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Figure 2: Standard Load/ ...splacement ...omechanical Curve. During a 3-point bend
flexural test (3PBT) an increasing I« cilonewtons (kN)) is applied until the bone cannot
with stand the additional we it. his is noted on the curve as the failure point. The distance

the bone travels from its initi posit n noted as its displacement millimeters (mm).
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Figure 3: Vertebral Crush Test Load/ Displacement Biomechanical Curve. Erratic

spikes may be seen on the load/i  placement curve if a specimen has an irregular surface.

These spikes make it problematic to deter ne the mean failure point of each specimen. The

distance the bone travels from its initial position is noted as its displacement (mm).
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increased bone resorption, and a decrease in bone formation. Studies in mice with knock
out of the estrogen receptor or androgen receptor have provided supporting data regarding
the in vivo actions of sex steroids on bone (69). Sex steroid effects on bone are likely
multifaceted and complex, including possible prolongation of the osteoblast lifespan and
control of osteoclastogenesis (69). Low estrogen is linked with an increase in the
secretion of various cytokines (e.g. interleul 1(IL) -1, IL-6, M-CSF and RANKL (69).
Increased cytokine activity causes the recruitment and activation of more bone resorbing
osteoclast cells, and a decrease in the antir rbing agent, OPG (69). Minute-to-minute
regulation of blood calcium in humans and rodents is unlikely to be affected by the

gonadal steroids (69).

E. Calcitonin in the Adult

Another hormonal player involved in calcium homeostasis is calcitonin, a 32
amino acid peptide discovered in 1962 as a hormone postulated to regulate the ‘normal
level® or ‘tone’ of calcium in the circulation (70-73). Initial investigators perfused blood
containing high levels of calcium to the thyroid and parathyroid glands of dogs and
sheep and discovered the subs: 1t lease ot a substance that lowered the blood
calcium (71-75). At first it was belie' 1 that this hypocalcemic agent was produced by
the parathyroid glands (71- 73). Shor  thereafter, however, it was demonstrated  at
calcitonin was produced specifically within e parafollicular cells (‘C’ cells) of the
thyroid gland giving rise to the n¢ e ‘thyroc: itonin’ (74, 75). More recent studies have
shown calcitonin is also produced by the rain, breast, placenta and other neuroendocrine

cells (76 — 80) (Figure 5).
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Possible hormonal changes in the mi 1 nment that may assist in skeletal anabolism
include increases in estrogen and calcitonin. is likely that the post-weaning period is
accompanied by a number of unknown n  abolic pathways. More studies are needed to
determine the mechanisms that trigg these rapid BNV. _ gains.

In summary, weaning asv las reviously mentioned periods of pregnancy
and lactation, are accompanied wi  unique systemic and skeletal adaptations (5-8, 114-
117, 119, 122-125). Of key interest is the rc : of the calcitonin gene and its peptides

during these time points. This will ¢ the focus of the work in this = esis.
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19-21 days). Weaning was defined as the day in which the suckling pups were manually
removed from the mother (day 21 of lactation), and post-weaning (also referred to as
‘recovery’) spanned 21 days even 'BMC1 |recovered prior to that date. Weaning was
subdivided into 3 time periods (early w¢ 1ing: 7 days, mid-weaning: 12-14 days, late-
weaning: 19-21 days). An additional time point for data collection included 24-48 hrs of

lactation (see Figure 11 for a Schen ic of this reproductive time line).

C. Genotyping
1. Mice Ildentification

At weaning (i.e. 21 days of a i pups were separated into cages (4 mice per cage)
based on gender. After brief anesthesia with isoflurane ™ (CDMV) mice ears were
pierced with individual identification tags (i  the calcitonin colony was denoted with the

letter °S’).

