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Abstract

In the rodent femur, almost 99% of all sensory nerves are distributed densely in the
periosteum. Neuropeptides encapsulated in the synaptic vesicles are located at the
axon terminals and released through exocytosis after being stimulated at the sensory
nerve endings. The neuropeptides released from nerve endings have an osteo-anabolic
effect on osteoblasts. Among the many kinds of neuropeptides, which include o-
calcitonin gene-related peptide (CGRP), substance P, and other amino molecules,
CGREP is the classical and dominantly distributed peptide in sensory nerve endings. In
aged animals, decreased serum CGRP and loss of bone Mg content may be the factors
inhibiting fracture healing.

In this study, Mg was found to significantly promote new bone formation in the
subperiosteal cortical region after it was intramedullarily implanted in the rat femur
canal. Histomorphological analysis revealed that the newly formed bone grew from
periosteum, a fibrous membrane constituted of blood vessels, sensory serves, and
mesenchymal stem cells, and did not form any cartilage-like tissue, the latter of which
is a feature of intramembranous ossification. Observation that Mg-induced new bone
formation disappeared at the periosteum-stripped region revealed the existence of an
interaction between the periosteum and Mg ions.

Based on previous findings, this study examined the following hypotheses: (1) Mg
ions from Mg implanted in the rat femur canal act on sensory nerve endings in the
periosteum and promote neuropeptide CGRP release, (2) mass CGRP release in the
periosteum promotes periosteum-derived stem cells osteoblastogenesis and leads to
new bone formation. Mg ions affect synaptic replasticity in dorsal root ganglia
neurons, and (3) pure Mg metal affects fracture healing in ovariectomized (OVX) rats.

Neuropeptide CGRP plays a pivotal role in Mg-induced new bone formation.



This hypothesis was supported by femur bone analysis showing that CGRP content
significantly increased in Mg-implanted femur bone compared to control femur bone.
When rat sensory nerves were destroyed by administration of high-dose capsaicin,
induction of new bone formation by Mg implantation significantly decreased, proving
that sensory nerves play an important role in Mg-induced osteogenesis. Because
neuropeptide CGRP from sensory nerve endings may play a pivotal role in Mg’s
osteogenic process, the effective CGRP antagonist BIBN4096bs was administered to
Mg-implanted rats. Administration of the CGRP antagonist significantly reduced
newly formed bone volume after Mg implantation. To examine whether this
phenomenon is dependent on the interaction between neuropeptides and MSCs, which
are richly distributed in the periosteum, periosteum-derived stem cells (PDSCs) and
bone marrow-derived mesenchymal stem cells (BMSCs) were isolated from the
periosteum and bone marrow, respectively. It was observed that high concentrations
of CGRP significantly promoted osteogenic differentiation in both PDSCs and
BMSCs while high concentrations of CGRP had an obvious chemotaxis effect on
BMSCs.

Mg increases CGRP release by affecting DRG neurons. The results of
immunochemical staining and ELISA CGRP gquantification analysis of femur samples
showed that femur CGRP content in Mg-implanted samples was almost twice that of
controls. Previous studies reported that Mg ions could promote neural synaptic
replasticity in hippocampus neurons in vitro. This study examined the hypothesis that
Mg ions could promote synaptic replasticity in DRG neurons. The neural synaptic
vesicles, which contain neuropeptides of DRG neurons, including CGRP, derived
from the L3-5 dorsal root ganglion were stained in vitro. The synaptic vesicles were

found to significantly increase in number when their medium was changed from Mg-



free medium to Mg-rich medium of 1 mM and 2 mM and to migrate from the neuron
body to its axon terminals. These results proved that Mg could facilitate neuron
replasticity and prompt synaptic vesicle aggregation at axon terminals, indicating that
much neuropeptide release occurs after stimulation. Real-time recording of the
intracellular Mg signal revealed that DRG neuron Mg influx significantly increased
after Mg medium had been added and that Mg influx into neurons was mainly through
the membrane Mg ion channel MagT1. Implantation of Mg ions (MgCl,) of high
concentration was found to promote stem cell (PDSCs and BMSCs) osteogenic
differentiation. Although the mechanism of Mg’s osteogenic effect on stem cells was
not thoroughly studied, cellular Mg influx was found to increase in high-Mg medium
through the membrane ion channel MagT1.

Mg accelerated bone fracture in ovariectomized rats. Mg metal is too soft to repair
bone fracture in animal models. To overcome this challenge, we designed a novel
intramedullary nail containing Mg to accelerate osteoporotic bone fracture healing in
ovariectomized (OVX) rats. The novel nail is a hollow stainless steel needle with
several interlacing arranged holes drilled midway through the needle. The Mg pin is
inserted into the needle canal and Mg ions released through the holes on the needle
reach the fracture line during degradation in vivo. Our findings indicate that use of
this Mg-containing intramedullary nail could accelerate bone fracture healing in OV X
rats. Review of post-surgery X-ray results showed that the fracture callus of the Mg-
treated group was significantly larger than that of the control group at weeks 2 and 4.
Review of micro-computed tomography (micro-CT) scanning images indicated that
both the total volume and area of callus bone in the Mg-treated group exceeded those
of the control group at week 4. However, no significant difference was found between

the two groups regarding callus area and volume at week 12.



Histomorphological analysis showed a wider intramembranous ossification area and
woven bone area in the Mg-treated group at weeks 2 and 4 and more cartilage tissue
at the callus site in the Mg-treated group at week 4. Double fluorescence labeling
staining revealed more densely stained newly formed bone in the Mg-treated group
than the control group at week 4, indicating accelerated callus bone formation in the
Mg-treated group. The callus was observed to be undergoing endochondral
ossification and woven bone remodeling at weeks 8 and 12. Review of polarized light
images showed brighter and more regularly arranged collagen fibers in the Mg-treated
group compared to the control group. Biomechanical testing at week 12 revealed that
the ultimate load of shaft bone in the Mg-treated group had increased 30% more than
that of the control group. These results indicate that the novel Mg-containing
intramedullary nail designed in this study could significantly accelerate and optimize
osteoporotic fracture healing in OV X rat model.

Significance: The results of this study contribute to a thorough understanding of the
osteogenic effect of Mg by explicating its bioeffect on neurons and stem cells. The
novel Mg-containing intramedullary nail designed in this study appears promising in

osteoporotic fracture healing and to have many potential clinical applications.
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Chapter 1

General Introduction
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This chapter outlines the history of magnesium (Mg) as an attracting orthopaedic
biomaterial, bodily Mg content in bone metabolism, scientific exploration of the
function of Mg coupled with Calcium (Ca) in biomineralization, bone and periosteum
innervation, cell membrane Mg ion channels, and osteoporotic bone fracture repair.

This mini review provides a basic background of the study.

1.1 History of Mg and its alloys as biomaterials in orthopaedics
Many years ago, the preferred weight-bearing biomaterials developed for orthopaedic

applications were stainless steel, titanium, and cobalt-chromium based alloys. These
materials provided strong and stable mechanical strength, durability, and wear
resistance. Metallic properties were known to be superior to ceramic and polymer
properties, making metallic biomaterials the most popular-used orthopaedic implants
in routine clinical treatment™?. However, metal was known to be naturally prone to
cause stress shielding to bone, and an elastic moduli mismatch between metal
implants (Young’s modulus 100-200 GPa) and adjacent cancellous bone (Young’s
modulus 10-30 GPa) had been identified. The stress-shielding effect along with the
accumulation of toxic metallic ions and wear debris at the implant-bone interface was
found to adversely affect new bone formation and remodeling at the implant-bone
interface?®. Another issue was that in the obligatory secondary surgery, non-
degradable metallic implants foreign bodies were carrying in a long term. The metal
plates, screws, and pins used in bone fracture fixation were removed after tissue had

sufficiently healed, and the repeated surgery increased costs and morbidity°.

Great effort has been made in identifying new biomaterials possessing the
characteristics of biocompatibility, bioactivity, and biodegradability. Mg and its alloys

are considered prospective materials in future orthopaedic applications in virtue of
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their highly cancellous bone-similar elastic moduli (Young’s modulus 40-50 GPa),

biodegradability, and biocompatibility (Table 1%).

Summary of the physical and mechanical properties of various implant materials

and natural bone®

Property Natural Mg Tialloy| Co-Cr | Stainless | Synthetic
bone alloy steel HAP*

Density 18-2.1 |1.74-20|4.4-45| 83-9.2 | 79-81 31
(g/cm®)

Elastic 3-20 41-45 |(110-117| 230 189-205 | 73-117
modulus (Gpa)

Compressive | 130-180 | 65-100 | 758- [450-1000| 170-310 600
yield strength 1117

(Mpa)

Fracture 3-6 15-40 |55-115 N/A 50-200 0.7
toughness

(MPa.m*?)

*HAP: Hydroxyapatite

Mg and its alloys were developed for more than one century after the commercial
production of Mg became reality in 1852"". After the first clinical application of
metallic Mg as a ligature to stop vessel bleeding by Huse in 1878, Mg was broadly
used in the cardiovascular, general surgery, and musculoskeletal fields in the early
20th century™. On one hand, Mg’s rapid biodegradation made it not the best
candidate for use in fixator pins, nails, wires (cerclage), pegs, cramps, Mg sheets, or
plates used for orthopaedic applications. On the other hand, the advantages provided
by Mg’s rapid biodegradation brought great inspiration and hope to researchers and
clinicians for a long period™™*°. However, its rapid corrosion rate still hampered Mg’s
application to orthopedic usages, especially due to its decreased mechanical
sustainability before bone fracture healing.

Determining how to control the rapid corrosion rate of Mg in vivo was an important

step in its use in clinical fields. Among the several effective processing methods for
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controlling the rapid degradation of Mg are purification, alloying, surface coating, and
anodization™>**,

Purification and alloying: Studies have proved that the purification of Mg
considerably affects its rate of corrosion, with less purity leading to a faster rate of
corrosion’. As the application of pure Mg to orthopaedics and other load-bearing
functions is restricted due to its low yield strength, elements such as calcium (Ca),
zinc (Zn), strontium (Sr), silicon (Si), manganese (Mn), copper (Cu), tin (Sn), and
aluminum (Al), considered the most effective elements in enhancing Mg’s strength
and corrosion resistance (Figure 1)**?° have been added to Mg applications. Ca and
Zn, both essential elements in the human body that provide for basic safety in

biomedical applications™?

, act as grain-refining agents to improve both corrosion
resistance and mechanical properties. Ca has also been reported to improve the
corrosion resistance of Mg-based alloys in simulated body fluid. With increasing Ca
content, more and coarser Mg,Ca phase precipitates are distributed along grain
boundaries, enhancing both the corrosion resistance and mechanical properties of
Mg—Ca alloys®****>. Meanwhile, the addition of Zn increases the strength of Mg-based
alloys, primarily due to precipitation strengthening.

Of the approximately 140 mg of Sr, which shares metallurgical, chemical, and
biological properties with Ca and Mg, in the human body, 99% is contained in bone
tissue. Proper addition of Sr (Mg-2Sr), which exhibits the highest strength and the

lowest corrosion rate of all Mg alloys?%

, can refine the grain size of Mg alloys. Of
the trace elements Si and Mn, Si plays an important role in the development of bone
and connective tissue, aiding the healing process and helping build the immune

system. While Mn helps overcome the harmful corrosive effect of iron (Fe) and nickel

(Ni) impurities that might be present in Mg alloys, high concentrations of Mn may
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induce neurotoxicity™.

Al was once a major alloying element in Mg-based alloys, but its poor
biocompatibility was found to cause phosphate depletion in tissues and lower
phosphate absorption from the digestive tract'®. Other alloying elements, such as
cadmium (Cd), tin (Sn), iron (Fe), nickel (Ni), copper (Cu), and cobalt (Co), as well
as rare earth elements such as cerium (Ce), lutetium (Lu), and praseodymium (Pr), are
deleterious to the corrosive properties of Mg and generally considered toxic to the
human body™. In short, refinement of Mg microstructure by Ca and Zn has proven an
effective way to improve the mechanical and corrosion properties of Mg alloys,
leading to the development of new Mg-Zn-Ca alloys for potential use as

biodegradable and bioabsorbable implant materials?***%,

Specific Strength Ductility Creep Resistance
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Figure 1. Process of alloy development™

Coating and anodization process: In the coating and anodization of Mg and its
alloys, hydroxyapatite (HA) and other types of calcium phosphate (Ca-P) materials
have generally been of high interest. This interest is due to their excellent

biocompatibility and bioactivity, which are attributed to their structural and chemical
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similarities to bone minerals'®. Although use of chemical methods is the proper way
to prepare HA coating on Mg substrates, direct synthesis of HA on Mg alloys was a
scientific challenge because Mg ions prevent HA crystallization with the substitution
of Mg atoms. Microarc oxidation (MAQ) followed by electrochemical deposition (ED)
of HA has been recognized as a very promising technique for developing degradable
Mg alloys coating due to its capacity to overcome single HA coating on a porous
substrate or one with a complex shape, relatively higher bonding strength,
controllability with regard to the thickness and chemical composition of the coating,
and low deposition temperature. Anodization can be used to fabricate nanostructure
coatings with desirable corrosive-protective, decorative, and functional properties
while increasing film thickness, hardness, corrosion resistance, and wearing resistance
and providing better adhesion for Mg metal and its alloys. Many studies have reported
that a variety of self-ordering electrochemical processes can be used to produce oxide
nanostructures from aqueous or nonaqueous fluoride-containing solutions’*2%%’.
Despite research indicating that Mg and its alloys are suitable biomaterials in
orthopaedics, no mature Mg-based materials are yet being used clinically.

Besides observing its specific metallic properties, our group recently observed that
Mg promoted new bone formation in the subperiosteal region when an Mg
intramedullary pin was implanted into a rat femur, a phenomenon first reported by
Witte six years ago”. Even 90 years ago, Lambotte and McBride both observed
periosteal proliferation progress and marked stimulation of periosteal bone formation
using pure Mg (99.7%) and Mg-Al-Mn alloy screw and nail transfixion in humans,
rabbits, and dogs who had sustained bone fracture'*. This newly noticed characteristic
of Mg shed new light on Mg’s osteosynthetic applications in bone fracture repair.

This thesis aims to provide additional insight based on observation of Mg’s bone-
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promoting effects in the rat femur.

1.2 Role of Mg in the biomineralization process
The architecture of biominerals endows these organic—inorganic composites with

superior strength and toughness, allowing them to outperform many other synthetic
materials. Their superior material properties have been attributed to their composition,
specifically of organic—inorganic hybrid building bricks precisely arranged over
several nanometers. However, the process of biomineralization has long remained a
mystery in biology evolutional history®. Debate has persisted for several decades
despite application of high-resolution microscopy yielding more and clearer images
revealing the characteristics of the inner side of the complex structure in biominerals,
such as bone tissue. The classical “deck of cards” view proposed that the
biomineralization process was ignited by a small soluble Ca-P molecule that migrated
and attached to the collagen frame and mineralized to HAP in the gaps and cavities
between intrafibrillar crosslinking collagens®. In the debate that began in the 1960s,
many researchers argued that amorphous calcium phosphate (ACP) precursors that
might be undetectable by conventional analytical techniques could be used in fibrillar

biomineralization®'34,

Hierarchical levels of bone

With the aid of scanning electron microscopy (SEM) and transmission electron
microscopy (TEM), Weiner and Wagner® described osteon bone as composed of
several hierarchical levels from basic components, including mineralized collagen
fibrils, fibril arrays, fibril array patterns, cylindrical motifs (osteons), and spongy or
compact bone to whole bone. The starting basic components are nanoscopic platelets
of HAP oriented within self-assembled collagen fibrils. The structure of type |
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collagen, which took many years to identify, is composed of repeating amino acid
residues consisting of —(Gly-X-Y-)n— assembled into a triple helical structure referred
to as tropocollagen. The collagen fibrils bend in a tube-like fashion and have regular
array of gaps 40 nm wide®. Individual small (length 25-50 nm, width 15-30 nm, and
thickness 2-10 nm) and “poorly crystalline” (4-6% carbonate, 0.9% Na, and 0.5%
Mg impurity, with a Ca:P ratio less than 1.67) HAP crystals have been found in

deproteinated bone®*3"%®

. It is important to realize that the crystals outgrew the
dimension of the gap zones in the fibrils, leading to consideration of how HA crystals
could have formed and embedded into the intrafibrillar collagen gaps. It could not be
explained by HAP mineralization firstly and embedding secondly, because precise
proposition of oversize crystalline would be a puzzling question. Pre-mineralized Ca-
P clusters should first aggregate into the intrafibrillar gap before mineralization occurs.

However, consideration of this process leads to consideration of how Ca-P clusters

directionally migrate or are attracted to the collagen fiber site.

Gebauer and Pouget showed that close to the mineralization site at the collagen fibril,
a stable pre-nucleation cluster based on calcium biominerals couples with non-
collagen proteins (NCPs) aggregated into an amorphous precursor phase, and

I*°. Nudelman® et al subsequently reported that

subsequently transforms into a crysta
polyaspartic acid, a soluble negatively charged nucleation inhibitor, stabilizes and
formulates amorphous calcium phosphate (ACP) into a loose and highly mobile
structure in vitro. This process leads to the deposition of a dense network of pre-
nucleation clusters bound with nanosized and positively charged amino residues
located inside the gap and overlapping zones in the collagen fibrils. This network is
34,41

then transformed into ACP and, finally, oriented crystalline hydroxyapatite

Mahamid and Beniash et al. recently observed enormous ACP phases in zebrafish fin
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bones and tooth enamel, which are characterized by a fast bone-forming process*.

Their observation effectively supports a concept contrasting with the classic view of

crystallization in bone biomineralization.

Different chemicals constituted by Ca/P

In rudimentary ACPs, the main mineral constituents are calcium orthophosphates

consisting of the major elements of Ca, P, O, and H. According to the Ca/P molar

ratio, several kinds of calcium orthophosphates exist in nature (Table 2). *®

Table 2 Ca/P Molar Ratios and Chemical Formulas and the Solubility® of

Calcium Orthophosphate Minerals*

Ca/P Solubility | Solubility | Solubility
molar 25 °C, 37 °C, product
ratio Compound Formula —log(Ksp) | —log(Ksp) 37°C
1.00 |Brushite (DCPD)| CaHPOQ, - 2H,0 6.59 6.73 |1.87 ><210‘7
M
1.00 Monetite CaHPO, 6.90 6.04 9.2x 1077
(DCPA) M?
1.33 | Octacalcium |Cag(HPO4)2(PO4|  96.6 98.6 25x10%
phosphate (OCP)| )4 - 5H,0 Mm*e
1.20- Amorphous CaHy(PO4); - n ~ ~
2.20 calcium H,0, n =3-4.5;
phosphate (ACP)| 15-20% H,0
1.50 a-tricalcium a-Caz(PO,)2 25.5 28.5 2.8x10%
phosphate (a- M°
TCP)
1.50 | p-tricalcium S-Caz(POy), 28.9 29.6 25x10°%
phosphate (- M°
TCP)
1.67 | Hydroxyapatite |Caijo(PO4)s(OH)2| 116.8 1172 |55x 1018
(HAP) M
1.67 Fluorapatite Cayo(PO4)sF2 120.0 1223 [5.0x10'%
(FAP) M*®

®The solubility is given as the logarithm of the ion product of the given formulas
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(excluding hydrate water) with concentrations in mol/L (M). (~ Cannot be measured

precisely)

HAP has been found to have the least soluble phase and most thermodynamic state
among all Ca-P phases. Dicalcium phosphate anhydrous (DCPA) and octacalcium
phosphate (OCP) are considered precursors in forming apatite, but have been rarely
observed during in vivo crystallization. As ACP is an unstable phase in the
thermodynamic state, several stabilizers should be added to keep ACP precursors
stable in the transporting process into collagen fibril gaps. It has been reported that
some peptides, such as alkaline phosphatase (ALP), osteocalcin (OC), and bone
sialoprotein (BSP), and small chemical molecules, such as free citrate and carbonate
anions and alkaline ions such as Na', Zn** and Mg?*, are all able to inhibit
spontaneous CaOy crystallization and regulate crystal growth in calcium

phosphates**.

Mg in bone mineralization

It has been found that 60% of bodily Mg content is in bone and exists mainly as the
surface substituent of the hydroxyapatite mineral component in forms of MgCOs.
Researchers have explored the role of the Mg ion in biomineralization for decades. In
a study analyzing the tibia/fibula mineral content of normal S/D rats, James found that
the mineral content increased between 4 and 22 weeks of age, while the ratio of
Mg/Ca progressively declined from 0.035 to 0.027 and the CO3/PO, rate
progressively increased from 0.105 to 0.16*. These findings indicate that Mg may
play a pivotally active role in the bone mineralization progression. In 1984, Nancollas
found that Mg ions appreciably retarded the OCP growth rate and strongly inhibit

thermodynamically stable HAP crystallization*°. They further proved that Mg ions
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at concentrations ranging from 0.0099 to 0.99 mM reduce the HAP growth rate by 51%
and 93%. After finding that Mg’s inhibitory effect is enhanced by synergization with
COs anions, Cao proposed that Mg ions induce a significant inhibitory effect on the
larger crystal growth of HAP by forming a surface complex at the active growth site
of newly formed small HAP crystals and bonding to small crystals to prevent
unceasing precipitation of Ca-P*“. It has been suggested that Mg®* kinetically
hinders nucleation and subsequent growth of HAP by competing for structural sites

with chemically similar but larger Ca®*.4"4®

Carried out mostly by chemists and environmental scientists, these studies’ initial
purpose was finding an effective way to remove phosphorus from wastewater to avoid
eutrophication and reuse the precipitated phosphorus in agriculture. However,
biologists and medical scientists noted that this procession occurs in mineral crystal
formation, which has great significance in understanding the mechanical property of
bone in physiological situations and the non-bone-tissue calcification germinated in

arterial and renal systems under pathological conditions* "4,

The many detailed investigations of the mineral phase or crystal size (range 10-40 nm
in normal bone), which have contributed to understanding of bone mechanics in
medical science, repeatedly demonstrated that while mineralization yields normal
bone tissue stiffness and strength, excessive mineralization leads to poor bone

ductility**°%°2,

Mg loss in aging animals

In a study of the anterior, medial, lateral, and posterior quadrants of cadaveric femurs
in 16 people aged 52 to 85 years™, Yerramshetty found that in two types of bone
tissue with similar mineral weight content, bone with smaller or shorter crystal length
had greater deformability and failure-strain resistant ability than bone with larger or
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longer crystal length. Many studies have also observed that the mechanically strong
bones of younger animals have a mixture of larger mature and smaller crystals, while
osteoporotic bones or those of older animals contain more mature and larger crystals.
Boskey hypothesized that bone mineral crystal size and perfection affect bone’s
ability to respond to load and that bone with a greater number of larger crystals than
optimal would have reduced resistance to load, i.e., would be more brittle * (Table

3).%°

Table 3. Crystal size variation and compromised bone mechanical properties®

Animal model Crystal size Mechanical Method of
alteration relative property crystal size
to control analysis
Ovariectomized Larger Increased fragility XRD, IR
monkeys and mice
Human and mouse Smaller Brittle (absorb little | XRD, TEM, IR
osteogenesis imperfecta | intrafibrillar, larger |energy before failure)
extrafibrillar
Hypophosphatemic mice Smaller Weak and ductile XRD
Rachitic rats and chicks Larger Weak and ductile XRD
Sr-osteomalacia (rat) Smaller ? XRD
la/ia osteopetrotic rat Smaller Stiff and brittle XRD
Osteopontin-null mice Larger Increased whole bone| FTIRM and
strength FTIRI
Osteonectin-null mice Larger Reduced FTIRM and
stiffness/increased FTIRI
brittleness
Osteocalcin-null mice Smaller Increased whole bone FTIRM
strength

Evidence supports Boskey’s observation of bone with increased crystal size and
reduced bone mechanical properties in ovariectomized (OVX) monkeys, osteonectin-
null mice, osteopontin-null mice, and Mg-deficient rats. These findings indicate that

crystal properties, including mineral composition, particle size, and distribution,
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should be considered important factors in bone properties and fracture resistance,

because mineral crystal optimization is a crucial step in osteoporosis therapy.

Undoubtedly, Mg plays an important role in bone mineralization. Indeed, dietary Mg
deficiency has been found to be correlated with osteoporosis in both animals and
humans>®. While the research findings to date indicate that Mg applications are low
cost and highly efficacious candidates in the treatment of senile bone fracture, many
considerations remain. These include identification of the concentration range of Mg
ions that has the best effect on bone tissue mineralization, especially in enhancing
bone strength and ductility in older people and people with osteoporosis, and how to
apply Mg findings in the lab to clinical applications for osteoporosis prevention and

therapy.

