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hormone (PTH) levels and bone turnov  were elevated at baseline but normalized to WT
levels by late pr :nancy. Urine calcium concentration was reduced at baseline in Vdr
null mice but similar to WT values during pregnancy. Vdr null rachitic tibias were not
morphologically repaired during pregnancy but had increased mineralization of osteoid.
In sumnr y, pregnancy increased intestinal calcium absorption in Vdr null mice,
possibly through an increase in duodenal 7rpv6 expression. This led to a normalizing of
serum PTH leve  bone turnover and ultimately an increase in BMC. In conclusion,
intestinal calciur  absorption and skeletal mineralization are regulated independently of

1,25 (OH);D;3 ar  the VDR during pregnancy.
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1. Introduction

1.1 Vitamin D

The “sunshine vitamin”, vitamin D, is required for normal calcium and bone
metabolism. Vitamin D de iency re lIts in secondary hyperparathyroidism, rickets and
osteomalacia. Vitamin D levels are also positively correlated with bone mineral density
(BMD) (1). Moreover, su lementation with calcium and vitamin D improves BMD
and prevents fractures in o r people (2).

The term vitamin L :fers to two biologically inactive precursors, ergocalciferol
(D,) and cholecalciferol (Ds) (3). Vitamin D, (obtained from dietary supplements) or
vitamin Dj (obtained from e diet or synthesized in the skin during sun exposure) must
undergo many e _ maticc v  ions to become calcitriol, the active form of vitamin D
(1,25 dihydroxyvitamin D or 1,25(OH),D3). D, and D; become bound by serum vitamin
D binding proteins and en  the circulation. They are then converted to the pro-
hormone, 25 hydroxyvi® 1in D 7 5(OH)D) by cytochrome P450 enzymes that = :
primarily located in the liv. and released back into the blood stre  n (3). . uis is the
form that is measured clini  ly because it is the most reliable indicator of vitamin D
levels (4). 25(OH)D is cor :rted to 1,25(OH);D3 by the 1.0 hydroxylase enzyme,
located in the kidney (3) and many other target tissues. The expression of the renal
enzyme is stimulated by parathyroid !  none (PTH), a peptide hormone that is produced

by the parathyroids which has an important role in rc  1ilating calcium metabolism.



The importance of 1,25(0OH),D3 and the VDR in the regul. on of calcium and
bone metabolism is well known. Its role in regulating calcium and bone metabolism
during the reproductive periods, however, is controversial. Here I use a mouse model to
investigate the importance of 1,25(OH),Ds and the VDR on caleit  and bone

metabolism during pregnancy.

1.2 Calcium and bone metabolism

1.2.1 Calcium distribution

The adult human contains approximately 1000 grams of calcium, ot which ~99%
exists as hydroxyapatite in the mineralized portion of the skeleton. The final 1% of the
body~s calcium exists in the blood (or serum), extracellular fluid and soft tissues. In the
serum, approximately 45% of total serum calcium is bound to proteins such as albumin,
10% is complexed to anions such as citrate or phosphate. The final 45% is ionized

calcium, which is the physiologically active portion (5).

1.2.2 . .:e physiological importance of calcium

The blood provides ior  :d calcium for many cellular processes, including
neuronal excitability, skeletal and cardiac muscle contraction, and bone formation.
Calcium also serves as a s 1al transducer. [t activates pathways that are involved in

hormone secretion, neurotransmission, and kinase phosphorylation. Calcium



insufficiency disrupts these vital physiological processes and can lead to muscle cramps,
tetany, seizures and fatal arrythmias (6).

Maintenance of skeletal calcium is also important. Flat bones, such as ribs and
the skull, support and protect vital orge . Long bones, such as the femur and humorus,

serve as levers for the muscles and su  ort locomotion and movement.

1.2.3 Calcium homeostasis

To meet the needs of biochemical processes and skeletal mineral requirements,
the amount of calcium in the blood and in the skeleton is tightly regulated. Normally in
humans, total serum calcium is maintained between 2.1 — 2.5 mM and ionized calcium
between 1.1-1.3 mM (7). Presuming that calcium intake is adequate, calcium balance is
achieved through the coordinated :tions of the intestine, bone an  kidney. Adults
ingesting 1 gram of calcium per day, typically absorb only 200 mg in the small intestine
and egest 800mg in the feces. ..e skeleton, which contains 1 kg of calcium, acts as a
nearly inexhaustible calcium storage site and there is a constant exchange of calcium
between the bone and the extracellular fluid. The skeleton will release about 500 mg of
calcium into the blood daily due to rest  tion and also deposit 500mg during bone
formation. The kidneys typically filter 10 g of calcium out of the blood per day but
reabsorb almost 100% of this calcium back into the circulation. As a result, only 200mg

of calcium is lost in the urii  daily (5).




Calcium absorption in the intes e, excretion by the kidneys and exchange
between the blood and bone is, in part, maintained through the action of the calcium
sensing receptor (CaSR). The CaSR is a G-protein coupled receptor that is most
prominently expressed on the surface of the chief cells of the parathyroid gland (8) and to
a lesser extent on segments of the 1 »hron in the kidney. This receptor contains multiple
Ca’” binding elements in its extracellul domain and signaling determinants in its
cytoplasmic region (7). The CaSR detects changes in extracellular calcium and mediates
the minute to minute secretion of PTH. When there is a decrease in the extracellular
calcium concentration, less calcium bit  : to the CaSR. As a result, the CaSR is less
activated, releasing its inhibition on PTH synthesis and release by the parathyroid gland
(7).

PTH acts to increase extracellular calcium levels in three ways. Within minutes,
PTH acts on the kidneys, to enhance calcium’s return to the blood (9). In minutes to
hours, PTH increases bone resorption. beratii  calcium into the blood. PTH also
indirectly increases intestinal calcium sorption by stimulating an increase in the renal
synthesis of 1 ~5(OH);D; (10). All " ee actions help restorec normocalcenua, which in
turn, inhibits further productic of PTH 1.25(OH);D;. Certa disorders in the
intestine, kidneys or bone may in  cre with this homeostatic process (11).  In these
cases, PTH levels remain elevated (secc lary hyperparathyroidism) (11).

Conversely. an increase in serum calcium activates the CaSR, which suppresses
the release of PTH by the parathyroid gland. As a result, the renal synthesis of

1.25(0OH),;D; also decreases. Decreased PTH and 1,25(0OH),D; levels result in decrcased



bone resorption and intestinal calcium absorption. An increase in serum calcium level is
also detected by the renal CaSR, which stimulates an increase in calcium excretion by the
kidney, thus removing excess calcium om the circulation, returning scrum calcium to

normal levels (5).

1.2.3.1 Intestinal calcium absorption

Absorption of dietary calcium occurs chiefly (90%) in the small intestine (5).
Calcium intake is typically 1000mg daily but only 20 to 60% of dictary calcium is
absorbed (5). The efficiency of absorption is influenced by age, calcium intake, vitamin
D status, the state of the calcium homeostatic system and the bioavailability of calcium in
the diet (12).

Calcium is absorbed in the small intestine by two different processes, active
transcellular transport and passive paracellular diffusion (Figuwre 1.1). During adulthood
or when calcium intake is low, active transcellular transport of calcium is high in the
duodenum (13) which normally accounts for 10-15% absorption of the dietary load.
Transcellular absorption of calcium involves the movement of calcium directly through
the mucosal cells of the intestii  epithelial layer. Differences in calcium concentrations
of the intestinal lumen (10°M) and the cytosol of the mucosal cell (10°M) create a 1000-
fold chemical and electrical gradient across the plasma membranc. This favors calcium
entry into the cell via a transmembrane calcium ion channel, transient receptor potential,

vanilloid type 6 (TRPV6), which is loc ed on the apical membrane (14-16). When




INTESTINAL
LUMEN BLOOD

F—-~_1.1 Active transcellular and passive paracellular intestinal calcium
absorption. Active absorption involves the movement of calcium ions across the
mucosal cell via a calcium ion channel (TRPV6), a calcium bindin  srotcin (calbindin-
Dyk) and an energy dependent, high affinity, limited capacity Ca® A lPase. Passive
diffusion, a process driven by transepithelial electrochemical gradients, involves the
movement of calcium ions between the membranes of adjacent intestinal mucosal cells
and into the extracellular fluid.

§)



calcium enters the cytoplasm it becomes bound by calbindin-Dyx. calcium binding
protein (16, 17), which is sequestered in vesicles (9). Calbindin-Dyx transports calcium
ions from the apical membrane to the basolateral membrane of the absorptive enterocyte.
The vesicles then fuse with the | Hlateral membrane (9). Calcium is extruded out of the
cell and into the blood via anene  dependent. high affinity, limited capacity
Ca’'ATPase (9). A low affinity, high capacity sodium-calcium exchar  r may play a
minor role in transporting calcium out of the intestinal cell (18).

1,25(0OH),D; is a key regulator of transcellular calcium transport. The steroid
hormone diffuses out of the blood. ross the basolateral membrane and into the musosal
cell. It forms a complex with the nuclear VDR, a ligand dependent transcription factor
(19). This initiates the transcription of 7rpv6, calbindin-Dok (encoded by the gene
Sg100) and Ca** ATPase (encoded by the :ne Pmcalb). thus stimi  ting all three
components involved in the active absorption of calcium across the intestine (20-23).

PTH regulates transcellular calcium absorption indirectly. [t stimulates 1-a
hydroxylase in the kidney to convert circulating 25-hydroxyvitamin D to 1,25
dihydroxyvitamin Dj;. This incr 1.25(0OH);D; levels, which leads to increased
intestinal calcium absorption.

Other hormones have been shown to  mulate intestinal calcium absorption.

