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ABSTRACT

Phosphate is important for a variety of physiological functions, including the composition
of bone via formation of the calcium-phosphate salt hydroxyapatite. Given that bone
mineralization occurs very rapidly early in life, young mammals require high phosphate
absorption to establish and maintain the required phosphate balance for the high rate of bone
mineralization. Absorption of all ions including phosphate from the small intestine takes place
via either the active transcellular or passive paracellular pathway. A key player in the former
pathway is NaPillb; a secondary active sodium-phosphate transporter expressed at the apical
membrane of enterocytes. Conversely, claudins are a family of proteins expressed in the tight
junction that govern the paracellular passage of specific ions. Failure to establish adequate
phosphate balance often results in diminished bone integrity. This work sought to establish the
relative importance of the two pathways of ion absorption in the upregulation of phosphate
absorption in young animals. To accomplish this, ontogenic changes in expression of genes
involved transcellular and paracellular phosphate absorption in mice were assessed between one
day and six months of age. Additionally, functional differences in phosphate absorption via the
two pathways of absorption were assessed in pre-weaning juvenile mice and adult mice. NaPillb
message levels were consistently elevated along the length of the small intestine in juvenile
mice. Accordingly, net transcellular phosphate flux assessed ex vivo was increased in juvenile
mice relative to adult counterparts. NaPillb was specifically implicated in this increase by
administering the NaPilIb inhibitor NTX-1942 which attenuated the increased apical-to-
basolateral phosphate absorption observed in young mice. Further, the expression of two

claudins hypothesized to be involved in paracellular phosphate absorption; claudins -4 and -23;
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were upregulated early in murine development. Consistent with this, paracellular phosphate
permeability was increased along the length of the small intestine in young mice relative to
adults. The findings of this study are consistent with young mice increasing phosphate absorption
via both the transcellular and paracellular pathway to the end of establishing a sufficiently high

phosphate balance for normal bone mineralization.
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Chapter 1: Introduction




Phosphate and its Physiological Functions

Phosphate is a multivalent ion that performs a wide variety of roles in the body. These
roles include contributing to the composition of the phospholipid bilayer that forms cell
membranes, energy currency in the form of nucleotide phosphates, ATP, ADP, cyclic AMP, and
contributing to the composition of the calcium-phosphate salt hydroxyapatite
((Ca)10(PO4)s(OH)>) in the extracellular matrix of bone tissue. Phosphate is a multivalent ion
with four protonation states (H3;PO4, HPO4", HPO4*, PO4*) and three pKa values of
approximately 2.2, 7.2, and 12.7 (1). The protonation state phosphate occupies is dictated by the
local pH. Of note, the pH of the small intestine varies from acidic in the proximal segment to
alkaline in the mid to distal small bowel (2) (Figure 1.1), Accordingly, the predominant
phosphate species is monovalent in the duodenum, and divalent in the jejunum and ileum. In
healthy humans, serum phosphate is tightly regulated within the normal clinical range of 0.8 -1.5
mM. Serum phosphate in infants is slightly higher than this range and declines across
development to adult values (3, 4). However, it should be noted that serum phosphate levels are
low at birth and increase markedly between birth and 1 month of age to the high levels observed
in infancy (4). Approximately 10% of serum P1 is protein-bound, another 5% is bound to cations
in the blood, and the remaining 85% is unbound (5). The intracellular phosphate concentration is

reported to exceed 100 mM (6).

Phosphate Homeostasis Overview
The general physiological processes regulating phosphate homeostasis are absorption
from the small intestine, deposition and resorption to and from bone, and reabsorption from the

renal ultrafiltrate upon filtration at the glomerulus (Figure 1.2, Figure 1.3). The small intestine is



divided into the duodenum, jejunum, and ileum from proximal to distal. At each point of
regulation, phosphate homeostasis is subject to hormonal control. For instance, upon an increase
in serum phosphate, parathyroid hormone (PTH) is released from the parathyroid gland. PTH
induces a modest degree of resorption of phosphate from bone, but its primary phosphotropic
effect is the induction of phosphaturia by reducing phosphate reabsorption from the renal
ultrafiltrate. The net effect of PTH release is therefore to restore serum phosphate to appropriate
levels via urinary phosphate losses. In addition, PTH promotes the synthesis of the active form of
vitamin D; 1,25 (OH); Vitamin D3 (calcitriol). Calcitriol in turn increases the production of
fibroblast growth factor 23 (FGF23), which, similarly to PTH, induces phosphaturia by
decreasing phosphate reabsorption (Figure 1.4). Calcitriol also increases the absorption of
phosphate and calcium (Ca*") from the small intestine. While PTH and FGF23 have similar
effects in restoring serum phosphate to normal levels via increasing phosphate losses, it appears
that PTH functions on a more immediate time scale (minutes/hours) in comparison to FGF23
(days/weeks) (7, 8). It should be noted that while PTH regulates FGF23 expression, phosphate
may independently increase FGF23 abundance; likely through the receptor FGFR1 (9).

Of note, calcitriol is a remarkably multifaceted compound that regulates many genes. To
do so, it binds to the nuclear vitamin D receptor (VDR) which interacts with the retinoid X
receptor (frequently abbreviated to RXR) to form a transcription complex. The complex
subsequently interacts with a DNA response element upstream of the coding region of the given
gene whereupon the VDR acts as a transcription factor. In the context of phosphate homeostasis,
calcitriol up-regulates absorption of phosphate from the small intestine, likely via the
transcellular pathway (10, 11). Specifically, its putative role in regulating phosphate absorption

is upregulation of NaPillb expression. Its mode of regulation appears to be age specific.



However, there is evidence that calcitriol may upregulate NaPillb at the transcriptional level in
young animals, whereas calcitriol-driven NaPillb upregulation in adults may occur at the

translational level (11).

Dietary Phosphate Sources, Bioavailability, and Implications for Absorption

The sources of dietary phosphate can be broadly classified into two categories; organic
and inorganic. Organic phosphorus is generally found in plant and animal foods such as meat,
nuts, and leafy greens. Structurally, what distinguishes organic phosphorus is the presence of a
carbon-containing R-group to which one or more oxygen atoms in phosphate are covalently
linked when ingested. To be clear, when bound to an R-group, dietary phosphate is referred to as
organic phosphorus as it is not yet ionized. Depending on the food source, the identity of the R-
group may be a lipid, nucleic acid, peptide, or sugar. Prior to absorption, organic phosphorus
must be cleaved from the R-group by intestinal alkaline phosphatase (1ALP). It is worth noting
that in many plant-based foods, organic phosphorus is bound in the form of phytic acid. As
humans do not express the phytase enzyme required to liberate phosphate from phytic acid,
phosphate derived from this source is more poorly absorbed than that of other organic

phosphorus-containing foods (12).
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Figure 1.1. Lumen pH along the length of the small intestine. Under normal conditions, the
luminal pH is mildly acidic in the duodenum and alkaline in the jejunum and ileum. Since
phosphate is a multivalent ion, whose valence is influenced by local pH conditions, the proximal
to distal variability in pH will determine the predominant charged state of phosphate.
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Figure 1.2. Regulatory points in phosphate homeostasis. Upon ingestion, phosphate is either
absorbed from the gastrointestinal tract or excreted in the feces. Phosphate in the blood can be
mineralized into bone via deposition. Phosphate may also enter the blood from bone via
resorption. Free circulating phosphate is filtered through glomeruli in the kidney, whereupon it is
either reabsorbed from the tubular lumen of the nephron back into systemic circulation or
excreted in the urine.
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Figure 1.3. Phosphate reabsorption from the renal tubule. Upon filtration at the glomerulus
into the tubule lumen, 85-90% of phosphate is reabsorbed from the proximal tubule (blue), which
is subdivided into the proximal convoluted tubule (S1, S2) and the proximal straight tubule (S3).
NaPilla expression decreases along the length of the proximal tubule. The specific distribution
profile of NaPillc along the proximal tubule is not known. As there is currently a paucity of
evidence for phosphate reabsorption in other segments of the nephron, what is not reabsorbed
from the proximal tubule is proposed to be excreted in the urine.
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Figure 1.4. Endocrine regulation of phosphate homeostasis. Following absorption of
phosphate from the diet, the parathyroid gland senses an increase in serum [phosphate] and
increases secretion of PTH. The effect of PTH is twofold: Firstly, PTH has the direct effect of
decreasing phosphate reabsorption in the kidney. Secondly, PTH increases synthesis of 1,25
(OH); Vitamin D3 (calcitriol), which in turn increases the production and subsequent secretion of
FGF23 from bone. Similar to PTH, FGF23 increases phosphaturia by decreasing renal
reabsorption of phosphate. Through this pathway, PTH and FGF23 bring serum [phosphate] back
towards physiologically normal levels, and thus act as hormonal regulators of serum [phosphate].