2. Tail Collection

Using sterile razor blades __mitt  -and®™), mouse’s tail samples (approximately 1
cm) were clipped and collected at the time of weaning. Samples were then placed in
microcentrifuge tubes (Fisher Scientific) containing 500uL of lysis bufter (100mM Tris
HCL, pH 8.0/ 500 mM ethylenediaminetet cetic acid (EDTA),p 8.0/ 0.2% sodium
dodecyl sulfate (SDS)/ 200 mM sodium chloride (NaCl)) containing 100 pg/ml
proteinase K (Invitrogen). Tubes we s1 sequently incubated in an isotherm oven

(Fisher Scientific) at 55° C overnight to digest.
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Figure 17: Collection of mouse hind limbs. The heads of the femurs were carefully

separated from the ileum and pub

1g a circular motion. Reprinted from The Anatomy

of the Laboratory Mouse by Mar J.Ci <. Copyright © 1965, with permission from

Elsevier (Appendix B). Adapted for ¢ Web by: Mouse Genome Informatics The

Jackson Laboratory Bar Harbor, Maine, May 2005.
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Figure 19: MicroComputed Tomeograj ic (nCT) Image of a Mouse Femur. Sample
SkyScan 1072 image of mouse fe ir showing trabecular thickness distribution and
trabecular separation distribution (M« ~ 11 U " sersity, Centre for Bone and riodontal

Research).
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Figure 28: Calcitonin but Not CGRP-a F  :ued the Ctcgrp null Phenotype. sCT
administered i.m. once daily thror 10ut lactation resulted in a loss of BMC (mean + SE)
in the ctcgrp null that was no different than that seen in the WT. In contrast, ctcgrp null
mice that received equimolar doses of CGR  a, or saline (controls) lost s ificantly
more BMC than the ctcgrp null mice :ceiv g calcitonin treatment. M mbers in

parentheses represent the number of mices  ed.
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Figure 39: Milk Calcium levels in WT a1 Crtcgrp 1l mice Early Lactation.
Milk calcium, corrected for prote :an + SE) was not significantly different between
ctcgrp nulls versus that of the WT  ce during early lactation (day 2-7). Numbers in

parentheses represent the 1 ber "'mi  studied.
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V Discussion
A. Foreword

In this doctoral work, ctcgrp null mice were compared to WT siblings at four
main time periods: pre-pregnancy (baseline), pregnancy, lactation, and the post-weaning
period. Of these stages, the most noteworthy phenotypic ditferences were found in the
spine region during lactation and during the post-weaning period. Ctcgrp null mice lost
more than double the amount of skeletal ineral content after 21 days of lactation (i.e.
51.6%) versus that seen in the W sil ngs (24.4%). Despite these s ificant losses
ctegrp nulls regained BMC completely ¢ r just 3 weeks. Consequently, this discussion
will focus on the periods of lactation and > weaning recovery in the absence of
calcitonin. The broader context concerning the role of calcitonin in bone metabolism will

also be discussed.

B. Thesis Statements

In light of earlier studies that sugge :d the possibility that calcitonin may have a
physiological role in mammals d the re  oductive period (89, 90, 150, 153), this
doctoral research was carried out to test the esis that: calcitonin is required
physiologically during reproduction to protect the maternal skeleton against excessive
resorption of mineral. In addition, because of the location of the CTR within key regions
potentially responsible for mineral r  Ii on during rc -oduction (i.e. mammary
epithelial cells, osteoclasts, and pi | y lactotrophs) and the production of calcitonin by

thyroidal c-cells and pituitary lactotrophs, the sccond thesis is that: lactational bone
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Figure 48: Pointed Fixture Testing T » 1lar Contributions to Bone Strength.
As the cross-head compresses  sing  vertebrae, it bypasses the ¢ er ¢« cal rim and

compresses the trabecular fran within the bone sample.
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Add tracer 10,000 cpm (100pl) ar  incubate overnight at room temperature. Final
incubation volume is 400pl per tube.

DAY 2

Add antiOgoat Sac-Cel (100pl) and incubate r 30 minutes at room temperature to weight
protein down. Add | ml distilled wa  to each tube. Centrifuge and aspirate supernatant.
Count pellet using multigamn ¢ inter.