Prolactin, a hormone that stimulates mammary milk production and estrogen, the primary
female sex hormone, may interact with their receptors to induce 7rpv6 expression and

stimulate transcellular calcium transport  lependently of 1.25(OH),D; (24-26).



Calcium also crosses the intestinal epithelium via passive diffusion. Passive
diffusion involves the movement of calcium ions between the membranes of adjacent
intestinal mucosal cells and into the extracellular fluid. This process is driven by
transepithelial electrochemical gradients. The higher the concentration of calcium in the
lumen of the intestine, the greater the diffusion ot calcium between the mucosal cells.

Paracellular calcium absorption can be regulated through the manipulation of tight
junction proteins which control epithelial permeability (27). 1,25(OH),D; stimulates
paracellular calcium absorption (28-30) through either VDR-dependent mechanisms, by
increasing in the expression of the claudin family of tight junction oteins (30) or non-
genomic mechanisms, by stimulating siy aling pathways (29). Prolactin increases
passive calcium absorption (31, 7~ possibly through the activation of the Rho-associated
coiled-coil forming kinase (ROCK) signaling pathway (33. 34). Lactose., a component of
milk, has also been shown to incr e intestinal calcium absorption (35). The mechanism
of how this occurs is unknown but its degradation to glucose and g ictose is involved
(36).

The importance of pi  :ellu orption hasb 1debat  Several stt
indicate that when calcium intake is normal or high, calcium is y absorbed by
passive mechanisms in the ileum or jejunum (12, 37, 38). Conversely. a review by
McCormick (39) suggests 1t the passive diffusion is not the major echanism by which

calcium is absorbed in normal adult hun  s.




1.2.3.2 Renal calcium excretion

The kidney | 1ys a central role in maintaining calcium balance. Calcium is
filtered out of the blood in the capillaries of the glomerulus. Approximately 85% of
filtered calcium is passively reabsorbe in the proximal tubule and the thick ascending
loop of Henle. 15% of filtered calcium is actively reabsorbed in the distal convoluted
tubule (5). This portion of calcium reabsorption is regulated by PTH. When there is a
decrease in serum calcium levels, PTII binds to the PTH receptor (PTHR) on the kidney
tubules and stimulates calcium reabsorption (40). As a result. less calcium is excreted in
the urine. An increase in serum calcium activates the renal CaSR, which stimulates an

increase in calcium excretion by the kidney, thus normalizing serum calcium (5).

1.2.3.3 The skeleton

In addition to support and locomotion, the skeleton also acts as a storage site for
calcium and plays an important role in the maintenance ot extracellular calcium balance.
This is achieved throt "1 the process of bone remodeling. Boner  deling is a complex
coordination of cellular events that ultimately results in the formation of new bone
through two processes, bone breakdown or resorption and bone formation or
mineralization. Bone remodelii  occurs in small packets of cells which are referred to as
bone remodeling units (41). The skeleton is composec inly of two bone types: dense
cortical bone and spo1 ', metabolically activet  :cular bone. Bone ydeling is more

active near the marrow cavity, on the surface of trabecular bone and occurs in cycles
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(42). When calcium demand is high, the activation of new remodeling units may be
required (41). This increases the number of bone resorption sites and liberates more
calcium into the blood. Conversely, when calcium intake is high, excess calcium is
stored in the bone through the process of bone formation. These processes do not occur
randomly. They are regulated by a variety of systemic hormones and local cytokines that
act on bone ft  ing cells or osteoblasts and bone resorbing cells, or osteoclasts. A
complete remodeling cycle will take 3-6 months (43). Rates of remodeling may also
differ depending on the location of the bone, age and activities. Bone resorption and
formation rates are not always equal and may result in a net change in the total amount of
BMC in the skeleton. When fc  ation dominates over resorption, such as during
childhood, there will be a net increase in BMC. When bone resorption dominates over

bone formation, as it Hes in late adulthood, there will be a net decrease in BMC.

1.2.3.3.1 Bone remodeling-activation

Bone is broken down by bone resorbii  cells called osteoclasts. These cells
originate from macrophages in the bone marrow (44). Two cytokines are
essential for the initiation of osteoclastc :nesis: receptor activator of nuclear factor-xf3
ligand (RANKL) (45) and macrophage colony stimulating factor (46). RANKL, a
member of the Tumor ecrosis Factor superfamily, is a key cytokine required for
osteoclastogenesis. Osteoblasts. or bone forming cells, stimulate the differentiation of

osteoclast precursors when RANKL is expressed on their surface. RANKL binds to the

10



receptor activated nuclear factor (RANK) receptor on the surface of | osteoclasts and
stimulates their differentiation. Several activated pre-osteoclasts fuse to form a mature,
multinucleated osteoclast. RANKL also stimulates mature osteoclasts to resorb bone.

Activation of bone remodeling is ne itively regulated by a local cytokine,
osteoprotegerin (OPG). OPG is secreted by the osteoblast and bir . to RANKL, thus
preventing RANK-RANKL interactions (47. 48). This inhibits the formation of new
osteoclasts and the initiation of bone resorption.

Continuous administration of PTH leads to bone loss in humans. PTH binds to
the PTHR on pre-osteoblasts and induces RANKL expression. As a result, OPG
expression decreases, which encour. s the proliferation and differentiation of pre- |
osteoclasts, and the stimulation of bone resorption (49).

Despite its pharmacological use to increase BMC, 1,25(OH),D; stimulates bone
resorption (50, 51). When present at supraphysiological levels, 1,25(OH),D; increases
mesenchymal cell transcription of the RANKL gene and decreases transcription of OPG

(48).

1.2.3.3.2 Bone remodeling-resorption

The activated osteoclast migrates to bone and attaches to it. av[3 is the principle
integrin mediating the attachment of osteoclasts to bone (52). This integrin recognizes
the Arg-Gly-Asp amino acid motif which  present in many bone matrix proteins, such

as osteopontin and bone sialoprotein. Contact with the bone surface 1duces the




formation of the sealing zone, which is ca  =d by the rearrangement of the cytoskeleton
to form the “‘actin ring”. This enables  osteoclast to form an isolated
microenvironment b ween itself and the underlying bone matrix. Vesicles containing
cathepsin K, tartrate-resis 1t acid phosphatase and matrix metalloproteases are then
transported to and fused with the plasma membrane that is adjacent to the bone (53).
This results in the formation of the “ruffled border™, a villus structure that is unique to
osteoclasts. The ruffled border contains a proton pump and a CI” channel that together
acidify the isolated resorptive compartn 1tto a pHof 5 (54). This acidic
environment removes the mineral from the bone. The exposed bone matrix, composed
mainly of type [ collagen, is then d  aded by the lysosomal enzyme, cathepsin K. The
resulting protein frag 2nts are endocytosed by the osteoclast and discharged from the
opposite basal surface into the extracellular environment (55). The presence of degraded
protein fragments in the serum (C-telopeptide), or in the urine (deoxypyridinoline (DPD))

are often used as biomarkers to dete  ne the physiological rate of bone resorption.

1.2.3.3.3 Bone remodeling-reversal

During the intermediate pha  between resorption and form  on, uncharacterized
macrophage-like mononuclear cells form a cement line over the resorption site. This line
marks the limit of resorption 1 hel] toc nd the new bone to the « | bone. A spectrum
of signaling proteins accumulate in the extracellular matrix which play key roles in the

commitment and differentiation of mesenchymal stem cells in the b : marrow to




become osteoblasts (56). Pre-osteoblasts are recruited to the site to begin the bone
formation stage. The signals that rect t osteoblasts have not been identified but it is
likely that transforming growth factor beta, insulin growth factor I and 11, bone
morphogenic proteins, platelet derived growth factor and fibroblast growth factor may be

involved (57-59).

1.2.3.3.4 Bone remodeling-formation

Upon arrival at the remodeling site. osteoblasts synthesize and secrete the organic
matrix, composed mostly of collagen I. During this process, other proteins sccreted by
the osteoblasts, such as osteocalcin and alkaline phosphatase, will *leak” into the
circulation and are often used as serum biomarkers of bone formation. After the matrix is
secreted, the osteoblasts release small membrane bound ‘matrix vesicles that contain
highly concentrated « cium and pho _ iate and other factors which create optimal
conditions for bone mineralization (41). Osteocalcin has a high binding affinity for
calcium. When sufficient . 'ium isava ble, it binds to the osteo  cin resultit  in the
mineralization of the matrix. Osteob ts cventually become entombed in the mineralized
matrix as osteocytes but maintain communication with other osteocytes by extending
their cytoplasm throuy tunnel-like « . culae (41). When calcium is not readily
available, the osteoid may remain unmineralized or mineralization may be prolonged.

1,25(OH);D; may play a direct role in the regulation of bone formation. Oral

supplementation with vitamin Dj; decreases rates of bone loss in old  adult humans (60).




Higher serum 1,25(OH),D; levels have een associated with a higher BMD of the hip (1).
1,25(OH);D; also enhances the synthesis of osteocalcin by osteoblasts (42), promotes
exocytosis of bone mater” s and increases osteoblast survival (61). Furthermore, this is
suppported by the fact that the Vdr is e:  -essed in osteoblasts (62). Other findings
suggest that the anabolic actions of 1.25(OH),D; are indirect. resulting from the
suppression of PTH (63) and the stimulation of intestinal calcium absorption, which both
encourage bone formation.

PTH has also been used as a pharmacological stimulator of bone formation (64).
The administration of short pulses of PTH activates the PTHR and stimulates the
proliferation, differentiation and activation of osteoblasts, leading to an increase in bone

formation.