Causes and Consequences of Altered Phosphate Homeostasis

The importance of maintaining serum phosphate within a narrow range is highlighted by
the pathologies associated with deviations above or below the normal clinical range. The most
common cause of pathologically elevated serum phosphate (hyperphosphatemia) is chronic
kidney disease (CKD). Progressive nephron loss leads to inadequate glomerular filtration of
phosphate, leading to systemic phosphate buildup. In addition to proposed mechanisms of
phosphate toxicity in the cardiovascular system, hyperphosphatemia is independently linked to
both cardiovascular-related and all-cause mortality (13). Moreover, hyperphosphatemia has been
found to be associated with the development of renal disease (14). Low serum phosphate levels,
i.e. below the normal range (hypophosphatemia), is often associated with rickets or osteopenia
and can be caused by several genetic diseases. X-linked hypophosphatemic rickets (XLHR) is an
X-linked dominant disease, and the most common hereditary hypophosphatemia, affecting
approximately 1/20,000 individuals (15, 16). XLHR is caused by mutations in the PHEX gene.
PHEX is an enzyme encoded on the X chromosome, that metabolizes osteopontin; a signalling
factor that inhibits bone mineralization. In the case of XLHR, mutant PHEX fails to metabolize
osteopontin adequately, leading to inordinate inhibition of bone mineralization, which is thought
to produce, or at least contribute to the clinical phenotype of impaired growth in the lower limbs.
FGF23 is also elevated in XLHR contributing further to the hypophosphatemia by inducing renal
phosphate wasting, which likely also contributes to the bone phenotype in XLHR. However, the
cause of increased FGF23 in XLHR is poorly understood. Two less common forms of
hypophosphatemic rickets; autosomal dominant and autosomal recessive hypophosphatemic

rickets, both manifest their clinical phenotypes through excessive FGF23 signalling leading to



urinary phosphate wasting (17, 18). A general overview of genetic causes of hypophosphatemia

are detailed in Table 1.1.

Table 1.1 Genetic causes of hypophosphatemia.

Disease

Mutated protein

Pathophysiology

X-linked hypophosphatemic
rickets

PHEX

Impaired bone mineralization,
urinary phosphate wasting

due to increased FGF23
Autosomal dominant FGF23 (cleavage site) Urinary phosphate wasting
hypophosphatemic rickets due to impaired FGF23
breakdown

Autosomal recessive
hypophosphatemic rickets

Dentin matrix protein 1

Urinary phosphate wasting
due to impaired inhibition of
FGF23 synthesis

Hereditary hypophosphatemic
rickets with hypercalciuria

NaPillc

Urinary phosphate wasting
due to inadequate phosphate
reabsorption from the
proximal tubule. Subsequent
increase in calcitriol
synthesis, leading to
excessive calcium absorption
causing hypercalciuria
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Phosphate Handling in the Developing Mammal

Phosphate balance is defined as the difference between phosphate absorbed by the
intestine and phosphate excreted in the urine and feces. During early adolescence in humans, the
velocity of bone mineralization is at a lifetime high (19, 20). The high rate of deposition
necessitates that developing individuals must establish a sufficiently positive phosphate balance
so that adequate mineralization of hydroxyapatite can occur during this critical period. This may
generally be accomplished by increased phosphate reabsorption from the renal ultrafiltrate and/or

increased phosphate absorption from the small intestine into the systemic circulation.

Intestinal Phosphate Absorption and Renal Phosphate Reabsorption — The Transcellular
Pathway

NaPilla

NaPilla (gene name SLC34A1) is a secondary active transporter whose primary function
is the reabsorption of phosphate from the renal ultrafiltrate (Figure 1.5). Its predominant site of
expression is the proximal tubule, although there is evidence that NaPilla may be expressed to
some extent in bone and lung (21). In mice, NaPilla expression decreases from S1 to S3 of the
proximal tubule. However, this appears to only be the case in juxtamedullary nephrons, in
contrast to cortical nephrons where NaPilla expression is consistent along the length of the
proximal tubule (22). The protein is approximately 75 kDa (23). NaPilla is an electrogenic
transporter; cotransporting 3 Na* for every phosphate ion (24). Higher rates of transport at
alkaline versus acidic pH indicate a preference for the divalent form of phosphate (HPO4%) (25).
Homology modeling strongly suggests that NaPilla, along with its homologues NaPillb and

NaPillc, are 6 transmembrane domain containing proteins (26). Further evidence supports that
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NaPill transporters assemble into dimers, although each monomer can function independently

(27). The affinity for phosphate is approximately 0.3 mM for NaPilla at neutral pH (24).

There are approximately 30 known mutations in SLC34A1 (28-35). Mutations in the
NaPilla transporter have been identified in children with nephrocalcinosis and
hypophosphatemia, as well as renal phosphate losses and poor bone mineralization in adults (29,
30). SLC34A41 mutations have also been found in infantile idiopathic hypercalcemia (36). It
should be noted that most SLC34A4 1 mutations have autosomal recessive inheritance with respect
to clinical presentation, as a functional allele typically corrects for any abnormalities (37).
Consistent with the phenotype observed with mutations in humans, NaPilla knockout models in
mice produce a phosphate wasting phenotype; suggesting the importance of NaPilla in both
human and murine phosphate balance (38). Accordingly, pharmacological inhibition of NaPilla

in mice produces a decrease in serum phosphate (39).

NaPillb

NaPillb, encoded by SLC34A42, is a Na*-phosphate cotransporter similar to NaPilla in
that it has a net charge transfer of +1 and transports Na“ and divalent phosphate in a 3:1 ratio
(HPO4%) (25). The major distinction, however, is that NaPilIb is predominantly expressed in the
small intestine and is the main player in apical uptake of phosphate into intestinal enterocytes
(40) (Figure 1.6). Prior work has demonstrated a role of calcitriol in upregulating NaPillb
expression; potentially at both the transcriptional and translational/post-translational level
depending on the life stage (10, 11). While NaPillb is most notably involved in intestinal

phosphate transport, it is also expressed in the testes as well as the lungs in type-II pneumocytes
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where it is involved in producing surfactant (41). Recent efforts have also revealed that NaPillb
is expressed in the thick ascending limb of the nephron and may be upregulated in states of renal
failure, although the function of NaPillb in the thick ascending limb is poorly understood (42).
The molecular weight of NaPillb varies based on glycosylation status, ranging from
approximately 70 to 90 kDa (43, 44). NaPillb is a high-affinity transporter, with a reported Km
for Pi of approximately 0.2 mM (45). While the expression profile of NaPillb along the small
intestine of humans is poorly understood, expression peaks in the ileum in mice and the jejunum

in rats (46, 47).

Despite being the primary transporter responsible for transcellular phosphate absorption
in the small intestine, there are no known alterations of systemic Pi homeostasis in persons with
NaPilIb mutations. Of note, biallelic mutations in SLC3442 have been implicated in pulmonary
alveolar microlithiasis, a disease characterized by the deposition of calcium-phosphate
microcrystals in the lungs (48). Heterozygous mutations in SLC3442 have also been found in
patients with testicular microlithiasis (48). In an inducible NaPillb knockout mouse model, no
change in serum phosphate was observed (40). However, the knockout was associated with a
significant decrease in Na'-dependent phosphate transport to nearly zero, indicating that NaPillb
is the principal mediator of transcellular intestinal phosphate absorption. It is plausible that in the
absence of NaPillb-mediated transport, compensation can occur via paracellular phosphate
absorption and renal reabsorption. Despite the lack of a phosphate phenotype associated with
SLC34A2 mutations and knockout models, its importance is highlighted by embryonic death in

global knockout models (49).
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The pathology associated with hyperphosphatemia in CKD has set the impetus for the
investigation of various pharmaceuticals purposed to lower serum phosphate including by
inhibition of NaPillb-mediated absorption. One such pharmaceutical is ASP3325, which inhibits
NaPillb with high efficacy (IC50 of 88 nM). Unfortunately, it does not appear to lower serum
phosphate in CKD patients (50). Phosphonoformate, also an inhibitor of NaPillb, is commonly

used to inhibit phosphate transport. However, its nephrotoxicity limits its usage in humans (51).

NaPillc

NaPillc, encoded by SLC34A43, is a 75 kDa protein expressed in the proximal tubule in
the kidney (52) (Figure 1.5). Along with NaPilla, it is responsible for the reabsorption of
phosphate from the ultrafiltrate. NaPilla has high affinity for phosphate (70 uM) and low
expression levels in suckling (pre-weaning) rats, which dramatically increases upon weaning
(52). Unlike NaPilla and NaPilIb, NaPillc is electroneutral, transporting 2 Na* ions per divalent
phosphate ion. While it is principally involved in phosphate reabsorption in the proximal tubule,
NaPillc may also be expressed to an appreciable extent in the small intestine where it has been
proposed to contribute to intestinal phosphate absorption. However, studies in NaPillb intestinal
specific KO mice argue against this (21). In the proximal tubule, NaPillc is expressed almost

exclusively in S1 in rats (53).

The importance of NaPillc in maintaining phosphate balance is highlighted by the
clinical presentation of hereditary hypophosphatemic rickets with hypercalciuria (HHRH). In
HHRH patients, mutant NaPillc fails to adequately contribute to renal phosphate reabsorption,

leading to urinary phosphate loss. Consequently, calcitriol synthesis increases to compensate by
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upregulating intestinal phosphate absorption. However, this also contributes increased calcium
absorption, which is too much to be completely deposited in bone and therefore produces the
hypercalciuric component of HHRH (54). As a result, nephrolithiasis is a common component of
the clinical presentation of HHRH. Additionally, phosphate losses due to reduced NaPillc
expression and/or function are implicated in the short stature and lower extremity deformity
commonly observed early in life in HHRH patients (55). The persistence of a clinical phenotype
into adulthood suggests the lifetime importance of NaPillc in humans (55). An important
distinction to draw is that NaPillc depletion in mice does not cause phosphate wasting,

suggesting that it is more important in human phosphate homeostasis than in mice (56).

Pitl

Encoded by the SLC20A1 gene, Pitl is a cotransporter that transports Na* and phosphate
with 2:1 stoichiometry. While most notably expressed at the apical membrane of the small
intestine, Pitl is ubiquitously expressed throughout the body. In contrast to the preference of the
divalent form of phosphate (HPO4*) by the transporters encoded by the SLC34 family, Pitl
preferentially transports the monovalent (H2PO4") form of phosphate. Similar to the SLC34-
encoded transporters, Pitl is a high-affinity transporter (Km = 24 uM for phosphate) (57). Pit1,
as well as its homologue Pit2, plays a dispensable role in phosphate absorption and may occupy
a more noteworthy role in extracellular phosphate sensing via heterodimerization with Pit2 (40,

58).