1.3 Mg and bone metabolism
Mg is the eighth most common element in the Earth’s crust and the fourth most

abundant cation in the body. It plays an important role in plants and animals as a
central ion of chlorophyll and is the second most common intracellular cation after
potassium, making it vital for numerous physiological functions®***. As Mg is a
critical element in maintaining body metabolism, imbalance of bodily Mg status
might result in cardiovascular, neuromuscular, and nervous disorders, and even
pathological bone disorders®.

Mg resorption

Dietary Mg is mainly absorbed in the colon and cecum through the epithelial cell
junctions and reabsorbed in the renal Henle loop epithelial cells, while excess Mg is
secreted out the kidneys and intestine by urine and feces, respectively®®>®. There are
two transport systems in the Mg-absorption process: an electrochemical gradient-

driven passive paracellular channel (the primary way of absorbing Mg through the gut
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and kidneys in animals) and a transient receptor-potential channel melastatin member
channel (TRPM6/7) regulated by the cell membrane-crossing transporter, which plays
a small role but is vital for body Mg regulation through the kidneys>. The kidneys
play a crucial role in Mg homeostasis by controlling its secretion and reabsorption. It
is noteworthy that different from that of most other ions, the major reabsorption site
of Mg transport is not the proximal tubule but rather the thick ascending limb of the
loop of Henle. Sixty to seventy percent of Mg that flows through the glomeruli is
reabsorbed at the Henle loop, while approximately 10% is reabsorbed in the distal
convoluted tubules (DCTs)****%, While Mg reabsorption mainly depends on Mg
plasma levels, hormones, including parathyroid hormone, anti-diuretic hormone,
glucagon, and calcitonin but not estrogen, play only a minor role®.

To examine impaired renal and/or intestinal Mg®* resorption, the genes of patients
with hypomagnesemia with secondary hypocalcemia (HSH) were studied using a
positional candidate gene approach. It was found that they had mutations in CHAK2
encoding TRPM6 that had previously been mapped to chromosome 9g22°-%%. When,
based on this finding, several groups analyzed TRPM6/7’s role in renal and intestinal
Mg®* homeostasis, they confirmed that TRPM6 and its closest homologue TRPM?7 are
closely and functionally related. Studies in mice showed that TRPM?7 is distributed
ubiquitously, whereas TRPM6 is predominantly expressed in the kidneys, lungs,
cecum, and colon, which are the main sites of active Mg®* (re)absorption®.

1. showed that TRPM6 is specifically localized along the apical

Hoenderop et a
membrane of the renal distal convoluted tubule and the brush-border membrane of the
small intestine; that TRPM6 is permeable to both Mg* and Ca®*, although the
TRPMS6 channel has a 5-fold higher affinity for Mg®* than for Ca**®; that the renal

TRPM6 mRNA level is significantly reduced in OVX rats; and that 17-estradiol
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treatment but not 1,25-dihydroxyvitamin D3 or parathyroid hormone could normalize
TRPM6 mRNA levels®®. Hoenderop et al. also identified repressor of estrogen
receptor activity (REA) as an interacting protein of TRPMBG6 that binds to the 6th, 7th,
and 8th B-sheets in its a-kinase domain and that REA is co-expressed with TRPM6 in
DCT and significantly inhibits the activity of TRPM6 rather than TRPM7. They
further observed that the TRPM6-mediated current in HEK293 cells is significantly

enhanced under 17-estradiol treatment in vitro®°>

, While the dynamic interaction
between REA and TRPM6 could be dissociated by short-term 17-estradiol treatment.
These studies opened a new direction in which to explore the mechanism of
osteoporosis and its treatment.

Mg storage in bone

Through circulation, 50-60% of Mg is reserved in the bone, 20% in the muscle, and
20% in the soft tissue, while only 1% is distributed in extracellular fluids®’. Thus,
bone provides a large exchangeable pool for whole body Mg consumption through
buffering serum Mg concentration fluctuation. The total Mg content of the human
body has been reported to be ~20mM/kg of fat-free tissue, meaning that a 70 kg adult
with 20% fat tissue would have approximately 24 g of Mg, and thus about
approximately 40-fold more Ca than Mg®. The physiological serum Mg
concentration ranges from 0.65-1.2mM, with a normal serum Ca concentration
ranging from 2.2-2.6mM. Total serum level and erythrocyte Mg level can be
measured to monitor changes in Mg status, although these values do not necessarily
reflect total body Mg content®®®. Alfrey found that 30% of bone Mg is in a surface
limited pool, either within the hydration shell or the bone mineral crystal surface™,

while 70% forms an integral part of the bone crystal and is associated with the bone

matrix. Both Mg pools are decreased in chronic hypomagnesaemia and renal
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transplantation patients, who are associated with decreased serum Mg’™. In vitro
studies suggest that rapid changes in surface Mg reflect changes in serum Mg level®,
indicating that the serum Mg level is the major factor determining Mg content in bone.
Overall, one third of skeletal Mg is exchangeable, serving as a reservoir for
maintaining physiological extracellular Mg level. Mg deficiency due to lack of dietary
Mg and/or renal failure leads to direct mobilization of bone Mg in the circulation to
meet the Mg demand of other organs. If cases of low Mg intake (below 300-400 mg/d)
for a long period, Mg deficiency will affect only bone but also the nerve system,
cardiovascular system, muscles, endocrine glands, and other systems and organs,
producing pathological symptoms such as hypertension, cardiac arrhythmia,
myocardial infarction, hypokalemia, and hypocalcemia.

Mg in cell and bone metabolism

In the cell, Mg primarily fulfills various intracellular physiological functions as a
cofactor of DNA, RNA, ATP, and almost all enzymes’ "%, Mg has two general types
of interaction with an enzyme: (i) binding to an enzyme substrate in the reaction of
kinases with Mg ATP?(Mg-ATP), thereby forming a complex with the enzyme, and
(i) binding directly to the enzyme, thereby altering its structure and/or serving as a
catalytic player (e.g., in exonuclease, topoisomerase, and RNA and DNA
polymerases). Overall, the predominant action of Mg is related to ATP utilization, and
thus it exists in all cells primarily as Mg-ATP™2. Through interaction with universally
required ATP, Mg metabolism also influences glucose utilization, fat and protein
synthesis, methyl group transfer, nucleic acid and coenzyme activity, muscle
contraction, normal neurological functions, release of neurotransmitters, regulation of
vascular tone and heart rhythm, platelet-activated thrombosis, bone formation, and

many other processes’>. Mg is also reported to be an important modulator in cell
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adhesion and migration, and even stem-cell differentiation’®. Further, Mg has long
been suspected of affecting insulin secretion and sensitivity in Mg-deficient animals.
Recent epidemiological studies suggest that Mg deficiency at a relatively early
gestational age negatively affects the mother and fetus”"°. As a natural Ca antagonist
for the same binding site on the plasma molecule, Mg acts as an anti-apoptotic factor
to relieve Ca overload-triggered apoptosis in mitochondrial permeability transition.
Mg deficiency always affects bone metabolism initially and severely. Epidemiological
studies have built a small but sufficient evidence base of the correlation between
osteoporosis and Mg deficiency in bone and serum®*®. The existence of a link
between dietary Mg intake and bone mass appears to be an exception when women
are in the early postmenopausal period, during which the effect of acute sex steroid
deficiency may mask the effect of dietary factors such as Mg deficiency®. Estrogen
deficiency also could provoke Mg absorption in the intestine and at the renal site. In
addition, diets deficient in Mg are usually lacking in other nutrients, especially Ca.
Further investigations are needed to precisely identify the correlation between dietary
Mg inadequacy and osteoporosis. Although a recent study of TRPM7 knock-out mice
indicated that reduced dietary Mg could lead to osteoporosis, more experiments and
evidence are needed to support this finding®*.

It remains unclear how Mg promotes osteo-anabolic activity and why Mg loss in bone
leads to osteoporosis in aged humans and animals. Bone remodeling markers such as
serum OC, ALP, urine deoxypyridinoline, and N-telopeptide have been evaluated for
prediction of bone loss in low Mg-intake conditions®™. In one case, Mg intake was
found to be negatively correlated with urinary excretion of pyridinoline and
deoxypyridinoline despite not being associated with serum OC level. This finding

suggests that a low-Mg diet is associated with increased bone resorption. Moreover,
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decreasing osteoblast number and function plus increasing osteoclast recruitment and
activity were observed in vivo with Mg deficiency. The effect of Mg level on serum
PTH level, 1,25-(OH),-vitamin D level, and Ca content in hypomagnesemic patients
is considered a critical mechanism in Mg-deficiency-caused osteoporosis®®’. As
discussed in the previous chapter, low Mg-containing bone matrix forms larger HAP
crystals and leads to bone fragility and low intensity.

Limited basic scientific and clinical data are available regarding the long-term effects
of low Mg dietary intake on bone mass and constitution in human body. Fundamental
considerations are how Mg level influences bone mass, bone turnover, bone-related
hormones, and cytokine levels; the Mg intake level required to maintain skeletal
health; and the correlation between deficiency of Mg and that of other common
nutrients, including Ca and vitamin D. In addition, the differentiation of bone
marrow-derived mesenchymal stem cells (BMSCs) and periosteum-derived stem cells
(PDSCs) under Mg treatment should be well investigated.

Elucidating the effect of low Mg intake on the development of osteoporosis has
increased as the risk of osteoporotic fractures continues to increase with an aging
population, contributing to greater health care costs®. Exploration of the mechanism
underlying decreased serum and erythrocyte Mg concentration and Mg malabsorption

with aging should also be conducted.

1.4 Role of bone innervation and neuropeptides in osteogenesis
As early as 1545, the French anatomist Charles Estainne drew nerve fibers and

innervated bone using a wood-cut panel. In 1925, De Castro showed that a single
sympathetic nerve fiber was wrapped with capillaries at the growth line and made

channels to bone along with blood vessels that branched to form several rings around
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bone cells®®®. The innervation of bone from a humanistic view by realistic detection
using available immuno-histochemical and microscopic methods persisted for almost
four centuries. In a landmark report published in the Journal of Bone and Joint
Surgery in 1966 and subsequently in Science in 1968, Cooper reported that cortical
bone appears densely innervated under electron microscopy®™ %  After
immunochemical staining had been developed, Hohmann et al. observed sympathetic
fibers containing vasoactive intestinal peptide (VIP) in bone in 1986%. To date,
bone’s innervation from the central to peripheral system has received great attention,
leading to investigation of bone metabolism and the means of treating bone
pathological lesions and pain in fracture, inflammation, and tumors.

Nerve fibers in bone

The peripheral nerve fibers innervated into bone are mainly classified as sympathetic
and sensory nerves, both of which are peptidergic nerves, although glutamatergic
innervation has also been detected in bone®. In a study of mineralized bone and bone
marrow to examine sympathetic and sensory innervation of normal mouse femur
periosteum, Mach found that the periosteum is the most densely innervated tissue per
area. However, regarding the total volume of nerve fiber content, bone marrow has
the greatest total number of sympathetic and sensory nerve fibers, followed by
mineralized bone and then the periosteum®. Nerve fibers circulate throughout the
periosteum and are accompanied by nutrient vessels in the Haversian and VVolkmann’s
canals. Dense nerve fibers are proximate to more metabolically active parts of bone,
such as those in the osteochondral junction of the epiphyseal growth plate and in the
metaphysis in long bone®™**. Among these nerve fibers, peptidergic myelinated and
thin/lunmyelinated nerves, including A-B-, A-6-, and C-type fibers, are all present, but

not non-peptidergic unmyelinated fibers. The relative density of sensory nerve fibers
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per unit volume is greatest in the periosteum, followed by bone marrow, mineralized
bone, and cartilage, with the respective relative densities being 100:2:0.1:0%.
Although peripheral sympathetic and sensory nerve fibers of bone are believed to
have both afferent and efferent functions, they have distinct neurotransmitter release
mechanisms and different roles in bone remodeling.

Neuropeptides and bone metabolism

Neural synapse communication provides direct cell-to-cell communication in most
nerve-to-nerve signal transmissions and in many nerve-to-end organ transmissions.
Nonetheless, this communication ultimately depends on receptor-ligand interactions,
as do paracrine, autocrine, and hormonal endocrine functions®. To date, no classical
synapse—cell connection has been found to be involved in nerve endings in osteoblasts,
osteoclasts, or osteocytes. However, nerve fibers with active expression of various
neurotransmitters have been observed to be in close spatial association with bone cells.
Furthermore, the receptors of almost all of these neural ligands are expressed in bone
cells, and thereby potential affect bone metabolism®. In general, neural transmitters
of bone nerve endings include catecholamines, glutamate, dopamine, serotonin, and a
number of small polypeptides formed by alternative RNA splicing from larger
genes”°"% Table 4 shows the classification of all known neuropeptides found in
bone tissue by their neural sources and individual characteristics.

Table 4 Neuropeptides in bone®'%

Neurotransmi| Nerve | Receptorson Putative Putative action
tter(s) attributio| bone cells intermediary
n mechanism

Endocannabino| Sensory | CB1 and CB2 | G-protein-coupled | Bone formation

ids nerve receptors
Calcitonin Sensory | CGRP-R1, CAMP Bone formation
gene-related nerve CGRP-R2
peptide
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Substance P | Sensory | Neurokinin-1 CAMP Bone formation
nerve Bone resorption
Vasoactive |Sympathet| VIP-1R, VIP- CAMP Bone formation?
intestinal ic nerve | 2R, PACAP-R PGE-2 Osteoclast
peptide RANK formation (down-
RANKL (down regulation)
regulate) Osteoclast
OPG resorption?
IL-6
Neuropeptide [Sympathet| Y1, Y2, Y4, | G-protein-coupled | Bone resorption
Y icnerve | Y5and Y6
receptors
Dopamine, |Sympathet| adrenergic cAMP Bone formation (in
serotonin ic nerve receptor PGE-2 brain)
(Adrp2), Htrlb Bone resorption
receptor (in peripheral)
Catecholamine [Sympathet|  B-2, a-1 cAMP Bone formation
S ic nerve | adrenergic PGE-2 Bone resorption
receptors
Glutamate |Glutamate NMDA, lonotropic or ion Bone formation
rgic nerve AMPA, channel gating and
metabotropic | metabotropic or G-
Glu (mGIuR) protein-coupled
and kainate
receptors

Bone cells, including osteoblasts, osteoclasts, osteocytes, mesenchymal stem cells,
and lining cells, function directly with these neuropeptides through the receptors on
the cell surface'®. Moreover, bone neuropeptides indirectly regulate bone cells via
mediation by vascular endothelial cells, immune cells such as mast cells, CD3+
lymphocytes, and  macrophages in a process that we termed
“neuroinflammation”*®*%% . CGRP and substance P from nociceptors of sensory
nerve endings act directly on vascular endothelial cells and produce vasodilation
effects'®. Their adhesive and proliferative modulating effects on endothelial cells are

dependent on nitric oxide (NO) level, as well as that of other endothelial products,
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such as endothelin, hydrogen peroxide (H,O;), and prostaglandins, involved in bone
metabolism'%.

Many other neuropeptides (see http://www.neuropeptides.nl/), including

catecholamines, VIP, neuropeptide Y, and glutamate, as well as other molecular
mediators, such as adrenomedullin, neurokinin A and B, gastrin-releasing peptide, and
cytokine eotaxin, may interact with bone immune cells (mast cells and
monocyte/macrophages) and adaptive immune cells (T lymphocytes)®. Activation of
immune cells by neuropeptides leads to release of preformed and stored histamine,
heparin, various newly produced lipids (e.g., LTB4 and PGD2), and cytokine (e.g.,
IL-6 and TNFo) mediators, amplifying their effects on bone metabolism*®t!,
Conversely, activation of the immune system equally promotes neurotransmitter
synthesis and release, even in immune cells (T lymphocytes)*'?**3, However, the
latter finding was not the focus of this thesis study.

Models of bone denervation

An animal model of peripheral denervation of bone by surgical sciatic neuroectomy
has been used as a standard model of disuse osteopenia. However, this model
confounds the examination of the effects of motor nerves, sympathetic nerves, and
sensory nerves on bone. Chemical sympathectomy by neurotoxin guanethidine
dramatically decreases the number of tyrosine hydroxylase (TH)- and VIP-staining
fibers, significantly reducing lumbar vertebral and femur mineral content and density
and the number of serum osteomarkers and osteoclast numbers in adult rats™***.
Capsaicin, a sensory specific neurotoxin, selectively destroys unmyelinated sensory
neurons, inducing loss of trabecular integrity and reduced bone mass and

strength**"**®, Pain from fracture/nonunion/joint degeneration and complex regional

pain syndrome, such as Sudeck’s atrophy (reflexing sympathetic dystrophy), reflects
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the direct impact of peripheral neural pathological lesions on bone®.

Bone metabolism regulation by the central nerve system

The development of many syndromes, including hemiplegic-stroke induced
osteoporosis, spinal cord injury (SCI)-related skeletal bone loss at earlier stages,
heterotopic ossification after head injury, Charcot neuroarthropathy in diabetes
mellitus, and osteoporosis in obesity, indicate that the central nerve system affects
bone metabolism™®*%, The finding that leptin as an opening regulator is a potent
inhibitor of bone formation acting through the central nervous system initiated
research into the central nature of bone mass control and its disorders'?. Leptin is a
small polypeptide hormone secreted primarily by adipocytes in human fat tissue that
controls body weight and gonadal function by binding to its receptor on specific
neurons in the hypothalamus*?. Karsenty et al. found that leptin- deficient mice
(ob/aob type) and leptin receptor-deficient mice (db/db type) both have high bone mass
phenotype preceding obesity and coexisting hypogonadism and hypercortisolism.
Observation that hypogonadism and hypercortisolism are both osteoporosis-favoring
conditions and lead to a low bone mass phenotype, as well as that leptin has no direct
effect on osteoblasts, led to the hypothesis that leptin’s bone-regulation effect is
controlled by the central nervous system in 2002*%°. In 2009, Karsenty et al. verified
that leptin inhibits the serotonergic neurons of the brain stem and reduces the

synthesis of brainstem-derived serotonin (BDS)*®

. BDS has Htr2c receptors on
ventromedial hypothalamic neurons and functions as a potential regulator of bone
metabolism through its sympathetic tone, but leptin’s abrogation of BDS synthesis
inhibits bone mass accrual. Given the newly conceived notion of bone’s regulatory

role in controlling other physiological processes, such as fertilization and gonadal

hormone secretion, bone metabolism in the neural and gonadal systems should be
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reexamined'%-1%2,

1.5 Osteoporosis and fracture repair
As the skeleton is essential in terrestrial animals, humans ultimately evolved bone,

which is of sufficient lightness and strength to prevent disabling fracture during
flexible and rapid actions. However, with advancing age in men and in women after
menopause, the entire muscular skeletal system, including that involved in neuron-
muscle activity; bone tissue metabolism; and bone structure degenerate, increasing the
risk of fracture. Systemic skeletal disease characterized by low bone mass and
microarchitectural deterioration of bone tissue in aged men and women is considered

osteoporosis.

Etiology of osteoporosis

Development of osteoporosis is a natural life phase in normal humans. Bone mass
diminishes with increasing age as a result of changes in circulating levels of hormones,
particularly in decreased estrogen levels after menopause in women. Meanwhile,
decreased physical activity in aged people leads to decline of mechanical loading
stimulation to the skeletal system. Depressed anabolic and slow bone remodeling
activities in aged people reflect not only the body’s attenuating metabolism but also
negative feedback to other organs®*.

Osteoporosis initially develops through cellular and biochemical disturbance of stem
cells, osteocytes, osteoblasts, and osteoclasts in bone mesenchymal tissue. The
dysfunction or re-coordination of these bone cells alters osteoid generation and
degradation, mineralization, and osteon constitution at the macro level of bone
structure and its biomechanical properties'®. Initially, bone trabecular thins with

increasing perforation, reducing connectivity and quantity, followed by thinning of
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the layer of cortex and growth of its external diameter. This fabrication of long bone
is the fundamental process in the aged'?°. Under Raman microscopic imaging analysis,
the mineral content (degree of mineralization) of osteoporotic tissue and the carbonate
content are observed to decrease while HAP crystal size and structural perfection
increase. Meanwhile, the acid phosphate and Mg content decline, which subsequently

127129 Decreased cross-

changes the crystal-collagen ratio and microarchitecture
linking between subchondral bone and thinning trabeculae during the osteoporotic
bone resorption process leads to fewer, thinner connections, which increases the
fragility and flexibility of the femur neck*®. The subtle reduction of bone mass in the
transverse direction increases the intensity of trabecular in the loading axis, a
structural change that may effectively resist loading when the direction of the loading
coincides with that of the trabecular orientation. However, such structural change
k125'126.

narrows the tolerable loading directions, which in turn may increase fracture ris

Epidemiological review of osteoporotic fracture

Osteoporotic fracture is a common cause of disability and a major contributor to
medical cost in many countries'****?, Caucasians are most vulnerable to osteoporosis,
followed by individuals of African origin and individuals of Asian origin'*.
Worldwide, 100 to 200 million people are at risk of osteoporotic fracture each year**
136 statistics indicate that 25% of the European population was over the age of 65 by
the end of 2012 and that 52 million will be over 65 by 2020 in the United States. In
China, there will be 250 million individuals 60 this largest developing country until
2020, Zhang et al. analyzed pooled data published in 91 articles up to January 2013
regarding 139,912 Chinese adults to assess osteoporosis prevalence in Mainland
China, Taiwan, and Hong Kong™®. They found the age-standardized prevalence of

osteoporosis adjusted by the WHO world standard in those aged 50 years was 24.6%
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in women and 3.5% in men at the lumbar spine and over 13.3% in women and 5.9%

in men at the femur neck™°

. In Mainland China, they found the 50-year age-
standardized prevalence of osteoporosis to be 23.9% and 12.5% in women and 3.2%
and 5.3% in men, respectively, at the lumbar spine and femur neck®, In 2010, about
one third of Chinese women aged 60-69 years and half of those aged 70 years and
over were found to have osteoporosis, while men in the same age group were found to
have a much lower prevalence of osteoporosis. Due to changing demographics due to
population aging and increasing life expectancy, an astonishing number of older
people will have osteoporosis and osteoporotic fractures in the near future**®42,

Low bone mass and osteoporosis, a systemic condition, increase the risk of almost all
types of fractures. Fractures at the proximal femur (hip), the vertebrae (spine), and the
distal forearm (wrist) have long been regarded as the most frequent types of
osteoporotic fractures. Hip fractures are regarded as the most severe osteoporotic
fractures and are considered the international barometer of osteoporosis because they
are strongly correlated with low bone mineral density (BMD), are more expensive to
treat, and cause more disability than other types of osteoporotic fracture. With age-
related decrease in BMD, fracture risk at the proximal femur rises, especially in
women, who are affected by estrogen deficiency after menopause and live longer than
men**. Osteoporotic fracture is associated with increased morbidity, mortality, and
cost. The cost of treatment, which was RMB 17,007 per year per patient in China in
2012, will increase with the expected increase in the osteoporosis population to 250
million in China by 2020""***. Gaining understanding of the biological process of
fracture is essential for its prevention and cure.

Fracture healing process

Ontogenetic development is characterized by a series of steps initiated at fertilization
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and terminating with the differentiation, growth, and maturation of specialized tissues
and organs. These developmental processes involve both the molecular specialization
that accompanies and determines cellular differentiation and the biological
morphogenesis in which cells are organized into functional structures. Although this
developmental process is terminated when animals reach sexual maturity, the
morphogenetic processes could be reinitiated in specific tissues, such as bone, as a

consequence of injury.

The bone fracture healing process is a special post-natal repair that recapitulates
aspects of embryological skeletal development™*>*®. The repair process occurs during
three overlapping phases—the inflammatory, repair and remodeling phases'*’—that
are similar in large animals like humans and small animals like rats. In rats,
diaphyseal fracture first leads to blood vessel rupture in the surrounding soft tissue
and inside bone, as well as damage to musculoskeletal tissue, which promotes the
initiation of the inflammatory cascade. Inflammation along with vasodilatation and
exudation of plasma and leukocytes and fibrinogen in the fracture gap forms fracture
hematoma as a result of blood clotting. This process occurs 24 h after fracture and is
characterized by hypoxia due to vessel breakage and the presence of low pH and
blood-derived inflammatory cells with proinflammatory and anti-inflammatory
cytokines. Short-lived (one-day) polymorphonuclear neutrophils (PMNs)  first
recruited at the fracture gap rapidly accumulate during the first hour after injury.
Several chemokines, such as C-C motif chemokine 2 (CCL2) and IL-6, are secreted to

attract longer-lived macrophages.