NOTE: For mini assay use half the amounts of standard, sample, assay buffer, and tracer.
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Wadrow et af. ® Calcitonin and Lactation

to test this hypothesis had been to remove the thyroid glands
from sheep, goats, or rats, o replace thyroid hormone, and
to determine the eflect of a full cycle of pregnancy and
lactation on the maternal bone mineral contentt (BMC) or ash
weight of these thyroidectomized vs. sham-operated animals
(21-24). Although some investigators determined that these
presumably calcitonin-deficient animals had reduced BMC
at the time of weaning, other investigators found no such
effect (21-24). It wasn’t appreciated at the time that thyroid-
ectomized animals were not devoid of calcitonin because of
extrathyroidal sources of calcitonin in mammary tissue (25,
26), placenta (27, 28), and pituitary (29). Thyroidectomized
women experience increases in circulating calcitonin during
lactation and express normal levels of calcitonin in milk (26).

We have retested the hypothesis thal physiological levels
of calcitonin are required to protect the maternal skel  n
against excessive resorption during pregnancy and laclation.
To do this, we used an established murine model in which
exons 3-5 of the calcitonin/calcitonin gene-related peptide-a
gene (Clegrp) have been ablated (30). Caleitonin lated
peptide-a (CGRI’w) is an alternative splice product of the
calcitonin gene, whereas a second gene produces CGRPB.
Therefore, Ctegrp null mice completely lack caleitonin in all
tissues but still produce CGRP through the CGRPS gene.
Using this model, we determined that ablation of the gene
doubled the losses of maternal mineral content during lac-
lation and that the effect was specilic to loss of calcitonin and
not CGRPa.

Materials and Methods
Ammal husbandry

Ctegrp nutl mice were obtamed by tarpeted ablation of exons 3-5 ot
the murine gene and genotyped by PCR as previonslv desenibed (30)
The origmal strain was back-crossed into Black Sy { Taconic Clors
mantown, NY) for at least sin generations, and the coony
tained by breeding heterozygous-deleted mice together. \
degree relative pairs of wild-type (WT) and Clegrp null fetaac . oo
selected for study after 10wk of age (attainment of peak bone 1
Mice were mated overnight, and the presence of a vaginal mucus pray
on the morning after mating marked gestationald 0.5, Normal pestation
in these mice 15 19 d. We planned to call litters within 48 v of delivery
if needed to maintain sunilar numbers of pups (8 1 1) per mouse, and
weaning was forced at 21 d by remaving the pups from the moether. All
mice were given a standard chow (1% calcium, 0.75% phosphorus) dict
and water ad 1ib. All studies were performed with the previous approval
of the [nstitutional Animal Care Conunittee of Memorial University ot
Newfoundland.

Reproductive cyveles and data collection time points

These studics were completed according to an approvimate 70-d
reproductive cycle. Baseline scans were collected for 5-100d before nuat
ing and subscequent pregnancy (peepregnancy interval). Pregnancy
lasted 19 d. lactation lasted 21 d, and postweaning recovery svas 21°d
The tour main data collectton pomnts included prepregnaney end ot
pregnancy (day before expected delivery), end of lactation (f \ -
ing at d 21 of lactation), and end of postieaning recovery of uie skeicion
(d 21 after weaning). Additional time points included start ot lactation
(2448 b, carly lactation (3-7 d), and mid-lactation (10 14 d).

BMC and bone mineral density (BMD)

BMC and BMD were measured using the PIXImus 2 Bone Densi-
tometer (GF Lunar, Madison, WI) and analvzed with PIXImus software
version 2.1 A standard phantom ttat 11.9% and BMC 0,063 p) was used

Endocrinology, September 2006, 147(34010- 4021 4011

to calibrate the PIXImus daily. Anesthesia was induced wath sotlurane
tBaster Corp., Toronto, Ontano, Canada) and mamtamed wath a single
ipanection of either thiopental sodinm (Abbot Eaboratories, Toronto,
Ontario. Canada) or a 51 combination ot ketanune hydrochlonide
(Wyeth Canada, Guelph, Ontario, Canada) and svlazine (Bayer Inc,
Toronto, Ontario, Canada). The anesthebized nuce were immobilized
prone on g plastic tray with the spine stroghtened, and to maintain
reproducibility with less than 19 precison ercor, the head was excluded
i all seanss Inadditional quality control <tudies, nuce on d 185 of
pregnancy were scanned immediately betare and atter a cesareansection
inwhich the pups were removed; this determined that the fotal skeletons
contributed [v or less to the apparent maternal BMC or BMD and were,
theretore, negligible. Total body (minus heady and regional (spine and
hind limb} BMC and BMD measurements were obtained for cach mouse,
and the absolute values svere normalized o the nonpregnant baseline