1.2.4 Adaptations during p. 'nancy

During human pregnancy, the mineralizing fetal skeleton will require
approximately 30g of calcium, 80% of this during the third trin  ter. This imposes a
high demand for calcium on the maternal circulation. ..e mother primarily adapts to this
demand through a doubling in intestinal calcium absorption (65, 66). Total circulating
1.25(OH);D;s is doubled early in pre  1ancy but free 1,25(OH):D; levels are not increased
until the third trimester (67). The increase in 1,25(0OH),D3; may mediate an increase in
TRPV6. calbindin-Dog and Ca’" ATPase. sulting in an increase in intestinal calcium

absorption during pregnancy. There is evidence to suggest, however. that the increase in
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intestinal calcium absorption can occ independently of 1,25(OH),D;. The doubling in
intestinal calcium absorption precedes the rise in free 1 ~5(OH),D; levels in humans and
other mammals (67). Also, intestinal calcium absorption was increased in vitamin D
deficient rats during pregnancy (68, 69). Studies by Takeuchi et al. (70) suggest that
placental lactogen, a hormone that is produced by the placenta, may stimulate intestinal
calcium absorption.

Studies in our laboratory in normal mice found that the mother may experience
increases in BMC during pregi 1cy (71, 72). This suy sts that BMC may increase
during pregnancy in preparation for the -ge skeletal losses that occur during lactation.
Evidence in humans suggests that there is a small decrease in BMD by the end of
pregnancy due to small increases in bone resorption (73, 74). These human studies are
limited for many reasons. For ex: )le, due to concerns of fetal radiation exposure,
BMD scans have been done months before a planned pregnancy and 1-6 weeks after, but
not during pregnancy. Many studies lack baseline measurements and therefore the
controls that are needed to properly interpret data. Serum and urine biomarker studies are
also not reliable during pr¢ 1ancy because of different factors such as hemodilution and

increased glomer " r filtration rate in the kidney (67).

1.2.5 Adaptations during lactation

During lactation, humans secrete between 0.2-0.5g of calcium in the breast milk

daily. This greatly increases the physiolc cal demand for calcium in the lactating
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woman. In contrast to pregnancy, lactatii  moth:  maintain calcium balance by rapidly
demineralizing their skeletons. Women who lactate exclusively for three to six months
lose 5-10% bone mineral content. Female mice normally lose 25-30% of BMD during
three weeks of lactation. The amount of BMD lost during lactatio is proportional to the
amount of calcium lost in the milk (75).

The mechanism by which skeletal resorption is regulated is only partially
understood. PTH levels are reduced 50% or more during the first few months of
lactation, suggesting that skeletal demineralization is not regulate¢  y mechanisms found
in non-pregnant, non-lactating females (67). There is evidence that the effects of high
levels of parathyroid hormone related protein (PTHrP) and low estradiol levels combine
to elevate bone resorption durii  lactation. PTHrP is produced by the breast during
lactation. Its levels are elevated in 3 serum of lactating women and are 10,000 times
higher in the breast milk. Studies by VanHouten ef al. (76) have shown at mice lacking
mammary PTHrP expression during lactation, lost less BMC during this time. This
suggests that PTHrP produced by mammary tissue drives bone resorption during this
time. Suckling and h™ "1 prolactin levels suppress nadotropins, which in turn, reduces
the production of estradial by the ovary (67). Estradiol deficiency is well known to
stimulate bone resorption in humans and rodents. For example. postmenopausal women
have losses of 1.4%/year at the hip and 1.6%/yecar at the spine (77). Also, six months of
estrogen deficiency in iced by gonadotr in releasing hormone age ist therapy leads
to1-4% losses in trabecular bone mineral density (73). Although the above findings are

consistent with a role for estrogen deficiency in bone resorption, this alone cannot
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account for the 5-10% losses that occur in women during lactation. It is likely that

PTHrP and low estradiol levels act together to achieve this degree of bone resorption.

1.2.6 Skeletal recovery after weaning

After weaning, the maternal skeletal mineral content is rapidly and completcly
regained (73, 78, 79). During post weaning recovery, women will <perience increases
of 0.5-2% BMC per month. . .is is unique because BMC losses experienced as an adult
are normally followed by a slow and incomplete recovery, as opposed to the rapid
recovery observed post-weaning. One study by Halloran ef «/. (80) su; sts that
1.25(0OH),D; may play arole. They reported that vitamin D-deficient rats replaced some
mineral after lactation but failed to recover to baseline. Further understanding the
mechanism of rapid increase in bone mineral content after lactation may prove useful in
the development of new strategies to increase BMC and treat conditions such as

osteoporosis in the future.

L.2.7 Vdr knockout mouse model

As there is no *1,25(OH);D: :ne’. several strategies have been used to study the
absence of 1,25(OH) 3 in vivo. Rats have been rendered vitamin D deficient when
raised in darkness and fed a diet lacking vitamin D (69. 81, 82). The I-a hydroxylase

gene has been ablated in mice so that they are unable to enzymatici y produce




1.25(OH);D;3, the form of vitamin D with the highest amount of physiological activity
(83). Vdr knockout mouse models have been created independently by scientists in
Boston (84), Leuwen (20) and Tokyo (85). In these models, the mice lack the receptor
that is required for 1.25(OH),D; function.

For my experiments, [ used the Fdr knockout mouse that was created in the
laboratory of Marie Demay at Boston. A 5kb fragment of DNA encoding the second zinc
{inger of the receptor DNA-binding domain was deleted and replaced with a neomycin
cassette to generate Fdr null mice (84). Without a functional DNA-binding domain, the
VDR cannot bind to DNA and is therefore unable to activate vitas n D-dependent
transcription.  As a result, Vdr null mice have high serum 1,25(011),D; levels but cannot
utilize it.

Vdr mice provide an animal model of the human condition, vitamin D-dependent
rickets type II. Similar to humans, these mice are born phenotypically normal but
develop alopecia, hypocalcemia, secondary hyperp:  thyroidism, rickets and
osteomalacia by adulthood (84). ..is data is consistent with other Vdr knockouts (85).
Fertility and litter sizes are also reduced in Idr null mice (86). The phenotype, excluding
alopecia, is a consequence of the absence of the Vdr in the intestine (87). Kollenkirchen
et al. (88) formulated an enric .h" “tincalcii  pho | rorus and lactose which
achicved normocalcemia, without raising PTH levels, in vitamin D deficient rats. When
Vdr null mice are fed this diet in - :diately after weaning from the mother, the

hypocalcemia, hypophosphatemia, sect  lary hyperparathyroidism and skeletal
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abnormalities are prevented (87, 89). The mechanism of how this occurs has not been
determined but it is thought that the lactose enhances passive abs¢ stion of calcium.

The fact that Vdr null mice do not develop abnormalities in mineral metabolism
until post-weaning is not unexpected. In rats, during gestation and in the neonate,
calcium absorption in the intestine occ  ; primarily by passive mechanisms (90). After
18 days of age, these passive mechanisms become less important and are replaced by
active, 1,25(OH),D;-dependent absorptive mechanisms. Without the Vdr, active
mechanisms are impaired and c: :ium absorption is reduced in the adult. resulting in
severe consequences on calcium metabolism. This would explain why Vdr nulls, despite
genetic ablations, are born phenotypically normal but develop abnormalities in calcium

homeostasis as they mature.

1.2.8 Project description

1,25(OH);D; and the VDR  ay an important role in regulating calcium
homeostasis. Without 1 =5 OH),;D; and the VDR, intestinal calcium absorption is
reduced, calcium homeostasis is impaired and the skeleton is stripped of mineral.
Pregnancy and lactation create a large char  : in calcium homeostasis. Studies have
indicated that the 1,25(OH),D; and the VDR may be less important in  ulatii  calcium
metabolism during the reproductive periods (68-70). [ wanted to determine the role of
1.25(0OH),D; and the VDR in e 1lating calcium and bone metabolism during pregnancy.

To acec  plish this, I analysed the Boston Vdr ™ ockout mouse model during this period




and I hypothesized that intestinal calc m absorption and calcium and bone homeostasis
are regulated independently of 1.25(OH).D; and the VDR during pregnancy.

For my Master’s project. I first :termined the consequences of pregnancy and
lactation on skeletal mineral content. I'rom there, I focused on how pr¢  ancy atfected
calcium absorption  d gene expression in the duodenum, calcium homeostasis and

skeletal morphology in Vdr null mice.






improving fertility, it was not known how this diet would affect the mice in my
experiments since they were not receiving the enriched diet until ten wecks of age.

After at least one week on the enriched diet, baseline BMC measurements. whole
blood (ionized calcium), serum, urine, duodenal (for microarray): 4 bone (for
histomorphometry) samples were obtained. The mice were then mated overnight. The
presence of a vaginal plug in the morning was designated as gestation day 0.5 of
pregnancy. Serial BMC measurements were obtained at late pregnancy (gestation day
18.5). late lactation (lactation day 21) and post-weaning recovery (recovery day 21).
Serum and urine were further collected 1ring early (gestation day 7) and late (gestation
day 18.5) pregnancy. Duodenal samples for microarray analysis and tibias for
histomorphometry were collected at  :station day 16.5 in order to alyze the
molecular/cellular events that lead to the phenotype at the end of pregnancy.

Experiments involving non-preg int mice differed slightly. Baseline BMC and
ionized calcium measurements were obtained while the non-pregnant Fdr nulls were
receiving the regular 1% calcium dic ~ The mice were then switched to the enriched diet
and serial BMC and ionized calcium mc¢ urements were obtained 12, 14, 20 and 22
weeks of age.

Results are displayed as mean + the standard error as determined using analysis of

variance followed by Tukey's Test.
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2.3 Genotyping

2.3.1 Tagging and tailing

Mice were exposed to isofl  1c (Baxter corporation) for approximately 8
seconds after which time they were anaesthetized for approximately 5-8 seconds. An ear
tag containing an ID number was implanted in each animal’s right ear. Approximately
0.5 cm of tail was removed using a razor blade. placed in 0.5 ml of lysis buffer (100mM
Tris (pH 8.0), SmM EDTA (pH 8.0), 0.2% SDS, 200mM NacCl) and incubated at 55°C

overnight.