Macrophages located at the endosteal and periosteal surfaces are pivotal for
intramembranous ossification during early fracture healing and later endochondral

ossification. A large number of inflammatory cytokines, such as IL-1, IL-6, TNF,
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RANKL, the TGF-B superfamily, and the bone morphogenetic protein (BMP) family
(BMP-2, 4, 5, 6), are present from the first 24 h to 7 days after injury™*®**.
Meanwhile, revascularization is initiated after the tissue damage caused by hypoxia.
Inflammation cells also are existed along with the complex network of interactions
among immune cells; resident tissue cells; MSCs; and released angiogenic factors,
such as angiopoetin-1 and VEGF. Endothelial cells are recruited and migrate from
pre-existing periosteal and endosteal vessels into the hematoma to form new blood
vessels. This revascularization is a relatively long- term process that slowly increases
the blood flow between days 3 and 5, reaching its peak after week 2. The extent of
blood flow substantially affects bone fracture healing; low blood flow promotes
revascularization during the early stages of fracture healing with greater
interfragmentary movement, whereas greater blood flow in the later phases of repair

is associated with more stable fixation®.

Callus formation, which partially overlaps with the inflammatory phase, mainly
consists of intramembranous bone formation, which begins as early as 3 to 7 days
after injury in rats. Intramembranous ossification usually occurs at the periosteum
distant from the avascular fracture ends. Precursor cells derived from periosteum-like
PDSCs differentiate into the osteoblast cells involved in intramembranous bone
formation™". Bone formation is considered to start in the region where the periosteum
and vascularization are not affected by the trauma, which is why intramembranous
ossification is initiated at the site distant from the fracture ends. The fracture gap is a
hypoxic and low pH area harmful to MSCs, and the interfragmentary movement of
the fracture gap causes large tissue strain and high hydrostatic pressure, which are

detrimental to osteoblast survival**"1%2,

Further callus growth is driven by production of chondrocytes derived from specific
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MSCs recruited systemically from the circulation and locally from surrounding soft
tissues and bone marrow'*****, Stromal cell-derived factor-1 (SDF-1) and its G-
protein-coupled receptor CXCR-4 form an axis (SDF-1/CXCR-4) that is a key
regulator of recruiting- and homing-specific MSCs to the site of trauma during
endochondral fracture healing. Once MSCs are recruited, molecular cascades
involved with collagen-1 and collagen-1I matrix production and several peptide-
signaling molecules, such as transforming growth factor-beta (TGF-B) superfamily
members (TGF-p2 and TGF-B3 and GDF-5), are involved in chondrogenesis and
endochondral ossification'>>*°, Cartilaginous tissue formation at the fracture gap 7 to
10 days after fracture in rats is the result of insufficient blood supply, greater
interfragmentary movement, and high hydrostatic pressure, which benefit chondrocyte
differentiation and proliferation but impair osteoblast activity™"**®. Because fracture
healing requires sufficient blood supply, angiogenic blood vessel ingrowth occurs at
the repair site, which causes chondrocyte apoptosis and cartilaginous degradation. The
blood vessels invading the calcified cartilage carry MSCs and monocytes, which
differentiate into osteoblasts and osteoclasts, resorb the calcified cartilage, and form

woven bone®®°.

After bony bridging occurs between days 28 and 35, the strain on tissue in the fracture
gap and between the remaining callus wedges is sufficiently low to enable
replacement of connective and granulation tissues by intramembranous ossification*®.
Once the diaphyseal fracture gap is filled with newly formed woven bone, osteoclastic
activity begins at both the outer surface and inner woven bone. Vascularization during
remodeling is reduced to pre-fracture levels, and the number of cytokines decreases
except for that of some cytokines, particularly IL-1, TNF, and BMP, which remain

highly expressed until reshaping of the diaphyseal bone is completed™®.
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Treatment of osteoporotic fracture

A multinational survey of osteoporotic fracture management clearly indicates that
many orthopedic surgeons fail to identify, assess, and treat patients with fragility
fractures. Osteoporosis increases the number of traumatic fractures and contributes to
their severity. The management of osteoporotic fractures is difficult due to poor bone
quality, and the inadequate fixation strength of the implants used to stabilize the
fracture until union occurs may be inadequate. In particular, fracture fixation is
associated with increased rate of complications. Various reports suggest a nonunion
rate of 2-10%, a post-surgery malalignment rate of 4—40%, a metal work failure rate
of 1-10%, and a re-operation rate of 3—23%%#1¢,

A common medical condition that most people experience more than once throughout
their lifetime, bone fracture usually occurs due to falls, traffic accidents, and repetitive
forces. Although most bone fractures heal completely without any significant
complications with either non-surgical or surgical treatment, challenges remain in
promoting bone fracture healing, such as delayed union and non-union, especially in
osteoporotic and open high-energy fracture'®*'®*. Osteoporosis influences the early,
middle, and late period of fracture healing through the combined effects of prolonged
endochondral calcification, high activated osteoclast cell production, and deceleration
of the increase in bone mineral density followed by poor development of mature bone
at the fracture area'®®". In clinical practice, an open high-energy fracture is less
likely to result in an uncomplicated union than a closed, less traumatic fracture. The
anabolic response in these cases may be impeded by tissue disruption around the
fracture with avascularity and low oxygen tension. During these situations non-
specific wound-repairing anabolic phenomena, such as angiogenesis and cellular

recruitment and proliferation, are delayed along with more bone-specific anabolic
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events, such as osteogenic differentiation and bone matrix production®®.

Treatment with osteogenic factors, gene therapy, or cell therapy achieves better
surgical outcome in bone fracture healing. Bone morphogenetic proteins (BMPs) are
osteoinductive agents useful in treating difficult fractures, non-unions, and large
defects. However, there are several limitations in using BMPs, including (i) need for a
high dose due to the rapid degradation of unprotected protein(s), with the effective
concentration species dependent (in humans much higher concentrations are needed
than in rodents and dogs, resulting in a large financial burden); (ii) difficulties in the
incorporation of these proteins into proper vehicles due to their unstable chemistry;
(iii) brief presence at the site of the lesion; and (iv) severe limitations in the gene
therapy approaches apart from direct cell transduction or DNA delivery by gene-
activated matrices. Intermittently administered parathyroid hormone (PTH), another
important factor in bone homeostasis with both anabolic and catabolic actions, is
known to increase both cortical and trabecular bone mass. While intermittently
administered PTH thus has an established place in osteoporosis treatment and appears
promising in closed the bone-fracture model repair, it was not found to increase the
rate of union in an open fracture model*2*9173,

Besides biomolecular therapy for treatment of osteoporosis and associated fracture,
electromagnetic field stimulation has proven to offer some benefit in the treatment of
delayed union and non-union of long bone fracture. However, Griffin reported its
effects to be inconclusive and insufficient'®. There is some evidence that low-
intensity pulsed ultrasound might be an effective treatment for healing of non-unions
because of its ability to enhance maturation of the callus. However, the critical role of
low-intensity pulsed ultrasound (LIPUS) for fracture healing remains unknown

because of a lack of controlled trials of treatment of delayed unions and non-unions.
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More homogeneous and a greater number of controlled series are needed to further
investigate its efficacy®®*1741"®,

The preceding review of research into Mg, fracture, and osteoporosis indicates that
the current knowledge base regarding osteoporosis and its treatment lacks a basic
understanding of the effects of the loss of trace elements, especially Mg, on
osteoporosis. Based on close analysis of previous findings, we propose that Mg might
be beneficial in the development of treatments to prevent osteoporosis and promote

osteoporotic fracture healing. This thesis assesses this proposition by exploring the

osteogenic effect of Mg and its application to fracture healing in an OXV rat model.

1.6 Hypotheses and objectives

Hypotheses

Based on the observation that Mg implantation in the rat femur canal induces new
bone formation at the periosteum, we hypothesize the following:

I. The sensory nerves of the periosteum may play a crucial role in the osteotropic
effect of Mg.

I1. Sensory neuropeptide CGRP and Mg ions may directly affect MSC proliferation,
migration, and osteogenic differentiation.

I11. Mg ions may enhance synaptic replasticity in DRG neurons in vitro.

IV. Cellular membrane Mg ion channel MagT1 may contribute to Mg influx in cells.
V. Pure Mg metal may be used to enhance bone fracture repair in OV X rats.
Objectives

I. To understand the osteogenic role of unmyelinated sensory nerves and
neuropeptides in Mg-induced new bone formation.

Il. To evaluate the effects of CGRP and Mg ions on MSC proliferation, migration,
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and differentiation in vitro.

I11. To examine the effect of Mg ions on DRG neural synaptic plasticity in vitro.
IV. To confirm that cellular membrane channel MagT1 is critical in Mg cell influx.

V. To evaluate the effect of Mg on fracture healing in OV X rats.
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Chapter 2

Role of sensory nerves
and
CGRP
in
Mg-induced new bone formation
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2.1 Introduction

Before our detection of pure Mg osteogenesis in the rat femur, Witte et al. observed
the same phenomenon after implantation of an Mg alloy rod into the rat femur canal®.
Eighty years ago, both Lambotte and McBride observed the periosteal proliferation
progress and remarkable stimulation of periosteal bone formation with application of
Mg (99.7%) and Mg-Al-Mn alloy screw transfixion in the treatment of bone fracture
of humans, rabbits, and dogs**. However, their observations were challenged by other
findings, and Mg-evoked periosteal bone formation has not thoroughly studied since.
Thus, this attempt to explicate the mechanism of Mg-induced new bone formation is
very important for exploring Mg as a biomaterial.

Hypothesizing that Mg ions released from degradation in bone marrow stimulate
nerve endings in the periosteum and trigger new bone formation, we proved that the
new bone-forming process terminated after stripping of the periosteum. Since there
are dense sensory nerve fibers and MSCs in the periosteum, Mg’s bio-effect was
hypothesized to be dependent on biofactors such as neuropeptides, PDSCs, and
BMSCs. This hypothesis was proven by observation of denervation of the rat sensory
nerve in the femur through long term and high-dosing capsaicin administration
subcutaneously above the rat spine. In capsaicin-treated rats, new bone formation
around the femur is significantly less than that of controls after Mg pin implantation.
By immunochemical staining of the rat femur section, we observed the massive
accretion of CGRP in the newly formed cortical bone region of Mg-implanted femur
diaphysis in a treated group compared to a control group. When, based on
understanding that cortical bone CGRP is derived from the dorsal root ganglia (DRG),
we isolated the DRG at the L4 lumber level, sensory nerves out to constitute into

sciatic nerve. Immunochemical staining of the L4 DRG section showed more densely
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stained CGRP in Mg-implanted rats compared to controls, indicating that increased
CGRP in newly formed bone was rooted from axon terminals of DRG neurons. Local
injection of BIBN4096bs (cellular CGRP receptor antagonist) resulted in decrease in
the rate of new bone formation around the injection site after Mg implantation. Based
on our findings, we hypothesized that mass neuropeptides released from sensory
nerve endings after Mg implantation promote new bone formation in the periosteum

region.

51



2.2 Materials and Methods

Thirty one three-month-old female S/D rats were purchased from CUHK Laboratory
Animal Services Centre. The animal experimental protocol, which included Mg-pin
implantation, capsaicin treatment, and locally BIBN4096bs administration, was
approved by the Animal Ethics Committee of the Chinese University of Hong Kong
(Ref. No. 13/003/MIS-5; Appendix I). All rats were divided into four groups: (1) a
control group implanted with 18G needles of a length of 20 mm (n=6), (2) a pure Mg-
pin implantation group (n=6), (3) a pure Mg-pin implantation with capsaicin-
treatment group (n=10), (4) a pure Mg-pin implantation with BIBN4096bs
administration group (n=6), and (5) a pure Mg-pin implantation with femoral

periosteum stripping group (n=3). All rats had surgery on the right femur.

2.2.1 Intramedullarily implanted Mg pin into the rat femur
Pure-Mg cylinder pin preparation

Pure Mg cylinder pins with a diameter of 12.8 mm and a length of 20 mm were
provided by our collaborators from Peking University. The Mg pins had been made
by copper mold injection casting under an argon atmosphere. In brief, high purity Mg
(99.99%) was placed in a quartz tube and melted, then the melted Mg was quickly
injected into a copper mold to obtain rod samples. X-ray diffraction (XRD) was
performed using a Rigaku-D/maxrB Diffractometer (Rigaku Corporation, 9009 New
Trails Drive, The Woodlands, Texas) operated at 40 kV and 100 mA at room
temperature to verify the amorphous structure of the samples using Cu K, radiation at
a scan rate of 4° min™. Differential scanning calorimetry using a Thermal Analysis
Corp Q100 Analyzer (Anasys Instruments Corp., 121 Gray Ave, Suite 100, Santa

Barbara, California) was used to identify the thermal dynamic properties of prepared
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samples.
Intramedullary implantation

Three-month-old female S/D rats were used to investigate bone response to Mg pin in
vivo. In brief, rats were anesthetized via intraperitoneal injection with a combination
of ketamine (75 mg kg™) and xylazine (10 mg kg™). The right knee of the rat was
exposed and a tunnel of 1.28 mm in diameter and 30 mm in length was drilled in the
medullary cavity from the distal femur along the axis of femoral shaft. Before surgery,
Mg pins 1.2 mm in diameter and 20 mm in length were sterilized by immersion into
70% ethanol for 30 min and then autoclaved. The sterilized pure Mg pins were
implanted into the femur canal and the wound was carefully sutured. The rats were
housed in an environmentally controlled animal care laboratory after surgery.
Sequential radiographs and in vivo HR-pQCT scanning of the distal femur were
performed every week post-operation to week 8 for general inspection under general

anesthesia.

2.2.2 Periosteum stripping
After anesthetization via intraperitoneal injection with a combination of ketamine (75

mg kg™) and xylazine (10 mg kg™), the right thigh of three female S/D rats was
incised from the lateral side and exposed to femur bone. The muscle tissue was
bluntly dissected from the periosteum, which was stripped cleanly using sharp forceps
from the middle to distal femur shaft region. The right femur bone with periosteum
stripping was implanted with Mg pins from the distal femur condyle. X-ray and
micro-CT scanning were performed two weeks later to monitor the new bone

formation (Figure. 2.2.1).
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Figure 2.2.1. The rat femur periosteum stripping surgery (left). ROl 5-mm long by

micro-CT scanning (right) was between two white lines.

2.2.3 Capsaicin administration
Ten three-month-old female S/D rats were treated with a high dose of capsaicin (150

mg/kg) over three consecutive days (30 mg/kg on day 1, 50 mg/kg on day 2, and 70
mg/kg on day 3) according to the protocol established by Yuxiang Ding et al*’’.
Previous studies showed that capsaicin injection results in a 30-50% mortality rate
due to pulmonary edema. To avoid pulmonary edema, the rats were denied drinking
water for at least 6 h before capsaicin injection. Capsaicin (Sigma Aldrich, St. Louis,
MO, USA) and vehicle solution (10:10:80 V/V of Tween-80, ethanol, saline) were
freshly prepared before treatment each day. The capsaicin was sonicated in the
vehicle solution until it was homogenously suspended. The rats were subcutaneously
injected with 0.1 ml/100 g of capsaicin solution at the L3 to L5 lumber level. To
prevent injection reflux, the needle was left in the skin for 30 s after injection. At day
4 of capsaicin injection, an Mg pin was implanted into the rat femur canal. Six of the

10 rats that underwent capsaicin treatment survived throughout the entire study, with
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four dying due to high irritation by high-dose capsaicin administration (Figure 2.2.2).

Figure 2.2.2. Capsaicin injection at the L3 to L5 lumber level destroyed sciatic

sensory nerves of the femur bone.

2.2.4 CGRP receptor antagonist BIBN4096bs administration

Br
OH
Br
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Figure 2.2.3. The structural formula of BIBN4096BS (1-piperidinecarboxamide,-N-

[2-[[5-amino-1-[[4-(4-pyridinyl)-1 piperazinyl]carbonyl] pentylJamino]-1-[(3,5-
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dibromo-4-hydroxyphenyl) methyl]-2-oxoethyl]-4-(1,4-dihydro-2-oxo-3(2H)-

quinazolinyl)-,[[R-(R,(R*,S*)]).

BIBN4096BS is a potent and novel selective CGRP receptor antagonist with a blood
half-life of 13 hours*™® (Figure 2.2.3). BIBN4096BS (purity 99.14%, Shanghai
Haoyuan Chemexpress, Shanghai, P.R. China) was initially dissolved in 0.5 ml of
hydrochloric acid (1N) before adjustment of the pH value to 6 with sodium hydroxide.
In their study, Silke Hirsch et al.'”® used a BIBN4096bs dosage of 300 ug/kg. In the
current study, BIBN4096bs was diluted in 0.9% NaCl to a stock solution of 750 pg/ml,
of which 100 ul BIBN4096bs was injected into the midshaft of the rat right femur
from the lateral thigh and prevented from entering the muscle throughout the study.
After Mg pins had been implanted into the right femur canal, BIBN4096bs was
injected locally at the midpoint of the right femur shaft. BIBN4096bs injection was
performed every 48 h and lasted two weeks. After injection micro-CT scanning and

analysis were performed.
In vivo imaging of indodicarbocyanine (Cy5)-labeled BIBN4096bs rats

The results of chemdraw analysis of Cy5-labeled BIBN4096bs (Guangzhou Ribobio

Co. Ltd., GuangZhou, development district, Mainland China) is shown in Figure 2.2.4.
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Figure 2.2.4. Main chemical molecules of Cy5-labeled BIBN4096bs with a molecular
weight of around 1400 according to the mass spectrum report. Chemical formula:
C75H88Br2N1106+, molecular Weight: 1399.38. m/z: 1398.53 (100.0%), 1399.53
(81.2%), 1396.53 (50.2%), 1400.52 (47.6%), 1397.53 (43.4%), 1401.53 (41.5%),
1400.53 (36.4%), 1402.53 (16.9%), 1398.54 (16.8%), 1401.54 (8.8%), 1403.53
(5.2%), 1399.54 (5.0%), 1399.52 (4.0%), 1402.54 (2.1%), 1400.54 (2.1%), 1401.52

(2.0%), 1402.52 (1.6%), 1404.54 (1.0%)

Three female S/D rats aged 3 months were anaesthetized with ketamine/xylazine
before the body hair was shaved completely from neck to tail. The rats were kept in a
warm cage to maintain their body temperature before chemiluminescence image

detection was performed. After Cy5-labeled BIBN4096bs had been diluted in 0.9%
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NaCl to a stock solution of 750 ug/mL (pH 6.0), 100 pl of the prepared solution was
injected cross-muscularly into midway through the femur shaft, with fluid injected at
the point at which the needle tip reached the bone surface. Chemiluminescence
images were captured using an VIS imaging system (Xenogen, Alameda, CA, USA;
200 series) equipped with white-light excitation, charge-coupled device camera-based
fluorescence detection, and a filter (band-pass excitation 650 nm and emission 670
nm). Successive images were taken 0, 5, 15, and 30 min and 6 and 24 h after direct
cy5-BIBN4096bs injection. After the experiment had been completed, the rats were
sacrificed by injection of high-dose phenobarbital before the lungs, heart, liver, spleen,

kidneys, and femur were isolated to perform fluorescence imaging (Figure 2.2.5).
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Figure 3.2.5. The bright light indicates the presence of cy5-labeled BIBN4096bs. The
injection site was the mid-shaft of the left femur (top). The femur, lung, heart, liver,
spleen and kidney were isolated 48 h later. Cy5-labeled BIBN4096bs was observed
only at the left femur, indicating it had not traveled to any other organs or the lateral

femur (below).

2.2.5 Imaging and histology
Radiographic assessment

Radiographs taken at week 2 post-surgery were analyzed according to our established
protocol'”. The whole femur images of Mg and Mg plus capsaicin groups were

compared.

Micro-CT analysis

The femur was harvested after euthanasia and the implanted needle was removed
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carefully. The femur was then wrapped in gauze and fitted into the sample tube (& 38
mm) and scanned with micro-CT (uCT40, Scanco Medical, Brttisellen, Switzerland)
according to our established protocol'”. The scan range was 5 mm (250 slides), the
resolution 16 um per voxel and 1024 x 1024 pixels, and the scanned area was the
mid-shaft line to below 5 mm. ROI was selected from 2D images with a standardized
threshold (>220) as mineralized tissue according to the tuning before 3D
reconstruction of mineralized tissue was performed according to our established
protocol*” using a low pass Gaussian filter (Sigma = 1.2, Support = 2). Quantitative
analysis of the 2D images of the 250 slides was performed. The morphometric
parameters that evaluated were all newly formed bone tissue volume (TV), bone
volume with high density (BV), and normalized BV with TV (BV/TV) before

moment of inertia (p-MOI) analysis was performed.
Histology and histomorphometric analysis

Rats were subcutaneously injected with fluorochromes calcein green (5 mg/kg, Sigma
Aldrich) 14 days before euthanasia and xylenol orange (90 mg/kg, Sigma Aldrich) 7
days before euthanasia. After micro-CT scanning, some femoral samples were
decalcified and others were embedded in methylmethacrylate (MMA) without
decalcification and cut by saw microtome (Leica SP1600, Wetzlar, Germany) into
sections 200 um in thickness. For 200-um section histology, sequential fluorescence
labeling was used to study the dynamics of bone remodeling during bone remolding
according to our established protocol'”. The sections were ground, polished to 100
pm, and observed under a fluorescence microscope (Leica Q500MC). L5 (calcein
green) and Cy5 (xylenol orange) filters were used to visualize the area of new bone
labeled with the fluorochromes. Samples decalcified in 9% formalin acid for 4 to 6
weeks were embedded in paraffin after dehydration in a series of ethanol and xylene
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solutions. Thin (6-um thick) sections were cut and hematoxylin and eosin (H&E) and
safranin O staining was performed for evaluation of the newly formed bone
morphology under light microscope (Zeiss Aixoplan with Spot RT digital camera,
Oberkochen, Germany). Goldner’s trichrome staining was performed for the new
osteoid in red and the old osteoid in blue. Immunochemical and immunofluorescence

staining was performed for detection of neuropeptide CGRP.
ELISA detection of CGRP

After the rat femur had been harvested and cut along the middle shaft (length of 1
cm), the cut sticks (~200-300 pl) were placed into ceramic morta and ground into
mud. After collecting bony mud into 15 mL plastic tubes, 1 ml of pre-cool lysis buffer
with 1M hydrochloric acid was injected into the tube and placed in an ice bath. After
1 h of oscillation and homogenization, the collected bone tissue lysis buffer was
placed in a 1.5 ml tube and centrifuged at 12,000xg for 30 m. The supernatant was
collected for BCA protein quantitative analysis and 200 ul of supernatant from each
specimen was used to perform CGRP quantitative detection by ELISA according to
the ELISA kit protocol (elabscience, WuHan, China). The ELISA result was rectified

by the protein concentration of each specimen.
Dorsal root ganglion isolation and CGRP staining

The right lumber 4 level dorsal root ganglia were isolated using a previously
established procedure.’® After overdose with 2.5% sodium phenobarbital i.p (1.0
ml/400 g), the back fur of the rat was wet by liberal spraying with 0.01% hibitane.
Using a surgical knife, a large transverse cut was made in the skin in the middle of the
back. The skin was held with the thumb and forefinger of one hand on the caudal side

of the cut while the other hand pinched the skin on the rostral side of the cut. The skin
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was pulled in the opposite direction to remove all back skin and expose the thoracic
and lumbar spinal regions to prevent hair from contaminating the dissection.
Laminectomy was performed to remove the vertebral canal roof and expose DRGs
and the spinal cord. Using scissors to make an incision in the mid-back region and
expose the spinal cord, the dorsal edge of the cut vertebra and overlying muscle were
grasped using forceps. The tissue was lifted slightly and one tip of the scissors slid
into the vertebral canal. The dorsal root (located between the DRGs and spinal cord)
was grasped with forceps, the entire spinal nerve (immediately distal to the ganglion)
cut with scissors, and any connective tissue attached to the DRGs was removed. After
locating the largest L4 DRG, the DRG was cut and removed. After gently dragging
the dorsal root and pulling the DRG into the vertebral canal, the nerves and
connective tissue were carefully clipped to remove the DRG to minimize the amount
of nerve connected to the ganglia. The DRG was placed in 10 ml PBS with 10% PNS
and without Ca®*/Mg?* into a tube on ice and marked as the Mg group and the needle
group, respectively. After fixation in 4% formalin solution for 24 h, the DRGs were
soaked in a 30% sucrose solution for 1 week until the ganglia sank to the bottom.
Cryo-sections 10-um thick were sectioned and CGRP immunofluorescence staining

was performed.
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2.3 Results

2.3.1 The periosteum is critical in Mg-induced new bone formation
The femurs with Mg implants experienced substantial new bone formation at week 2,

with growth reaching a peak at week 8. The new bone was formed mainly at the
periosteum region, making the cortical bone appear thicker than that of the control
group. At the medullary region, bone remodeling occurred too rapidly to form
mineralized mature bone, so only small cavities scattered along the Mg pin could be
observed. These low-density cavities almost disappeared at week 16, when the bone

grew more dense and thick (Figure 2.3.1).