iements. In the initial studies to determine the pattern of BMC and

change (comprising data in Fig. 1), cach mouse was scanned every
2d throughoeut the entire reproductive cvele. In later studies in which
tissue would be harvested atspecific thme points, the mice were scanned
al the main time points to ensure hat the expeeted BMC and 8MD
changes were occurring. There were a fow anesthetic related deaths, but
othenwise, the outcomes of the reproductive cyele (live pups and mag-
nitude of BMC loss and recovery) were ne dhifterent between dams that
had been scanned every 2.d s, those that had been scanned at the main
time pomts. Pups that had received nz ntero exposure to -rays were
cuthantized at weaning, whereas the dams were cuthamized at the end
of the postweaning recovery phase

Cheniteal and hormone assavs

serial blood samples were taken from kil veins, whereas a cardiac
puncture was done to obtain larger samples at the time that each mouse
was cuthanized. Urine was collected by allowing the mice to void into
a clean, empty cage. Tonized calcium was mcasured on whole blood
using @ Chiron Diagnostics 634 Ca” " /pl Analyzer {(Chiron Diagnosties,
Fast Walpole, MA). Urine caleum was measured using a colorimetrie
assay (Sigma-Aldrich, Oakville, Ontarnio, Canada). 'TH was measured
nsing o rat PTH 1 -34 ELISA kit (immutopics San Clemente, CA). Os-
teocalcin was assessed using a lwo-site mmunoradiometrie dssay (Im-
mutopiesy Prolactin was assessod using @ RIA by Dee AP Pardow
(National Hormone and Peptide Program, Harbor-LCLA Medical Cen-
ter, Torrance, CAY. Fstradiol was measured awith an enzvime immuno-
assay kit (Coviman Chenucal Co, Ann Arbor, M Plasma PTHP was
measured using a sensitive RIA with an antibody directed to an amino-
terminal epitape on samples that had been collected ina cocktail of
aprotinin and FOTA (31) Deovypyridinoline svas measured using, the
METRA DPD enzyme immunoassay kit (Quidel Corp., san Dicgo, CA).
Urinary measurements of deosypyridinoline and calcium were ex-
pressed relative to creatinine to correct for variations in urine concen-
tration. Creatinine was measured using wivalkaline picrate colorimetric
assay (Diagnostic Chemicals Ttd., Charlottetown, Prince Fdward Island,
Canada)

Mitk collection and analvsts

On d 7 oot lactation, anesthetized mice were nyected with 1.2 U
onvtocm (Hospira Healtheare Co, Montreal Quebee, Canada). After 12
mity, milk was obtained using a selt-desiened pump consisting of a 1-mi
pipette bip (MandetScientific Coone,, Guelph, Ontario, Canada) inserted
mio thick rubber tubing that in turn was connected to vacuum suction
The wade end of the pipette tip was placed over a nipple, and o gentle
pumping action was used to obtain mitk, whichwas then stored at- 20
Countil assaved. The milk was diluted 8100 wath distilled water and
analyzed for caleium content usiy o Model 2380 Atomic Absorption
Spectrophotometer (PerkinFlmer, Norwalk, € T) Because much of the
calcrum content of milk is bound to protens (32), and to control tor
differing milk concentrations, the protein content of milk was measured
using the BCA Protein Assay Kit {Pierce, Rockford, 11). 1inal results are
expressed gs micrograins calcium por microgram protein

Duodenal calcium absorption

We adapted the method of Fleet and colleagues (33) to measure
duodenal ealcium absorption ir cive durine mid-lactation and in non-
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inhibit prolactin release, and within mammary tissue to mod-
ulate PTHrP or milk production. Additional work is needed
to determine the relative importance of these three physio-
logical loops.
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