Ubiquitous tissue distribution of Pitl suggests its importance in general health, as global

Pitl ablation results in embryonic lethality in mice (59). The phosphate phenotype of an
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intestinal-specific Pit] KO animal has not been documented. However, reduced importance for
Pitl in intestinal phosphate transport can be deduced by the near absence of Na*-dependent

intestinal phosphate transport in an intestinal-specific NaPillb knockout (40).

Pit2

Pit2 is encoded by SLC20A2 and, like its homologue Pitl, cotransports Na™ and
monovalent phosphate (H2POy4") in a 2:1 ratio. In addition to its expression in the small intestine,
Pit2 has been detected at the messenger RNA level in tissues such as the heart, lung and brain
(60). In the kidney, Pit2 is expressed at the apical membrane of epithelial cells in the proximal
tubule and thus contributes nominally to phosphate reabsorption (61). Similar to Pitl, Pit2 is a
high-affinity phosphate transporter (Km = 24 uM) and does not play a critical role in phosphate

absorption (57, 62).

While Pit2 does not appear to contribute significantly to phosphate absorption under
normal conditions, experiments whereby Pit2-null mice were fed a low phosphate diet suggest it
may contribute a role under conditions of phosphate scarcity as these animals had elevated
circulating calcitriol (62). Since elevated calcitriol is associated with increased intestinal
phosphate absorption, this finding is consistent with a non-trivial role of Pit2 in phosphate
absorption under low dietary phosphate conditions. Although Pit2 deficiencies have not been
linked to diminished phosphate absorption, mutations in Pit2 have been identified as the cause of

idiopathic basal ganglia calcification (63).
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Pathways of Phosphate Absorption — The Paracellular Pathway

Paracellular flux is the movement of an ion through the tight junction down its
electrochemical gradient (Figure 1.6). Absorption of phosphate increases linearly with increased
luminal phosphate concentration past 1 mM (64, 65). It is highly likely that this linear increase is
due to paracellular phosphate flux, as the predominant Na*-phosphate transporter NaPillb
saturates at a low mM luminal phosphate concentration (45). Since aspirated fluid from the
human adult jejunum has been reported to range from 0.5 - 17.5 mM, it is likely that paracellular
phosphate flux is the predominant mode of dietary phosphate absorption in the adult human (65).
A clinical trial involving ASP3325, an inhibitor of NaPillb, found that ASP3325 administration
did not alter urinary or fecal phosphate excretion in healthy adults, nor did it lower serum
phosphate in end stage renal disease patients (50). This suggests that NaPillb is not the
predominant mode by which phosphate is absorbed, at least in human adults, and that
paracellular absorption is sufficient to maintain phosphate balance. Corroborating this,
Tenapanor, an NHE3 inhibitor that reduces paracellular permeability to phosphate, was found to

reduce serum phosphate in chronic kidney disease patients (66, 67).

Paracellular Phosphate Absorption — The Role of Claudins

The paracellular movement of ions is enabled by a family of proteins called claudins; that
are expressed in the tight junction (Figure 1.7). In addition to regulating paracellular ion
transport, a variety of claudins are up- or down-regulated in certain cancer subtypes and
depending on the claudin may be involved in the pathogenesis or amelioration of cancerous
states (68—70). There are at least 27 members of the claudin family in humans (71). Claudins

have four transmembrane domains and two extracellular loops, the first of which is thought to
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confer ion selectivity (72). Claudins can either block or confer paracellular permeability.
Generally, of the claudins conferring permeability, they tend to confer paracellular selectivity to
either cations or anions of a particular valence. For instance, the interaction between claudin-16
and -19 confers selectivity to the divalent cations calcium (Ca?") and (Mg?") (73-75). There are
however, claudins for which the role in specific ion selectivity currently isn’t known, such as
claudin domain-containing protein 1 (cldnd-1), otherwise known as claudin-25 (76).

At present, there is no evidence for paracellular phosphate reabsorption in the kidney; as
such, phosphate reabsorption likely occurs almost exclusively via the transcellular pathway. The
clinical phenotypes associated with NaPilla/c mutations supports the model that the transcellular
path is the predominant mode of reabsorption along the nephron, a supposition further supported
by the fact that the paracellular pathway is unable to compensate when these genes are mutated
(30, 54). Conversely, paracellular phosphate flux is a major player in Pi absorption in the small
intestine (77). The identity of the specific claudins that confer phosphate selectivity are not
known, although claudin-4 and -23 have been hypothesized to confer paracellular phosphate
permeability. Claudin-4 has been shown to select for monovalent anions and against monovalent
cations (78). Knopfel et al. found that in rat jejunum, acidic pH conditions, i.e. favouring
monovalent phosphate, confer greater paracellular phosphate permeability than alkaline pH
conditions, i.e. favouring divalent phosphate (77). Thus, claudin-4 conceivably selects for the
monovalent form of phosphate. Claudin-23 has 23.8% sequence homology to claudin-4, and
particularly high homology in the first extracellular loop which confers specific ion selectivity.
Further, the claudin-23 locus has an upstream vitamin D regulatory site, which was found by

examining 5’ to the coding region (Figure 1.8). Given the role of vitamin D in regulating
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phosphate absorption, this is consistent with a potential role of claudin-23 in paracellular

phosphate flux.
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Figure 1.5. Renal phosphate reabsorption in the proximal tubule. NaPilla, NaPillc and Pit2
are expressed at the apical membrane of the epithelial cell (i.e., facing the tubular lumen) and
take up phosphate into the cell via secondary active transport of Na" and phosphate. The
basolateral mechanism of phosphate extrusion is not known, although XPR1 has been speculated
to be responsible, at least in part, for basolateral extrusion of phosphate from the proximal
tubule. There is no evidence of paracellular reabsorption of phosphate.
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Figure 1.6. Phosphate absorption in the small intestine. In the instance that dietary
phosphorus is macromolecule-bound, it must be cleaved from the macromolecule by the
hydrolase intestinal alkaline phosphatase prior to absorption, otherwise it will be excreted. The
secondary active transporter NaPillb is the principal mediator of apical phosphate uptake into the
intestinal enterocyte. Pitl and Pit2 are secondary active transporters that take up phosphate
apically as well, although these transporters have a dispensable role in phosphate homeostasis.
The identity of the basolateral phosphate extrusion mechanism is not known. Phosphate may also
be absorbed via the paracellular pathway (i.e. through the tight junction); a process indirectly
regulated by NHE3.

Extracellular

Intracellular

Figure 1.7. General claudin tertiary structure. All claudins possess 4 transmembrane
domains, 2 extracellular loops and one intracellular loop. Both N and C termini are cytosolic.
Generally, the first extracellular loop; ECL1; dictates the charge/ion selectivity of the specific
claudin.
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Figure 1.8. The claudin-23 genomic region. Screening upstream of the coding region revealed
a vitamin D receptor binding site approximately 5 kilobase pairs upstream, suggesting a potential
role of calcitriol in regulating paracellular ion transport.
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Intestinal Phosphate Absorption — Alkaline Phosphatase

In the case that a phosphate ion is covalently bound to a macromolecule upon ingestion
(organic phosphorus), the phosphate must be cleaved prior to absorption via hydrolytic cleavage
from the macromolecule by the intestinal brush border enzyme intestinal alkaline phosphatase
(1ALP). iALP is a homodimeric hydrolase that is either expressed at the apical membrane of
intestinal enterocytes or acts in the intestinal lumen (79). In addition to its role in metabolizing
organic phosphorus-containing macromolecules, alkaline phosphatase can be a marker and/or
prognostic indicator in disease states such as gastric cancers and osteomalacia (80, 81). The role
of iALP in metabolizing nutrients containing phosphate in the small intestine will be discussed

presently.

Inorganic phosphate is found in food sources including soda, beer, and many
preservative/additive-containing foods. It is thus a very common component of modern diets.
What structurally distinguishes inorganic phosphate from organic phosphorus is that it is not
bound to any carbon-containing macromolecule upon ingestion, and exists in its free, ionized
form. Consequently, inorganic phosphate is more readily absorbed and is thus more bioavailable
than organic phosphorus!. Reported values of the bioavailability of different sources of
phosphate are for organic phosphorus ranging from 40-60%, whereas inorganic phosphate

bioavailability is often 90-100% (82).

Breast milk is the primary source of dietary phosphate for the nursing infant. While

human breast milk [phosphate] values of approximately 4 mM have been reported, it is not

! Bioavailability is the percentage of an ingested substance that is absorbed from the gut into systemic circulation.
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known the proportion of phosphate in breast milk that is organic versus inorganic (83). It is
likely that most of the present organic phosphorus exists in the major proteins found in breast

milk, whey and casein.