After the femoral periosteum had been stripped, new bone formation at weeks 2, 8, 16
was significantly reduced. However, new bone regeneration could be observed in
some regions due to the residue of the periosteum tissue that had not been totally
stripped responding to the Mg ions. Review of X-rays photos confirmed that Mg
implantation leading to new bone formation is greatly restrained by periosteum

stripping (Figure 2.3.1).

Using XtremeCT (SCANCO Medical AG, Fabrikweg, Bruttisellen, Switzerland),
cross-sectional images of the mid-shaft of the same femur with and without
periosteum after Mg implantation were obtained. Review of the images confirmed
that Mg-induced new bone formation decreases after femoral periosteum stripping.
This finding indicated that week 2 was an appropriate time point at which to explore
Mg’s osteogenic effect and its mechanism (Figure 2.3.2). Review of clear femur
cross-sectional images obtained at week 2 using micro-CT clearly indicated that the
periosteum plays an important role in Mg’s osteogenic effect. Compared to the bone
in the control femurs, the newly formed bone in the Mg-implanted femurs appeared to

have a thick halo around the outside cortical bone. In the periosteum-stripped group,
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the newly formed bone was significantly diminished at the lunar halo region, with the
newly formed bone in the region of the periosteum disappearing at the periosteum-
stripped region. However, a piece of newly formed bone could be observed at the
right upper side because the periosteum had been retained at this region, directly
confirming that the periosteum plays a direct and vital role in Mg-induced new bone

formation (Figure 2.3.3).

Review of H&E staining at week 2 after surgery revealed that the newly formed bone
and the old cortical bone had very clear cutting lines. The old bone of the inner side
had similar morphology with the control cortical bone, and the osteon unions were
continuous. At the outer side, newly formed cortical bone was formed with porous
osteoid tissue constituted by many newly formed bone islands and numerous cells.
This observation indicated the existence of a rapid-reforming process and periosteum-
associated vessel branching into the newly formed bone region through many canals,
and confirmed that the newly formed bone grows from the outer side to the inner side
and that the periosteum is the origin of newly formed bone. Review of the fluorescent
staining results showed that rapid and mass osteoid formation had occurred in the Mg-

implanted sample. (Figure 2.3.4, A).

In the Safranin O staining images, no red was observed in either both the control or
Mg-implanted samples, indicating that no cartilage tissue had formed during the new
bone-forming process. In the Mg-implanted sample, the newly formed bone was not
stained by red, demonstrating that Mg-induced newly formed bone does not undergo
endochondral ossification and may undergo intramembranous ossification. This result
led us to consider that MSC osteogenic differentiation but not chondrogenic
differentiation is affected by CGRP and Mg ions. The Goldner’s trichrome staining

results showed that red-stained newly formed osteoid was distributed at the cortical
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region of the femur and the presence of many vessel-like canals in the newly formed
cortical bone region in the Mg-treated samples. The canals were well connected with
the periosteum and many cells had aggregated in the canal cavity, confirming that the
periosteum was the key issue tissue contributing to significant new bone formation

after Mg implantation in the rat femoral canal (Figure 2.3.4, B).

As bone periosteum is rich with sensory nerve endings that can release neuropeptide
CGRP, we analyzed neuropeptide CGRP to study the role of the periosteum in Mg-
induced new bone formation. Review of CGRP immunoflourescence staining images
revealed that CGRP peptide was scattered in the cortical bone and periosteum. In the
Mg-implanted sample, significant CGRP staining appeared on the newly formed bone,
especially in the peripheral region of the cortical bone. This result indicated that the
periosteum dominantly oriented Mg’s osteogenic effect and that CGRP is an

important factor directly involved in the Mg osteogenic process (Figure 2.3.5).

Quantitative analysis of CGRP content by ELISA showed that there was twice the
CGRP content in the Mg-implanted samples compared to the control samples at week
2 after surgery, confirming that neuropeptide CGRP is a pivotal factor in Mg-induced
new bone formation (Figure 2.3.6). Reveal of DRG immunofluorescence staining
images revealed that CGRP synthesis was significantly enhanced in the Mg-implanted
groups, which could explain why Mg-implanted femur bone contains far more CGRP

than needle-implanted femur bone (Figure 2.3.7).

2.3.2 Neuropeptide CGRP is pivotal in Mg-induced new bone formation
Review of both the X-ray and micro-CT images revealed that after overdosing with

capsaicin administration, Mg-induced new bone formation was significantly reduced.

In X-ray images of the Mg-implanted femur, the newly formed bone mainly appeared
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at the distal femur region, especially from the mid-shaft to the distal femur. Because
the bone remodeling had occurred so rapidly, the newly formed bone appeared looser
and full of porous cavities. In the control femur with needle implantation, the femoral
cortical bone morphology had undergone no obvious changes after overdose with
capsaicin. This result was due to the brief duration (3 days) of capsaicin treatment and
innervation (2 weeks), which did not significantly modify femur bone mineral density

or structure (Figure 2.3.8).

Review of micro-CT cross-sectional images revealed that periosteum stripping had
significantly reduced new bone formation while capsaicin and CGRPR administration
either had restricted effect on reducing new bone formation. (Figure 2.3.9).
Quantitative analysis by micro-CT showed that capsaicin administration significantly
reduced Mg-induced TV by 35% and CGRPR antagonist administration reduced TV
by 25%. This indicates that the neuropeptides of sensory nerves are dedicated to Mg-
induced new bone formation and that CGRP is an important neuronal factor in this
process. The newly formed bone was observed to be closely coupled with the level of

neuropeptide expression (Figure 2.3.10).
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Figure 2.3.1. After implantation, X-ray was performed at weeks 2, 8, and 16.
Review of the images showed that the femur with needle implantation experienced
no visual changes in bone reformation from weeks 2 to 16. The left series of images
are of femur with needle implantation, the middle series of femur implanted with
Mg rods, and the right series of femur stripped off the periosteum and then
implanted with Mg rods.
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Figure 2.3.2. Xtreme CT images showing that Mg significantly affected new bone
formation at week 2 after implantation. Cross sections were evaluated at the region
marked by the white-line marked area at the femur. The time points for evaluation

were weeks 1, 2, 4, 8, and 16.

Figure 2.3.3. Images of the control femur section with intact periosteum and needle
implantation (A); the middle femur section with Mg implantation with intact
periosteum (B); and the right femur section with Mg implantation and periosteum

stripping (C).
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Figure 2.3.4. (A) From top to bottom, results of analysis by H&E staining (10x) and
fluorescent staining (10x) at week 2 after surgery.

Figure 2.3.4. (B) From top to bottom, images of femur cross sections analyzed by
Safranin O (20x) and Goldner’s trichrome staining (20x) week 2 after surgery.
Images on the left are of needle-implanted femurs and images on the right are of Mg-
implanted femurs.
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Figure 2.3.5. Images of CGRP (light golden spot) of femur cross sections stained
using the immunofluorescent method (20x). . Images on the left are of needle-
implanted femurs that underwent low CGRP staining (A) and images on the right are
of Mg-implanted femurs that underwent dense CGRP staining (B).

Figure 2.3.6. ELISA analysis of CGRP content in cortical bone of needle- and Mg-
implanted femurs at week 2 after implantation. Statistical data are reported as mean +
one standard deviation (SD). The paired Student’s t-test was performed to evaluate
the statistical significance of the differences between each Mg-treated group and
needle-treated group using Graphpad Prism 5.0 software. *P<0.05, **p<0.01, and
***p< 0.001; n=3.
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Figure 2.3.7. Results of immunofluorescence staining to detect CGRP content in the
right L4 dorsal root ganglion isolated from needle-implanted rats (left) and Mg-
implanted rates (right). The magnification of the top image was 20x of that of the
bottom was 40x. Red marks the CGRP and blue marks the DAPI-stained cell nucleus.

No treatment MG Implanted

MG Implanted
Overdose capsicine

treatment

Figure 2.3.8. X-ray images of the rat femur. Top images show the femur without
capsaicin treatment, the left femur without Mg implantation, and the right femur with
Mg implantation. Bottom images show the femur with capsaicin treatment, the left
femur without Mg implantation, and right femur with Mg implantation.
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Figure 2.3.9. Representative mid-shaft cross-sectional images taken by micro-CT at
week 2 of rat femurs implanted with Mg, with Mg with the periosteum stripped, with
Mg with capsaicin administration, and with Mg with BIBN4096bs injection.

Figure 2.3.10. Total femur bone volume (TV), high density bone volume (BV), and p
moment of inertia (pMOI) of needle- and Mg-implanted rats (n=6 per group; top
image). TV of femur without treatment, with capsaicin treatment, and with CGRPR
antagonist treatment after Mg implantation measured by micro-CT (n=6 per group;
bottom image). All statistical data are shown as the mean + one standard deviation
(SD). The paired Student’s t-test was performed to evaluate the statistical significance
of the differences between the means in all groups using Graphpad Prism 5.0 software.
*P<0.05, **p<0.01, and ***p< 0.001.
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2.4 Discussion
Osteogenic effect of Mg

Biodegradable materials, such as biodegradable metals and polymers, have been
attracting the interest of clinicians for many years. Compared to polymers, metals
have greater mechanical strength and produce less debris and products provoking

inflammatory reactions in the body™®".

In cardiovascular and osteosynthesis
applications, iron (Fe) and Mg both are good choices. Whereas steel degradation
occurs very slowly in vivo, that of Mg and its alloys occurs rapidly in physiological
media®®. Mg also possesses good biocompatibility and its Young’s modulus is very

close to that of natural bone, which makes it particularly interesting for osteosynthesis

applications.

One hundred years ago, the periosteum reaction after Mg implantation was observed
by Verbrugge, but was considered a purely inflammation phenomenon®. Witte
observed a high mineral apposition rate and increased bone mass around the Mg alloy
rod after intramedullary implantation of Mg alloys into rat femur, leading him to
speculate that high Mg ion concentration could activate bone cells®®, However he did
not explore the mechanism of Mg’s “activation” to the bone. Later studies proved that
Mg alloys, such as MgZnCa and MgSr alloys, promoted new bone formation at the
periosteum region after implantation into the rodent femoral canal®**®. While some
researchers examined bone and Mg implant interface ossification change and cell

|182-185

adhesive behavior in the Mg coating biomateria , they did not examine any other

phenomena.

In our study, we observed a large quantity of mineralized bone (Figure 2.3.4) and
newly formed osteoid distributed mainly at the peripheral region of the femur in the

Mg-implanted sample. Safranin O staining showed that the newly formed bone after
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Mg implantation was not the result of endochondral ossification, indicating that it
may be due to intramembranous ossification, which is the main source of flat bones,
such as the skull, occipital bones, mandible, and maxilla, with condensation of
mesenchymal tissue. Intramembranous ossification was why the new bone formation
was so rapid (1 week after Mg implantation) and produced vessel-like canals, fibrous
tissue, and many types of cells (Figure 2.3.4). Figure 2.3.10 shows the results of Mg-

induced new bone formation analyzed by micro-CT in terms of TV, BV, and p-MOI.
Sensory neuropeptides in periosteum are critical in the bone-formation process

We found that newly formed bone appeared at peripheral region after Mg
implantation, indicating the involvement of several active players in the peripheral
region involved in Mg’s biological effect. After Mg implantation, new bone formation
appeared at week 1, reached a peak at week 8, and plateaued at week 16. Hydrogen
and hydroxyl during Mg degradation were less important factors in our study, in
accordance with previous studies showing the significant promoting effect of Mg ions

on cell adhesion and migration without providing underlying mechanism.

To prove Mg’s new bone-promoting effect was oriented by the periosteum, we
stripped the femur periosteum after implantation of Mg into the femur canal. We
found that the growth of newly formed bone significantly decreased at the periosteum
region, indicating that newly formed bone grows from the periosteum rather than the
cortical bone and bone marrow after Mg implantation, and that newly formed bone
only appeared at the periosteum-intact region, likely due to Mg ion stimulation of the
periosteum. New bone formation requires recruitment and osteogenic differentiation
of stem cells (osteogenic precursor cells) with the participation of cell differentiation
factors and a nutritional supply (vessel branching)*®¢*®. All these factors could be

provided by the periosteum, including PDSCs and circulating pluripotential stem cells
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from blood vessels, numerous neuropeptides released from sensory and sympathetic
nerve endings, and cytokines synthesized by blood capillary endothelium. We thus
chose to analyze PDSCs, BMSCs, and neuropeptide CGRP as the key osteogenic
regulators to examine the hypothesis that Mg ions from degradation of the implanted
Mg pin stimulated sensory nerve endings in the periosteum and abundantly released
CGRP. We found that neuropeptide CGRP induced pluripotential stem cells (PDSCs

and BMSCs) to differentiate into osteoblasts, leading to new bone formation.

To prove our hypothesis, we designed two experiments to denervate the femur by
high-dose capsaicin and to antagonize CGRP’s effect by BIBN4096bs injection.
Capsaicin is an ingredient in red peppers that activates the transient receptor potential
cation channel 1 (TRPV1), which is located at capsaicin-sensitive afferent neurons
containing CGRPY"". Capsaicin exerts a long-term blocking action by increasing
cellular Ca and Na influx into mammalian sensory neurons. In adult rats, 100 mg/kg
of subcutaneously injected capsaicin could damage up to 17% of small-diameter
sensory neurons in the dorsal root ganglia*®. In our study, 175 mg/kg of subcutaneous
capsaicin injection at the L3-5 level significantly destroyed the rat femoral sensory
nerve, decreased sensory neuropeptide CGRP release in the femur periosteum,
reduced the trabecular volume of the proximal tibia, and increased TRAP 5b level in
plasma, but had no effect on bone formation at week 5 after injection'””. These
findings indicate that capsaicin does not influence the osteogenic precursor cell
directly, and may thus independently affect the sensory nerve’s role in Mg’s
osteogenic effect. At week 2 after surgery, the Mg osteogenic effect was notable.
Micro-CT scanning revealed no significant differences between the capsaicin-treated
rat femur and normal rat femur regarding total bone volume. The decrease in newly

formed bone in the capsaicin-treated group after Mg implantation thus demonstrated
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that the sensory nerve plays a vital role in Mg-induced new bone formation. The
results of X-ray imaging and micro-CT scanning (Figure 2.3.8-10) showed
significantly reduced new bone formation in the capsaicin-treated femur after Mg
implantation, specifically an approximate 35% decrease in new bone formation after
capsaicin injection. We found that Mg-induced new bone formation largely depends
on secretion of the sensory nerve fibers, which are predominately CGRP-positive
peptidergic C-fibers, indicating that Mg-induced new bone formation could be partly
reduced by blocking CGRPR in the periosteum.

CGRP has been proven to promote osteogenic differentiation in BMSCs, inhibit
osteoclast formation in vitro, and partially inhibit bone loss in vivo in OVX rats™®*%,
However, knocking out the calcitonin gene (Calca -/-) in mice enhances bone mass*®.
These phenomena may be due to a compensating mechanism we have not yet
identified, as calcitonin is considered an osteoclast inhibitor and a-CGRP an
osteoanabolic peptide. Theoretically, the knock-out phenotype should be used to
examine bone mass loss. However, we did not use aCGRP knock-out mice as the Mg-
implantation model because the bone loss in the aCGRP-deficient model may have
confounded with Mg-induced new bone formation. We thus chose a CGRPR
antagonist BIBN4096bs model to verify the effect of neuropeptides on Mg-induced
new bone formation (there is another CGRPR antagonist called CGRPg.3; that easily
degrades'®®). BIBN4096bs is an extremely potent binding compound located at
primate CGRP receptors. In a monkey model, 30 ug/kg of BIBN4096bs was found to
inhibit CGRP’s effect on facial blood flow'*. When we locally injected 30 pg/kg of
BIBN4096bs at the rat right femur to block CGRPR in periosteum cells, it resulted in
an approximately 25% reduction in new bone growth after Mg implantation,

indicating that CGRP is an important (but not the only) factor in the Mg-induced
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osteogenic process and that sensory neuropeptide CGRP is the direct factor in Mg-

induced new bone formation.
Conclusion

The results discussed in chapter 2 support our hypothesis that sensory nerves in the
periosteum play a key role in the Mg-induced osteogenic effect and that sensory
neuropeptide CGRP released from the periosteum nerve endings plays a pivotal role
in new bone formation. Chapter 3 evaluates the direct effect of neuropeptide CGRP

and Mg ions on PDSCs and BMSCs in vitro.
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Chapter 3

CGRP and Mg ions
both
Promote osteogenic differentiation
On stem cells
in vitro
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3.1 Introduction

Early in the 1500s, Charles Estainne first drew the nerve fibers innervated in the bone
on a wood cut panel. De Castro confirmed bone innervation by showing nerve fibers
along with blood vessels in bone in 1925%*®. Now researchers assert that the bone
marrow, mineralized bone, and periosteum all receive both peptide-rich unmyelinated
and myelinated sensory nerve fibers including A-p, A-d and C types. Periosteum is
perceived to have denser innervation (99% of total bone nerves) than bone marrow
and cortical bone®. In GC Corral’s study, it was found that above 80% of the
unmyelinated/thinly myelinated sensory nerve fibers in bone periosteum express
CGRP™. There were many types of neuropeptides, including CGRP, substance P,
Neuropeptide Y, and glutomines of sensory nerve origin, that played diverse and
important roles in bone homeostasis. CGRP as a prominently distributing
neuropeptide in the bone sensory nerve fibers has been found to function as an
anabolic regulator to osteoblasts.

In chapter 2, it was observed that the massive accretion of CGRP was stained in the
newly formed cortical bone region after Mg implantation in femur diaphysis, and
cortical bone CGRP content in Mg implanted femur was two times more than the
control. This indicated CGRP was an important regulator in Mg induced new bone
formation.

Several studies had revealed that adhesive behavior, morphological characteristics,
and differentiation destiny of osteoblasts, BMSCs, and fibroblast cells were
significantly affected on Mg implant surfaces*®*#°. However, this was just considered
the surface topography effect on cells, but not to refer to the Mg ion itself.

In this chapter, we evaluated the effect of CGRP and Mg ions on stem cell

proliferation, migration, and differentiation in vitro.
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3.2 Materials & Methods
PDSCs and BMSCs were isolated from the femora of 3 month-old female S/D rats

and were characterized by the expression of stem cell surface markers, colony
forming ability, and multi-differentiation behavior. The evaluation methods for CGRP
and Mg ions included MTT assay, cell migration assay, and osteogenic differentiation
assay. All the experiments were conducted at least three times. Unpaired student-t test

was used in statistical analysis.

3.2.1 Isolation and culture of rat PDSCs and BMSCs
Three month-old female S/D rats were used in this study and the experiments were

approved by the CUHK animal research ethics committee (Ref. No. 13/003/MIS-5)
(Appendix I). The procedures for the isolation of PDSCs have been established by
other researchers'”. In brief, after being overdosed with 2.5% sodium phenobarbital
i.p (1.0ml/400g), the rat thigh was incised and exposed to the femur. Muscle tissue
above the periosteum was carefully removed, and periosteum from the midshaft to the
distal femur was collected. The collected periosteum tissue was washed and stored in
a 4°C antibiotic containing sterile saline. After the tissue was cut into pieces, we put
them into a 37°C type | collagenase containing (1mg/ml) DMEM medium
supplemented with 10% fetal bovine serum (FBS), 10U/ml penicillin, 100ug/ml
streptomycin and 2mM L-glutamine (complete basal culture medium) (all from
Invitrogen corporation, Carlsbad, CA, US). The periosteum tissue was digested in a
warm incubator for 8 hours. The digestion medium was passed through a strainer
mesh measuring 70um diameters. The filtrated medium was centrifuged (800g, 5

minutes) to isolate PDSCs and the PDSCs were plated at an optimal low cell density
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(10° cells /cm?) in a humidified atmosphere at 37°C, 5% CO, to form colonies. At day
2, after initial plating, the PDSCs were washed twice with PBS to remove non-
adherent cells. At days 7-10, they were trypsinized and mixed together as passage 0
(PO).

The PDSCs were subcultured after reaching 80-90% confluence. The medium was
changed every three days. Cells at passage 3-5 were used for all the experiments since
we found there was increase in cellular senescence and a loss of multi-lineage
differentiation potential of the PDSCs with passaging.

For the isolation of BMSCs, 3 month-old S/D female rat femora were removed and
dissected free of muscle. These femora were rinsed in sterilized saline before being
cut into half. The cut surface was placed facing the bottom of the centrifuge tube; then
the tube was centrifuged at 800g for 15 minutes. The bone debris was removed and
the bone marrow tissues were washed with PBS. The mononuclear cells were isolated
by gradient centrifugation (800g, 5 minutes) and re-suspended in a culture medium
containing a-MEM, 10% FBS (Invitrogen corporation, Carlsbad, CA, US). These
mononuclear cells were plated at a cell density of 10° cells /cm? for the isolation of
stem cells and cultured in a humidified atmosphere at 37°C, 5% CO, to form colonies.
On day 7 after the initial plating, the dishes were washed twice with PBS to remove
non-adherent cells. At day 14, they were trypsinized and mixed together as passage 0

(P0O). MSCs at passage 3-5 were used in the experiments.

3.2.2 Fluorescence staining for the stem cell markers
PDSCs and BMSCs were seeded on the glass slides with 1x10° density and cultured

for 24 hours, making sure that the cells firmly adhered on the slides. After being

blocked by 5% BCA solution for one hour, the monoclonal rabbit anti-rat primary

81



antibodies of CD 44, CD 90, and CD 105 (ABcam, Cambridge, MA) were incubated
with the cells a concentration of 1:500 at 4°C overnight. Washed in PBS three times, a
secondary goat anti-rabbit fluorescence antibody at 1:1000 was applied on the slides
for one hour. After being washed in PBS three times and stained with DAPI for 10
minutes, the stained cells and slides were mounted and subjected to fluorescence

detection under a fluorescent microscope (Leica Q500MC, Leica, Germany).

3.2.3 Cell Proliferation Assay
PDSCs and BMSCs at passage 3-5 were plated at 4x10° cells/cm?® in a 96-well plate

and incubated in a 37°C, 5% CO; incubator. Cell proliferation was assessed using
MTT assay (Sigma Aldrich, St. Louis, MO, USA) at days 1, 3, and 5. MTT (5mg/ml)
10ul was added into the plate hole (100ul medium) and incubated for 2-4 hours, then
added 100ul SDS10% overnight to dissolve the Formaza. Absorbance at 570 nm was
measured and reported. The Mg ion concentration was set as ImM (control), 2mM,
5mM, 10 mM, and 20 mM. CGRP concentrations were 10"°M, 10%*M, 10**M, 10°

M, and 108 M.

3.2.4 Cell migration assay
Cell migration assay was performed using Boyden's chamber, a two-chamber system

in 24-well plate. The upper and lower chambers were separated by a collagen coated
poroid (pore diameter was 8um) polycarbonate membrane. Stem cells (PDSCs and
BMSCs) (20000) in 200ul a-MEM containing 1% FBS were loaded into the upper
well. The lower well was filled with 600 pl of MgCl, (10 mM) and CGRP (10® M) in
a-MEM (1% FBS). The chambers were then incubated at 37°C at 5% CO, for 24

hours. The stem cells migrated across the membrane and stuck to the underside of it.
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After the incubation, the polycarbonate membrane was washed. The upper membrane
was gently wiped off the cells using a cotton swab. The membrane was then cut down
from the chamber, keeping the bottom of the membrane up and fixing it with 70%
ethanol for 10 minutes. Then the membrane was stained with 4',6-diamidino-2-
phenylindole (DAPI), a blue-fluorescent DNA stain (excited by the violet 405 nm
laser line) for nuclear probing. Cell migration was quantified by counting the stained
nucleus number on the membrane’s lower surface. This represented the number of
migrated cells. Five visual fields (upper, lower, left, right, and middle site) were
chosen for every membrane. All the cell numbers from five visual fields were counted
before and after the experiments. Statistics were performed to compare the migration
status of the stem cells’ Mg ions and CGRP conditions. Fluorescent images were

collected for visual comparison.

3.2.5 qRT-PCR assay for osteogenic markers
PDSCs were plated at 4x10° cells/cm? in 12-well plates and cultured in basal culture

medium until the cells reached 90% confluence. This was then changed to a
osteogenic medium, which was a basal complete medium (a-MEM) supplemented
with 1nM dexamethasone, 50uM ascorbic acid, and 20mM b-glycerolphosphate (all
from Sigma-Aldrich, St Louis, MO). Mg ion concentrations were 5mM and 10mM

and CGRP concentrations were 10*M, 10°M, and 10°M.