2.3.2 DNA extraction from tail samples

After the ove ght incubation in lysis bufter, the tail sample was centrifuged at
18.300 x g for 10 minutes to pellet the I r. The sample was then decanted into 0.5 mi of
2-propanol (HPLC grade, Fisher Scientific) and inverted S to 10 times to precipitate the
DNA. The precipitate was removed with a pipette tip, placed in a clean 1.5 ml centrifuge
tube containing 0.5 ml of detonized wat and hand shaken for 5 minutes to dissolve the
DNA. 0.5 ml of phenol: chloroform: isoamyl alcohol (25:24:1) pH 6.7 (Fisher Scientific)
was added, the sample was shaken by hand for 1 minute and centrituged at 18.300 x g for
2 minutes. The aqueous layer was removed. placed in a clean 1.5 ml centrifuge tube and
1ml of 0.12M sodium acetate (Fisher Scientific) inre :nt alcohol (Histological 1de.

Fisher Scientific) was added. This wast 'ninverted to 10t :sto precipitate the




DNA and centrifuged for 10 minutes 18,300 x g. The sodium acetate solution was
decanted and 1 ml of 70% ethanol was Ided to wash the pellet. The sample was shaken
by hand for approximately 10 seconds : d again centrifuged at 18.300 x g for 10
minutes. The solution was decanted and the remaining ethanol w  discarded. The
pellet was air dried for 5 to 10 minutes and resuspended in 200 pl £ (10mM Tris. ImM

EDTA, pH 8.0).

2.3.3 Polymerase chain reaction (PCR)

A ~450bp region of exon 3 of the WT Vdr gene and a 308bp region of the
neomycin gene were amplified by PCR using two primer sets. The primers used to
amplify the WT product were as follows: forward primer: 5°-CTG CCC TGC TCC ACA
GTC CTT-3", reverse primer: 5'-GCA GAC TCT CCA ATG TGA AGC-3". The primers
used to amplify the neomycin cassette are as follows: forward primer: 5’-GGA GAG
GCT ATT CGG CTA TGA C-3°, reverse primer: 5’ -CGC ATT CGA TCA GCC ATG
ATG G-3". 1 pl of genomic DNA was added to 49ul of a PCR cocktail containii  1X
PCR Bufter (20mM Tris-HCI (pH 8.4), 50mM KCl), 2mM MgCl. 0.2mM
deoxynucleotide triphosphates (ANTPs), U Taq DNA polymerase) in a 0.6 ml thin
walled PCR tube (Fisher Scientific). FFor each experiment, DNA was omitted from one
tube to serve as a negative control. The mples were then loaded nto a Peltier Thermal
Cycler (MJ Research). The PCR prc  am included the followed conditions: denaturation

at 94°C for 4 minutes, 35 cycles of denaturation at 94°C for 1 minute, annealing at 62°C



for 1 minute, polymerization at 72°C for 1 minute. After these 35 cycles, the program
was completed with a 7 minute polymcrization at 72°C. The PCR products were stored

at 4°C until gel elec Hphoresis wasp ¢ ed.

2.3.4 Gel electrophoresis

PCR products were separated by gel electrophoresis. Agarose (1.2g) (Invitrogen)
was added to 100 ml of buffer (0.4AM T . 20mM EDTA. 1.14% Acetic Acid, pH 8.5) in
a 500ml Fleaker and boiled in the microwave. The solution was cooled slightly and 20
il of SYBR"™ Safe DNA gel stain (Inv  gen) was added. The solution was mixed
gently and poured into a gel electrophoresis chamber (Easy Cast) containing a loading
well comb. The solution was cooled for 20 minutes during which time it solidified to
form a gel. Orange G loading dye (5 nl) was added to the 50ul PC  sample and mixed.
The PCR sample/orange G mixture (10pl) was loaded into each well. The PCR product
ran on the gel for 30 minutes at 200 volts. A digital picture of the gel was taken using a

Gel© ":100In 1 system (} " del Scienti...).

2.4 Bone mineral content

WT and Vdr null mice were switched from the enriched 2% calcium diet to a
roilar 1% calcium diet 18 hours prior to scannir—~ for BMC. In " ance of the scan,

cach mouse was anaesthetized (40ul ot 83.3mg/ml Ketamine, 3.3 mg/ml xylazine, i.p.).
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saline (PBS) and the heartbeat was monitored. After 10 minutes, the loop was excised
external to the sutures, placed in a scintillation vial and solubilized overnight in Sml
Scintigest (Fisher Scientific) at 65°C on a shaker. Loops that appeared non-viable
(purple) or deflated were discarded. The samples were then pulse vortexed until they
were disrupted. After scintillation fluid (10 ml, Fisher Scientific) was added, the vials
were counted in a LS 6500 Multi-p | ose liquid scintillation counter (Beckman Coulter).
The results are expressed as a percentage of the initial amount of **Ca that was injected

into the loop.

2.6 RNA expression analysis in the duodenum and vertebrae.

2.6.1 Tissue collection

At each timepoint, tissue samples were collected for RNA, protein and histology.
Mice were killed by cervical dislocation. The tissues were dissected, snap frozen in

liquid nitrogen and stored at -80°C.

2.6.2 RNA extraction

The homogenizer was cleaned between samples by rinsing with an RNA wash
solution (2mmol EDTA, 0.1% SDS, 0.1% Diethyl pyrocarbonate, (DEPC)(Sigma)) and

Ribonuclease-free deionized water.









2.6.4 Validation of microarray  ults using real tin RT-PCR.

Real time RT-PCR was performed on each RNA sample to validate the
expression of Trpv6, Sgl00 and Pmcalh mRNA as determined by microarray. c¢DNA
synthesis and amplification were performed in one step using TagMan® RNA-to-C;'™ 1-
Step Kit and TagMan® Gene Expression Assays (Applied Biosystems). A reaction
cocktail containing approximately 12.5ng of total RNA, 1X TagMan® RT Enzyme Mix,
1X TagMan® RT-PCR Mix and = TaqMan® Gene Expression Assays for either Trpv6,
Sg 100, Pmcalb or glutaraldehyde-3-phosphate dehydrogenase (Gapdh). Each assay was
run in triplicate, three times for ch ¢ e. The cocktail (20ul) was loaded onto an
Optical 96-Well Thermal Cycling plate Applied Biosystems). Each well was covered
using Optical Caps (Appl . Biosystems) and the plate was centrifuged at 2000 x g for |
minute. The plate was then transferred to an ABI 7000 Thermocycler (Applied
Biosystems) and an solute quantification document was selected. The RT-PCR
program included cDNA synthesis: 48°C for 15 minutes, enzyme activation: 95°C for 10
minutes and 40 cycles of denaturing: 95°C for 15 seconds and annealing/extension: 60°C
for 1 minute. ...e resulti wlification curves w  used to « ' the hold
cycle (Cr)values for each samp  The data for each :ne was nc ialized to the
“housekeeping” gene Gupdh and expressed relative to another genotype or reproductive

timepoint, depending on the com| son.
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2.7 Serum analysis

The tail was icked usit a razor blade, whole blood was collected into a
capillary tube and then transferred into a 1.5 ml polypropylene centrifuge tube. The
blood was incubated at room temperature for 30 minutes and then centrifuged for 10
minutes at 15,800 x g. The clear sert  layer was removed with a pipette, placed in a
fresh 0.6ml centrifuge and stored at -80°C. Prior to each assay performed on the sample,

the sample was thawed and centrifuged for 10 minutes at 15,800 x g.

2.7.1 Serum ionized calcium

Serum ionized calcium (Ca’") v s determined using the 634 Ca’*/ pH analyzer
(Chiron Diagnostics). Whole tail blood samples were collected in a 60ul capillary tube
(Bayer) and capped with an adaptor. . ..e blood sample was immediately loaded in to the

machine and the ionized calcium results (corrected for pH 7.4) were obtained.

2.7.2 Serum PTH

Serum PTH was measured using a rat intact PTH enzyme linked immunosorbet
assay (ELISA) kit (Immutopics, ). This kit is cross-reactive to mouse PTH. 25ul of
undiluted serum, standards and controls were loaded into a streptavidin coated 96 well
plate. Two antibodies; a biotinylated  anti-PTH and a horseradish peroxidase

conjugated rat anti-PTH, were added and incubated for three hours. As a result, the PTH




in the serum sample is captured and immobil  d on the surtace of the well and tagged
with HRP. After fir  washes with a buffer, an HRP substrate was added and the
enzymatic activity of HRP was measured by reading the absorbance at 450nm using a
kinetic microplate reader (Molecular Devices). The amount of HRP activity is directly
proportional to the amount of PTH in the sample. The absorbance of each standard was
plotted against theit nown concentration on a linear-linear standard curve. This standard
curve was used to determine the concentration of PTH in the serum samples. Samples
with apparent values below the detecti:  limit (1.6 pg/ml) were assigned values equal to

the detection limit.

2.7.3 Serum osteocalcin

Serum osteocalcin was measured using the mouse osteocalcin IRMA kit
(Immutopics, Inc) accordit  to the manufacturer’s protocol. Serum was diluted 1:11
with zero standard prior to the assay. A standard, control or diluted serum (25ul) was
added to a 2 ml polystyrene tube. 3] Jabeled anti-mouse osteocalcin antibody (200ul)
was dispensed into the tubes. The tubes were mixed by vortexing on low and one bead
coated with anti-mouse osteocalcin antibodies was added to each tube. The tubes were
incubated at room temperature for 18- hours. The liquid was aspirated and the beads
were washed three times with 0.1M PBS. Each tube was counted ina  mma counter
for one minute. The counts per minute (cpm) were plotted against the known

concentration for each standard to prod e a log-log standard curve. This standard curve

95}
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was used to determine the concentration of osteocalcin in the diluted serum samples.