Developmental Changes in Intestinal Phosphate Homeostasis

Prior to this work, it was clear that neonates have an increased capacity for intestinal
phosphate absorption relative to adults, and that this is likely due at least in part to elevated Na*-
dependent phosphate transport. For instance, Vorland et al. demonstrated via in sifu jejunal
ligation that 10-week-old rats absorb radiolabeled phosphorus at a greater rate than 20- and 30-
week-old rats (84). Accordingly, the study showed that NaPillb expression was elevated at the
message level in the 10-week-old group relative to the older counterparts. Further, a 1992 study
was conducted in which small intestinal brush border membrane vesicles (BBMV) were isolated
from rabbits aged 2-4, 6, and 12 weeks of age. Across all 3 intestinal segments, BBMV from the
2-4 -week age group displayed greater and more rapid Na'-dependent phosphate uptake (85).
This study also demonstrated increased iALP activity in the small intestine of the younger
rabbits. These results collectively indicate that young mammals have increased absorption of
phosphate relative to older animals, and that Na*-phosphate cotransport is at least partially
responsible for increased phosphate absorption in younger animals. Specifically, NaPillb is the
likely candidate for this contribution given its primary role in transcellular intestinal phosphate

absorption.
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Developmental Changes in Renal Phosphate Homeostasis

Akin to increased intestinal phosphate absorption in the neonate, there is also evidence
that young mammals maintain a positive phosphate balance by additionally increasing phosphate
reabsorption from the renal tubule. In humans, the fractional excretion of phosphate is
significantly lower in infants 1-6 months of age compared to adult values; indicative of elevated
neonatal reabsorption of phosphate (86). This has also been functionally demonstrated via in vivo
micropuncture experiments, wherein tubular reabsorption of phosphate was found to be elevated
in newborn guinea pigs relative to adults (87). Since renal BBMV from newborn guinea pigs
demonstrate a higher Vmax of Na*-dependent phosphate transport than adult counterparts, there
likely exists increased activity of NaPilla and/or NaPillc (88). The work of Segawa et al.
however, challenges the paradigm that neonates universally upregulate phosphate reabsorption.
This study found that NaPillc expression displays a lifetime low in suckling mice, whereupon its
abundance increases post-weaning (52). In light of these findings, it is possible that rodents do
not increase phosphate reabsorption until a later point in early development. Together however,
these findings indicate that elevated tubular phosphate reabsorption is a mechanism by which

neonates establish and maintain a positive phosphate balance.

Rationale and Hypothesis

While previous work has shown that developing animals display increased phosphate
absorption from the small intestine compared to adults, this work has not been comprehensive
with regards to intestinal segment or absorption pathway (transcellular/paracellular). Our present

work takes a comprehensive approach to examine both aspects and determine how specifically
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young animals upregulate phosphate absorption from the small intestine to contribute to a

positive phosphate balance.

We hypothesize that young animals upregulate intestinal phosphate absorption relative to
the adult via both a NaPi2b mediated transcellular pathway as well as through the paracellular

pathway.
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Chapter 2: Materials and Methods

27



Ethics Approval and Animals

Wild-type FVB/N mice (Taconic Biosciences, Rensselaer, NY) were maintained on a 12-
hour light/dark cycle with water and chow (Picolab rodent diet, 8% protein, 0.7% phosphorus).
Animal ethics were obtained from the Animal Care and Use Committee, Health Sciences Section
(AUP00000213) according to the Guide for the Care and Use of Laboratory Animals (Canadian

Council on Animal Care). Pups were weaned from mother’s breast milk at 21 days of age.

Isolation of Biological Samples

At the specified age, animals were euthanized via cervical dislocation following
induction of the third surgical plane using isoflurane. Concurrently with euthanasia and small
bowel mounting for bi-ionic diffusion potential experiments, blood was isolated via puncture of
the left ventricle and centrifuged at 10,000 for 5 minutes at 4° C, at which point serum was
aliquoted into 1.5 mL Eppendorf tubes, snap frozen on dry ice and stored at -80° C until use.
Urine was collected from urine voided onto parafilm at the time of euthanasia, aliquoted into 1.5
mL tubes and snap frozen and stored at -80° C. Small intestine segments were isolated in 1 cm
segments. For purposes of tissue isolation, the duodenum, jejunum and ileum were deemed to be
1-4 cm, 10-16 cm, and 22-28 cm distal to the pylorus, respectively. Kidneys were sectioned into
quarters. All tissues were transferred into 1.5 mL tubes, snap frozen and stored at -80° C until

use.

Real-time Polymerase Chain Reaction
Total RNA was purified from tissue as previously described (89). RNA was purified using Trizol

(Invitrogen, Carlsbad, CA) according to the manufactures instructions and then treated with
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DNasel (AmpGrade, Invitrogen, Carlsbad, CA). cDNA was produced from total RNA via
reverse transcription of 1 pg of RNA (SensiFAST ¢cDNA Synthesis Kit, Bioline, Cincinnati,
OH). Quantification of mRNA of the pertinent genes in wild-type FVB/N mice was performed
via TagMan assay using a QuantStudio 7 Pro 96-well Real-Time PCR System (Thermo Fisher
Scientific, Waltham, MA). Primers and probes (Integrated DNA Technologies, San Diego, CA)
used for RT-PCR assays are listed in Table 2.1. A cycle threshold value of 35 or less was used as
the cut-off value for the expression of a given gene at the transcript level, above which it was
deemed not expressed. The program used was as follows: 1. Heating from room temperature (25
°C) to 50 °C followed by a holding period of 2 minutes. 2. Heating from 50 °C to 95 °C at a rate
of 1.6 °C /second, followed by a 10-minute holding period at 95 °C. 3. 40 cycles of the
following: A 15 second holding period at 95 °C followed by cooling at 1.6 °C /second to 60 °C,
a 1-minute holding period at 60 °C, followed by heating to 95 °C at 1.6 °C / second. For the
housekeeping gene GAPDH, VIC was used as the reporter fluorophore. For all other genes, the
reporter fluorophore used was FAM. NFQ-MGB was used as a quencher. Data Analysis was
performed using QuantStudio 6 Design & Analysis Software 2.4.3 (Thermo Fisher Scientific,

Waltham, MA). Message quantities were normalized to GAPDH.
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Table 2.1. Primer and probe sequences for RT-PCR.

Gene Forward sequence 5° > 3’ Reverse sequence 5° 2> 3’ Probe sequence 5° > 3’
Cldnd-1 ACATAGCAACTCACGGAGC TTTACCCTTCGTCAGCTTGG 56-FAM/CCAATCAAC/ZEN/GCCCCAAAGCACAT/3IABKFQ
Claudn-3 CACCAAGATCCTCTATTCTGCG GGTTCATCGACTGCTGGTAG 56-FAM/CCCCTCAGA/ZEN/CGTAGTCCTTGCG/3IABKFQ
Claudn-4 ID: Mm00515514 sl
Claudn-7 GATGAGCTGCAAAATGTACGAC TGGCGACAAACATGGCTAA 56-FAM/CTTAATGG/ZEN/TGGTGTCCCTGGTGT/3IABKFQ
Claudin-23 CCTAGATTTGGAGAGGAGTTTGG TGAACTTCTGCCAGTACATCTG 56-FAM/TAGAACCCT/ZEN/GGTCGCCTTCCTCTAA/3IABKFQ
iALP TCTGCATCTGAGTACCAATTACG TGATGTACCGTGCCAAGAAAG 56-FAM/TCACCACTC/ZEN/CCACAGACTTCCCT/3IABKFQ
NaPilla ID: Mm00441450 _m1
NaPillb GGAGCACACGAACAAGTAGAG AGGACACTGGGATCAAATGG 56-FAM/ACCAAAGGG/ZEN/AAGACGCTCTGCAT/3IABKFQ
NaPille ID: Mm00551746_m1
Pitl AATTGGTAAAGCTCGTAAGCCATT TTCCTTGTTCGTGCGTTCATC 56-FAM/CCGTAAGGC/ZEN/AGATCC/3IABKFQ
Pit2 CTCAGGAGGACGCGATCAA GACCGTGGAAACGCTAATGG 56-FAM/CATGGTTGG/ZEN/TTCAGCTG/31ABKFQ
VDR ID: Mm00437297 ml
GAPDH ID: Mm03302249 gl

Blood and Urine Biochemistry

For the purposes of determining phosphate concentration, serum and urine were diluted 1
in 50 and 1 in 500 in ddH»O, respectively. Diluted samples were carried through an ion exchange
column using 4.5 mM Na>CO3 + 1.5 mM NaHCOs3 in ddH>O as an anion eluent. Standard curves
were generated using dilutions of Dionex Combined Five Anion Standard (Thermo Fischer
Scientific, Sunnyvale, CA). Data analysis was performed using Chromeleon 6 Chromatography

Data System software (Thermo Fisher Scientific).

Ussing Experiments — Tissue Preparation and Mounting

Agarose bridges were made using 200 pL loading tips containing 1.5 % agarose
dissolved in 3 M KCI. Prior to mounting, voltage and fluid resistance were set to 0 mM and 0 Q
x cm? respectively, using a VCC 4-channel voltage/current clamp (Physiologic Instruments, San
Diego, CA). Zeroing was performed in the presence of 4 mL Krebs Ringers solution (140 mM

NaCl, 0.4 mM KH>POy4, 2.4 mM KoHPOy4, 1.2 mM MgCl,e6H,0, 1.3 mM calcium
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gluconatee 1H2O, 10 mM glucose; pH = 8) in both the apical and basolateral P2400

hemichamber.

Prior to euthanasia, mice were anesthetized using isoflurane. Upon confirmation of the
absence of a pain response, euthanasia was performed by cervical dislocation. Removal and
linearization of either the duodenum, jejunum or ileum of the small intestine was carried out.
This was followed by sectioning and mounting of the tissue on 4 sliders of 0.011 cm? aperture on

P2400 chambers with 4 mL of fresh Krebs Ringers solution per hemichamber.