At day 14, PDSCs were harvested and homogenized for RNA extraction with RNeasy
mini kit (Qiagen, Germany) in triplicate. mMRNA was reverse transcribed to the cDNA
by the First Strand cDNA kit (Takara, DaLian, PR, China). 2ul total cDNA from each
sample were amplified in a 10ul reaction mix (384 hole plates) containing SYBR

Green gPCR SuperMix-UDG and specific primers for OPN, OCN, Runx2, Alp, Bmp2,
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col-1, and b-actin using the ABI StepOne Plus system (all from Applied Biosystems,
CA, USA). Cycling condition was as follows: denaturation at 95°C for 10 minutes, 40
cycles at 95°C for 20 seconds, at an optimal annealing temperature for 30 seconds,
72°C for 30 seconds, and finally at 60-95°C with a heating rate of 0.1°C/second. The
expression of the target gene was normalized to that of b-actin and relative gene
expression was calculated using the 22T formula. The mMRNA expression of
osteogenic markers such as Alp, col-1, Runx2, Bmp2, osteopontin (Sppl), and

osteocalcin (Bglap) were assessed. (Table 3.1)

Table 3.1 Osteogenic primer sequences and condition for gRT-PCR

Gene Gene Primer nucleotide sequence Produc | Anneali
name t size | ng
(bp) tempera
ture

B-actin p-actin | 5-ATCGTGGGCCGCCCTAGGCA-3' 243bp |52°C
(Forward)
5-TGGCCTTAGGGTTCAGAGGGG-3'
(Reverse)

Collagen Col1A2 | 5-CATCGGTGGTACTAAC-3’ (Forward) |238bp |50°C
1A2 5-CTGGATCATATTGCACA-3’
(Reverse)

ALP 5-TCCGTGGGTCGGATTCCT-3’ 85 bp 58°C
ALP (Forward)
5’-GCCGGCCCAAGAGAGAA-3’
(Reverse)

Collagen 2 | COL2A | 5'- 55°C
Al 1 ATGACAATCTGGCTCCCAACACTGC-
3'(forward)

5'- 364bp |58°C
GACCGGCCCTATGTCCACACCGAAT-
3' (reverse)

101 bp
5-CCGGACTGTGAGGTTAGGAT-3’
(Forward) *
5’-AACCCAAAGGACCCAAATAC-3’
(Reverse) *

Runx2 Runx2 | 5’-CCGATGGGACCGTGGTT-3’ 74 bp 60°C
(Forward)
5’-CAGCAGAGGCATTTCGTAGCT-3’
(Reverse)

BMP-2 BMP-2 | 5’>-TAGTGACTTTTGGCCACGACG-3’ 81 bp 58°C
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(Forward)
5-GCTTCCGCTGTTTGTGTTTG-3’

(Reverse)
Osteoponti | Sppl 5- 199bp |55°C
n TCCAAGGAGTATAAGCAGCGGGCCA-

3’ (Forward)

5’-

CTCTTAGGGTCTAGGACTAGCTTCT-
3’ (Reverse)

Osteocalcin | Bglap | 5’-GAGCTGCCCTGCACTGGGTG-3’ 263bp |60°C
(Forward)
5’-TGGCCCCAGACCTCTTCCCG-3’
(Reverse)

3.2.6 Alizarin red and ALP staining assay
BMSCs were plated at 4x10% cells/cm? in a 12-well plate and cultured in basal

complete culture medium until the cells reached 90% confluence. We then incubated
BMSCs in osteogenic medium, a basal complete medium (a-MEM), supplemented
with 1nM dexamethasone, 50uM ascorbic acid, and 20mM b-glycerolphosphate (all
from Sigma-Aldrich, St Louis, MO). At day 14, these cells were washed with PBS
and fixed with 70% ethanol; 15 minutes later, the ethanol was aspired and stained
with 0.5% Alizarin red (pH 4.1, Sigma, St. Louis, MO). Thirty minutes later, the plate
was washed with distill water three times and dried in the warm room. Then, we used

HP Scanjet G3110 Photo Scanner to get photos of the stained 12-well plate.

For ALP staining, at day 14, the BMSCs were washed with PBS and fixed with 70%
ethanol; after 15 min, an ALP reaction solution (3% sodiumf-glycerophosphate 5ml,
2% MgSO,4 1ml, 2% CaCl, 10ml, 2% pentobarbital sodium and ddH20 10ml) was
injected into the wells at 1ml/well, and we incubated the well overnight in a 37 °C
warm room. Then we aspired the ALP reaction solution and washed it with distill
water three times, dropped in 1 ml 2.6% cobalt chloride, and allowed the reaction to
continue for 30 minutes. Then this was washed with distilled water three times and 1%

ammonium sulfide color was dropped into it. We used the HP Scanjet G3110 Photo
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Scanner to get the photos of the stained 12-well plate.

3.2.7 Colony forming and osteogenic differentiating ability of PDSCs at passage 1
PDSCs were isolated from the femoral periosteum of a normal rat (without

implantation), a rat with an implanted needle, and a rat with an Mg pin implanted. All
the rats were 3 month old S/D females. The needle and Mg pin implantation period
was 2 weeks, as before. The isolated PDSCs were grouped into three the categories of
normal, needle, and Mg. For colony formation assay, all the PDSCs at the P1 stage
were seeded on to six well-plates with 100 cells per well and cultured for 10 days.
Then, 2ml crystal violet (1%, w/v) was used to stain the cell colony, which was
scanned with the HP Scanjet G3110 Photo Scanner. For PDSCs’ osteogenic
differentiation assay, PDSCs from all three groups at the P1 stage were seeded on to
six-well plates with 20,000 cells per well. After the cells grew confluent, we changed
to an osteogenic medium (1nM dexamethasone, 50uM ascorbic acid, and 20mM b-
glycerolphosphate) and incubated them for 21 days (adding a fresh medium exchange

every 3 days), after which Alizarin red staining was carried out as described above.

3.2.8 qRT-PCR assay for adipogenic markers
The PDSCs were plated at 4x10° cells/cm? in a 12-well plate and cultured in a basal

complete culture medium until the cells reached 90% confluence. They were then
incubated in an adipogenic medium, a basal complete medium (o-MEM)
supplemented with 500nM dexamethasone, 0.5mM isobutylmethylxanthine, 50uM
indomethacin, and 10upg/ml insulin (all from Sigma-Aldrich, St Louis, MO). At day
14, the mRNA expression of the adipogenic markers (C/EBPa and PPARy2 ) of

PDSCs were assessed with gRT-PCR. The resulting Mg ion concentrations were
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5mM and 10mM. Below are the parameters used in the experiment. (Table 3.2)

Table 3.2 Adipogenic primer sequences and condition for qRT-PCR

Gene Gene Primer nucleotide sequence Produc | Anneali
name t size|ng
(bp) tempera
ture
C/EBP C/ 5-AAGGCCAAGAAGTCGGTGGA- 189 55°C
a EB 3' (Forward) bp
Pa LAGTTCGCGGCTCAGCTGTT-3' (Reverse)
PPARYy PP 5-CGGCGATCTTGACAGGAAAG-3' 174 59°C
2 AR (Forward) bp
y2 CTTCCACGGATCGAAACTG-3' (Reverse)
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3.3 Result

3.3.1 PDSCs were critical in periosteal osteogenesis
We characterized MSCs (PDSCs and BMSCs) by staining stem cell markers such as

CD44, CD90, and CD105 in immunofluorescence imaging (Figure 3.3.1). PDSCs and
BMSCs had pluripotent differentiation ability proved by further osteogenic

differentiation experimentation.

PDSCs were isolated from the femur periosteum of normal (without implantation) rats,
rats implanted with needles, and rats implanted with Mg pins. Stem cell colony
forming and osteogenic capability were assayed (Figure 3.3.2). The results of PDCSs
isolated from Mg pin implanted femur periosteum revealed significant colony forming
and osteogenic differentiating ability at the P1 stage. PDSCs from the normal and
needle implantation group showed a similar but far weaker colony formation and
osteogenic differentiation ability. This feature of PDSCs faded away after the PDSCs
passed to the second generation, indicating that PDSCs showed remarkable self-
renewing and osteogenic differentiation ability after Mg was implanted. Mg directly

induced new bone formation.

3.3.2 Effects of CGRP on MSCs’ proliferation, migration, and differentiation
MSCs, including PDSCs and BMSCs used in this part of study, were all at passage 3-

5. In the cell proliferation assay, the MTT results showed that CGRP had no
significant effect on the proliferation of PDSCs’ at concentrations from 107 to 107
M; at a concentration of 10® M, however, CGRP had slight but significant inhibiting
effects on the PDSCs. With regard to the BMSCs, CGRP had promoting effect on cell
proliferation from 10™° to 10 M. The MTT results indicated that CGRP had little

effect on the proliferation of PDCSs and BMSCs. (Figure 3.3.3 A, B)
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Since the serum concentrations of CGRP were below 10 pM*®, concentrations of
CGRP from 102 to 10" M were used to determine its osteogenic effect. In our qRT-
PCR assay, CGRP significantly promoted the synthesis of ALP mRNA, OCN, and
OPN in PDSCs at week 2 (Figure 3.3.4). The results showed that CGRP significantly
enhanced ALP expression to the BMSCs and formed calcium nodules (Figure 3.3.5).
Based on these results, we found CGRP at 10™ to 10® M, showing its strong

osteogenic effect on stem cell differentiation.

In our cell migration assay, CGRP significantly attracted the migration of BMSCs
through a mesh membrane with a pore size of 8um. However, CGRP had no effect on
PDSCs’ migration, indicating that new bone formation after Mg implantation might

require BMSC participation (Figure 3.3.6).

3.3.3 Effect of Mg ions on MSCs’ proliferation, migration and differentiation
The effects of Mg ions (MgCl,) on PDSCs and BMSCs were evaluated by MTT assay.

In our results, Mg ions dramatically suppressed PDSC and BMSC proliferation when
its concentrations were above 10mM (20-50mM). Below 10mM (including 10mM),
Mg ions had no obvious effect on either PDSCs or BMSCs (Figure 3.3.7 A, B),

indicating that Mg ions themselves did not promote cell proliferation.

In our study, Mg ions promoted osteogenic rather than adipogenic differentiation to
the PDSCs and BMSCs (Figure 3.3.8 A, B). The gRT-PCR results showed that ALP,
COL-1, OCN, and OPN mRNA were all highly expressed in PDSCs cultured with
MgCl, at concentrations of 8mM. BMP-2 mRNA expression, however, was not
affected by MgCl,, which indicated that the effect of Mg ions’ osteogenic on PDCSs
may not occur through the BMP-2 pathway. In our gRT-PCR analysis for Mg ions’

adipogenic effect on PDSCs and BMSCs, neither C/EBPa nor PPARYy2 were
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significantly regulated with MgCl, (5mM and 10mM) treatment. This indicated that
Mg ions had no effect on stem cell adipogenic differentiation. In our alizarin red and
ALP staining assay, it was found that MgCl, also had significant osteogenic effects on

BMSCs at 5 mM and 10 mM. (Figure 3.3.9 A, B)

In the cell migration assay, Mg ions significantly attracted the migration of BMSCs
through the mesh membrane with a pore size of 8um. However, Mg ions had no effect

on the PDSCs’ migration. (Figure 3.3.10)
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PDSC-CD44

BMSC-CD 105 BMSC-CD90 BMSC-CD44

Figure 3.3.1. Immunofluorescence staining of stem cell markers: CD44, CD90, and
CD105 for PDSCs (above) and BMSCs (below), 400%. Red colors were markers and
blue colors were DAPI stained nucleus. The majority of marker-stained cells were
pluripotent stem cells.

Figure 3.3.2. Colony formation (above, crystal violet staining) and osteogenic
differentiation (below, alizarin red staining) of PDCSs (passage 1) were tested. The
left picture is PDSCs from rat femur without implantation, the middle picture is from
femurs with stainless needle implantation, and the right picture is from femurs with
Mg implantation.
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Figure 3.3.3. A. MTT assay for CGRP to PDSCs at three time points. All statistical
data were shown as a mean of + one standard deviation (SD). One-way ANOVA was
applied to evaluate the statistical significance of the differences between each CGRP
concentration and the control means (using Graphpad Prism 5.0 software). Significant
differences were defined as *P<0.05, **p<0.01, and ***p< 0.001.
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Figure 3.3.3. B. MTT assay for CGRP to BMSCs at three time points. All statistical
data were shown as a mean + one standard deviation (SD). A one-way ANOVA was
applied to evaluate the statistical significance of the differences between each CGRP
concentration and the control means (using Graphpad Prism 5.0 software). Significant
differences were defined as *:p<0.05, **p<0.01, and ***p< 0.001.

Figure 3.3.4. qRT-PCR results of PDSCs incubated with CGRP at week 2. ALP,
OCN, and OPN mRNA expression under CGRP treatment (from 10™ to 10" M) were
all significantly up regulated. ALP expression increased 3 to 4 times higher than the
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control when CGRP increased to 10® M. OCN expression was highly regulated to
almost 10 times the control when CGRP was at 10-8 M. OPN expression was also
highly up-regulated after CGRP treatment in 10 and 10® M concentrations. All
statistical data were shown as the mean + one standard deviation (SD). A Paired
Student’s t-test was applied to evaluate the statistical significance of the differences
between each CGRP concentration and the control means (using Graphpad Prism 5.0
software). Significant differences were defined as *P<0.05, and **p<0.01, and ***p<
0.001.

Figure 3.3.5. Osteogenic effect of CGRP on BMSCs assayed by ALP staining (above)
and alizarin red staining (below) at week 2. CGRP concentration was from 10™2 to 10"
8

M.

94



Figure 3.3.6. Cell migration assay for CGRP’s effect on the migration of both PDSCs
and BMSCs in 24 hours. Blue spots represent the DAPI stained cell nucleus. A
student’s t-test was performed between the control and CGRP treated group.
Significant differences were defined as *P<0.05, **p<0.01, ***p< 0.001, and p>0.05.

Figure 3.3.7. A. MTT assay for MgCl, to PDSCs at three time points. All statistical
data were showed as the mean + one standard deviation (SD). A one-way ANOVA
was applied to evaluate the statistical significance of the differences between each
CGRP concentration and the control means (using Graphpad Prism 5.0 software).
Significant differences were defined as *P<0.05, **p<0.01, and ***p< 0.001.
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Figure 3.3.7. B. MTT assay for MgCl, to BMSCs at three time points. All statistical
data were shown as the mean + one standard deviation (SD). One-way ANOVA was
applied to evaluate the statistical significance of the differences between each CGRP
concentration and control means (using Graphpad Prism 5.0 software). Significant
differences were defined as: *P<0.05 and **p<0.01 and ***p< 0.001.)
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Figure 3.3.8.A. qRT-PCR osteogenic results of PDSCs incubated with MgCl; at week
2. ALP, COL-1, OCN, and OPN mRNA expression under MgCl, treatment (from 2 to
8 mM) were all significantly up regulated. All statistical data were shown as the mean
* one standard deviation (SD). A Paired Student’s t-test was applied to evaluate the
statistical significance of the differences between each MgCl, concentration and the
control means (using Graphpad Prism 5.0 software). Significant differences were
defined as *P<0.05, and **p<0.01, and ***p< 0.001)

Figure 3.3.8.B. qRT-PCR adipogenic results of PDSCs incubated with MgCl, at
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week2. C/EBPo and PPARy2 mRNA expression under MgCl, treatment (from 5 to 10
mM) were not affected. All statistical data were shown as the mean + one standard
deviation (SD). A one-way ANOVA was applied to evaluate the statistical
significance of the differences between each MgCl, concentration and the control
means (using Graphpad Prism 5.0 software). Significant differences were defined as
ns: P>0.05.

Figure 3.3.9.A. Osteogenic effect of Mg ions on BMSCs assayed by ALP staining
(above) and alizarin red staining (below) at week 2. MgCl, concentration was from 5
to 10 mM.

Figure 3.3.9.B. qRT-PCR adipogenic results of BMSCs incubated with MgCl, at
week2. C/EBPa and PPARYy2 mRNA expression under MgCl, treatment (from 5 to 10
mM) were not affected. All statistical data were shown as the mean * one standard
deviation (SD). A one-way ANOVA was applied to evaluate the statistical
significance of the differences between each MgCl, concentration and the control
means (using Graphpad Prism 5.0 software). Significant differences were defined as
ns: P>0.05.
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Figure 3.3.10. Cell migration assay for Mg ions’ effect both on migration of PDSCs
and BMSCs in 24 hours. Blue spots were DAPI stained cell nucleus. Student’s t-test
was performed between control and MgCl, treated group. Significant differences were
defined as *P<0.05 and **p<0.01 and ***p< 0.001. ns:p>0.05.
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3.4 Discussion
PDSCs and BMSCs

PDSCs were derived from periosteum. It generally belongs to MSCs, which can be
isolated from various mesenchymal tissues such as bone marrow, periosteum, tendons,
synovium, skeletal muscle and adipose tissue**’'%. MSCs were assumed to have
similar features: they are self-renewing, multi-directional in differentiation, and
immuno-privileged'®. However, there were differences in every aspect of the cell
behaviors, from proliferation to differentiation. For example, among many MSCs, a
synovium derived stem cells possessed the strongest self-renewal ability; bone
marrow and periosteum-derived stem cells had similar but less self-renewal ability;
and muscle derived stem cells along with adipose derived stem cells had the lowest

¥ In terms of multi-directional differentiation behavior,

self-renewal ability
synovium derived stem cells possessed the best ability in all the chondrogenesis,
osteogenesis, and adipogenesis processes™’. Bone marrow and periosteum stem cells,
meanwhile, behaved with less ability than synovium derived stem cells. Muscle and
adipose derived stem cells had the worse three-phase differentiation behavior.
However, the latter had a significant ability in adipogenesis, just as synovium derived

stem cells*’. The results indicated that MSCs from different tissue had discriminating

behavior in cell proliferation and differentiation.

For the isolation of PDSCs and BMSCs, we used stem cell commonly expressed
epitope markers. There are many types of cell markers, including CD34, CD45, CD79,
CD19, and CD117, which were positive for hematopoietic cells, as well as CD31 and
VEGFR2, which were positive for endothelial cells. Stem cell positive markers—
including CD10, CD54 (intercellular adhesion molecule 1), CD166 (activated

leukocyte cell adhesion molecule), CD106, CD147 (neuroregulin), NGFR, STRO-1
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(vascular cell adhesion molecule 1), CD44, CD90, and CD105—were all

characteristic stem cell surface markers?%%-2%2

. The epitope profile of the MSCs was
determined by their own cell behaviors, including self-renewing, multi-potent
behaviors as well as the stem cell markers described above. Here, we chose three stem
cell positive surface markers (CD44, CD90, and CD105) to ensure that the rat femur
cells we isolated were in fact stem cells. These three kinds of markers were highly
expressed (70%-100%) in all tissue derived MSCs'¥. In our study, the majority of
MSCs isolated from rat femur periosteum and bone marrow were expressed with

CD44, CD90, and CD105. We considered the cells derived from periosteum and bone

marrow to be PDSCs and BMSCs, respectively. (Figure 3.3.1)
Neuropeptide CGRP’s osteogenic effect on MSCs

CGRP was a 37 amino acid peptide encoded by gene Calca that expressed a bone
metabolism peptide calcitonin different from the calcitonin that underwent mRNA
splicing and proteolytic processing in the C cells at the thyroid. CGRP was produced
by alternatively splicing in neurons at the central and peripheral nervous system?%%%,
CGRP has been implicated in many physiologic processes, such as peripheral
vasodilation, cardiac acceleration, perception of temperature, and itching?®®%’.
Moreover, CGRP was found to be an osteoanabolic factor by stimulating cyclic
adenosine monophosphate (CAMP) production in osteoblast and inhibiting osteoblast
apoptosis with B-catenin stabilization?®?'°. In Wang Liping’s study, mouse BMSCs,
osteoblasts, and osteoclasts were all treated with CGRP with concentration of 10™
t010® M. Cell proliferation, osteogenic differentiation and TRAP staining were
evaluated. Liping’s research found that CGRP with concentration of 10™° to 10° M

significantly promoted proliferation (about 36%) and up-regulated osteoblastic gene

expression in BMSCs. It also inhibited NF-xB ligand (RANKL) activation of NF-xB
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in osteoclasts, down-regulated osteoclastic genes like TRAP and cathepsin K, and

211

decreased the number of TRAP® cells™". However, there has been no study to

evaluate the effect on CGRPs on PDSCs.

Since we knew that MSCs of different tissue origin had distinct cell behaviors,
including proliferation, cell migration, and differentiation, our results showed that
CGRP probably affected PDSCs and BMSCs in different ways. CGRP had no
proliferate promoting effect on PDSCs within 72 hours, even though its concentration
increased to 10™° M, while at a high concentration of 10® M, CGRP had a slight
inhibitory effect on PDCS proliferation. CGRP had significant promoting effect on
BMSC proliferation at concentrations below 10™° M. This result contradicted Wang
LP’s findings, which indicated that only CGRP with 10™° M promoted mouse BMSC
proliferation (about 36%)?!*. Our result was based on rat MSC and MTT assay; in
Wang’s study, mouse BMSCs and BrdU incorporation assay were used, and that is
the probable cause of the difference in our results. In our study, CGRP at high
concentrations (10® M) were considered to have suppressive effects on the
proliferation of PDSCs and BMSCs. This slight suppressive effect on stem cell
proliferation has not been previously discussed. We hypothesized that it might be due
to CGRP’s strong osteogenic effect at a 10® M concentration and we knew that the
stem cell differentiation process was closely related to cell cytoskeletal motor
reformation and motions. Stem cells could feel the elasticity of the substrate they
anchored on: the soft matrix mimic brain was neurogenic, the stiffer muscle-like
matrix was myogenic, and the comparatively rigid substrate was osteogenic®'?. After
inhibiting non-muscle myosin Il in native MSCs, their elasticity-directed lineage
specificity was blocked without strongly disturbing the other aspects of cell shape and

function?'2-214,
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Since focal adhesion and migration provided the MSCs with the necessary force
through transmitting pathways for us to perceive the microenvironment through actin-
myosin contractions, we used migration assay to assess CGRP’s reprogramming
effect on stem cells. CGRP’s concentration in the cell migration assay was 10° M. At
this high concentration, CGRP showed a significant promoting effect on migration in
BMSCs (about 4 times that of the control) rather than PDSCs. The 8um diameter of
the mesh holes through which MSCs migrated was wide enough for both PDSCs and
BMSCs to pass through, so the different responses of the two stem cells to CGRP
should not have been due to the membrane of the migrating assay, but was probably
due to their own reaction to CGRP. In the migration assay, we seeded 20000 cells into
the upper well (the membrane area of the well was 0.25 cm?), so the cell density was
80k/cm?. In Eyckman’s study, hPDSCs were more prone to express adipogenic or
chondrogenic markers at a high seeding density (85 k/cm?) than a low seeding density
(5 k/cm?) and hBMSCs had a more significant osteogenic effect at a high seeding
density (85 k/cm?) than a low seeding density (5 k/cm?). They also proved that
discouraged osteogenic and enhanced differentiation resulted from blocking the
cytoskeletal contractility by adding Rho kinase inhibitor Y27632 in hPDSCs?®. This
finding suggested to us that the cytoskeletal contractility of PDSCs may be restricted
in a high cell density condition, and its reactivity to CGRP was refrained. Alizarin red
staining and ALP staining proved that CGRP had a significant osteogenic promoting
effect on BMSCs at all the concentrations, from 10 to 10° to 10® M. CGRP’s
osteogenic effect was most prominent in concentrations of 10™° M. This result was
consistent with the findings by Wang LP?*. With regard to PDSCs, CGRP also had
an osteogenic promoting effect, as well as BMSCs. It was noted that CGRP enhanced

ALP, OCN, and OPN mRNA expression in PDSCs with dose dependent performance.
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The most remarkable osteogenic effect was at concentrations of 10® M. It was
interesting that sensory nerve fibers were densely distributed in periosteum and that
CGRP was highly expressed in the newly formed cortical bone around the periosteum
site after Mg implantation. Therefore, we deduced that BMSCs were probably
attracted away from bone marrow to the peripheral region of the cortical bone by

CGRP and differentiated into osteoblasts to form new bone.
Mg ion’s osteogenic effect on MSCs

With regard to Mg ions’ effect on PDSCs and BMSCs, our results showed that Mg
ions had no effect on cell proliferation in two stem cells over 3 days. At high
concentrations of 20 and 50mM, Mg ions significantly suppressed the stem cells’
proliferation and viability. In the cell migration assay, Mg ions (10mM) significantly
enhanced BMSCs’ migration (more than two times that of the control) and had no
effect on PDSCs. The results indicated that Mg ions had no effect on stem cell self-
renewal, but they had a direct effect on stem cell migration, probably through
activating the stem cell’s cytoskeletal motors arrangements and adhesive related
molecular dynamics. The Mg ion combined with CGRP did not show significant
synergistic effect on BMSCs’ migration behavior. This indicated that the mechanism
for the migration promoting effects of CGRP and Mg ions on BMSCs might be
distinct. Mg ion’s direct effect on BMSC migration also predicted that it may show
some effect on reprogramming in stem cells. Actually, our results proved that Mg ions
significantly promoted osteogenic differentiation by enhancing almost all the
osteomarkers expression in PDSCs, including ALP, OCN, OPN, and COL-1, except
for BMP-2. We chose 2mM, 4mM, and 8mM for Mg ion concentrations to prevent

the Mg ion’s cell viability inhibiting effect under high concentrations (above 10mM).
The previous studies also found Mg’s direct effect on MSCs proliferation, growth and
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differentiation; some of them confirmed cytotoxicity under high Mg ion
concentrations, but most of them concerned the stem cells’ performance on the Mg

metal surface?'®2®

. It was concluded that the high pH condition caused by Mg
degradation had no significant harmful effects on stem cell growth and proliferation.
However, cell adhesion behavior and osteoblast activities were enhanced in the Mg
implant surface or Mg treated material. Nonetheless, most of them did not treat the
cells directly with Mg ions. Rather, they concerned mostly the materials’ biological
performance and not the direct effect of Mg ions on bone cells. In Nguyen, TY’s
study, it was found that human embryonic stem cells (hESCs) retained pluripotency
by the expression of OCT4, SSEA3, and SOX2 in all tested Mg ion dosages, from 0.4
mM to 4 mM?®. In our study, Mg ions with concentrations ranging from 5 mM to 10
mM already had significant osteogenic effects on BMSCs. The difference may be due
to the different cell lines used. We also found that Mg ions had no effect on stem cells’
adipogenic differentiation either with PDSCs or BMSCs. This result raised a very
interesting question: Why did Mg ions specially promote stem cells differentiation in
the osteogenic direction but not the adipogenic direction? Did this phenomenon

closely correlated with Mg influx through the intracellular transmembrane ion channel?