These values were then multiplied by the dilution factor.

2.8. Urine analysis

Mice were placed in empty sterile cages until they produced urine. The urine was
collected, placed in a 0.6ml polypropylene centrifuge tube and stored at -20°C. Prior to

each of the following assays, the urine was centrifuged at 15,800 x g for 5 minutes.

2.8.1 Urine deoxypyridinoline .. PD)

Urine DPD was measured using the Metra DPD Enzyme Immunoassay (EIA)
(Quidel). Standards, controls and urine were diluted 1:10 with assay buffer. 50ul of each
was added to wells coated with monoclonal anti-DPD antibody. DPD conjugated to
alkaline phosphatase (100ul) w: added to wells and incubated at >om temperature for 2
hours in the dark. ~ > wells we  washed three times with buffer nd inverted for 5
minutes. 150ul of pNPP subst e was added to the wells and inc Hated for 1 hour at
room temperature. 100pl of stop solution was added and the absorbance at 405nm was
obtained using a kinetic microplate res :r (Molecular Devices) to determine the amount
of ¢ aline phosphatase activity in each well. Due to the competitive nature of the assay,
the amount of alkaline phosphatase activity was inversely proportional to the amount of

DPD in the sample. The absorbances ¢ the known standards were used to construct a
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standard curve (4 parameter). This standard curve was used to determinc the
concentration of DPD in the diluted urine samples. These DPD values were then
multiplied by the dilution factor and expressed relative to the urine creatinine

concentration (nmol DPD/mmol creatii 1e) to correct for urinary concentration.

2.8.2 Urine creatinine

Urine creatinine was determined using the Creatinine-S spectrophotometric assay
(Diagnostic Chemicals Limited (DCL)). Urine samples were diluted 1/10 in 0.9% NaCl.

100ul of creatinine star ' d, control (I -Trol. DCL) or urine were added to 4ml
cuvettes (Fisher Scientific). Creatinine working reagent (2.0ml) was added to the cuvette
and mixed. An Ultraspec 2000 spectrophotometer (Pharmacia Biotech) was used to
obtain the absorbance at 510nm at 20 and 80 seconds after the reagent was added. The
change in absorbance of the unl »  urine sample ive to the change in absorbance

of the known standard was used to calc ate the concentration of the unknown. These

values were then mu iplied by the dilution factor.

2.8.3 Urine total calcium

Urine total calcium was measured using a calcium spectrophotometric assay
(Diagnostic Chemical Limited (DCL). Depending on the concentration, urine samples

were diluted 1/2 or 1/10 in 0.9% NaCl. 10ul of standard. control (DC-Trol, DCL) or
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urine and 1.0 ml of reagent were combined in a |1.0ml polystyrene semi-cuvette, mixed
and incubated at room tem_ ature for at least 30 seconds. An Ultraspec 2000
spectrophotometer (Pharmacia Biotech) was used to measure the absorbance of the
solution at 650nym using water as a reagent blank. The absorbance of the known calcium
standard was used to calculate the concentration of calcium in the ser ~ samples. These
values were then multiplied by the dilution factor and expressed relative to the urine
creatinine concentration (mmol calcium/mmol creatinine) to correct for urinary

concentration.

2.9 Histology

Tibias were removed, stripped of muscle and other soft tissues and fixed in 10%
buffered formalin. The samples were embedded in methacrylate by my supervisor, Dr.
Christopher Kovacs while on sab  cal in the laboratory of Dr. Natalic Simms in St.
Vincent’s Institute, Melbourne, Victor  Australia. Undecalcified 5-micron sections
were stained with either the Goldner’s  chrome and von Kossa methods or toluidine

blue stain.

2.9.1 Goldner’s trichrome :th

Undecalcified tibia sections were deplasticized in cellosolve (Acros organics) for

2 X 25 minutes, rehydrated in decreasing ethanol series and tap water (3 minutes each).




The sections were stained with Ponceau/Acid Fuchsin/Azophloxine for 5 minutes and
rinsed in 1% acetic acid for 10 seconds. The sections were placed in phosphomolybdic
acid/ Orange G for 5 minutes and rinsed in 1% acetic acid for 10 seconds. The slides
were then stained with Light Green for 5 minutes, rinsed in 1% acetic acid for 3 minutes
and blotted dry. The sections were pas 1 through two changes of butanol, one
butanol/toluene mixture, two ¢ :s of toluene, mounted with Depex and coverslipped.
Goldner’s trichrome stains nuclei blue/black, mineralized bone/muscle green and osteoid

red.

2.9.2 Von Kossa method

Undecalcified tibia sections were deplasticized in cellosolve (Acros organics) for
2 X 25 minutes, rehydrated in decreas ethanol series and deionized water (3 minutes
each). The slides were then incubated in 2% silver nitrate for 30 minutes under a strong
light and washed in :ionized water for five minutes. Sodium thiosulfate (2.5%)
followed for 5 minutes and 1 . three times in deionized water. The sections were
coun stained with methyl en (3 ites) and blotted. The s 1 was cleared with
two passes through butanol. The sections were then mounted with Depex and

coverslipped. Mineralized bone stains black using the Von Kossa method.




2.9.3 Toluidine blue stain

Tibia sections were deplasticized in cellosolve (Acros organics) for 2 X =~
minutes and rehydr: :d in decreasing ethanol series and tap water (3 minutes each). The
scctions were stained in toluidine blue  r 5 minutes, dipped in two changes of toluidine
blue buffer and blotted. The stain was cleared by passing through butanol twice, a 1:1
butanol/toluene solution and toluene twice. The sections were mounted with Depex and
coverslipped. Tolui ne blue stains nuclei blue, mineralized bone light purple and

osteoid colourless to pale blue.

2.10 Histomorphometry

Histomorphometric analysis of }'dr null proximal tibias (stained with toluidine
blue) was carried out according to standard procedures using the Ostcomeasure system
(Osteometrics, Decatur, GA). Due to the sinuous nature of the V/r null growth plate the
analyzed region began immediately below the lowest arc of the chondroosseous junction
and extended toward the diaphysis. The parameters analyzed were as tollows: Bone
volume (BV/TV): the total bone marrow volume occupied by trabecular bone; Trabecular
number (Tb.N): the amount of trabeculae present in the field; Tra :ular thickness
(Tb.Th): the average thickness of the trabeculae present in the field; Trabecular spacing
(Tb.Sp): the average distance between trabecular midpoints; Osteoblast number
(N.Ob/BPm): the number of osteoblasts (defined as blue/grey cuboidal cells aligned in

clusters at the bone rface) per bone  imeter; Osteoclast number (N.Oc¢/BPm): the
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number of osteoclasts (defined by the standard criterion of multir :leated cells residing
in resorptive lacunae) per bone perimeter; Osteoclast surface (OcS/BS): the amount of
bone surface containing osteoclasts per total bone surface; Osteoid surface (OS/BS): the

amount of osteoid surface per bone surface.
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3. Results

3.1 Bone mineral content

In order to determine how the rachitic Vdr null skeleton would respond to the
challenges of pregnancy and lactation, I first investigated the changes in total BMC in
Vdr null and WT mice throt out the  roductive cycle. Regional measurements of the
spine and tibia were also analysed tod 11 ~ e if the changes in BMC involved
trabecular bone, cortical bone, or both.

Relative changes in total oMC  Vdr null and WT mice throughout the
reproductive periods are shown in Figure 3.7. WT mice gained 7.1% BMC during
pregnancy, lost 18.1% duri1  lactation and recovered to baseline post weaning.
Regional measurements showed tt WT mice gained 1.1% spine BMC during
pregnancy, lost 17.7% duri  lactation and recovered 8.3% above baseline post-weaning
(Figure 3.2). WT mice alsoga 112.7% hindl > BMC durir  pregnancy, lost 18.3%
during lactation and recovered post-wi  iing 8.3% above baseline (Figure 3.3). In
contrast, Vdr null sisters gained 57.2% BMC by late pregnancy (p<0.05). lost 31.2%
during lactation and recovered pt  -wc ing to a value that was 49.1% higher than the
pre-pregnancy baseline (Figure 3.1). Changes insp : BMC were even greater, with a
61.5% (p<0.05) increase during pr¢ 1ancy, a 52.8% (p<0.05) decrease during lactation
and a recovery to 48.9% above baseline (Figure 3.2). Vdr nulls also gained 34.0%
hindlimb BMC during pr«  ancy, lost 25.7% during lactation and recovered post

weaning. 29.5% above baseline (Figure 3.3).
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Absolute values of baseline total bone mineral content (BMC) in Vdr null and WT
mice throughout the reproductive periods are shown in Figure 3.4. At pre-pregnancy
baseline, Vdr null sisters h:  significa ly reduced BMC (0.38g) as compared to their
WT sisters (0.53g). During | gt :y. lrecovery from lactation, Vdr nulls increased
their BMC significar y to equal WT levels.

In order to separate the effect of the enriched diet from that of pregnancy on
BMC, I assessed changes in BMC in non-pregnant Vdr nulls from 10 to 22 wecks of age.
Relative changes in total BMC in non-pregnant Fdr nulls while receiving the enriched
chow as compared to the pre-diet baseline (10 weeks) are shown in Figure 3.5. 1'dr nulls
significantly increased BMC at 12, 14, 18 and 22 weeks of age. During the 12 weeks of
scanning, BMC increased 58% by 22 weeks, which was equal to the amount gained
during pregnancy and recovery from lactation (indicated by dotted line).