Determination of Paracellular Phosphate Permeability — Bi-ionic Diffusion Potentials

Following tissue mounting, indomethacin was administered bilaterally and tetrodotoxin
(TTX) was administered basolaterally for final concentrations of 5 pM and 10 puM, respectively.
The dosage at which these compounds were administered was based on previous work from our
group (90). Following administration of indomethacin and TTX, recording of voltage readings as
a function of time commenced using Acquire and Analyze 2.3 (Physiologic Instruments, San
Diego, CA). Tissue was then bathed for 20 minutes. Of note, tissue was bubbled bilaterally and
continuously for the duration of the experiment with 95% O,/5% CO». Also of note, the duration
of the experiment was carried out under open-circuit conditions. Following the 20-minute initial
bathing period, the tissue was pulsed with a 90 pA current a total of three times producing a
voltage deflection; the magnitude of which was used to calculate the transepithelial
electrochemical resistance (TEER) of the tissue using Ohm’s law (voltage = current x
resistance). After a 2-minute waiting period, the Krebs Ringers solution in the apical

hemichamber was replaced with a low-sodium solution (55 mM NacCl, 0.4 mM KH>POj4, 2.4 mM
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K>2HPO4, 1.2 mM MgCl,e6H>0, 1.3 mM calcium gluconatee 1 H>O, 10 mM glucose, 175 mM
mannitol; pH = 8). The magnitude of the voltage deflection was then taken 2.5 minutes following
replacement with the low-sodium solution. The apical solution was then replaced with fresh
Krebs Ringers solution, followed by a 5-minute waiting period. The tissue was then pulsed again
3 times at 90 pA, followed by a 2-minute waiting period. The apical Krebs Ringers solution was
then replaced with a high phosphate-containing solution (140 mM NaH2PO4, 0.4 mM KH2POs,
2.4 mM K>HPOy4, 1.2 mM MgCloe6H20, 1.3 mM calcium gluconatee1H>O, 10 mM glucose; pH
= 8). Of note, calcium gluconate was added to the high phosphate solution immediately prior to
the experiment. Following a 2.5-minute waiting period after administration of the high-
phosphate solution, the magnitude of the voltage deflection was recorded. The apical solution
was then replaced with fresh Krebs Ringers solution. A 5-minute waiting period followed, upon
which the tissue was pulsed again with a 90 pA current. Following a 2-minute waiting period,
forskolin was administered bilaterally at a final concentration of 10 uM. The voltage response
was recorded 3 minutes after the administration of forskolin.

Using the magnitude of voltage deflections in response to the low-sodium and high-
phosphate solutions, the paracellular permeability to sodium normalized to chloride (Pna/Pci) and
paracellular permeability to phosphate (Ppi) were calculated using equation 1, equation 2. The
absolute paracellular permeability to sodium (Pna) and chloride (Pci) were calculated using the
Kimizuka-Koketsu equation (91).

A supplementary chart displaying the ionic composition of each buffer used in the
dilution potentials is available (7able 2.2). Additionally, a supplementary figure outlining the bi-

ionic diffusion potential protocol is depicted in Figure 2.1.
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E _ E n <PNa[Na]bl + PCl [Cl]ap>
" F PNa[Na]ap + PCl[Cl]bl

Equation 1. Goldman-Hodgkin-Katz Equation for paracellular permeability with respect to
sodium and chloride; the predominant species in the low-sodium buffer. Ex, = Membrane
potential; R = Gas constant; 8.314 Jemol'eK"!; T = Temperature in Kelvins; F = Faraday’s
constant; 96,485 JeK-'emol!; Pxa, = Paracellular permeability to sodium; Pci= Paracellular
permeability to chloride; ap = Apical; bl = basolateral; P = Permeability with respect to the given
ion.

P, = <PN3(1 + eu)([Na]bl — [Na]ape“) + P (1 + eu)([Cl]ap — [Cl]apeu)>
a 4([Pi2~ ], €2t — [Pi*~],p)

Equation 2. Goldman-Hodgkin-Katz equation for divalent phosphate (HPO4?"); derived from the
Goldman-Hodgkin-Katz flux equation. ap = Apical; bl = basolateral; P = Permeability with

respect to the given ion; u = V,F/RT (for simplicity of depiction above); where Vm = Membrane
potential; R = Gas constant; T = Temperature.

Determination of Net Transcellular Phosphate Flux

Following tissue preparation and mounting, indomethacin and TTX were administered as
described in the previous section. As with the bi-ionic diffusion potential experiments, tissue was
bathed for 20 minutes under open-circuit conditions post-mounting, followed by pulsing with a
90 pA current. Following a 2-minute waiting period under an open circuit, the voltage was
clamped to 2 mV and 3 additional pulses were administered to the tissue at 90 pA. Voltage was
then clamped to 0 mV to eliminate the driving force for paracellular phosphate flux. At this time,
3 uCi of the radioisotope phosphorus 33 (P-33) (American Radiolabeled Chemicals, St. Louis,
MO) were administered to either the apical or basolateral hemichamber corresponding to each
channel. In each chamber, the hemichamber in which P-33 was administered is referred to as the

“hot” side, where the hemichamber not receiving P-33 is referred to as the “cold” side. Upon
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administration of P-33, 50 pL samples of Krebs Ringers solution were taken and collected from
the “hot” and “cold” side of each chamber in duplicate and quadruplicate, respectively. Samples
were collected in this fashion in 15-minute time increments at t = 0 minutes (immediately
following P-33 administration), t = 15 minutes, t = 30 minutes, t = 45 minutes, and t = 60
minutes. Samples were collected in 7 mL polyethylene scintillation vials (Fischer Scientific),
containing 4 mL scintillation fluid (PerkinElmer, Solon, OH). Following the 5 collection periods,
all 4 channels were restored to open-circuit conditions. Recording of voltage readings was
followed by pulsing at 90 pA. As with the bi-ionic dilution potential experiments, two minutes
after pulsing, forskolin was administered bilaterally for a final concentration of 10 pM. After a 3-
minute waiting period, the change in voltage pre- and post-forskolin administration was
recorded, followed by a second series of pulses at 90 pA.

Counts per minute (CPM) in each scintillation vial were determined using an LS 6000 Liquid
Scintillation Counter (Beckman Coulter). The apical-to-basolateral and basolateral-to-apical
movement of P-33 determined by the change in CPM was converted to the moles of phosphate in
the Krebs Ringers solution crossing the epithelium in each respective direction. In this way, both
the apical = basolateral and basolateral = apical phosphate flux was determined. Phosphate
flux was calculated by taking the rate of P-33 appearance in the cold hemichamber (i.e. the
hemichamber not spiked with P-33) divided by the specific activity of P-33 in the hot
hemichamber. Finally, this was normalized to 0.011 cm?; the surface area of the aperture. The

net phosphate flux was then determined using the following formula:

Net flux = (apical =2 basolateral flux) — (basolateral = apical flux)
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Inhibition of NaPillb in Juvenile Apical to Basolateral Flux

NTX1942, a specific inhibitor of NaPillb, was acquired from Ardelyx (92). The
experimental setup was identical to net transcellular flux studies with the following notable
exceptions: 1. Mice used were solely juvenile mice; P7-14 days of age. 2. The only studied
segments were the jejunum and ileum of the small intestine, which had significantly increased
transcellular fluxes measured at this age relative to older animals. 3. In all 4 channels, the only
“hot” sides, that is, spiked with P-33, were the apical hemichambers i.e. we only measured apical
to basolateral fluxes.

The solution containing NTX1942 comprised Krebs Ringers solution and 50 uM
NTX1942 (herein referred to as Krebs + NTX1942), approximately 10 times the compound’s
IC50 with respect to NaPillb. To produce a solution with a final [NTX1942] of 50 uM, a 1 mM
NTX1942 stock solution was made using ddH>O as solvent. The NTX1942 stock solution was
added to Krebs Ringers solution at 0.5% by volume for a final concentration of 50 pM
NTX1942. To make Krebs Ringers + vehicle solution (herein referred to as Krebs + vehicle),
ddH>O was added to Krebs Ringers solution at 0.5% by volume.

Following tissue preparation and mounting, 4 mL Krebs + NTX1942 were added to each
apical hemichamber of channels 1 and 2. To achieve equal solution osmolarity in either
hemichamber, 4 mL Krebs + vehicle was administered in the basolateral hemichambers of
channels 1 and 2. In the remaining channels 3 and 4, 4 mL Krebs + vehicle was administered in
each hemichamber.

Following this, the experimental design was identical to that which was used to determine net

transcellular phosphate flux.
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Figure 2.1 Bi-ionic diffusion potential protocol. Arrows displaying transepithelial ion flux
indicate the gradient-driven flux of the respective ions.

Statistical Analysis

All statistical analysis and figure design was performed in Prism 8 GraphPad. Data in all

figures are presented as the mean + standard deviation. Normality of distribution was determined

using the Shapiro-Wilk test (o > 0.05). Statistical differences between groups for all RT-PCR

data were determined using one-way ANOVA (p < 0.05). With respect to data acquired in bi-

ionic diffusion potential and P-33 flux experiments, statistical differences between the juvenile

and adult age groups were determined using unpaired t-tests (p < 0.05). Outliers were removed

from data sets using the ROUT method (Q = 1%).
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Table 2.2. Ionic composition of buffers used in bi-ionic diffusion potential experiments.