This question formed the foundation for our work described in next chapter.
Conclusion

From the results of this part of study, we concluded that the neuropeptide CGRP had a
significant osteogenic effect on both PDSCs and BMSCs, proving our hypothesis that
CGREP release after Mg implantation played a pivotal role in new bone formation.
Mg’s osteogenic effect was mainly controlled by its neural activity. Meanwhile, we
also found that the Mg ion itself promoted MSCs’ differentiation in the osteogenic

direction.
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Chapter 4

Effect of Mg ions
on
DRG neuron
and
Cell membrane Mg ion channels
In vitro
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4.1 Introduction
From the study described in chapter 3, we proved that neuropeptides (such as CGRP)

were dedicated to new bone formation by directly promoting osteogenic
differentiation in PDSCs and BMSCs. How, though, did the Mg ions affect neurons in
vitro? That was the question we try to explicitly answer in this chapter. As the release
of neuropeptides from presynaptic membranes engaged exo-endocytosis processes,
the transmission of synaptic vesicles to the axonal terminal would likely be key.
Although evidence for the hypothesis of synaptic vesicles transmission in the nerve
ending still had not been established by a well-accepted model, it was clear that
synaptic vesicles exocytosis and endocytosis occurred at the same time when the
neuron got stimulated. There was an exo—endo cycling pool of vesicles and a reserve
pool of vesicles in the axon terminal. When stimulation was applied to the neuron, the
synaptic vesicles would be released from the exo—endo cycling pool; meanwhile,
other vesicles were endocytosed during stimulation and flew into the reserve pool.
The purpose of our study was to determine whether synaptic vesicles containing
neuropeptides (CGRP) would be accumulated in the axon terminal after Mg treatment
in the neuron. Since the sensory nerve endings of the femur periosteum were axon
terminals extended from the lumber 3-5 level DRG neuron, we explored this question
with a single DRG neuron reacting assay in vitro. After using florescent dye FM1-43,
which can be encapsulated in synaptic vesicles, the synaptic vesicles could be
observed as numerous green spots in the neuron body under fluorescent microscopy,
and their formation and transmission in a single DRG neuron could be pictured in a
live recording. We observed the remarkable stimulation of Mg ions resulting in the
synaptic vesicles replenishing (synaptic elasticity) in the axon terminal of the DRG
neuron. That was the basic precondition for the mass release of the neuropeptide
CGRP under Mg implantation.
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As to whether the mechanism of Mg ions directly promoted the stem cell’s osteogenic
differentiation, we confirmed that Mg ions entered into the cytoplasm first. Then, we
ascertained that the Mg channel mainly charged cellular Mg ion influx. There have
been several Mg ion channels on the cell membrane reported to prefer Mg flux,
including TRPM6 7 and MagT1 in eukaryocytes®'®. TRPM6 was mainly expressed at
the epithelia cells of kidney, colon, and lung tissue. TRPM7 was synthesized
ubiquitously in all the tissue. It had the homologue structure of, and functioned
synergistically with, TRPM6 and TRPM6. So, TRPM 6 and 7 may be principally
involved in the Mg ions’ resorption and reabsorption at the kidney and colon epithelia.
The MagT1 channel has been reported as an important Mg ion channel at the
eukaryocyte membrane, but a study of its physiological function and property has
been lacking. We postulated that one channel might be the critical ion channel in Mg
ions’ influx in MSCs.

To explore Mg ion influx into MSCs and DRG neurons, we used an epifluorescence
microscope to get a real time recording of Mg ion flux. We used a florescent dye—
Mg-Fura-2—to stain the Mg ions, and several cells were monitored under the
epifluorescence microscope to record the Mg ion accumulation in the stem cell
cytoplasm. We found that the MagT1 channel was mainly responsible for cell Mg

influx, which could be blocked by its nitrodipine in the MSCs and DRG neuron.
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4.2 Materials & Methods

4.2.1 DRG neuron isolation and culture
Before our DRG dissection and isolation, culture dishes were coated with laminin

(Life Technologies) and Poly-D-lysine hydrobromide (Life Technologies). Six well
plates containing round glass slices with a diameter of 2.5cm were soaked in PBS
with laminin (20ng/ml) and Poly-D-lysine hydrobromide (50ng/ml) for 4 hours in a

37° C incubator for standby application.

Outbred 6-8 week old female SD rats (weighing 100 to 150 grams) were used in this
study. The dissociated primary sensory neurons were approved by CUHK’s animal
research ethics committee (Ref. No. 13/003/MIS-5) (Appendix ). The procedures for
the isolation of the dorsal root ganglia neurons had been established by other
researchers and are described in chapter 2. Rar lumber 3-5 level dorsal root ganglia
were separated and transferred to 10 ml PBS with 10% PNS and without Ca++/Mg++
placed in a tube on ice. The PBS were carefully removed without disturbing the DRG
and incubated in papain solution for 10 min in a 37° C water bath. The tube was spun
for 1 minute at a low speed (less than 200g) to pellet the ganglia and the papain
solution was carefully removed. Type | collagenase (1mg/ml) solution was put into
collection tube and the tube was gently flicked to stir the ganglia, which were
incubated for 60 minutes in a 37° C water bath. The tube was then spun for 1 min at a
low speed (400g) to pellet the ganglia, which were carefully removed from the
collagenase solution. A 0.25% trypsin solution was transferred into the tube and
incubated in a 37° C water bath for 30 minutes. We then blew the tissue to fragment it
and transferred the digested medium through a filter with a mesh size of 45um, spun
the tube for 5 minutes at a high speed (800g), and carefully removed the trypsin

solution. The isolated neurons were incubated in F12 medium with 10% FBS, 1%
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penicillin/streptomycin, a neural growth factor (NGF) (20ng/ml), 5-
fluorodeoxyuridine (10°M), and uridine (10°M) (Sigma. USA). 100 pl of DRG
neuron suspension (approximately 5000-10000 cells) was added into each of 6 well
plates containing glass slides coated with laminin and Poly-D-Lysin. After the DRG
neuron was attached to the glass slides for 4 hours of incubation, the medium above
was aspired and changed to a fresh F12 medium with 10% FBS, 1%
penicillin/streptomycin, 20ng/ml NGF, 10®° M fluorodeoxyuridine, and 10" M uridine.

We then incubated it for 72 hours and let the DRG neuron grow.

4.2.2 Synaptic replasticity under Mg treatment
DRG neurons were seeded on 25 mm diameter glass coverslips in 6 well-plates for 1

week with F12 medium. The medium was not changed during the incubation period.
After the DRG neuron grew steady and functioned normally, we used fluorescent dye
FM1-43  (N-(3-triethylammoniumpropyl)-4-(4-(dibutylamino)styryl)  pyridinium
dibromide) (Biotium, Inc. Hayward, CA 94545, USA) to stain the synaptic vesicles in

the neuron body.

FM dyes are a series of fluorescent molecules widely used to detect cell vesicle fusion
trafficking and exocytosis endocytosis in various systems. FM1-43 and its derivatives
were styryl dyes that harbor a cation charged water-soluble polar head group and a
lipid-soluble hydrophobic tail. Between its head and tail was a central region that
determined their fluorescent properties. FM1-43 was basically not a fluorescent, as it
is in an aqueous soluble group. However, this increased its quantum yield more than
40-fold when its lipid soluble group bounded to liposomes, just as with the membrane
of synaptic vesicles. The lipid-soluble tail of the FM dyes bound to the outer

membrane leaflet of the neural axonal ending and was encapsuled into synaptic
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vesicles during endocytosis. This membrane enrolling association was reversible. The
dye could be used to study vesicles formation, fusion, and exocytosis. We applied
FM1-43 to study the formation and transmission of synaptic vesicles at the DRG
neuron axon terminal under Mg treatment in vitro. During high potassium
depolarization, FM1-43 bound to the membrane and was internalized into synaptic
vesicles through bulk endocytosis. Then, the F1-43 stained synaptic vesicles were
visualized under a confocal microscope and their formation and migration were
recorded live. The triggered laser wavelength was 488nm and the emission

wavelength was 600nm for FM1-43 under confocal microscopy®*%%.

The experiment included the following three steps:

1). FM1-43 loading and labeling: First, we dissolved FM1-43 powders in distilled
water to stock the solution with a concentration of 4mM. We then put the solution in a
dark environment to avoid light sensitive degradation. We then prepared HL-3 KCI
solution (free of CaCl, and MgCl,) as follows: 25mM NaCl, 90mM KCI, 10mM
NaHCOs, 5mM HEPES (4-2-hydroxyethyl)-1-piperazineethanesulfonic acid), 30 mM
sucrose, 5 mM threalose, at a pH of 7.2. We added 1uL FM1-43 stock solution to 1ml
HL-3 KCI solution with Ca (containing 1.5mM CacCl, with a final concentration of
FM1-43 was 4uM) and prepared an FM1-43 labeling solution. DRG neurons were
then incubated in a FM1-43 labeling solution for 5 minutes. Once the labeling
solution was added, exocytosis and endocytosis at the axon terminal were induced

with calcium-triggered depolarization. FM1-43 labeling ensued in 5 minutes.

2). Stopping stimulation: Following 5 minutes stimulation, FM1-43 labeling solution
was removed and the neurons were washed three times over a total of 5 minutes with
a generous amount of HL-3 solution free of Ca and Mg to remove the FM1-43 dye

that was not internalized. It is important to not drop the solution on the top of neuron,
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but to gently pipette the solution on the side of neuron cell to avoid direct interference.

3). Mg treatment and recording: After washing, we chose a single DRG neuron
with classical axon terminal to review under confocal microscopy. The designated
neuron with green florescence-stained synaptic vesicles was recorded by florescence
imaging before the Mg treatment. Then, an MgCl, stock solution (1M) was pipetted
into the medium, making the Mg concentration rise to 1mM. After 5 minutes of
incubation, the same neuron was recorded using a florescence image. The Mg
concentration was adjusted to 2mM and incubated for Sminutes, and the same neuron
was recorded. Likewise, the designated neuron was recorded in a medium with Mg
concentrations of 4mM and 8mM. The florescence image recorded synaptic vesicles
replenishing in neuron body and the axon terminal along with the augmenting of the
Mg ion concentrations. A Zeiss 510 confocal microscope and a Zeiss digital camera
(Axiocam MRm) were both used in our experiment for image acquisition. N-Methy!I-
D-glucamin (NMDG+) (Sigma. USA) was used as the negative control in the
experiment. N-Methyl-D-glucamin (NMDG+), an organic monovalent cation with a
much larger size (approximately 7.3 A in mean diameter) than K* (2.66 A in
diameter), was thought to be a blocker of the Kv channels by competitively inhibiting

the entrance of potassium ions.

4.2.3 Cell Mg influx detection
DRG neurons were seed on the 25 mm diameter glass coverslips in six well-plates and

incubated for 24 hours. We made sure the cells firmly adhered to the slides and were
totally spread, which was critical for real time detection under the fluorescence
camera when treated with a high concentration MgCl,. Several individual cells were

chosen for detection.
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MSCs were seed on the 25 mm diameter glass coverslips in six well-plates with a
density of 5000 per cm? and incubated for 24 hours. We ensured the cells firmly
adhered to the slides and totally spread. The single and individual cells were

delineated and recorded.

Cells grown on 25 mm diameter glass coverslips were washed 3 times with an Mg-
free Margo solution to remove the culture medium. Then, they were incubated in the
Mg-free Margo solution and supplemented with 2uM Mg-Fura-2 and 1uM Pluornic
F-127 for 30 minutes at 37° C incubator. After that, the cells were washed twice and
kept in the Mg-Fura-2-free Mg-free Margo solution for another 30 minutes at room
temperature in the dark. At the start of the experiment, cover slips were transferred to
a mini-chamber and maintained in the Mg-free Margo solution. MgCl, (ImM, 2mM,

and 10mM) was added after the baseline was stable.

For channel screening: After MgCl, (10mM) was added, till the baseline grew stable
nitrendipine (50uM) was applied to block the MagT1 channel; ruthenium red (50uM)
and 2-Aminoethyl diphenyl borinate (2-APB) (100uM) separately blocked TRPM6
and TRPM7. The same amount of DMSO (a solvent of three blockers) was applied as
to the negative control. For the pH value effect on Mg influx, the pH value of Mg-free
Margo was adjusted to 6.5, 7.5, or 8.5 with HCI or NaOH, respectively. Then the Mg

influx in MSCs was recorded under a different pH medium.

Measurements were taken on an epifluorescence microscope (Nikon Eclipse Ti, Japan)
equipped with a CCD camera (Spot Xplorer, USA) and a Fluor 20X objective lens
(0.75 NA) (Nikon, Japan) controlled by the MetaFluor software (Universal Imaging).
An Xenon lamp (Hamamatsu, Japan) was used to provide a dual excitation at 340 and

380 nm, and emissions were collected at 510 nm.

Chemicals: Mg-Fura-2 (Molecular Probe, USA), Pluronic F-127 (Molecular Probe,
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USA), MgCL, (Sigma, USA), 2-Aminoethyl diphenyl borinate (2-APB) (Sigma,

USA), and Nitrendipine (Sigma, USA)

Total eight rats were used to isolate DRG neuron. All the experiments were conducted

at least three times. Paired and unpaired student-t test was used in statistical analysis.

114



4.3 Results

4.3.1 Mg ions promoted synaptic replasticity in DRG neurons
DRG neurons from the L3-L5 lumber level were isolated from rats. CGRP was

stained and shown as red dots spreading over whole cell body in a single neuron by an
immunofluorescent method. Synaptic vesicles with encapsuling neuropeptides (ex.
CGRP) in large dense-core vesicles were stained with FM1-43 dye in green light
granules®®. A single DRG neuron morphology was revealed. (Figure 4.3.1) The
synaptic vesicles (green spots) and CGRP peptide (red granules) were shown in the

fluorescent image. (Figure 4.3.1)

Before Mg ion treatment, the green light was mainly located at the neuron body. Few
vesicles were distributed at the axon terminals. After Mg ion treatment, the green
spots grew dense in the axon terminals, which indicated that the synaptic vesicles
were aggregated in the axon terminal under high Mg conditions. NMDG treatment, as
our negative control, resulted in no obvious aggregation of synaptic vesicles in the
neuron axon terminals. According to the results using fluorescent staining of the
synaptic vesicles, we concluded that physiology concentration of Mg ions (about
1mM) and a high concentration (2mM) each significantly promoted the replenishing
of the synaptic vesicles in the axon terminals. It is probable that Mg ions fluxed into
the neuron and promoted synaptic vesicles transmitting from the neuron body to the
axon terminals in very short interval (5minutes). The aggregation of synaptic vesicles
in the axon terminal created the precondition for mass neuropeptide CGRP release
after depolarization to neuron. That might be the background of the high CGRP
content in the Mg implanted femur cortical bone tissue. (Figure 4.3.2 A, B)

4.3.2 Mg entered neuron through channel MagT1

Was the Mg ions’ effect of synaptic replasticity and vesicle transportation the result of

Mg ion influx in neuron? We did real time intracellular Mg detection in the DRG
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neuron under fluorescent microscopy to find out. The fluorescence dye Mg-Fura-2
had a monomer emission wavelength of 380nm, its Mg*'- Mg-Fura-2 compound
possessed an emission wavelength of 340nm, and its fluorescence ratio 340/380nm
represented the intracellular Mg ion signal. The curve lines and quantitative analysis
indicated that inner neuron Mg was significantly increased when the culture was
changed from an Mg free medium to an Mg medium (ImM and 2mM) (Figure
4.3.3.A). Meanwhile, cellular Ca content was correspondingly reduced (Figure
4.3.3.B). This result indicated that a neural (Mg®")i, increase under Mg treatment may
be the major factor contributing to synaptic replasticity and vesicle migration to axon
terminals. There were three important ion channels for Mg ion transportation across
the cell membrane in eukaryocytes: TRPM6, TRPM7, and MagT1%9%*, We chose
three kinds of chemicals: ruthenium red, 2-Aminoethyl diphenyl borinate (2-APB),
and nitrendipine, respectively blocking TRPM6, TRPM7 and MagT1%%?>?%°_ Real
time intracellular Mg detection curves did not show a significant (Mg®);, decrease in
the treatment of these three kinds of blockers because the solvent DMSO could trigger
(Mg?") an influx in the DRG neuron. The quantitative results indicated that only
nitrendipine significantly inhibited (Mg?") influx by 55% in the DRG neuron; the
other two blockers had no significant effect on (Mg®")i, reduction. This result
indicated that MagT1 was a chief channel for (Mg?*) influx in the DRG neuron under
Mg treatment: it was critical for Mg ions’ replenishing effect on the synaptic vesicles
and in promoting their transportation. (Figure 4.3.3 A, B, C)

4.3.3 Mg influx in MSCs under different pH circumstances

We hypothesized that Mg ions’ osteogenic effect on MSCs resulted from Mg ion
influx into the MSCs. So we detected Mg ions’ influx to PDCSs and BMSCs under

acid (pH 6.5), neutral (pH 7.5), and basic alkaline (pH8.5) cultural conditions.
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From the colored signal curves, we knew that the cellular Mg ion signal quickly, in
tens of seconds, reached a high level after high concentration (10mM MgCl,) Mg
treatment and then was stable at a plateau in 3 minutes at all three pH conditions. This
phenomenon of high (Mg?*)ex triggering high (Mg®*)i» was most significant in neutral
conditions (pH 7.5). (Mg*")in and increased after high (Mg?)e at three cultural
conditions, as shown in the diagrams in Figure 4.3.4. Both the peak amount and the
plateau amount of (Mg?*)in (Mg?*)in increased more significantly in neutral conditions
than in acid or alkaline conditions. In the colored curve graphs, the high (Mg®")i,
plateau significantly declined after 50uM nitrendipine administration in several
seconds. This nitrendipine dominated (Mg®*)i, decline was significant in neutral
conditions. The diagrams in Figure 4.3.4 show that nitrendipine can slightly but
significantly lower high (Mg®)ex induced peaks and plateaus (Mg®*)i, with an
increase in pH 7.5 conditions. Although the nitrendipine’s blocking effect was
significant in the acid condition, its performance seemed to go the opposite side when

the pH value turned to 8.5.

As shown in the colored curve graphs and diagrams, we confirmed that when high
(Mg?)ex led Mg ions to enter into the PDCSs and BMSCs, this gave rise to the
increased (Mg*")in. This increased (Mg®")i, caused by high (Mg?")ex Was significantly
inhibited, however, by nitrendipine. As nitrendipine was a specific antagonist to the
cell membrane Mg ion channel MagT1, we concluded that high (Mg**)ex brought the
Mg ions to enter into the MSCs through the cell membrane Mg specific ion channel
MagT1. MagT1 channel’s activity might be greatly affected by the pH value of the

cell culture. (Figure 4.3.4-6)

Mg ion influx was not blocked by 2-APB or ruthenium red (data did not show here).
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Figure 4.3.1. Single DRG neuron under light microscopy (above, 400x) and confocal
microscopy (below, 600x). Green light spots are FM1-43 stained synaptic vesicles.
Red light dots are immunofluorescently stained CGRP peptide.

Figure 4.3.2.A. Single DRG neuron and its synaptic vesicles (green light spots) were
pictured under confocal microscopy (600x). From the Mg free medium to the Mg
medium (ImM and 2mM), neuron synaptic vesicles were replenished (replasticity)
and migrated to the axon terminals.
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Figure 4.3.2.B. A single DRG neuron and its synaptic vesicles (green light spots)
were pictured under confocal microscopy (600%). N-Methyl-D-glucamin (NMDG+)
treatment was a negative control to Mg.

Figure 4.3.3.A. Real time cellular Mg ion flux curves of fluorescence ratio
representing Mg entered into the DRG neurons were recorded after Mg increase. %
change of fluorescence ratio to (Mg”")i was analyzed after the Mg medium
concentration was increased to 1 and 2 mM. All values were given as the mean + S/D.
A two-way ANOVA was performed between groups and significant differences were
defined as: *p<0.05, **p<0.01, and ***p< 0.001.

Figure 4.3.3.B. Real time cellular Ca ion flux curves of a fluorescence ratio
representing Ca entered into DRG neurons were recorded after an Mg increase. The %
change of fluorescence ratio to (Ca**)i, was analyzed after the medium Mg
concentration was increased to 1 and 2 mM. All values were given as the mean + S/D.
A two-way ANOVA was performed between groups and significant differences were
defined as *p<0.05, **p<0.01, and ***p< 0.001.
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Figure 4.3.3.C. Real time cellular Mg ion flux curves of fluorescence ratio were
recorded after the administration of channel blockers ruthenium red, 2-APB, and
nitrendipine in a 10 mM MgCl, medium in DRG neuron. The % change of
fluorescence ratio to (Mg”")i, was analyzed after three blockers administration, with
DMSO as the solvent of the three chemicals as the control. All values were given as
the mean £ S/D. A two-way ANOVA was performed between the groups and
significant differences were defined as: *p<0.05, **p<0.01, and ***p< 0.001.
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Figure 4.3.4. Real time cellular Mg ion flux curves of fluorescence ratio representing
Mg entered into MSCs was recorded after Mg was increase. The maximum increase
and plateau of cellular Mg was indicated as a red arrow.
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Figure 4.3.5. The % change of fluorescence ratio to (Mg?*)i, in PDSCs was analyzed
after we administered the channel blocker nitrendipine in three pH value conditions.
All values were given as the mean £ S/D. A two-way ANOVA was performed
between groups, and significant differences were defined as *p<0.05, **p<0.01, and
***n< 0.001, #p:< 0.05, ## p:< 0.01 and ### :p< 0.001 versus the control. ns:p>0.05.