To further assess the effect of the enriched diet on BMC. 1 wanted to determine if
there was a relationship between the amount of time between baseline and late pregnancy
scans and the amount of BMC gained (Table 3.1). WT mice had a mean 3 weeks on the
enriched diet and gained only 7.1% BMC during pregnancy. Thr  Fdr null mice had a
mean 3.5 weeks on the enriched diet and gained 41% BMC during that time. Two Fdr

null mice had a mean 14 weeks on the et and gained 71%.
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3.2 Duodenal *Ca absorption

To determine “the increased BMC was due to an increase in calcium absorption
that was independent of the Vdr, I measured duodenal *¥Ca absorption in I'dr null and
WT mice (Figure 3.6). These results:  displayed in Figure 3.6. At baseline, while
consuming the enriched diet, duodenal **Ca absorption was reduced in I'dr nulls as
compared to WT. In contrast, at thee  of pregnancy *3Ca absorption is significantly

increased in Vdr null mice (p<0.05) as compared to baseline.

3.3 Duodenal gene expression

To examine the cellularn  ha sms involved in the upreg ation of intestinal
calcium absorption in Vdr null mice du g pregnancy, I perform¢ a whole genome
microarray analysis (Mouse Gene ST 1.0, Affymetrix) of gene expression in the
duodenum at baseline and during pregnancy. All significant rclative changes in gene
expression (p<0.1) are listed A lix A tor each statistical comparison. Relative
changes in genes that were common ¢ ong groups are listed in Appendix B.

My analysis focused on the results for genes that were known to be involved in
the active transport of calcium across the duodenum. The relative changes in duodenal
Trpv6, Sgl100 and Pmcalb mRNA expression as determined by microarray analysis are
listed in Table 3.2. Vdr null Trpv6 expression was reduced to 0.13 fold (p<0.005) at

baseline as compared to WT. In contrast, 7rpv6 mRNA expression
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Figure 3.6 Duodenal *SCa absorption in Vdr null (red) and WT (blue) mice at
baseline and gestation day 16.5 of f 21 ncy. Mice were raised on a normal 1%
calcium diet for 10 weeks. They were then switched to a 2% calcium, 1.25% phosphorus
and 20% lactose enriched diet. Duodenal *calcium absorption s m: sured at either
baseline or late pregnancy using the in situ ligated loop techniqr Mice were fasted for
approximately 18 hours befo the procedure. Duodenal ¥Ca absorption is expressed as
the amount of calcium remainii  in the loop as a percentage of the amount of **Ca that
was initially injected into the loop (mean+SE).
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significantly increased 4.8 fold 1 1.005) during pregnancy as compared to baseline.
WT Trpv6 mRNA expression decrease  significantly during pregt ¢y as compared to
WT baseline and pregnant Vdr nulls. Calbindin-Dox and Ca’* ATPase expression were
not significantly ditferent between Vdr null or WTs at baseline or late pregnancy.

To confirm the microarray results, I performed real time RT-PCR on the same
Vdr null and WT baseline and late pregnancy RNA samples. The relative change in
duodenal Trpv6, Sgi00 and Pmcalb mRNA expression as determined using real time
RT-PCR are shown in Table 3.3. Vdr null Trpv6 expression (Figure 3.7) was reduced at
baseline as compared to WT. Trpv6 n  NA expression significantly incrcased 13.5 fold
during pregnancy as compared to bascline and was 3 fold higher (p<0.01) than pregnant
WTs. WT Trpv6 mRNA expression was decreased significantly during pregnancy as
compared to WT baseline and | 1ant Fdr nulls. Sg/00 and Pmcalb expression did not

cha; :significantly in Vdr null or WT at bascline or late pregnancy (Tuble 3.3).

3.4 Calcium homeostasis

To determine if the inn ¢ in duc " nal calcium absorption in Fdr null during
pregnancy affected maternn  calcium h neostasis. [ analyzed ser 1 ionized calcium.
urine calcium and parameters ot secondary hyperparathyroidism (scrum PTH and bone

turnover markers).
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Figure 3.7 Relative expression of duodenal 7rpv6 in V. . (bluc) and Vdr null (red)
mice at baseline and pregnancy as determined using real time RT-PCR. Mice were
raised on a normal 1% calciumd for [0 w s. They were then switched to a 2%
calcium, 1.25% phosphorus and 20% lactose enriched diet. Duodenal samples were
collected at either baseline or late pregnancy ~ station day 16.5). Duodenal total RNA
was analyzed using TaqMan® RNA-to-C;™ 1-Step Kit and TaqMan® Gene Expression
Assays. The results were calculated usit  the 2**CT method and displayed as mean
relative expression 5.



3.4.1 Serum ionized calcium

Serum ionized calcium was measured to determine if the increase in duodenal
calcium absorption in Vdr nulls during pregnancy caused serum calcium levels to
normalize. Figure 3.8 shows the prelim ary results for ionized calcium in Fdr null mice
at baseline and late pregnancy. WT baseline mean ionized calcium is indicated by the
dotted line (1.17mmol/L). At baseline, the Vdr null was hypocalcemic (0.68 mmol/L).
By late pregnancy, Vdr null ionized calcium increased to WT levels.

In order to determine the effect of the enriched diet on serum ionized calcium. |
measured serum ionized calcium in non-pregnant Vdr nulls from 10-22 weeks of age
(Figure 3.9). As shown, Vdr nulls were hypocalcemic while consuming both the regular
(10 weeks) and enriched diets (12 v :ks). By age 22 weeks, Vdr null ionized calcium

significantly increased to WT levels.

3.4.2 Urine calcium

In order to determine if urine calcium excretion was altered in Vdr nulls during
pregnancy, urine calcium was measured. Figure 3.10 displays urine total calcium in WT
and Vdr null mice throughout pregnancy. Although the difference was not statistically
significant, the Vdr null value appeared lower than WT at baseline. Larly in pregnancy.
both WT and Vdr nulls have a trend toward increased urine calcium levels and the values

become more similar. During late pre; ¢y, both genotypes have a trend toward
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irmenen 2 ¢ Preliminary results for serum ionized calcium levels at baseline and late
pregnancy in Vdr null mice. Mice were raised on a normal 1% calcium diet for 10

v 5. Baseline whole tail blood was collected and analyzed immediately for ionized
calcium. They were then switched to a 2% calcium, 1.25% phosphorus and 20% lactosc
enriched diet and mated. An addition. 1on d calcium measurement was obtained at
late pregnancy. WT baseline serum ionized calcium (1.17mmol/L, N=8) is indicated by
the dotted line.
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decrease in urine calcium levels and the values remain similar, suggesting that Vdr null

urine calcium excretion is becomiir  normalized.

3.4.3 Secondary hyperparathyroidism

Serum PTH was measured to determine if the increase in duodenal calcium
absorption lessened secondary hyperparathyroidism in Vdr nulls during pregnancy.
Serum PTH in Vdr null and WT mice at baseline and during pregr cy arc shown in
Figure 3.11. Baseline sert  PTH levels were significantly higher in Vdr nulls as
compared to WT. During pre  ancy, serum PTH decreased in Vdr nulls to levels that
were not significantly different from WT levels.

Since secondary hyperparathyroidism is associated with increased bone turnover,
a decrease in serum PTH should be accompanied by a decrease in bone turnover. |
measured serum osteocalcin and urine DPD, markers of bone formation and resorption
respectively, to determine if bone turnover was decreased in Vdr nulls during pregnancy.

Serum osteocalcin levels in WT and Vi null mice during pregnancy are
displayed in Figure 3.12. At baseline, serum osteocalcin was elevated in Fdr null mice
as compared to WT. By late pregnancy, Fdr null serum osteocalcin reduced significantly
(p<0.05) to normal WT levels. WT osteocalcin levels did not change during pregnancy.

Urine DPD/creatinine levels in WT and Vdr null mice are shown in Figure 3.13.
Vdr null DPD levels were significantly increased (p<0.05) at baseline but decreased

significantly (p<0.05) to WT levels during pregnancy.
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Linees 272 Urine DPD levels in WT (blue) and Vdr null (red) mice at baseline and
durmg pregnancy. Mice were raised on a normal 1% calcium diet for 10 weeks. They
were then switched to a 2% calcium, 1.25% phosphorus and 20% lactose enriched diet.
After at least 7 days, baseline urine was collected and the mice were mated. Serial urine
samples were collected at gestation day 7 (early pregnancy) and station day 18.5 of
pregnancy (late prc  ancy). Urine DPD was detected using the Metra DPD Enzyme
Immunoassay (EIA) (Quic ) 1 Urine Creatinine was determined using the Creatinine-
S spectrophotometric assay ™ ‘agnostic Chemicals Limited). Urine DPD levels arc
expressed relative to the urine creatinine concentration as nmol DPD/mmol Creatinine
(mean<SE).
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3.5 Bone histology and histomorphometry

In order to determine if the rachitic Vdr null skeleton was repaired during
pregnancy, the tibias were examined histologically. Goldner’s tric ome stain of
undecalcified tibia cross sections are shown in Figure 3. 14 (A-E). WT tibias (A.D)
displayed a normal morphology and an organized growth plate (indicated by white
arrows). Vdr null tibias had an abnorm: rachitic morphology, disorganized growth plate
(indicated by white arrows) and marked fibrosis (not shown) at both baseline (B,E) and
pregnancy (C). Von Kossa stains of Vdr null tibia from baseline and late pregnancy are
shown in Figure 3.14 (H.I). Tibias fro1 pregnant Vdr nulls displayed more mineral than
baseline.