Buffer Component

NaCl

(mM)
Krebs 140
Ringer’s

Low sodium

High
phosphate

NaH2PO4 | KH2PO4 | K2HPO4 | MgCI2¢6H20 | Calcium Glucose | Mannitol
(mM) (mM) (mM) (mM) gluconatee 1H20 (mM) (mM)
(mM)
0.4 2.4 1.2 1.3 10
0.4 2.4 1.2 1.3 10
140 0.4 24 1.2 1.3 10
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Chapter 3: Results
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Blood and Urine Phosphate Levels at Different Ages
Consistent with prior literature, the serum phosphate concentration was significantly higher in
P7-14 mice when compared to adults (3, 4). Further, urine phosphate normalized to creatinine in

the younger age group was also greater than adult values (Figure 3.1).
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Figure 3.1. Serum and urine biochemistry in juvenile and adult mice. A) Serum phosphate
concentration and B) Urine phosphate normalized to creatinine in juvenile (P7-14-day-old) and
adult (8-17-weeks-old) mice. Statistical significance assessed using 2-tailed t test (P < 0.05).
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Changes in Gene Expression of the Transcellular Pathway at Different Developmental
Ages in the Kidney

The developmental expression of both major secondary active Na“-phosphate cotransporters in
the proximal tubule follows a similar profile. The renal expression of both NaPilla and NaPillc-
encoding transcripts are expressed at low levels from P1-7 days. However, this is followed by a
significant increase in expression at P14 which is sustained until 6 months for NaPilla. NaPillc
expression however decreases by 2 months to levels similar to P7, which are still greater than P1
(Figure 3.2). Expression of Pitl and Pit2 is greatest at P1 and gradually decreases to roughly

50% by 6 months of age.
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Figure 3.2 Developmental changes in transporters involved in transcellular renal
phosphate reabsorption. Shown are transcript abundance levels across development,
normalized to GAPDH, of A) NaPilla, B) NaPillc, C) Pitl and D) Pit2. Statistical significance
assessed using one-way ANOVA (P < 0.05).
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Despite Significantly Increased NaPillb Expression at P7 and P14 in the Duodenum, there
is Not Increased Net Phosphate Flux

In the duodenum of the small intestine, NaPillb expression peaked at P7 days, then declined
significantly at P14 days. At one month of age and onwards, no NaPilIb transcript was detected
in the duodenum. Pitl, one of the two Na*-phosphate transporters with a relatively dispensable
role in phosphate absorption (40), displayed no discernible peak in the duodenum. Pit2 however
displayed a clear peak between P1 and P14, whereupon transcript abundance decreased to post-
weaning levels similar to adult values. With respect to iALP expression in the duodenum,
message abundance increased gradually up to 1 month of age and persisted at this level of
abundance to 6 months. Interestingly, mRNA levels encoding the VDR in the duodenum were
increased dramatically post-weaning and remained elevated to 6 months of age (Figure 3.3).
Despite significantly increase NaPillb in the duodenum there was no difference in unidirectional
nor net transcellular phosphate flux across this segment between P7-P14 mice and 2-month-old

animals (Figure 3.3 F-H).
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Figure 3.3 Expression and function of the transcellular phosphate transport pathway in the
duodenum. mRNA transcript abundance across development of A) NaPillb, B) Pitl C) Pit2 D)
Intestinal alkaline phosphatase (iIALP), and E) Vitamin D receptor. All transcript quantity values
were normalized to quantity of GAPDH. Presented in F) and G) are, apical-to-basolateral, and
basolateral-to-apical phosphate flux in juvenile (P7-14-day-old) versus adult mice respectively.
The difference between apical-to basolateral and basolateral-to-apical flux was used to calculate
H) Net phosphate flux. Statistical significance between groups in gene expression and flux data
determined using, respectively, one-way ANOVA and 2-tailed t test (P < 0.05).
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Significantly Increased NaPillb Expression Before P14 in the Jejunum Confers Increased
Net Phosphate Flux

Similar to the expression profile of NaPillb in the duodenum, messenger RNA levels in the
jejunum displayed peak values at P1-P7 days of age followed by a precipitous decrease between
P7 and P14 days, and nondetectable levels from 1-6 months of age. Also akin to the findings
observed in the duodenum, Pitl displayed no clear developmental trend and Pit2 expression
peaked between P1 and P14, followed by a post-weaning decrease to adult values. Similarly,
1ALP expression peaked between P1 and P7 days of age, and declined to adult values by P14.
VDR transcript abundance in the jejunum was found to increase steadily across development
from P1— 6 months (Figure 3.4).

In order to assess whether increased NaPillb expression at P7-14 conferred increased net
transcellular phosphate flux across this segment we performed unidirectional phosphate flux
studies at this age and in older; 2-4-month-old mice, in Ussing chambers. We then calculated the
difference in flux in order to determine net flux at the two ages. In contrast to the duodenum, net
phosphate flux was increased in the younger animals relative to the adults. Surprisingly this was
due to reduced basolateral to apical flux in the younger mice. We postulated this may be due to
recycling of basolateral phosphate in the apical chamber through a transcellular pathway via
NaPillb. To assess if there was increased NaPillb activity in the young mice we measured apical
to basolateral phosphate flux across this segment in the young mice in the presence and absence
of the NaPilIb inhibitor NTX1942. This significantly decreased apical to basolateral phosphate
flux, consistent with increased NaPillb mediated net flux across the jejunum in the younger

animals.
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Figure 3.4. Expression and function of the transcellular phosphate transport pathway in
the jejunum. Phosphate transport transcript abundance across development of A) NaPillb, B)
Pitl C) Pit2, D) Intestinal alkaline phosphatase (1ALP), and E) Vitamin D receptor. Transcript
quantities were normalized to GAPDH. Presented in F) and G) are apical-to-basolateral and
basolateral-to-apical phosphate flux, respectively, in juvenile (P7-14-day-old) versus adult mice.
The difference between these two flux values in each experiment was used to calculate H) Net
phosphate flux. Shown in I) is the effect of the NaPillb inhibitor NTX1942 on apical-to-
basolateral transcellular phosphate flux in juvenile (P7-P14) mice. Statistical differences between
groups in gene expression and flux data assessed using one-way ANOVA and 2-tailed t test,
respectively (P < 0.05).
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Significantly Increased NaPillb Expression at P14 in the lleum Confers Increased Net
Phosphate Flux

In the ileum, NaPillb transcript levels peaked prior to weaning, similarly to that which was
observed in the duodenum and jejunum. However, unlike the proximal segments, NaPillb
expression persisted into adulthood in the ileum. As with the previous two small bowel
segments, Pitl transcript abundance followed no discernible trend and Pit2 expression peaked
pre-weaning followed by a decline to adult levels post-weaning. While iALP did not exhibit a
clear developmental trend, the highest expression at the message level was observed at P14.
Similar to the developmental trend in the duodenum, VDR transcript levels in the ileum display
low levels prior to weaning, followed by a dramatic increase at 1 month to adult levels (Figure
3.5).

In order to assess whether increased NaPillb expression at P7-14 conferred increased net
transcellular phosphate flux across this segment we performed unidirectional phosphate flux
studies at this age and in older, 2-4-month-old mice, in Ussing chambers as we did for the other
segments. We then calculated the difference in flux in order to determine net flux at the two
ages. Consistent with the results from the jejunum net phosphate flux was increased in the
younger animals relative to the adults in the ileum. This was also due to reduced basolateral to
apical flux in the younger mice as per the jejunum. Again, we hypothesize that this is due to
increased recycling of basolateral phosphate in the apical chamber through a transcellular
pathway mediated by NaPillb. To assess if there was increased NaPillb activity in the young
mice we measured apical to basolateral phosphate flux across the ileum in the young mice in the
presence and absence of the NaPillb inhibitor NTX1942. This revealed significantly decreased
flux, consistent with increased NaPillb mediated net flux across the ileum in the younger

animals.
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Figure 3.5. Expression and function of the transcellular phosphate transport pathway in
the ileum. The transcript abundance of transcellular phosphate transporters, normalized to
GAPDH, A) NaPillb, B) Pitl, C) Pit2, D) Intestinal alkaline phosphatase (iALP), and E) Vitamin
D receptor. Shown in F) and G) are apical-to-basolateral and basolateral-to-apical phosphate
flux, respectively, in juvenile (P7-14-day-old) versus adult mice. These values were used to
calculate H) Net phosphate flux. Presented in I) is the effect of the NaPillb inhibitor NTX1942
on apical-to-basolateral phosphate flux in young mice. Statistics with respect to gene expression
and flux data assessed using one-way ANOVA and 2-tailed t test, respectively (P < 0.05).
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Paracellular Pathway Gene Expression and Permeability across Development in the
Duodenum

The expression of claudin domain-containing protein 1 (cldnd-1; also known as Cldn-25)
in the duodenum showed a modest but general upward trend across the studied developmental
period. Cldn-3, a claudin responsible in part for sealing the tight junction, did not display a
distinct trend in expressional changes between P1 and 6 months. A clear peak in Cldn-4
messenger RNA levels however was observed at 7 days of age in the duodenum. The Na*-
conducting Cldn-7 also displayed a clear peak at P7 in the duodenum. Unlike Cldn-4, Cldn-23;
the second claudin hypothesized to be involved in paracellular phosphate absorption, did not
have a distinct developmental trend in the duodenum (Figure 3.6).

In order to examine functional changes in the paracellular phosphate transport pathway
we measured paracellular phosphate permeability. This was accomplished by mounting intestinal
segments in Ussing chambers, then sequentially measuring TEER and relative sodium to
chloride ratio via generating a dilution potential. Finally, we measured relative phosphate to
chloride permeability by measuring a bionic phosphate to chloride diffusion potential by placing
asymmetric phosphate and chloride containing solutions on either side of the hemi chambers. We
observed no difference in TEER Pna/Pci or Pa at the different ages. We did however find
reduced Pci, Ppi/Pci and Pp; in the older mice, consistent with increased phosphate permeability

across the duodenum in the younger mice.
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Figure 3.6 Gene expression profile and functional differences in paracellular phosphate
permeability across development in the duodenum. Transcript abundance, normalized to
GAPDH, of A) Cldnd-1, B) Claudin-3, C) Claudin-4 D) Claudin-7 and E) Claudin-23 across
developmental ages. Ussing chamber studies were performed ex vivo on the duodenum from
juvenile and adult duodenum used to determine F) Transepithelial electrochemical resistance
(TEER), G) Paracellular sodium permeability normalized to chloride permeability, H-I) Un-
normalized paracellular sodium and chloride permeability, respectively, J) Paracellular
phosphate permeability normalized to chloride permeability, and K) Absolute paracellular
permeability to phosphate. Statistics with respect to gene expression and ex vivo
electrophysiology data assessed using one-way ANOVA and 2-tailed t test, respectively (P <

0.05).
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Paracellular Pathway Gene Expression and Permeability across Development in the
Jejunum

In contrast to the expression profile in the duodenum, cldnd-1 transcript abundance in the
jejunum remained remarkably consistent across development. Also in contrast to the findings in
the proximal-most segment of the small bowel, cldn-3 expression clearly trended upwards
between P1 and 6 months. Similar to the duodenum, however, was the distinct developmental
peak in both Cldn-4 and -7 messenger RNA levels at 7 days of age. Contrasting the lack of a
developmental profile in the duodenum, Cldn-23 mRNA abundance displayed a clear peak at P7
similar to that observed with respect to Cldn-4 and -7 in the Duodenum (Figure 3.7).

