α,25(OH)2D3 [1,2]. Ca transport in the intestine occurs 

by transcellular and para-cellular routes [1,3,4]. Passive, para-cellular Ca transport occurs at 

higher Ca concentrations and increases with increasing concentrations of luminal Ca [3,4]. 

In a Ca-transporting cell such as the enterocyte of the duodenum, apically situated, TRPV 

5/6 cation channels mediate the increase in Ca uptake from the lumen into the cell [5]; 

intracellular Ca binding proteins such as calbindin D9K and D28K facilitate the movement of 

Ca across the cell [4,6]; and the basal-lateral plasma membrane Ca pump (PMCA) [7,8,9] 

and the Na-Ca exchanger (NCX) [10] assist in the extrusion of Ca from within the cell into 

the ECF. The Na gradient for the activity of the NCX is maintained by the Na-K ATPase. 

Intestinal transcellular Ca transport is regulated by vitamin D through its active metabolite, 

1α,25(OH)2D, which increases the expression of TRPV 6 channels [11], the intra-cellular 

concentrations of calbindin D9K and D28K [6,12,13,14], and the expression of the PMCA 

pump isoform 1 [15,16].

There is a paucity of information regarding the requirement of various intestinal Ca 

transporter proteins in transcellular Ca transport in vivo. Deletions of TrpV6 and calbindin 

D9K genes are not associated with alterations in intestinal Ca transport in vivo in the basal 

state and following the administration of 1α,25(OH)2D3 [17,18]. One report suggests that 

basal Ca transport on an adequate Ca diet is normal in TrpV6 knockout mice but adaptations 

to a low Ca diet are impaired [19]. The role of PMCA 1, the major Ca pump in the intestine, 

has been difficult to establish in vivo because appropriate animal models with tissue-specific 

deletions have not been available. Germ line deletion of the predominant Pmca1 gene that is 

expressed in the intestine and kidney, is associated with early embryonic death, thus making 

it impossible to investigate the role of this protein in vivo [20]. Liu et al. previously 

demonstrated a possible role for the enterocyte Pmca1b in Ca homeostasis [21]. These 

authors showed that murine knockout of enterocyte protein 4.1R which associates with 

PMCA1b and reduces its expression, results in significantly impaired small intestinal 

calcium absorption and secondary hyperparathyroidism. However, experiments in which the 

Pmca1 has been deleted in the enterocyte have not been performed.
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We now report the intestine-specific deletion of the Pmca1 gene in mice. We show that 

these mice are viable and have a phenotype suggesting altered bone and mineral 

homeostasis.

Methods and Materials

Animal care

All protocols were approved by the University of Manchester and Mayo Clinic institutional 

animal care committees. Mice were fed a 0.81% Ca, 0.34 percent phosphorus (non-phytate) 

diet containing 2.3 I.U. of vitamin D3 per gram (PicoLab Rodent Diet 20).

Generation of floxed Pmca1 mice

The targeting strategy to create mice with a floxed Pmca1 gene is shown in Fig. 1. The 

Pmca1 gene on mouse chromosome 10 contains 21 exons spread over more than 100 kb of 

DNA. Exon 2 contains the ATG initiation codon and was therefore targeted for insertion of 

the flanking LoxP sites: deletion of this exon prevents the production of a functional Pmca1 

protein because of the absence of an appropriate downstream initiation codon in the proper 

reading frame.

Generation of mice with small intestine-specific knockout of Pmca1

We used villin-Cre transgenic mice [22] from Jackson Labs (B6.SJL-Tg(Vil-cre)997Gum/J) 

to obtain mice with intestinal enterocyte-specific deletion of the Pmca1 gene (abbreviated as 

Pmca1EKO mice). The villin gene promoter drives Cre recombinase expression in the small 

intestine starting in late embryogenesis and throughout adulthood [22] and has been 

successfully used to knock out specific genes in the absorptive epithelium of the duodenum, 

jejunum and ileum [23,24]. Of note, the 12.4-kilobase region of the mouse villin gene 

promoter used in these mice has been shown to drive high level expression of two different 

reporter genes (LacZ and Cre recombinase) within the entire intestinal epithelium, whereas 

no expression is noted in the embryonic kidney [22]. We crossed villin-Cre transgenic male 

mice with female Pmca1fl/fl mice to generate villin-Cre-Pmca1+/fl(+/-) offspring, which 

were then back-crossed to Pmca1fl/fl mice to create the desired villin-Cre-Pmca1fl/fl (-/-) 

genotype (henceforth abbreviated as Pmca1EKO mice) (Fig. 2A, boxed). The following 

primers were used for genotyping: Primers 1f and 1r (Fig. 1) for WT Pmca1 (754 bp) and 

Pmca1fl/fl (898 bp): 1f – 5′-CTG GCC TCA CCT AGT TTG CTA AAC C-3′; 1r – 5′-CTG 

TGG AGT ACA TGC TTC GTT CTG C-3′. Primers for vil-cre (1100 bp): Forward - 5′-

GTG TGG GAC AGA GAA CAA ACC-3′; Reverse - 5′-ACA TCT TCA GGT TCT GCG 

GG-3′.