Vdr null undecalcified tib : were also examined histomorphometrically to
determine if the increase in BMC in Vdr nulls during pregnancy was due to an increase in
the formation of new bone or an incre  in osteoid mineralization. Table 3.4 displays
the histomorphometry results for Vdr nulls at baseline and late pregnancy. Interestingly,

there was no differe e in bone volume, trabecular spacing, trabecular thickness or

trabecular number during pr cy as compared to baseline. In contrast, significant
decreases were observed in ostec i and osteoclast number. resorptive surface, osteoid
surface and osteoid thickness in pre t Vdr nulls as compared to baseline. This is also

displayed histologically in Figure 3.14 (F, G). Toluidine blue stains of Fdr null tibia
trabeculae from baseline (F) showed more osteoid (arrows indicate clear layer of osteoid)

than late pregnancy (G).
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The skeleton is composed of both dense cortical bone and etabolically active
spongy, trabecular bone. The hindlimb contains mostly cortical bone and the spine,
trabecular bone. Regional char s in spine and hindlimb BMC were analyzed in order to
de  nine if the changes in BMC affec 1 involved one or both bone types. Gains and
losses of BMC in the spine and hindlin  were similar to the changes in whole body BMC
in Vdr null and WT mice. This st zests that the changes in BMC during the
reproductive periods involve both trabecular and cortical bone.

Collectively, the results rest that the VDR is not necessary for the
maintenance of skeletal mineral metab¢ sm during pregnancy and lactation. They also
suggest that reproduction may be advantageous to the skeleton in ice lacking the I'dr.
As bone is lost or resorbed during lacte Hn, it is possible that new bone is formed to
replace the abnormal bone, thus repairing the skeleton.

It was evident that the diet could be responsible, at least in part, for the increase in
BMC. Rummens ¢f al. (95) indicated that Leuwen Fdr nulls on a regular diet
experienced an increase in trabecular bone while Vdr nulls who received the enriched diet
at diagnosis of pregnancy, showed inc  ses in both trabecular an  cortical bone. For this
reason. | measured changes in total BMC in non-pregnant }'dr nulls both before receiving
the diet (10 weeks of age) and while on the diet (14, 18, 22 weeks). The preliminary
data indicate that after 12 weeks on ° diet, non-pregnant Fdr nu mice experienced a
gradual increase in BMC to a final value of 58%. This suggeststl  the enriched dict is

responsible for at least some of the increase in - MC in Fdr nulls.
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To further explore this issue, | also investigated the amount of time between
baseline and late pregnancy scans and the amount of bone that was gained for each Vdr
null. This would determine if there were a relationship between the amount of time
consuming the diet and the amount of BMC gained. Three }'dr null mice had a mean 3.5
weeks on the enriched diet and gained 41% BMC during that time. Two Fdr null mice
had a mean 14 weeks on the diet and gained 71%. These results ow that pregnant Vdr
null mice gained more BMC after both 3.5 and 14 weeks on the diet than non-pregnant
Vdr null mice. Again, this suggests tl  the enriched diet is responsible for at least some
of the increase in BMC but cannot account for all of the BMC that is achieved during
pregnancy.

In future studies, it would be necessary to determine exactly how much the diet
influences BMC during pr¢ 1ancy and tation in }dr null mice. To achieve this, BMC
measurements should be obtained during reproduction in }'dr nulls on a regular calcium
diet, if it 1s physiologically possit V. nulls are capable of con eting pregnancy on a
regular calcium diet (86) but it is not known if they can lactate no ally. If the enriched
diet were required for lactation, mice should be removed from the high calcium

diet | st weaning. This would at least determine if the enriched d  were necessary for

the increase in BMC durit  post-wean  recovery.
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shown to precede the rise in 1.25(0OH),D; levels (67). In addition. Halloran ¢f al. (68)
and Brommage ef al. (69) documented that intestinal calcium absorption was increased
during pregnancy in vitamin D deficiel rats.

The results sug st that during pre  ancy. unique mechanisms may be activated
to stimulate duodenal calcium absorption in order to achieve ideal physiological
conditions for the fetus and to prepare for lactation. In addition. the increase in **Ca
absorption in Vdr nulls may exp n, al :astin part. the increase  BMC during
pregnancy. An increase in the active absorption of calcium woul increase the amount of
calcium that is available for bone formation or mineralization.

The increase in intestinal calcium absorption may be causcd by hormones other
than 1,25(OH),Ds. Takeuchi ef al. (70) reported that placental lactogen stimulates
calcium transfer during pregnancy. Studics by Ajibade er al.(26). 1 non-pregnant
vitamin D deficient ice, have shown at prolactin injections stimulated a 3 fold
increase in duodenal calcium absorption. Placental lactogen is characteristically similar
to prolactin and ultilizes the prolactin receptor. It is likely that bc  are capable of
stimulating intestinal calcium absorption; however, placental lactogen is elevated during
pregnancy while prolactin is not. Thus. placental lactogen could  responsible for
increasing duodenal calcium absorption during this time.

Vdr null mice lack a functional I'dr but do not lack 1.25(¢ D,D;. Several studics
have shown, however, that 1.25(OH),D; may stimulate both acti  and passive intestinal
calcium absorption throt "1 VDR-independent mecl  isms (29, 30. 100. 101). It has

been proposed that in these situations. 1.25(OH),D; acts similar to growth factors or
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decreased due to the enriched diet, then I'dr null expression would appear normal. This
may explain the why my results differ from previous research.

Pmealb mRNA expression was also normal in Vdr nulls at baseline. These
results agree with previous studies which also found that Pmcall 1RNA expression was
normal in non-pregnant Leuwen and Tokyo Fdr nulls (20). Surp ingly, Pmcalb mRNA
expression did not increase dur 3 pregnancy. This suggests that Ca>* ATPase is not
required for the upregulation of intestinal calcium transfer in Vdr nulls during pregnancy,
however, Ca** ATPase expression may remain the same while its tivity increases. In
future studies, protein expression of calbindin-Dyy and Ca’' ATPase and the activity of
Ca®' ATPase will be examined.

It is possible that I did not see changes in the expression of Sg/00 and Pmcalb
because of the way I harvested the sample. Changes in expression that were directly
related to the increase in calcium absorption would have occurred in the mucosal layer.
Harvesting a section of the whole duc :num. which also contains the intestinal muscle
wall and pancreatic tissue, may have masked important changes { it could have occurred
in the epithelium. This technique uld be improved by obtaining duodenal epithelial
scrapings, rather than harvesting the v ole duodenum.

All other significant char s in duodenal gene expression are shown in Appendix
A and B. Although the expression of these genes was not further explored in this thesis,
some of them are deserving of future investigation. For example, the microarray analysis
also appeared to support the theory that the lactose in the diet up  1lates passive calcium

absorption (Appendix A). The data indicated that lactase n...NA as1_ « ilated 4.3
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fold (p<0.05) in Vdr nulls at baseline as compared to WT (A1). Lactase expression was
also 2.22 fold (p<0.05) in Vdr nulls during pregnancy as compared to pregnant WTs (A4)
and 1.6 fold (NS, data not shown) in pregnant WTs as compared to baseline. Lactase is
an enzyme which is expressed on the brush border membrane of 2 duodenal mucosal
cell that is essential for the break down of lactose to glucose and ilactose. Prolonged
exposure to the diet may upregulate lactase expression, resulting  the breakdown of
lactose that ultimately initiates s* alii  to cause an increase in paracellular calcium
absorption.

In addition, duodenal expression of claudin-4 was decreased 0.46 (p<0.005) in
pregnant Vdr nulls as comp toba ine (A2)and 0.42 (p<0.(  ascompared to
pregnant WTs (A4). The claudin family of proteins are important in the regulation of
tight junctions (109). 1 “7(OH)  has been shown to stimulate claudin-2 and claudin-
12 expression to increase intestinal paracellular absorption (30).  hese results further
support that claudin expression is  julatd by 1.25(OH),Dj; and the Vdr but do not appear
to explain the mechanism causing the increase in Vdr null intestinal calcium absorption
during pregnancy.

Furthermore, duodenal expression of the uncharacterized cDNA sequence
AY05357 is increased 3.42 (p<0.05) in Fdr nulls at baseline as ¢« pared to WT's (A1)
but is decreased 0.27 (p=0.005) in pregnant Fdr nulls as compare to pregnant WT's
(A2). Theroleof'tl igenein :gnant Vdr nulls may also deserve further exploration in

the future.
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It is possible that the anal*  : of the microarray data is limited due to the small
sample sizes used in the experiment. This was caused by problems with RNA quality.
The Centre for Applied Genomics™ (The Hospital for Sick Children, Toronto) protocol
recommends that o1 7 samples with a RIN>7 be used for microarray analysis. Only 50%
of my samples met this requirement because there was signiticant degradation observed
in the other half of the samples. As a result, only two samples (as opposed to four) per
genotype, per timepoint were cho:  for microarray analysis, wh 1 greatly reduced the
sample sizes for the experiment. Due ) time constraints and the low probability of Fdr
null survival to 10 weeks (- ~ %), acquirit more samples was not possible. Despite the
small sample sizes, good quality RNA was used for these microarray experiments and the

results were confirmed using real-time PCR, suggesting that the data arc accurate.

4.3 Impact on calcium homeostasis

Non-pregnant Vdr null mice have hypocalcemia, secondary hypcrparathyroidism,
osteomalacia and rickets. Next I wanted to determine if the increase in intestinal calcium

absorption during pregnancy also repaired calcium homeostasis in Vdr nulls.

4.3.1 Serum calcium

Serum ionized calcium was measured to determine if the  :rease in intestinal

calcium absorption in Vdr nulls during pregnancy also normalize serum ionized calcium




levels. Unfortunately, only preliminary data could be obtained fi ionized calcium.
Reagents for the io1 ‘ed calcium machine in our laboratory wer¢ > longer commercially
available and no other ionized calcium measuring device was available locally. As a
result, the sample sizes for my ionized calcium data were very small.

The non-pregnant ¥dr null was hypocalcc " at baseline 1t normalized serum
ionized calcium to WT levels by late pregnancy. These preliminary data suggest that
pregnancy normalized ion 1 calcium levels in Ver null mice, however, more data is
needed to be conclusive.