We also performed Ussing chamber permeability studies on jejunal segments isolated ex
vivo. In the jejunum we observed decreased TEER in the young mice, but not altered Pxa/Pci. We
did however find increased Pna, Pci and Pp; relative to adults. Again, we observed increased
Pri/Pci consistent with both increased paracellular phosphate permeability across the jejunum of

younger mice, which is even greater than increase in chloride permeability at this age.
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Figure 3.7 Gene expression profile and functional differences in paracellular phosphate
permeability across development in the jejunum. Transcript abundance, normalized to
GAPDH, of A) Cldnd-1, B) Claudin-3, C) Claudin-4 D) Claudin-7 and E) Claudin-23 across
developmental ages. Ussing chamber studies were performed ex vivo on the duodenum from
juvenile and adult duodenum used to determine F) Transepithelial electrochemical resistance
(TEER), G) Paracellular sodium permeability normalized to chloride permeability, H-I) Un-
normalized paracellular sodium and chloride permeability, respectively, J) Paracellular
phosphate permeability normalized to chloride permeability, and K) Absolute paracellular
permeability to phosphate. Statistics with respect to gene expression and ex vivo
electrophysiology data assessed using one-way ANOVA and 2-tailed t test, respectively (P <

0.05).
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Paracellular Pathway Gene Expression and Permeability across Development in the lleum
Comparable to the trend in the jejunum, cldn-3 message abundance exhibited a distinct upward
trend across the analyzed period from 1 day to 6 months of age. While cldn-4 transcript levels
displayed a clear peak at P7 in the duodenum and jejunum of the small intestine, no
distinguishable trend could be observed in the ileum with respect to cldn-4. Opposite to the
general downward trend in cldn-7 mRNA values across development in the two proximal
segments, cldn-7 message levels trended upwards in the ileum. As with the jejunum, cldn-23
abundance showed a distinct developmental peak at 7-14 days of age (Figure 3.8).

We also performed Ussing chambers permeability studies on ileal segments isolated ex
vivo. As in the jejunum we observed decreased TEER in the young mice, but not altered Pxa/Pci.
As with the jejunum however, we did find increased Pna, Pci and Pp; in juvenile mice. Again, we
observed increased Ppi/Pci consistent with increased paracellular phosphate permeability across
the ileum of younger mice, which is greater than the increase in chloride permeability in the

young age group.
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Figure 3.8. Gene expression profile and functional differences in paracellular phosphate
permeability across development in the ileum. Transcript abundance, normalized to GAPDH,
of A) Cldnd-1, B) Claudin-3, C) Claudin-4 D) Claudin-7 and E) Claudin-23 across
developmental ages. Ussing chamber studies were performed ex vivo on the duodenum from
juvenile and adult duodenum used to determine F) Transepithelial electrochemical resistance
(TEER), G) Paracellular sodium permeability normalized to chloride permeability, H-I) Un-
normalized paracellular sodium and chloride permeability, respectively, J) Paracellular
phosphate permeability normalized to chloride permeability, and K) Absolute paracellular
permeability to phosphate. Statistics with respect to gene expression and ex vivo
electrophysiology data assessed using one-way ANOVA and 2-tailed t test, respectively (P <
0.05).
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Given the apparent primacy of NaPillb in mediating transcellular phosphate absorption
across the small bowel we compared the relative expression of NaPillb across all segments at all
ages. NaPillb mRNA expression was greatest at P7 in the duodenum, however it is clear that
NaPillb expression is lost from the duodenum and jejunum by 1 month. It is also clear that while
there is more NaPilIb in the ileum at younger ages, it is less than the more proximal segments.
However, ileal NaPillb expression is retained throughout all adult ages (Figure 3.9). Comparison
of the other genes examined across all ages and small intestine segments is provided in Figures

3.10-3.17.
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Figure 3.9. NaPillb expression in all assessed ages and small bowel segments. All NaPillb
message levels normalized to the housekeeping gene GAPDH. Statistical differences between
segments at each given age assessed using one-way ANOVA (P < 0.05).
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Figure 3.10. Pitl expression in all ages and all small bowel segments. All messenger RNA
levels were normalized to GAPDH. Statistical differences between segments at each respective
age determined using one-way ANOVA (P < 0.05).
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Figure 3.11. Pit2 abundance in all assessed ages and small intestine segments. Messenger
RNA levels normalized to GAPDH abundance. Statistical differences between segments at each
given age determined using one-way ANOVA. (P < 0.05).
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Figure 3.12. Intestinal alkaline phosphatase abundance in all studied ages and small bowel
segments. Messenger RNA levels normalized to GAPDH. Statistical differences between
segments in each respective age group determined using one-way ANOVA (P < 0.05).
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Figure 3.13. Abundance of messenger RNA encoding the vitamin D receptor across all ages
and small bowel segments. Messenger RNA levels normalized to the housekeeping gene
GAPDH. All statistical differences between segments at each respective age assessed using one-
way ANOVA (P < 0.05).
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Figure 3.14. Abundance of claudin-3 messenger RNA level at all assessed ages and small
bowel segments. Message abundance normalized to GAPDH. Statistical differences between
small intestinal segments at each age determined using one-way ANOVA (P < 0.05).
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Figure 3.15. Claudin-4 messenger RNA levels in all analyzed ages and small intestine
segments. mRNA abundance normalized to GAPDH. Statistical differences between segments at
each age assessed using one-way ANOVA. (P < 0.05).

*kkk I—I
*kkk ; —
I 3- I_I Kedkk
S % i
< *kkk M =
2 27 = [ L .
-
§ ' X v A
(&] 1= v h 4 v
%F‘i [ ﬂ[‘l Wlllilx ﬁ ihli
Y 1 1
R &

\\ Q'\\ Q«\ Q'\\

1
GG IR PRI
qgg,\@&@ib@@@@@@@@@@

RN O O ¢ & ©
N E LSS
0(‘ '\)(\ \\0 (\\) ¢° e\) Q\) o\) QO (\\) {\0 00 {\\) (\Q 00
b ) PN A P AN W & W F RN W
O D) o 50\ o 50\ o 50\ o 50\
Q o° Q

Figure 3.16. Claudin-7 message abundance across development in all small bowel segments.
Messenger RNA levels normalized to that of GAPDH. Statistical differences at each age
determined using one-way ANOVA (P < 0.05).
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Figure 3.17. Abundance of messenger RNA encoding claudin-23 across development at
each small intestine segment. Values normalized to GAPDH. Statistical differences between
segments at each studied age were assessed using one-way ANOVA (P < 0.05).
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Chapter 4 — Discussion
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Intestinal Phosphate Absorption in the Young Mouse — Importance of the Transcellular
and Paracellular Pathway

This study analyzes the developmental changes in phosphate absorption via both the
transcellular and paracellular pathway. Given the considerably higher net transcellular phosphate
flux in suckling mice relative to adults, it is evident that young mice utilize the transcellular
pathway to increase phosphate absorption. The considerable difference in NaPillb expression at
the transcript level across the small bowel between young and adult mice is a candidate to
explain this functional difference. While Pit2 expression at the message level is increased early
in life, its nominal role in phosphate transport leaves NaPillb as the likely molecular explanation
for the age-dependent difference in transcellular phosphate transport. Further, the
pharmacological inhibition of NaPillb-mediated transport in P7-P14 mice implicates the
secondary active transporter in heightened transcellular phosphate absorption in young mice.

Additionally, our findings at both the functional and molecular level indicate a role of the
paracellular pathway in the neonatal hyper-absorption of phosphate. Bi-ionic diffusion potential
studies revealed a clear increase of paracellular phosphate permeability early in life. The
difference held up both with respect to un-normalized phosphate permeability and when
normalized to chloride permeability, which was itself increased early in life. This finding
indicates anionic specificity with regards to phosphate permeability. Given the potential role of
claudins -4 and -23 in conferring the tight junction phosphate pore, the upregulation of these
claudins in the small intestine early in life may explain the increase in the significantly greater

paracellular phosphate permeability in suckling mice.
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Taken together, the results of this study are highly suggestive of the notion that young
mammals may utilize both transcellular and paracellular transport to upregulate phosphate

absorption early in life.

Phosphate Absorption in the Juvenile Animal - A Proposed Model

High urinary phosphate content combined with low expression of NaPilla and NaPillc in
the first week of life are suggestive of low renal reabsorption of phosphate early in life. Given
however, that serum phosphate is high at 7-14 days of age, it is likely that high intestinal
phosphate absorption is compensating at the level of the small intestine. In the mammalian
suckling phase, all dietary phosphate originates from breast milk. While it is understood that in
human breast milk the total phosphate molarity is approximately 4 mM, the percentage
breakdown between protein-bound organic phosphorus and free inorganic phosphate in breast
milk is not known (83). Regardless, a notable fraction of the total phosphorus must be bound in
the whey and casein protein content of breast milk, which must be enzymatically liberated by
1ALP prior to absorption from the lumen.