Primers 2f and 2r (Fig. 1) for Pmca1 in DNA extracts of the intestinal scrapings (WT allele 

3.4 kb, KO allele 1.2 kb): 2f – 5′-AAT GCT CTC TGA GCG TAT GGT CTG G-3′; 2r – 5′-

CCA GAG ACC ATT CAT GGC TTC TAC C-3′.

Confirmation of deletion of Pmca1 from intestinal mucosal cells

Enterocytes from the duodenum of wild-type or knockout mice were isolated by treatment of 

8 cm duodenal segments with Type 1A collagenase (100 active U/mL) in oxygenated 
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enterocyte isolation buffer (125 mM NaCl, 10 mM D-Fructose, 0.15 mM CaCl2, 30 mM 

Tris-HCl (pH 7.4)) at 37 °C for 15 minutes with shaking. At 15-minute intervals, duodenal 

segments were placed in fresh enterocyte isolation buffer, for a total of four cycles. 

Detached cells were centrifuged, washed in buffer, and RNA was isolated using RNA spin 

columns (Clontech). Pmca1 and Pmca4 mRNA was identified by RT-PCR using the 

following primers: Pmca1: 5′ primer: 5′- CGGAAAATACAGGAGAGCTATGG-3; 3′ 

primer: 5′-CTTTCCAAACACTGCTTCTCTTC-3′ (123 bp PCR product); Pmca4: 5′ 

primer: 5′-TGTGGGCAGTGAGTGAGAAT-3′; 3′ primer: 5′-

TCAGGTTGGGTCATGAAGGT-3′ (110 bp PCR product). Primers for Rpl13a reference 

gene: 5′ primer: 5′-CCCTCCACCCTATGACAAGA-3′; 3′ primer: 5′-

GCCCCAGGTAAGCAAACTT-3′.

Measurement of serum and urinary Ca and P, 1α,25(OH)2D, PTH, and FGF-23

These were measured using methods described previously [25].

Measurement of bone mineral density

DEXA was performed as described previously [25,26].

Assessment of calcium transport in response to the administration of 1α,25(OH)2D3

Intestinal Ca transport was assessed by the everted gut sac method of Martin and DeLuca 

following the administration of 50 ng 1α,25(OH)2D3 in 50 μL ethanol intra-peritoneally 16 

h prior to measurement [27].

Results

Pmca1EKO mice are viable and breed normally. We confirmed deletion of exon 2 in 

intestinal epithelium using two independent strategies shown in Fig. 2B and C. Panel 2B 
shows results obtained using primers 1f and 1r (Fig. 1). Since the binding site for primer 1r 

lies within the LoxP sites, and is predicted to be deleted as a result of Cre-recombinase 

activity in the intestine, no DNA product should be generated. This is what is observed in 

homozygous Pmca1EKO mice; heterozygotes display the appropriate sized 754 bp band. A 

second approach was used to confirm these results. Primer pair 2f/2r (Fig. 1) was used for 

PCR on genomic DNA isolated from the small intestine of a Pmca1EKO and a wild type 

Pmca1fl/fl mouse. Removal of the floxed exon 2 region results in a smaller 1.3 kb fragment 

in the Pmca1EKO tissue as a result of deletion of exon 2, whereas the expected fragment in 

the wild type Pmca1fl/fl is 3.4 kb as indicated. We confirmed the lack of expression of the 

Pmca1 mRNA in intestinal scrapings by performing RT-PCR with appropriate primers. In 

Pmca1EKO mice, Pmca1 mRNA expression is absent in enterocytes, whereas it is readily 

detected in Pmca1fl/fl mice (Fig. 2D). These data show that we have generated mice in 

which the Pmca1 gene has been disabled in enterocytes.

Pmca1EKO mice are born at a frequency lower than the predicted 25% Mendelian frequency. 

The mice are smaller than wild-type or Pmca1fl/fl mice at birth and into adulthood (Fig. 3). 