Figure 4.3.6. The % change of the fluorescence ratio to (Mg*")i, in BMSCs was
analyzed after we administered the channel blocker nitrendipine in three pH value
conditions. All values were given as the mean £ S/D. A two-way ANOVA was
performed between groups, and significant differences were defined as: *p<0.05,
**p<0.01, and ***p< 0.001, #:p< 0.05, ## p:< 0.01 and ### p< 0.001 versus the
control. ns:p>0.05.
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4.4 Discussion
Mg ions promoted synaptic replasticity

The Neuron synaptic vesicles exo/endocytosis were considered to be controlled by
myosin family of motor proteins. The inhibition of non-muscle myosin Ilb could
retard synaptic vesicles transmission after evoking potential in the hippocampus
neuron. This suggested that non-muscle myosin Ilb, myosin IV, and Va,b had their
own respective effects: non-muscle myosin Ilb was critical in actin filament
contraction and crosslinking on actin cytoskeleton dynamics; myosin 1V was
responsible for the tethering of organelle and the transport of uncoated endocytic
vesicles (UEVs); and myosin Va,b were responsible for organelle anchoring and
motility, filament organization of endoplasmic reticulum (ER), and recycling
Endosomes (REs)*"??. These myosin family proteins played a pivotal role in
mediating actin cytoskeletal rearrangement and cargo transport. These molecular and
structure dynamic activities, which occurred in neural synapses, directly determined
synaptic plasticity regulation. In 2004, Guosong Liu et al. found that the plasticity of
presynaptic terminals in the hippocampus neuron could be enhanced by selectively
blocking (Ca’*)i, their influx through channel NMDAR (N-methyl-D-aspartate
receptor). A blocking effect also could be fulfilled through high extracellular Mg**
supplement (Mg?* concentration increased to 1.2 and 2 mM). High Mg treatment led
to a reduced (Ca*")i, influx and an up-regulated NMDAR function, particularly an
increase in the proportion associated with NR2B subunits. The enhanced NMDAR
signaling under high Mg treatment triggered the activation of p-CREB transcription
factor, which led to a unique gene expression that promoted neuron cell survival and
synaptic plasticity?”**®, It was found that the hippocampus neuron maintained its

morphology and granule density at a high level of (Mg**)ey, and the stained synaptic
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vesicles (FM1-43 puncta) increased 2.1 more than the control in the neuron body after
30 minutes high Mg treatment. The total presynaptic strength increased 5.5 fold and
the synapses retained their plasticity for several weeks when (Mg?*)ex Was elevated to
1.2 mM and 2 mM?°. However, in Guosong Liu’s study, hippocampus neuron
plasticity was defined as the number of visually stained synaptic vesicles (they
applied dye FM1-43 to stain the synaptic vesicles) after a theta-burst stimulation
(TBS), which caused a depolarization to the neuron and triggered the
neurotransmitters’ release from the vesicles at the active zone on the pre-synaptic

membrane.

The release of neurotransmitters underwent two postulated models of the synaptic
vesicle exo/endocytosis process: a kiss-and-run pattern (about 40%) and a full vesicle
collapse fusion (about 60%)%*. Soon after and during depolarization and exocytosis,
endocytosis was processed at the presynaptic membrane. The neuron replasticity,
including endocytosis and synaptic vesicle reloading, was such a process. So, the
increased FM1-43 florescence signal in the neuron body following excitation
indicated enhanced replasticity after high Mg treatment in Guosong Liu’s study.
However, that study just detected the synaptic vesicles’ signal at part of the neuron

site; it did not show the whole picture of vesicle distribution in a neuron.

In our experiment, a single DRG neuron was pictured and the green light synaptic
vesicles were distributed from the body to the axon. The synaptic vesicle signal
distributed along the whole neuron body was easily detected for their transmitting
direction and location. Our images gave more information than GuoSong Liu’s results.
In our experiment, after first loading FM1-43 by high potassium and growing it to a
steady state, we treated the DRG neuron with a medium free of Ca®*, which ensured

that the neuron was not activated. After Mg treatment, we noticed that the number of
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green puncta significantly increased in the neuron and aggregated to the axon terminal.
This phenomenon was clearly different from Liu’s observation. In that study, vesicle
signaling increased at the neuron body, which indicated that the synaptic vesicles
were reloading and reflourishing. In our study, in addition to replenishing the vesicle
signal, the vesicles signal showed a clear directional transportation in the axon
terminals. We proved that synaptic vesicles were replenished in the neuron body.
Meanwhile, they directionally migrated to the distal axon terminal in a high Mg
condition. This was the first time that we observed that high Mg treatment not only
promoted DRG neuron replasticity, also observed by other people in the hippocampus
neuron, but also directionally accelerated synaptic vesicle transmission from the

neuron body to the axon terminal.

This observation could explain the increase of neuropeptides (CGRP) in the newly
formed cortical bone tissue after Mg pin implantation in the femur canal. Nonetheless,
the mechanism for vesicle transmission along the axon was not yet elucidated. This
may be due to the NMDAR activity after the Mg ions blocked the influx of (Ca®*)in,
but this pathway was probably indirect sideways. The vesicle migration was directly
carried by the myosin motor system, and reloading and migration of the synaptic
vesicles must be dependent on some factor that directly charged or otherwise

interacted with non-muscle myosin molecules.

In our study, Mg influx to the neuron was observed under a high (Mg)ex medium;
meanwhile, (Ca)i, was reduced with an (Mg)i, increase. This reduction of (Ca)i, was
in accordance with Liu’s study; however, an (Mg)i, increase has not been noted by
other researchers. This (Mg)i, increase was a direct factor in the synaptic vesicles’
reloading and migration. There were Mg?* bonding sites in every cytoplasmic

molecule, even those in the myosin motor family. In particular, Mg®*-activated
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vacuole-like ATPase was found to be the first-stage controller of clathrin-mediated
vesicle formation?®?. There have also been some reports indicating that (Mg)i, was
critical to the assembling and motor action of cyto-motor molecules 2*%**. The direct
interaction between Mg?" vacuole-like ATPase, and the myosin molecule has the
power to promote the reloading and migration of synaptic vesicles along the myosin
system. Our future study will focus on the Mg’s effect on vacuole-like ATPase and

myosin activity.
Cell membrane Mg channels in Mg influx

In eukaryocytes, cell membrane Mg channels are a broad range of transmembrane
proteins with similar structures and amino sequences. They were generally encoded as
SLC41A1, SLC41A2, Mrs2, ACDP2, Paracellin-1, Claudin 16, TUSC3, MagT1,
TRPMS6, and TRPM7 genes, which have same role in prokaryotic cells**?**. Among
these Mg ion transports, TRPM6, 7 and MagT1 were the most important channels in
the Mg ion metabolism of vertebrate organisms °#%4224%3' However, TRPM6 was
considered to be mainly expressed at the epithelia cell membrane in the kidneys,
intestines, and lungs. TRPM7 was ubiquitously expressed in all the tissue, and it was
proved to act with TRPM6 to form a TRPM6/TRPM7 heteo-oligomerization and
create Mg transmembrane conduction in a distal convoluted tubule®®. Channel
MagT1 was also expressed in all the tissues and was considered responsible for
mammalian cell Mg?* uptake®**?*”. There was still some controversy around the Mg
metabolism of TRPM7 in mammalian cells. Lillia showed TRPM7’s essential role for
Mg2+ homeostasis in mammals, while Jin found that the deletion of TRPM7 could
disrupt embryonic development and thymopoiesis in mice without altering Mg**

homeostasis in T cells®?%,

In our study, Mg channel TRPM6, TRPM 7, and MagT1 blockers were applied to real
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time cellular Mg?* detection. The TRPM6 blocker was ruthenium red; the TRPM7
blocker was 2-APB; and the MagT1 channel blocker was nitrendipine?®?%, Our
results showed that TRPM6 and 7 blocking with ruthenium red and 2-APB did not
perturb Mg ions’ intracellular transportation under high Mg condition either in MSCs
or DRG neurons while the influx of Mg ions in stem cells and neurons could be
significantly reduced by blocking MagT1. This indicated that MagT1 was the most
important channel for cellular Mg ion metabolism, especially when extracellular Mg

concentration was increased.

Mg ions’ osteogenic effect on MSCs was probably caused by a MagT1 mediating
(Mg)in increase. This deduction had already been proven in our previous studies. After
we knocked down the expression of MagT1 in MSCs, Mg’s osteogenic effect on
MSCs was significantly reduced. In fact, overexpression of MagT1 in MSCs led to a
significant enhancement of Mg’s effect on MSCs osteogenic differentiation. However,
there were still important questions waiting for us to explore: 1) Did MagT1 itself act
in stem cell differentiation?; 2) If Mg ion rather than MagT1 acts as the direct factor
in stem cell differentiation, what is the substrate downstream? We will explore this

fascinating enigma in future studies.
Conclusion

Mg ions entered into stem cells and neurons through cell membrane Mg channel
MagT1. Previously considered another cell membrane, Mg channel TRPM6 and
TRPM7 were not the chief channels for cellular Mg ion influx. Increased (Mg);, could
promote synaptic vesicle replenishing and transportation in the DRG neuron. It also

probably promoted the stem cells’ osteogenic differentiation.
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Chapter 5

Pure Metal Mg
Accelerated bone fracture healing
In OVX rats
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5.1 Introduction
This project was based on our finding that Mg metal induced new bone formation in

the femur periosteum region after intramedullarily implanting it into the rat femur.
This phenomenon indicated that Mg metals may be applied to accelerate fracture

healing, especially in the fracture healing of osteoporosis bones.

We knew that Mg ions were actively absorbed into the intestine epithelial tissue and
reabsorbed in the nephron distal convoluted tubule, and that almost 60% of the body
Mg was reserved in the bone, with less than 1% of body Mg existing as serum free
ions in circulation. After menopause in women, estrogen declines. This serum
estrogen decline leads to the consequence that Mg channel TRPM6 has reduced
expression in the epithelia cells at the intestine and nephron sites. Estrogen can
integrate with the repressor of estrogen receptor activity (REA), a protein suppressed
TRPMG6’ expression in the epithelial cells of the nephron and intestine. This makes
estrogen competitively inhibit REA’s suppression effect on TRPM6 synthesis in
nephron epithelial cells so that estrogen down regulation can weaken the absorption of
Mg ions into the kidneys and intestines of menopausal women, which may lead to a
serum Mg decline and hypomagnesemia. When Mg absorption and reabsorption from
the reserve pool of body Mg occurs, bone Mg releases into circulation to help serum
Mg maintain its physiological concentration range and retain the body’s Mg
equilibrium. This makes bones the first organs to experience a negative balance
during a whole body Mg deficiency. Furthermore, many researches have noticed that
sensory neuropeptide CGRP significantly reduced peripheral circulation in aging rats
with hypertension®*®?*, These findings make Mg metal a fascinating candidate to be

used for the bone fracture repair of OV X osteoporotic rats.

In this chapter, we evaluated pure Mg metal’s effect on the enhancement of
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osteoporotic bone fracture healing. An OV X rat closed fracture model was established.
Considering the low mechanical strength and high biodegrading rate of Mg metal,
using pure Mg metal to fix the rat femur bone fracture was not practical—the Mg pin
was broken at week 3 after being fixed to mice femur bone fractures—so we chose a
stainless steel needle as the strength bearing holder to fix the fracture. We opened a
window at the middle of the needle as an Mg releasing vent designed to fit the
fracture site. This was a novel design for a needle pin used for the intramedullary
repair of a bone fracture. An Mg metal pin with a diameter less than the needle’s inner
diameter was inserted into the hollow needle. Mg ions, during degradation, would be
released from the vent and exercise their effectiveness on new bone formation at the

fracture site. That was the basic concept of this study.

After surgery, X-ray photography and micro-CT were performed at weeks 2, 4, 8, and
12. The Mg promotion of new bone formation achieved a peak at week 4, and callus
TV and BV at the fracture site in our micro-CT analysis were consistent with our X-
ray results. At the end of week 12, our micro-CT results showed that callus BV and
TV at the fracture site had no differences between the Mg treated group and the
control group; however, callus BMD in the Mg treated group was significantly higher
than that of the control group. Mechanical testing indicated that Mg treated fractured
femurs bore a higher ultimate load than the control. This pilot study laid a foundation

for us to explore Mg’s clinical application to the orthopedic field in the future.
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5.2 Materials & Methods

5.2.1 Intramedullary nail designing
Using the 3-dimension software SolidWorks (Waltham, Massachusetts, USA), we

designed three kinds of hollowed needle with vents opened at the middle. The
manufactured nail was based on a spinal needle purchased from Terumo. The spinal
needle (18Gx90mm, Terumo, USA) had a length of 90mm, an outer diameter of
1.27mm, and an inner diameter of 0.9mm. It was made of stainless steel, which
maintained a high enough mechanical ability to fix the fractured bone in rats. The
vent in the middle site of needle had three kinds of designs: 1) A unilateral window
with a depth of 1/2 the needle’s outer diameter; 2) a unilateral window with a depth of
1/3 the needle’s outer diameter; and 3) a total of 18 regular interlacing holes with a
diameter of 0.5mm distributed in lengths of 1cm crisscrossing the needle’s surface.
The vent/window design was created with mechanical cutting on a numerical control
machine tool. The vent hole design was created with electric sparks burned in vertical
directions at the transverse section at equal distances of 0.5mm by a machining

company (Free Crafts Man Tec.) in ShenZhen. (Figure 5.2.1)

Figure 5.2.1. 3 dimensional drawing of needles with diverse vent patterns in
SolidWorks by Tian Li. The needle, with length of 90mm and outer diameter of
1.27mm and inner diameter of 0.9mm, could encapsule the Mg pin (with a diameter
of 0.5mm) (above). The vent in the middle of the needle had three kinds of designs: 1)
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A Unilateral window with a depth of 1/2 needle’s outer diameter; 2) A unilateral
window with a depth of 1/3 the needle’s outer diameter; 3) Regular interlacing holes
with diameters of 0.5mm crisscrossing the needle surface (with a total 18 holes
distributed in lengths of 5mm). (below)

Finite elemental analysis (FEA) was applied to select the optimal needle design with
the best mechanical performance. A 10-node tetrahedron element, SOLID 92, was
chosen to mesh the needle in ANSYS (ANSYS, Inc., Canonsburgh, PA, USA). The
size of the mesh element was 0.05mm. The mechanical properties of the needle were
input to software to set the basic parameters; the stainless steel modulus was 210 GPa
and the poison ratio was 0.3. In the FEA analysis, four-point bending was set to
evaluate the bending strength of the needle with the diverse mid-vent design. Two
supporting places with widths of 2cm were found at the middle site of the vent. Loads
of 40 N were applied at two points above with widths of 1cm. The parallel vertical
force of 20N at each loading point was applied downwardly to the vent site of the
needle. Following this FEA simulating evaluation, we selected the most appropriate
needle design—i.e., the one with greatest strength to sustain pressure and enough

opening in the window area to releasing Mg ions. (Figure 5.2.2)

Figure 5.2.2. A designed intramedullary nail did the mechanical testing in our Finite
Elemental Analysis (FEA). Pictured above is the mechanical simulation testing.
Pictured below is the report of the testing in FEA: at the middle and bilateral sites of
the vent, the sites with the warm color bore more stress and the sites with a cold color
bore less stress.
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The manufactured intramedullary nail is shown below. The needle tail was curved as
a hook to hold the fracture bone tightly. The length of the hooked needle was a match
to the femur of the rat, and the vent was fit to the fracture line. Mg pins with equal
lengths of 20mm and equal diameters of 0.5mm were made as cylinder shapes with

uniform weights and inserted into the hollow needle during surgery. (Figure 5.2.3)

Figure 5.2.3. Manufactured needle with drilled holes and pure Mg pins (above). A
manufactured intramedullary nail was used to fix the femur fracture in the OV X rat.
The needle was strong enough to fix the fracture bone, and the vent that facilitated Mg
ion release was designed to fit the fracture line.

In vitro Mg degradation analysis
An Mg cylinder-shaped pin with a length of 20mm and diameter of 0.5mm was
inserted into the nail and the two tips sealed; then it was immersed into 6ml DMEM

(10% FBS). The medium volume was chosen according to the following equation:

medium volume=0.2xarea of the immersed material’s surface (mm?) (American
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Society for Testing and Materials, ASTM, Practice A 262). We extracted a 500ul
immersion medium at hour 6, day 1, day 3, week 1, week 2, month 1, and month 2
after the Mg pin and the nail were immersed into the medium. 6 ml of the medium
were added after every extraction. We diluted the extraction medium to 50ml and
detected the Mg ion concentrations with an Inductively Coupled Plasma (ICP)-Optical
Emission Spectrometer (ICP-OES, Varian Vista-Pro, Australia). Emission intensities

in the ICP-OES signals were measured at 279.553 nm for Mg. (Figure 5.2.4)

Figure 5.2.4. The black Mg pin was inserted into the designed nail and the tips were
clamped to prevent Mg ion degradation and release through the tip holes. Then, the
nail containing the Mg pin was immersed into the medium to evaluate the degradation
of the Mg pinin it.

5.2.2 Experimental design of fracture healing
88 female S/D rats were obtained from the Laboratory Animal Services Center in

CUHK. The Animal Experimental Ethics Committee at CUHK approved our
experimental protocols (Ref. No. 13/003/MIS-5) (Appendix ). All rats got
ovariectomy (OVX) at 6 months of age and were maintained for 3 months to develop

osteoporosis®*?

. A closed fracture on the right femur was created according to our
established protocol®*2. Buprenorphine (0.03mg/kg, Temgesic, Schering-Plough, NJ,
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USA) was given pre- and postoperatively for analgesics. All rats were allowed free

cage movement, access to a standard rat diet, and tap water.

OVX Rats were randomly divided into two groups (n=6 rats/Group/time point): A
steel nail with Mg insertion (SNMI) implanted group and a steel nail only (SN) group.
Each group was further subdivided into weeks 2, 4, 8, and 12 time points. Lateral X-
rays were taken weekly (with 5 second exposure times and a tube voltage of 35 kVp)
in order to monitor the fracture healing status of the callus formation and its bridging.
Calcein green (5 mg/kg sc. Sigma, Deisenhofen, Germany) was injected 2 weeks
before euthanasia and xylenol orange (90 mg/kg sc. Sigma, Deisenhofen, Germany)
was injected 1 week before euthanasia at all time-points. At the end of every time
point, the rats were euthanized with an overdose of sodium pentobarbital and the

fractured femora were harvested. (table 5.1)

OVX rat model establishment

A general anaesthesia (Ketamine (75 mg/kg) and Xylazine (10 mg/kg) mixture was
given to the rats. After the rats were anaesthetized, the hair on both sides was shaven
from the lower ribs to the top of the thighs. The dimension of the shaved area was
approximately 4x4 cm. The shaved skin region was then sterilized with 0.5%
Hibitane in 70% ethanol. The rats were positioned laterally and an incision the length
of 8mm was made between the lowest rib and the top of the thigh. The exposed
abdominal wall was dissected with a pair of scissors and an incision of 1cm was made.
After this dissection of the lateral abdominal wall, the ovary was exposed in the
abdominal cavity and explored. Then the ovary, along with part of the oviduct,
concomitant vessels, and some visceral fat, was ligated (5-0 sutures, Mersilk, Ethicon

Ltd., Belgium) and resected. The abdominal wall and the skin were sutured in layers
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with an interrupted suture (4-0 sutures). After the removal of the ovary was completed
on one side, the rat was turned to the other side and these surgical procedures were
repeated. Buprenorphine (0.03 mg/kg, subcutaneous injection (sc), Temgesic,
Schering-Plough, NJ, USA) was given as an analgesia after both ovaries were

removed.
Fracture creation and treatment

After OV X was performed on the six-month-old rats, they were kept for three months
to develop osteoporosis before a closed femoral fracture was created on the right
femur of the rats?*2. In detail, under general anesthesia with ketamine and xylazine,
the hair on the right limb was shaved and prepared with aseptic techniques (0.5%
Hibitane in 70% ethanol). An incision the length of 10mm was made in the middle
side of the limb and a 2mm incision was made to the patella (parapatellar incision).
The femoral condyle was exposed through dissection of the joint capsule of the knee.
The patella was laterally dislocated and the inter-condylar notch was exposed. The
inter-condylar notch was used as an entry point for reaming, which was performed
with an 18G needle until it was inserted through the entry point into the medullary
canal. After the 18G needle perforated the proximal femur, the rat was positioned on a

customized 3-point-bending apparatus, which was also used in our previous studies®*.

A transverse fracture was created in the mid-shaft (diaphysis) of the right femur by
dropping a metal blade (about 500 grams) from a height of 35cm. The fracture was
confirmed with antero-posterior and lateral radiographs. Then, a thin guiding puncture
pin with diameter of 0.7mm and length of 80mm was intra-passed through the 18G
needle until it penetrated the skin. Using a pincer, we then firmly fixed the thin pin

and pulled the 18G needle out of the femur canal. After that, we refixed our designed
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nail (needle-based) to the fractured bone through the guiding pin. When the guiding
pin was pulled out, the Mg pin was inserted into the canal of the nail for treatment
after insertion in vivo. The length of our designed nail was 45mm to match the 40mm
length of the femur. The additional 5mm end was bent as a hook to prevent distal
femur movement. Buprenorphine (0.03 mg/kg sc. Temgesic, Schering-Plough, NJ,

USA) was given 15 min pre-operation and one-day post operation was allowed for

analgesics.

Total
88

Group of SN (control)

Group of SNMI (Mg treated)

MCT scanning and X-ray
radiography,

decalcified sample histology and
histomorphometric analysis (n=6)

MCT scanning and X-ray
radiography,

decalcified sample histology and
histomorphometric analysis (n=6)

Safranin O staining for
glycosaminoglycans in cartilage,
hypertrophic chondrocytes.

Fluorescence staining (n=6) for
undecalcified samples.

Week | H&E staining for cell lines - .
2 (osteoblast, osteoclast, chondrocyte, H&E staining for cell lines
(osteoblast, osteoclast, chondrocyte,
and osteocyte).
and osteocyte).
Safranin O staining for . _
glycosaminoglycans in cartilage, sﬁfgzr;g:n?nzgllgéggsf?r: cartilage
hypertrophic chondrocytes. hypertrophic chondrocytes.
MCT scanning, MCT scanning,
decalcified sample histology and decalcified sample histology and
histomorphometric analysis (n=6) histomorphometric analysis (n=6)
H&E staining for cell lines H&E staining for cell lines
(osteoblast, osteoclast, chondrocyte | (osteoblast, osteoclast, chondrocyte
Week | and osteocyte). and osteocyte).
4

Safranin O staining for
glycosaminoglycans in cartilage,
hypertrophic chondrocytes.

Fluorescence staining (n=6) for
undecalcified samples.

MCT scanning,

MCT scanning,
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decalcified sample histology and
histomorphometric analysis (n=6)

H&E staining for cell lines
(osteoblast, osteoclast, chondrocyte

decalcified sample histology and
histomorphometric analysis (n=6)

H&E staining for cell lines
(osteoblast, osteoclast, chondrocyte

Safranin O staining for
glycosaminoglycans in cartilage,
hypertrophic chondrocytes.

Mechanical test and fluorescence
staining (n=8)

Week | and osteocyte). and osteocyte).
8
Safranin O staining for Safranin O staining for
glycosaminoglycans in cartilage, glycosaminoglycans in cartilage,
hypertrophic chondrocytes. hypertrophic chondrocytes.
Fluorescence staining (n=6) for Fluorescence staining (n=6) for
undecalcified samples. undecalcified samples.
MCT scanning, MCT scanning,
decalcified sample histology and decalcified sample histology and
histomorphometric analysis (n=6) histomorphometric analysis (n=6)
H&E staining for cell lines H&E staining for cell lines
Week | (osteoblast, osteoclast, chondrocyte | (osteoblast, osteoclast, chondrocyte
12 [ and osteocyte). and osteocyte).

Safranin O staining for
glycosaminoglycans in cartilage,
hypertrophic chondrocytes.

Mechanical test and fluorescence
staining (n=8)

Table 5.1. We allotted 6 rats for decalcified and calcified analysis in each group and
at each time point. At week 12, we allotted 8 samples for each group to do mechanical
testing.

5.2.3 Radiography and histomorphometry analysis
Radiographic Analysis: The radiographs were analyzed according to our established

protocol*”. Radiographic healing was defined as the complete bridging of
mineralized calluses, with callus width (CW) defined as the maximum width of the
callus, and the callus area (CA) was equal to the size of its radiopaque area under X-
ray photography. Both CW and CA were measured with lateral X-rays of each rat
using Metamorph

Image Analysis System (Universal Imaging Corporation,
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Downingtown, PA, USA). Each callus measurement was repeated three times and

averaged for statistical analysis.

Micro-CT Analysis: The fracture femur was harvested after euthanasia and the nail
was carefully removed. Then the fracture femur was wrapped in wet gauze, fitted into
the sample tube (@ 38 mm), and scanned with micro-CT (uCT40, Scanco Medical,
Brttisellen, Switzerland) according to our established protocol?*?. The scan range was
set at 10 mm (650 slides) and the fracture line was set in the middle of this range. The
resolution was set to 16 pum per voxel and 1024x1024 pixels. The region of interest
(ROI) was selected from 2D images with a standardized threshold (>165) as a
mineralized tissue. 3D reconstruction of the mineralized tissue was performed
according to our established protocol. A low pass Gaussian filter (Sigma=1.2,
Support=2) was used for 3D reconstruction. Different thresholds were to distinguish
old cortical bone and low and high density mineralized tissue in the callus. Analyses
of bones with low density (<165) and bones with high density (>165) were performed
in order to distinguish newly formed bone from old cortical or laminar bone. Our
quantitative analysis included all 650 2D image slides. The morphometric parameters
evaluated were total bone tissue volume (TV), high-density bone volume (BV), the
BV/TV ratio, callus TV density, callus BV density, and p-MOI. The average for each

group was recorded.