To further examine if ionized calcium were normalized by the cnriched diet, |
measured ionized calcium in non-pregnant Vdr null mice onarc  ar calcium diet (10
weeks of age), after receiving the high calcium diet at 12 weeks, 20 wecks and 22 weeks
of age. Non-pregnant Vdr null mice were hypocalcemic on the - ilar diet. Fdr null
ionized calcium normalized to WT levels between 12 and 20 we: ; of receiving the
enriched diet. This suggests that the high calcium diet will event lly normalize ionized
calcium in Vdr null mice. Others have shown that a high calcium diet normalized serum
calcium in vitamin D deficient rats (110), 'dr knockout mice (87, 89) and 1.a-
hydoxylase knockout mice (111) that would otherwise be hypocalcemic it fed a regular
1% calcium diet. Due to the lack of data between 12 and 20 weeks it is difficult to
determine if the normalization of serum calcium would occur faster in pregnant Vdr nulls.
It will be necessary to repeat this« |, eriment to obtain more data. This will help
distinguish how pregnancy and the dict independently influence scrum calcium in Fdr

null mice.
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4.3.2 Urine calcium

I measured urine calcium to determine if calcium excretion was altered during
pregnancy in Vdr null mice. At baseline, Vdr null urine calcium is not significantly
different but appears reduced as compared to WT. This may sug st that because Vdr
nulls have decreased duodenal calcium absorption, they need to  laim more calcium
back into the circulation. Conversely, it may indicate that WT mice arc excreting more
calcium because of the diet-induced increase in intestinal calcium absorption.

Early in pregnancy, urii  calcium is increased in both Vdr null and WT mice.
This supports the **Ca absc | :ion results becausc an increase in « Hdenal calcium
absorption would increase calc” 1 availability in both genotypes and require that the
kidneys remove more calcium from tI  circulation. By late pregnancy. urine calcium
excretion shows a reducing trend in both null and WT mice, suggesting that more
calcium is being reclaimed | 'k into the circulation in order to mcet the demands of the

mineralizing fetal skeleton.

4.3.3 Secondary hyperparathyroidism and bone turnover

Non-pregnant Vdr null mice have secondary hyperparath: Hidism which is
associated with increased bone turno®  or rcmodeling. [ measured serum PTH and
biomarkers ot bone turnover to deteri if secondary hyperpar: yroidism was

decreased in Vdr nulls durii  pregnancy.




Vdr null mice had  :ond _ hypc |, wrathyroidism at baseline; serum PTH was
significantly elevated as compared to WT. During early and latc egnancy, serum PT1I
decreased to levels that w  : not statistically different from WT. This suggests that
secondary hyperparathyroidism in Vdr nulls is lessened during pregnancy. These results
were expected since an increase in intestinal calcium absorption durit  pregnancy would
possibly increase serum calcium, leading to a decrease in secondary hyperparathyroidism.

The decreased PTH levels may be related to the enriched diet. [f the diet
increases the passive absorption of calcium, then serum calcium  rmalizes, resulting in a
decrease in PTH. The diet was shown to prevent secondary hyperparathyroidism
(maintain normal PTH levels) in both rats with diet-induced vitamin D deficiency (88)
and Vdr null mice (fed diet at weanit ~ (87). However, Song ¢f al. (99) observed that
PTH levels remained elevated in Tokyo Vdr null mice that were fed the high calcium diet
from weaning. To address thisi e, { her research is necessary to determine if serum
PTH levels are altered in non-prc  u  Vdr nulls receiving the calcium cnriched diet.

Since there was a decrease in serum PTH in pregnant Vdr null mice. [ wondered if
there were also a decrease in bone turnover. [ measured serum osteocalcin, a marker of’
bone formation, and urine DPD (Figure 3.13), a marker of bone  orption, to determine
if these processes were decreased in pregnant Ve nulls.

At baseline, serum osteocalcin was increased in Vdr nulls as compared to WT,
suggesting that bone formation is increased. During pregnancy, Vdr null scrum
osteocalcin decreased to WT leve 1 licating that bone formation decreased. This

suggests that the increased BMC in Vdr nulls during . gnancy did not result from an
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increase in the formation of new bone. It is possible, at baseline, ostcoblasts are laying
down the bone matrix at a high rate but due to hypocalcemia, calcium may not be
available to mineralize the matrix. During pregnancy, Vdr null intestinal calcium transfer
is increased, resulting in an increase in the availability of calcium in the serum and
mineralization of the previously laid bone matrix at a time when osteoblast activity is
decreasing.

Urine DPD was significantly increased in Vdr nulls at baseline suggesting that
bone resorption is increased during this time. During pregnancy, r null urine DPD
decreased to WT levels s1  esting that bone resorption was decreasing. These results
support the BMC data. Bone resorption is decreasing, allowing bone mineral content to
increase.

Collectively, the increased serum osteocalcin and urine DPD levels at baseline
suggest that bone turnover is elevated in non-pregnant Vdr null mice. Likewise, the
decrease in osteocalcin and DPD levels in Vdr nulls during pregnancy suggest that bone
turnover is decreased. These d  demonstrate that secondary hyperparathyroidism and

bone turnover are reduced in Vdr null mice during pregnancy.

4.4 Bone histology and histomorplhometry

The biomarker data indicated that bone turnover decreased in Vdr nulls during
pregnancy. This suggests that the increased BMC during pregnancy was not due to an

inc inbor forn 1 1 in 08 L.
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To further invest’ e this, [ examined undecalcified tibias to determine if bone
morphology improved in Vdr nulls during pregnancy and to further confirm that bone
mineral content increased (Figure 3. . At baseline, Vdr null tibias had an abnormal
rachitic morphology (B), a diso nized growth plate (E) and marked fibrosis (not
displayed) as compared to WT (A, D). This rachitic phenotype was also shown during
pregnancy in Fdr null mice (C). This suggests that the increascd BMC and reduced
secondary hyperparathyroidism that occurred in Fdr nulls during pregnancy did not
repair the rachitic bone phenotype. This data supports the biomarl  results and suggests
that the increase in BMC in Vdr nulls during pregnancy is a result of an increase in the
mineralization of pre-existing osteoid, rather than an increase in the formation of new
bone. Analysis of tibia von Kos stains supported the BMC data. Pregnant Vdr nulls (1)
showed increased mineral as compared to baseline (H).

Vdr null and WT undecalified bias were also analysed using histomorphometry
to confirm if the increased BMC during pregnancy was the result of an increase in
osteoid mineralization in Vdr nulls (Tabie 3.4). Interestingly, there was no significant
difference in bone volume, tra  ular thickness, tral :ular spacii  or trabecular number
in pregnant Vdr nulls as comp: 1 to baseline. These results indicate that bone volume
did not change during pregnancy ~ Vdr nulls and support the not  n that the increase in
BMC was not due to the formation of new bone. Surprisingly, s’ iificant decreases were
observed in osteoblast and osteoclast numbers and resorptive surface in pregnant Vdr
nulls which further supports the view 1at bone turnover is decreased in }'dr nulls during

pregnancy. Osteoid surface and osteoid thickness also significan  decreased in
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pregnant Vdr nulls suggesting that the amount of osteoid is decreasing and thus being
mineralized to form bone. This is also displayed histologically. The amount of osteoid
was greater in Vdr null tibias at baseline (indicated by arrows in F) than late pregnancy
(G). This supports that the increase in Fdr null BMC during pregnancy was due to an

increase in the mineralization of osteoid rather than the formation of new bone.

4.5 Proposed model

In an attempt to explain the results of my experiments, I am proposing the
following models (Figure 4.1, 4.2). Figure 4.1 displays how the active transcellular
transport of calcium is upregulated in }'dr nulls. During pregnancy. the presence of
factors/hormones activate unique mechanisms in the Vdr null to increase the expression
of duodenal 7rpv6, thus driving  increase in the active absorption of calcium. I suspect
that Sg/00and Pmcalb are also upregulated at the protein level or show increased
activity. As a result, serum PTH, urine calcium. bone turnover and BMC are normalized.

allowing the Vdr null to follow tl  ugh a normal pregnancy. Figure 4.2 displays how the

diet causes an increase in the passi  paracellular absorption. The enriched calcium diet
increases the concentration of calcium in the lumen, thus increas: : the concentration

gradient, favoring the movement of more calcium ions into the blood. I suspect that this
is occurring in both Vdr null and WT mice. This is further encouraged by an increase in

the expression of lactase. Lactase digests dietary lactose and increases paracellular










absorption, probably thron increase in tight junction permeability. Over time, this
small increase in calcium absorption would provide more calcium in the serum and
eventually result in a steady inc  se in BMC in undermineralized Vdr null skeletons.
For this reason, I believe that the diet is, at least in part responsible for the increase in
BMC in pregnant and post-lactating Vdr null mice. The increase passive absorption
would have no visible effect on BMC in WT skeletons because they are not

undermineralized.

4.6 Summary and conclusion

Vdr null mice were able to achieve a normal pregnancy, lactation and recovery.
During pregnancy, Trpv6 expression was increased in Vdr null mice leading to an
increase in intestinal calcium absorption. .. increase in calcium absorption increased
serum calcium levels, resulting in a decrease in secondary hyperparathyroidism, an
increase in osteoid minere”" ition¢ " "'imately an increase in BMC. Experiments
involving non-pregnant Vdr null mice suy st that the calcium and lactose enriched diet
is partly responsible for the inc BMC 11 nalization of calcium homeostasis,
however, the contribution appears to be of a lesser m 1itude than pregnancy.

In conclusion, the VDR is not required to regulate calcium and bone homeostasis

during pregnancy.
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APPENDIX A3

The complete list of significant changes in duodenal gene expression obtained by whole
genome microarray analysis for the following comparison:
WT late pregnancy vs. WT baseline

NM N09606 // Actal // =~+in 21888921 | 0.09073478
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