The results of measurements of serum and urinary minerals, serum calciotropic hormones 

and FGF-23, and bone mineral density are shown in Table 1. Whole body bone mineral 
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density (BMD) and femoral BMD were decreased in Pmca1EKO mice compared to control 

mice. Spinal BMD tended to be lower but the results were not statistically significant. Serum 

calcium, phosphorus, parathyroid hormone, FGF-23, and 1α,25(OH)2D was similar in 

knockout and wild-type mice. Urinary calcium and phosphorus tended to be lower in 

Pmca1EKO mice compared to wild-type mice (P = 0.15 calcium and P = 0.08 for 

phosphorus). Following the administration of 1α,25(OH)2D3 intestinal calcium transport 

increased in wild-type mice but failed to do so in Pmca1EKO knockout mice.

Discussion

The plasma membrane calcium pump is a widely distributed protein that plays an important 

role in cellular calcium homeostasis [7,28]. Four genes (Pmca1-4/Atp2b1-4 in mice) encode 

mammalian PMCA isoforms [29,30]. The mouse Pmca1 is ubiquitously expressed starting 

early in embryo development (day 9.5 post coitum), although its levels vary in different 

tissues and cell types [29,31]. By contrast, the other PMCA isoforms appear later in 

development and show a more restricted expression pattern [31,32]. PMCA2 and PMCA3 

are most abundant in muscle and brain; PMCA2 is also highly expressed in secretory 

epithelial tissues such as lactating mammary glands [33]. Expression of PMCA4 is 

widespread, and recent evidence suggests that its major role may be in localized Ca 

signaling rather than in bulk Ca extrusion [34,35].

There is limited information concerning the physiological role of the various plasma 

membrane calcium pumps in vivo. Germ line deletion of Pmca1 in mice results in 

embryonic lethality [20,36]. Mice that are null for Pmca2 appear normal at birth 

[36,37,38,39,40,41]. By 10 days of age they have difficulty in maintaining their balance. 

Deafness becomes apparent, and it has been suggested that this isoforms of the PMCA 

maintains extracellular calcium concentrations around the hair bundles of the outer hair 

cells. Milk calcium excretion is also reduced in these mice. No data are available concerning 

the deletion of the Pmca3 in mice. Deletion of the Pmca4 gene results in male infertility 

possibly as a result of calcium overload and apoptotic cell death [20,36,42].

Given embryonic lethality [20,36] observed in mice with germ line deletion of Pmca1, we 

attempted to delete the Pmca1 in the intestine, a tissue in which we have previously shown 

PMCA1 to be present along the baso-lateral membranes of enterocytes of the proximal 

intestine [9]. In addition, Pmca1 is upregulated in the intestine in response to treatment with 

1α,25(OH)2D3, suggesting an important role of this pump in active calcium transport [15].

We now demonstrate that we have successfully deleted the Pmca1 in the intestine using Cre-

lox methods. Pmca1EKO mice are viable but are born at a reduced frequency. The precise 

reason for this is uncertain at the present time but suggests the presence of embryonic 

lethality, perhaps due to “leaky” villin-cre expression in very early embryogenesis. 

Additionally, we observe that Pmca1EKO mice are smaller than their wild-type littermates, 

once again suggesting an important role for the Pmca1 in fetal development. Further 

experiments will be necessary to understand the role of this important pump during 

embryonic development.
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Pmca1EKO mice have a reduced bone mineral density compared to wild-type littermates 

suggesting a failure of absorption of Ca from the intestine resulting in reduced bone mineral 

deposition. Importantly, we found a lack of response of the intestine in Pmca1EKO mice to 

exogenously administered 1α,25(OH)2D3. These findings are supported by a tendency 

towards lower urinary calcium concentrations in Pmca1EKO mice. The mean serum Ca 

concentration of Pmca1EKO mice was lower than in Pmca1fl/fl (2.07 vs. 2.14 mM) although 

differences were not statistically significant. In accordance with the lower serum calcium, 

PTH, and 1α,25(OH)2D concentrations tended to be higher in Pmca1EKO mice compared to 

wild-type mice. The urinary phosphorus concentration normalized for creatinine was higher 

in Pmca1EKO mice compared with Pmca1fl/fl mice (P<0.0004). Collectively, these findings 

are consistent with mild secondary hyperparathyroidism which may have contributed to the 

reduced BMD in addition to the intestinal calcium malabsorption manifest as a failure to 

respond to exogenous 1α,25(OH)2D3. The data thus underline the importance of Pmca1 as 

the major Ca extrusion system in 1α,25(OH)2D3-responsive transcellular Ca absorption. 

Similar concentrations of serum minerals and regulatory hormones in Pmca1EKO mice are 

not surprising since the animals were fed a normal calcium diet. When dietary calcium is 

normal or high, a significant proportion of calcium absorption in the intestine occurs by 

passive para-cellular mechanisms, and hence would not be expected to change as a result of 

deletion of the Pmca1.