The duodenum is the most acidic segment of the small intestine given its proximity to the
stomach (2). Since iALP functions optimally under basic conditions, it is plausible that organic
phosphorus is liberated to a greater degree distal to the duodenum. It is important to recall
however, that iALP may act both at the brush border and in the lumen upon secretion; meaning
that iALP produced in duodenal enterocytes may act distal to the duodenum. Nevertheless, the
transepithelial inorganic phosphate gradient is greatest in the duodenum. A 2019 study
demonstrated the elevated paracellular phosphate permeability in rat small intestine at acidic pH

relative to alkaline conditions (77). If this phenomenon translates to juvenile mice, the high
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inorganic phosphate gradient combined with greater phosphate permeability in the acidic
duodenum may translate to elevated paracellular phosphate absorption in this proximal segment.
With regards to transcellular phosphate absorption in the small intestine, NaPillb expression is
highest in the duodenum compared to the jejunum and ileum at both P1 and P7 (Figure 3.9).
While it may be attractive to assume that this translates to the highest degree of transcellular
phosphate absorption in the juvenile small bowel, it is important to remember that NaPillb
preferentially transports the divalent (HPO4?>) over the monovalent (H2POy") species. Since the
monovalent species is predominant under the acidic conditions of the duodenum, upregulation of
NaPillb may be a means of compensating for the suboptimal proportion of divalent phosphate to
maximize the absorption of this species. Nevertheless, we propose the duodenum in the juvenile
mouse to be a critical site in both paracellular and transcellular phosphate absorption.

Given that the duodenum only represents 1/9™ of the length of the mouse small intestine,
the transepithelial phosphate gradient may still be relatively high upon the arrival of the bolus to
the jejunum. At P1 and P7 days of age, the jejunum displays the second highest NaPillb
transcript abundance along the length of the small intestine. Additionally, conditions in the
jejunum are alkaline compared to the duodenum. The consequent predominance of the divalent
phosphate species in the jejunum as well as the relatively high NaPillb expression levels in this
segment during the first week of life may well set the conditions for a high degree of
transcellular phosphate absorption in the juvenile jejunum. Our functional data suggest this to be
the case given the significant increase in net transcellular phosphate flux in young mice.
Additionally, we have implicated NaPillb in this increase by blocking the transporter’s function
in juvenile mice ex vivo using NTX1942. Considering these data, we can offer reasonable

conjecture that the jejunum is a critical site of transcellular phosphate absorption in-situ. It is also
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noteworthy that paracellular phosphate permeability in the jejunum is similarly high to the
duodenum in young mice, suggesting that elevated transport via the tight junction may provide
an additional layer to juvenile phosphate hyperabsorption in the jejunum. As stated, local pH
conditions are basic in the jejunum — This favours the activity of iALP which will continue to
liberate undigested organic phosphorus bound to macromolecule sources. Thus, we propose that
in the juvenile mouse, the jejunum is responsible for absorbing a high proportion of dietary
phosphate via both the transcellular and paracellular pathway and is a critical site for the
enzymatic liberation of phosphate from macronutrients.

In the ileum of the suckling mouse, it is quite plausible that the apical-to-basolateral
phosphate gradient is considerably less pronounced than in the more proximal segments due to
previous phosphate absorption during transit through the duodenum and jejunum. Thus, perhaps
the remarkably high paracellular phosphate permeability in the juvenile ileum relative to the
other segments reflects a mechanism to absorb the remaining ionized phosphate. It is plausible
that much of the required dietary phosphate is absorbed in the duodenum and jejunum of the
young mouse, and that the ileum is a site of non-energy-intensive absorption of remaining
luminal phosphate. This notion would explain the relatively low NaPillb expression in the P1, P7
ileum compared with the duodenum and jejunum, combined with the particularly high
paracellular phosphate permeability (Figures 3.6-3.9). The fact remains however that Slc34a2
expression in the juvenile ileum far exceeds that of the adult. Accordingly, young mice display
substantially higher transcellular phosphate absorption than adult counterparts ex vivo, which is
largely attributable to the activity of NaPillb at the apical membrane (Figures 3.4, 3.5).

It is worth noting that iALP is not consistently upregulated in young mice at the transcript

level (Figures 3.2-3.4). This finding was contrary to our expectations, as we expected iALP
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expression to be increased early in life to maximize enzymatic cleavage of phosphate from
macromolecules in order to optimize phosphate absorption. To put these findings into context, it
is important to consider that mice express multiple iALP splice variants (93); only the most
predominant of which is shown in our results. Secondly, while it is attractive to link expression
to function, this relationship may not hold true in the case of iALP. Borowitz and Granrud (1992)
demonstrated that in New Zealand White Rabbits, iALP activity peaked at the juvenile stage
relative to older ages in every small bowel segment (85) . If this phenomenon translates to mice,
the intuition to associate expression and activity may be erroneous. A third factor to consider is
that iIALP may act both at the brush border and in the small intestinal lumen following apical
secretion by enterocytes (79). Considering this, we should note that iALP produced in a given
segment of the small intestine may be secreted into the lumen and subsequently act in more distal

segments.

Phosphate Absorption in the Adult Animal - A Proposed Model

A critical distinction to make between the diet composition of the suckling pups and adult
mice is the source of dietary phosphate. As stated, the phosphorus in breast milk is both organic
and inorganic in origin. In contrast, the phosphate content in the post-weaning diet is nearly
100% organic as it is bound largely in the 8% protein content of the PicoLab rodent diet.
Therefore, in the adult small intestine, all absorbed dietary phosphate must be enzymatically
cleaved from its source; namely by iALP.

The findings in this study point to a far simpler model of phosphate absorption in the
adult compared to the juvenile. In both the duodenum and jejunum of the adult mouse, NaPilIb is

entirely absent at the transcript level. Since NaPillb is the principal player in apical phosphate
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uptake, its absence in the proximal small bowel of the adult suggests a relative absence of
transcellular transport and a predominance of paracellular phosphate absorption in these
segments. Accordingly, our functional data in both segments display a mean net transcellular
flux close to zero (Figures 3.3, 3.4).

In contrast to the proximal segments, the ileum is the only small intestinal segment with
detectable NaPillb expression in the adult. Consistent with the presence of NaPillb, net
phosphate flux values in the adult ileum display consistently positive values (Figure 3.5). It is
reasonable to speculate that NaPillb is present in the distal small bowel to take up phosphate not
yet absorbed in the duodenum and jejunum. Further, since paracellular phosphate permeability
values are similar in the ileum to the previous two segments, we can speculate that phosphate
absorption from this segment occurs via both the transcellular and paracellular routes.

The transcellular pathway is energy-intensive given the role of basolateral Na*/K*
ATPase in establishing the requisite gradient for apical sodium-dependent substrate uptake (94).
Given that adults require a substantially lower phosphate balance than young counterparts, it is
plausible that adults would conserve energy and absorb phosphate via the passive paracellular
route, as appears to be the case in the adult duodenum and jejunum.

A supplementary representation of this proposed model of phosphate absorption can be

found in Figure 4.1.
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Figure 4.1. A proposed model of intestinal phosphate homeostasis in juvenile and adult
mice. Displayed is a simplified model of phosphate absorption along the small intestine in A)
juvenile and B) adult mice. According to this proposed model, juvenile mice hyper-absorb
phosphate using a combination of transcellular and paracellular absorption along the length of
the small intestine. Conversely, this model proposes that phosphate absorption in the adult is
predominantly paracellular, with minimal transcellular phosphate absorption in the ileum.
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Future Directions

Despite the clear lifetime peak of intestinal NaPillb expression early in life, the
importance of NaPillb in establishing a positive phosphate balance in young mice remains
unclear. The notion to attribute elevated juvenile phosphate absorption to increased NaPillb is
challenged by the findings of Sabbagh et al. that intestinal-specific NaPillb knockout mice do
not display altered serum phosphate (40). In addition, as stated previously, human mutations in
NaPillb are not associated with a serum or urine phosphate phenotype. However, the 2009 study
by Sabbagh et al. found that the NaPillb-null mice displayed decreased phosphate absorption
which appeared to be compensated for via decreased renal phosphate excretion. This suggests
that while global phosphate homeostasis may be maintained in the absence of NaPillb, the
requirement for compensation indicates that it does indeed have a role in maintaining normal
phosphate balance. It is also worth remarking that the 2009 study was performed on adult mice,
in which NaPillb is not as instrumental to phosphate absorption as in juveniles according to our
model. Thus, it should be determined whether intestinal NaPillb ablation in juvenile mice
produces a phosphate and/or bone phenotype that may disappear or diminish with age. Further,
while certain compensatory mechanisms in the absence of intestinal NaPillb have been
established, it is not clear whether upregulation of paracellular phosphate absorption is among
them. Future studies involving intestinal NaPillb knockout/attenuation in the small intestine of
juveniles and adults should therefore study whether there exists an attendant alteration in
paracellular phosphate permeability. Studies of this nature will continue to develop our
understanding of the relative importance of paracellular and transcellular phosphate transport in
establishing and maintaining phosphate homeostasis from infancy to adulthood. Additionally,

our findings with respect to the ontogeny of NaPillb transcript abundance should be confirmed at
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the protein level. It is also worth reiterating that this work studied one of multiple iALP splice
variants. In the interest of gaining comprehensive insight into the developmental profile of iIALP
in the murine small intestine, additional splice variants should be analyzed in future work.

While we have provided grounds for speculation as to why claudins -4 and -23 may
confer the paracellular phosphate pore, future work must be done investigating the role of these
claudins in phosphate permeability. Principal findings with regards to roles of specific claudins
in ion flux are often found using either overexpression or ablation (E.g. RNA interference)
approaches in cell monolayer models (78, 95). Following investigation in cell models of whether
claudins -4 and -23 influence phosphate flux through the tight junction, intestinal-specific
knockouts of these claudins may be generated to determine their respective or complimentary

roles in phosphate homeostasis.
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