Our findings are consistent with those of Liu et al, who found that ablation of enterocyte 

4.1R protein, a basolateral enterocyte protein which binds to and reduces Pmca1b 

expression, reduced intestinal calcium transport and BMD and caused secondary 

hyperparathyroidism [21]. Of note, in 4.1R-/- mice, 4.1R protein expression was additionally 

absent in the brain, kidney proximal tubules and erythrocytes resulting in neurobehavioral 

deficits and hemolytic anemia [43,44]. Our findings are consistent with a role of the Pmca1 

in intestinal calcium transport and overall calcium homeostasis. Future studies will 

investigate the importance of the intestinal Pmca1 in calcium homeostasis in conditions of 

dietary calcium restriction and during aging.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• The Pmca1 was deleted in the intestine to examine its role in Ca homeostasis in 

vivo

• Mice with intestinal Pmca1 deletion are born with reduced frequency and are 

stunted at birth

• At two months of age mice with intestinal Pmca1 deletion have reduced bone 

mineral density

• 1α,25(OH)2D3-induced Ca transport is impaired in mice with intestinal Pmca1 

deletion
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Figure 1. 
Generation of Pmca1fl/fl mice. The targeting construct consists of two LoxP sites flanking 

exon 2 of the Pmca1 (Atp2b1) gene, a short 5′ arm homology of 1.7 kb, a neomycin 

resistance gene (Neo) flanked by FRT sites, a long (5.7 kb) 3′ homology arm, a diphtheria 

toxin A (DTA) expression cassette and an exogenous BamHI restriction site. The construct 

underwent homologous recombination in mouse embryonic stem (ES) cells to produce the 

targeted allele (A). Targeted ES cells were transfected with FLP recombinase to remove the 

neo cassette and generate the floxed Pmca1 allele (B). Targeted ES cells were injected into 

C57Bl/6 blastocysts and resultant chimeric mice were mated to test for germ line 

transmission of the floxed allele. Heterozygotes were crossed to give homozygous Pmca1fl/fl 

mice. The location of PCR primers for genotyping (1f, 1r) and analysis of deletion of the 

floxed exon 2 (2f, 2r) are shown on the bottom.
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Figure 2. 
Genotyping of Pmca1EKO mice and confirmation of Atp2b1 exon 2 deletion in the small 

intestine. A. Genotyping of offspring of a vil-cre/Pmca1+/fl × Pmca1fl/fl pairing reveals vil-

cre/Pmca1+/fl, Pmca1+/fl, Pmca1fl/fl, and vil-cre/Pmca1fl/fl individuals as indicated by the 

presence of PCR fragments of 754 bp for the wild-type Atp2b1 allele, 898 bp for the floxed 

Atp2b1 allele, and 1100 bp in villin-Cre hemizygous mice. The single vil-cre/Pmca1fl/fl (= 

Pmca1EKO) genotype is boxed. M, 100 bp DNA ladder. B and C. PCR confirming 

enterocyte-specific deletion of the Pmca1 exon 2 in Pmca1EKO mice. In B, primer pair 1f/1r 

(Fig. 1) was used to amplify genomic DNA from mucosal cell scrapings of the duodenum 

(D), jejunum (J) and ileum (I) of a Pmca1EKO and a heterozygote Pmca1EKO/+ mouse as 

indicated. The presence of the villin-cre gene was confirmed by separate primers resulting in 

the expected 1100 bp band. Note the absence of a Pmca1-specific band in the Pmca1EKO 

tissues, while the expected 754 bp Atp2b1 band is observed in the heterozygote. M, DNA 

size marker ladder. In C, primer pair 2f/2r (Fig. 1) was used for PCR on genomic DNA 

isolated from the small intestine of a Pmca1EKO and a control Pmca1fl/fl mouse. Removal of 

the floxed exon 2 region results in a 1.3 kb fragment in the Pmca1EKO tissue, whereas the 

expected fragment in the Pmca1fl/fl control is 3.4 kb as indicated. M, DNA size marker lane. 

D, Pmca1 mRNA expression was assessed by quantitative RT-PCR in the intestinal 

epithelium isolated by collagenase treatment of duodenal loops of Pmca1EKO mice. Inset 

shows agarose gel of Pmca1 and Pmca4 from Pmca1EKO (KO) and Pmca1fl/fl (WT) 
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epithelium isolated by sequential collagenase treatment of everted gut sacs and assessed by 

semi-quantitative RT-PCR (residual amount of Pmca1 is derived from non-epithelial cells).
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Figure 3. 
Pmca1EKO mice are stunted. Five week-old littermates of three Pmca1EKO animals and a 

Pmca1fl/lf control. Note the reduced size of the Pmca1EKO animals.
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