Biomechanical Testing: 4-point bend testing was performed using an established

protocol reported previously®*

with a mechanical testing machine (H25KS
Hounsfield Test Equipment Ltd. Redhill, Surrey, UK). Only groups at week 12 were
subjected to mechanical testing. The femora (n=8 for each group per time point) were
placed 26 mm apart in an anterior-posterior direction on the lower supporting bars,

and on the upper bars at 10 mm apart, flanking the fractured callus. A compression
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load was applied at a rate of 5 mm/min until failure. The final load, energy, and
stiffness were derived from the load—deformation curve built into the software
software (QMAT Professional Material testing software. Hounsfield Test Equipment

Ltd. Redhill, Surrey, UK). (Figure 5.2.5)

Figure 5.2.5. 4-point bending testing for fracture samples. The femur was placed with
anterior-posterior direction on lower supporting bars at 26 mm apart, and the upper
bars at 10 mm apart, flanking the fracture callus. A compression load was applied at a
rate of 5 mm/min until failure.

Histomorphometry analysis: For our analysis of undecalcified histology,
undecalcified samples were embedded into methylmethacrylate (MMA) and cut
sagittally with a microtome saw (Leica SP1600, Leica, Germany) into sections with a
thickness of 200 um each. The sections were ground, polished to 100 pum, and
observed under a fluorescence microscope (Leica Q500MC, Leica, Germany).
Sequential fluorescence labeling according to our established protocol was used to
study the dynamics of bone remodeling during fracture healing. L5 (calcein green)
and CY5 (xylenol orange) filters were used to visualize the areas of new bone that
were now labeled with the fluorochromes. For calculating the temporal change in new
bone formation, the area 5mm proximal and 5mm distal to the fracture was chosen as

the region of interest (ROI). The ratio of the area labeled with xylenol orange to that
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labeled with calcein green was determined at the callus site using Image J (version
1.429, NIH, USA). For decalcified histology, femora were fixed with buffered
formalin (4%, overnight) and decalcified with 10% formic acid for 4 weeks. Then the
samples underwent ethanol and xylene dehydration and were embedded into paraffin.
6um thin sections were sliced and subjected to Hematoxylin and Eosin (H&E) and
Safranin O staining for evaluation of the fracture calluses under a light microscope
(Zeiss Aixoplan with Spot RT digital camera, Zeiss, German). The composition of the
calluses was determined using Image J (version 1.42q, NIH, USA) for evaluation of
the bone tissue area fraction, cartilage tissue area fraction, and fibrous tissue area
fraction. A polarized light image was applied to analyze the collagen birefringence
arrangement in the decalcified sections. Two polarized light filters were placed
between the light path and viewing objective. For each tissue section, polarizing
filters were rotated until the maximum birefringence was achieved as confirmed by

the resulting 10x image capture.
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5.3 Results

5.3.1 Design of intramedullary nail
3D drawing and FEA analysis

The vent in the middle site of the needle had three kinds of designs: 1) A unilateral
window with a depth of 1/2 the needle’s outer diameter; 2). a unilateral window with
a depth of 1/3 the needle’s outer diameter; and 3) regular interlacing holes with
diameters of 0.5mm crisscrossing the needle’s surface (with a total of 18 holes

distributed in lengths of 1cm).

At first, we designed the unilateral windows as Mg ion releasing vents in the middle
site of the needle with a depth of 1/2 the needle’s outer diameter. The window was a
semi-round cutting with a length of 5mm, an outer diameter of 1.27 mm, and an inner
diameter of about 0.9 mm. The releasing area of the vent was about 4.5 square
millimeters (Figure 5.2.1). This nail design was our initial attempt to fix the rat femur
fracture, and its vent provided a large area to release Mg ions during degradation.
Unexpectedly, the nail broke after four weeks of fixation in vivo (Figure 5.3.1). The
inferior mechanical sustainability of the initial design was due to the stress
concentration at the vent site, and the nail was also broken at the vent site. This
inspired us to rethink the design pattern of the vent: basically, the stress at the vent
site needed to be dispersed, so we designed two alternate nail drawings with different
vent patterns in SolidWork. To keep the vent area wide enough for Mg ion release in
vivo, the area of these alternate of vents was very close to that of the initial design.

(Figure 5.2.1)

To select the optimal nail from our three designs, their stress bearing properties were
evaluated in FEA. After a virtual load was applied in the software, the nail was

deformed with a distinguished stress state at the vent site. Colors ranging from blue to
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the red represented the growing stress at the vent site in the report images, with the
warmer color showing more stress at the vent site. Our results indicated that the
needle with regular interlacing holes (at a diameter of 0.5mm crisscrossing the
needle’s surface) had the least stress tension at the middle site, just as the intact needle
did. Although the unilateral window with a depth 1/3 the needle’s outer diameter
significantly reduced the stress tension compared to the window with a depth 1/2 the
outer diameter’s design, its bearing was still very high compared with that of the
intact needle. The results were grouped into middle site bearing strength and lateral
site bearing strength and revealed that both middle and lateral site bearing were
greatest with a needle that had a depth 1/2 the outer diameter’s design; the needle with
a depth 1/3 the outer diameter design was less but still high compared to the intact
needle. The needle with regular interlacing holes (at a diameter of 0.5mm
crisscrossing the needle’s surface) showed almost no difference from the intact needle.
This meant that the design with regular interlacing holes had the most advanced

mechanical properties compared with the other two designs. (Figure 5.3.1)
Degradation of Mg pin encapsuled in the nail in vitro

It was difficult to detect the amount of Mg ions released from the needle vent in vivo.
However, we could evaluate Mg pin degradation in the medium in vitro to mimic its
in vivo performance. An Mg pin was inserted into the needle canal and the two tips of
the needle were sealed. This ensured that the Mg ions could only be released from the
vent. The results indicated that the needle encapsulated Mg pin degraded as fast as the
naked Mg pin in vitro, and there was no difference between them in the first month.
At month 2, the needle encapsulated Mg pin soaked in the medium slightly increased
the Mg concentration compared to the soaked medium containing naked Mg. This

may have been due to the electrochemical reaction at the interface between the Mg
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metal and the stainless steel needle. The Mg concentrations of the extracting medium
with needle encapsulated Mg was 1.2 times the medium with naked Mg at month 2.
This result indicated that the degradation of the Mg pin was not affected after it was
encapsuled into the nail, proving that the designed intramedullary nail was suitable for

carrying the Mg pin in the bone fracture fixation. (Figure 5.3.2)

5.3.2. Mg accelerated fracture healing in OV X rats
X-ray photography results

A series of representative lateral X-ray radiographs of the same rat at weeks 0, 2, 4, 6,
8, and 12 were collected for comparison. Radiographs at these time points showed a
faster healing process in the Mg treatment group than in the control. At week 2 post-
surgery, the callus gaps in the Mg treatment group showed a smaller size than those in
the control group. At week 4 post-surgery, the fracture was almost bridged by the
mineralization of the callus in the Mg treatment group, with the minor appearance of
callus gaps. In the control group, the callus gaps were retained at the fracture site.
According to our X-ray radiography, the bone callus grew faster in the Mg treated
group and the callus size was also bigger than those in the control femurs. (Figure

5.3.3)

Around the fracture site, an obvious radio-opaque external callus was observed from
week 2 to week 8 after surgery in both groups. Early in week 2, the Mg treated
fracture had a larger callus width and area than the control fracture. After week 2, the
callus gap began to reach Radiographic healing, but not all the femurs reached the
Radiographic healing. At week 4, 100% (12/12) of the control rat femurs showed no
gap closure in our radiographic pictures. While the Mg treated rat femurs showed

little non-healing rate, about 91.6% (11/12) of the Mg treated rats did not reach
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radiographic healing. At week 8, 62.5% (5/8) of the Mg treated rats reached
radiographic healing. The control group showed a 33.3% (3/9) radiographic healing
rate at this time point. At week 12, almost all the Mg treated fracture femora reached
radiographic healing (87% of 7/8), but the control group still had 4 femora that did not

(55.5% of 5/9).

We also calculated callus width and callus area. The results indicated that Mg treated
femurs had larger callus widths and areas than the control femurs. At week 2, the Mg
treated group was 1.2 times larger in the callus area and its callus width was 1.1 times
larger than the control group. At week 4, the callus area of the Mg treated group was
1.3 times higher than the control group, and the callus width was 1.2 times that of the
control group. At weeks 6, 8, and 12, there was no significant difference in the callus
area between the Mg treated group and the control group. There was no significant
difference between the callus widths of the two groups at week 12. This showed that
the callus area was growing from week 2 to week 6, and that it began to decrease from
week 4 to week 12 in the control group, while the callus area of the Mg treated group
reached its peak at week 4 and decreased by week 12. In X-ray radiography, there was
almost no difference between the Mg treated group and the control group at the week

12. (Figure 5.3.4)
Micro-CT results

A Micro-CT scan at 5 mm midshaft above and down the fracture line was performed,
and a series of 560 slices representing the 10 mm long fracture bone were included in
our analysis. In Micro-CT scan, high-density bone was defined as that above a
threshold of 165, which represented the old cortical and lamellar bone. A threshold
below 165 was defined as lowly mineralized bone or newly formed bone. (Figure

5.3.5)
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The total bone volume (TV) of the callus included all the scanned pixels covering the
tissue above and below the threshold of 165. Bone volume (BV) indicated high-
density bone tissue with pixels above the threshold 165. Mg treated fracture bones
showed significantly high TV than the control group at week 4. At week 4, the TV of
the Mg treated bone was 1.3 times that of the control group. At weeks 8 and 12, there
no significant difference in the TV of the Mg treated group and the control group. We
observed that the total volume of the calluses in the Mg treated group increased from
week 2 to week 4, then the callus TV of the Mg treated group decreased at weeks 8
and 12. It sloped to the lowest point at week 12. However, the total volume of the
calluses in control group grew from week 2 and reached a peak at week 4, leveling at

weeks 8 and 12 without sloping until week 12.

We also compared the high-density bone volume of the calluses and found there was
no significant difference in BV between the two groups at weeks 2, 8, and 12. At
week 4, the highly mineralized bone volume of the calluses in the Mg treated group
was 1.2 times that the control group, showing an almost 20% increase compared to
the control group. This highly mineralized bone volume in the Mg treatment group
was consistent with the total callus volume at weeks 2 and 4, but not at weeks 8 and
12. After it reached a peak at week 4, it decreased by weeks 8 and 12. In addition, the
highly mineralized bone volume of the control group decreased from week 2 to weeks
4 and 8 and then increased by week 12. At week 12, the highly mineralized bone

volume between the two groups had no significant differences at all.

BV/TV (the proportion of highly mineralized bone volume to total callus volume)
corresponded to the above two parameters. The BV/TV of calluses in the Mg treated
group was significantly lower (0.8 times in both weeks 2 and week 4) than in the

control group. There was no significant difference in BV/TV between the two groups
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at weeks 8 and 12. The BV/TV of the Mg treated group increased from weeks 2 to 4,
reaching a peak at week 12. However, the BV/TV of the control group showed a
slight decrease from week 2 to week 8, after which it began to grow and reached its

peak at week 12. (Figure 5.3.6)

p-MOI (p moment of inertia, mm”4) determined the rigid body torque that was
needed for the desired angular acceleration when it rotated along an axis. The bigger
the p-MOI, the more inertia the rigid body had®***. In our study, p-MOI was
considered a parameter reflecting fracture bone rigidity. Since the bone shaft’s
mechanical properties partly depend on the shaft diameter and its mass, p-MOI was
used to mirror the bending resistance of the shaft. According to our results, Mg treated
fracture bone calluses had a higher p-MOI at week 4, showing an almost 50%
increase (1.5 times) over that of the control fracture bones. This indicated that Mg
treated fracture bones had better mechanical strength than the control fracture bone at
week 4. However, there was no significant difference between two groups at weeks 2
and 8. While p-MOI was a theoretical parameter used for estimating the mechanical
strength of the fractured bone shaft, the gold standard for measuring mechanical

properties is still biomechanical testing. (Figure 5.3.7)

No significant difference in Callus BV density between the control group and the Mg
treated group was shown at weeks 4 and 12. The Callus TV density of the Mg treated
group was nearly 20% lower than that of the control group at week 4. However, the
callus TV density of the Mg treated group was 1.1 times higher than that of the
control group at week 12. This indicated the presence of more mineralized bone tissue
in the Mg treated group than the control group. Also at week 12, biomechanical
testing of the fractured bones showed that the ultimate load of the Mg treated fracture

bone was about 30% higher than that of the control group, indicating that fracture
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bones after Mg treatment had a better mechanical performance compared with the

control group at week 12. (Figure 5.3.8)
Histomorphometry analysis

All the samples had callus formation, intramembranous ossification, and
endochondral ossification in the fracture healing process. In our H&E staining images,
more periosteal woven bone and intramembranous ossification were formed in the Mg
treated bone than the control at week 2. Numeral hematogenous basophilic cells were
aggregated in the cavities of the periosteal woven bone in the Mg treated fracture
bone, indicating a stronger inflammatory response triggered in the Mg treated fracture
bones than the control at week 2. Meanwhile, the presence of more periosteal woven
bone in the Mg treated group indicated stronger intramembranous ossification in that
group compared with the control. At week 4, the cartilaginous tissue began
endochondral ossification and more wide cartilage tissue was observed in the Mg
treated fracture bones. This indicated more active endochondral ossification in the Mg
group than in the control group. At weeks 8 and 12, woven bone replaced the cartilage
at the fracture callus gap. After that, the woven bone was replaced by lamellar bone
and eventually began bridging with continuous osseous tissue in most of the fracture
bones. At this stage, the Mg treated bone had more woven bone at the fracture site
than the control group at week 8 and more uniform osseous bridging than the control

group at week 12. (Figure 5.3.9)

In our Safranin O staining images, Safranin O positive red staining was observed at
the fracture site of the bones at week 4 and 8. The Mg treated fracture bones showed a
wider red staining area in callus tissue than in the control bone group, indicating more
cartilage tissue with mature glycoprotein in the Mg treated bone. At week 8, red

staining still was observed in the control bones at the fracture sites. However, this was
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hardly observed in the Mg treated bone, indicating that the endochondral ossification

process in the control group lagged behind that of the Mg group. (Figure 5.3.10)

New bone formation was evaluated using sequential labeling with fluorescent dyes in
undecalcified bone sections. Representative fluorescent micrographs of the fracture
bone sections showed xylenol (red) and calcein (green) labels at weeks 4, 8, and 12.
We observed that newly formed bone at the fracture callus in control group grew from
week 4 and reached a high volume at week 8, which then diminished by week 12.
However, the Mg group showed a significant amount of newly formed bone at week 4,
decreasing at weeks 8 and 12. By horizontal comparison, more new bone was formed
in the Mg group than the control group at week 4. There was no significant difference
in newly formed bone volume between the two groups at week 8. At week 12,
however, the Mg group showed less fluorescent staining than the control group. This
indicated a faster bone-remodeling rate in the Mg group than the control group.

(Figure 5.3.11)

Circularly polarized light images of the Mg treated and control fracture calluses
displayed regions with oriented collagen fibers, indicating lamellar bone organization.
At week 2, the callus collagen arrangements in both the Mg group and control groups
were disordered, as the polarized light image displayed a chaotic light filament. At
week 4, both of the groups displayed regular collagen arrangements at the lateral side
of their calluses due to the calcified woven bone growing at the lateral site while
cartilage at the middle site of the calluses was not yet calcified. However, Mg the
treated group showed more bright fibers at the callus site than the control group at
week 4. This indicated that more maturely arranged collagen was produced in the Mg
group than the control group. At week 8, endochondral ossification was almost

finished. Both groups showed bright and regular light fibers at the callus region, but
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more bright fibers were observed in the Mg treated group than the control group. At
week 12, new bone was remodeled at the fracture site and transformed from woven to
lamellar bone. Our image showed that more bright fibers and regular lamellar bone
were observed in the Mg group than the control group, indicating better lamellar bone
formation and mechanical properties in the Mg treated samples compared to the

control samples at week 12. (Figure 5.3.12)

Our quantitative analysis of bony callus fractions and cartilaginous fractions were
based on H&E and Safranin O staining images. Bony callus fraction indicated the
ratio of bony area to total callus area; cartilaginous callus fraction indicated the ratio
of cartilage area to total callus area. Bony fractions in both groups increased from
week 2 to week 12. The Mg treated group showed significantly lower bony fraction
than the control group at week 4 and higher bony fraction than the control group at
weeks 8 and 12. However, cartilaginous callus fractions in the Mg treated group were
higher than the control group at week 4 and lower than the control group at weeks 8
and 12. The cartilaginous callus fractions of the two groups both decreased from week

2 to week 12. (Figure. 5.3.13)

According to our fluorescent staining, the ratio of new bone formation at the callus
site indicated the dynamics of callus bone formation. This was the ratio of the area
labeled with xylenol orange to the area labeled with calcein green. The results showed
that callus bone formation in the Mg treated group was most active at week 8 and
decreased at week 12. However, callus bone formation in the control group increased
by week 12, indicating a lagging bone formation process in the control group

compared to the Mg treated group. (Figure. 5.3.14)
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Figure 5.3.1. Mechanical simulating testing in FEA, bearing stress at the middle and
lateral sites of the vent, as indicated by color. From cold to warm, the color
represented bearing stress from small to large. The bearing stress of the middle and
lateral sites were analyzed in the histogram. The vent of hole design (in the red pane)
was the optimal choice.

Immersion time points

Figure 5.3.2. An Mg pin was inserted into the designed needle and its two tips sealed.
Needles with Mg pin were immersed into the medium for 2 months. Mg elemental
concentrations of the medium at eight time-points were analyzed by ICP-OES in each
group (n=3). All values are given as the mean £ S/D. A two-way ANOVA was
performed between groups, and significant differences were defined as: ***p< 0.001.
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Figure 5.3.3. Representative X-ray photography images of femur fracture in the
control sample (left side) and the Mg treated sample (right side) at weeks 2, 4, 6, 8,
and 12.

Figure 5.3.4. Callus area and callus width of the two groups from weeks 2 to 12 were
analyzed. Significantly higher callus areas and callus widths were observed in the Mg
treated group at week 4. The difference vanished at week 12. n=6 for each group at
each time point. A two-way ANOVA was performed between groups. All values are
given as the mean + S/D. Significant differences were defined as: *p<0.05, **p<0.01,
and ***p< 0.001.
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Figure 5.3.5. Representative 3-dimensional image of the fracture callus of the control
sample (above) and the Mg treated sample (below) at weeks 2, 4, 8, and 12. The
callus volume of the Mg treated group was more than that of the control group at
weeks 2 and 4. There was no significant difference between the two groups at week
12.

Figure 5.3.6. Total callus bone volume (TV), high-density callus bone (BV), and
BV/TV as measured by micro-CT at weeks 2, 4, 8, and 12. Significantly higher TV,
BV, and BV/TV were observed in the Mg treated group at week 4. A two-way
ANOVA was performed between the groups. n=6 for each group at each time point.
All values are given as the mean + S/D. Significant differences were defined as:
*p<0.05, **p<0.01, and ***p< 0.001.
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Figure 5.3.7. p-MOI of the fracture calluses of two groups analyzed by micro-CT at
week 4. The Mg treated group was significantly higher than the control group. A
Student’s t-test compared the two groups. n=6 for each group at each time point. All
values are given as the mean + S/D. Significant differences were defined as: *p<0.05,
**p<0.01, and ***p< 0.001.

Figure 5.3.8. Callus TV density in the two groups at weeks 4 and 12 were represented
in first two column graphs. TV density of the Mg treated group was significantly
higher than the control group at week 12. The TV Ultimate load by mechanical testing
was represented in the last column graphs. The ultimate load of the Mg treated group
was significantly higher than the control group at week 12. A Student’s t-test
compared the two groups. n=6 for each group at each time point in TV/BV density
analysis. n=8 for each group at each time point in the ultimate load analysis. All
values are given as the mean + S/D. Significant differences were defined as: *p<0.05,
**p<0.01, and ***p< 0.001.
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Figure 5.3.9. Histomorphological analysis of midsagittal section of healing femoral
shaft fracture (6um) stained with H&E (5%). The callus gap was wider in the Mg
treated group than the control group at weeks 2 and 4. No significant difference was
observed between the two groups at weeks 8 and 12.

Figure 5.3.10. Histomorphological analysis of midsagittal section of healing femoral
shaft fracture (6um) stained with Safranin O (5x). Cartilaginous tissue (red staining)
in the callus gap was more in the Mg treated group than in the control group at week 4.
Less cartilaginous tissue (red staining) in the callus gap was observed in the Mg
treated group than the control group at week 8.
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Figure 5.3.11. Fluorescence microscopic image with two fluorescent labels: calcein
green (green light) and xylene orange (red light). Fracture samples (100um) at weeks
4, 8, and 12 from the control group (needle) and the Mg treated group (Mg delivery
system) were stained (20x). New bone formation in the Mg treated group reached its
peak at week 4 and decreased at week 12. The most active new bone formation in the
control group was at week 8. It indicated that new bone formation in the Mg treated
group was faster than in the control group over the healing term.

Figure 5.3.12. H&E staining and polarized light analysis of callus in the midsagittal
section of the healing femoral shaft fracture (100x). Collagen fibers in the Mg treated
group showed more regular arrangement than those in control group at weeks 8 and
12. This indicated that more lamellar bone was formed in the Mg treated group at
week 12.
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Figure 5.3.13. Fraction of bony tissue (above) and cartilaginous tissue (below)
compared to total calluses of the control and Mg treated groups at weeks 2, 4, 8, and
12. Quantitative data were based on H&E and Safranin O staining images. Both
fractions had significant difference at week 4. n=6 for each group at each time point.
All values are given as the mean = S/D. A two-way ANOVA was performed between
groups, significant differences were defined as: *p<0.05, **p<0.01, and ***p< 0.001.

Figure 5.3.14. Dynamics of bone formation in the control and Mg treated groups at
weeks 4, 8, and 12. Quantitative data were based on fluorescent images. The Mg
treated group showed a significantly lower ratio of new bone formation compared
with the control group at week 12. n=6 for each group at each time point. All values
are given as the mean £ S/D. A two-way ANOVA was performed between groups,
significant differences were defined as: *p<0.05, **p<0.01, and ***p< 0.001.
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5.4 Discussion
Pure Mg is rarely used in fracture repairs due to its low strength and fast degrading

rate’*®. Here, we designed an intramedullary nail with a vent at the middle site of the
needle. We inserted a pure Mg pin into the needle and utilized Mg ions’ bioactive
effects to have them exactly release to the fracture line. Our initial design of a
unilateral window with a depth of 1/2 the needle’s outer diameter was too weak to fix
the fracture bone and broke between weeks 4 and 6 after initial fixation. To ensure
that the vent would have ample area for Mg ion to release and simultaneously have
sufficient bending strength, we chose a design with cruciatedly interlacing holes,
applying FEA results, as it possessed the best mechanical performance. Our
mechanical test proved that the vent design with real cruciatedly interlacing holes was
actually as strong as the intact manufactured needle. We inserted the Mg pin into the
needle and sealed its two tips, then put it into the medium to evaluate Mg degradation
and Mg ion release in vitro. Our results indicated that the Mg degradation rate of the
needle capsuled Mg pin was very close to that of the bare Mg pin, which meant that
our design had no constriction to Mg pin degradation. At month 2, the Mg ion
concentration extracted from the medium immersed with the encapsuled needle was
27% higher than the medium with a bare Mg pin. This might be due to the
electrochemical effect between the Mg and the steel interface. This part of our results
proved the feasibility of our needle for bone fracture repair since this novel design
meant that the soft Mg metal could be directly used in the fracture model. (Figure

5.3.2)

Based on the results in chapter 2, the effect of Mg induced new bone formation was
an intramembranous ossification that was mainly dependent on the periosteum

stimulation, including neuropeptides (ex. CGRP) and the differentiation of MSCs. In
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our X-radiography results, fracture calluses in the Mg treated group showed
significantly broad intramembranous hard callus lines compared to the control group
at weeks 2 and 4. Soon after the fracture, MSCs from periosteum and bone marrow
were recruited into the fracture site and differentiated into the osteoblasts. This
intramembranous ossification process happened as early as the first week after the
fracture, during which term inflammation cytokines with neuropeptides were
integrated into the intramembranous ossification. Mg had an obvious osteogenic
effect in this period of time. We observed significantly larger callus areas and widths
in the Mg treated group compared to the control groups at weeks 2 and 4. The ratio of
callus bridging was higher in the Mg treated fracture bone than in the bones of the
control group at weeks 4, 8, and 12. This callus bridging was dependent not only on
intramembranous bone formation, but also on a endochondral ossification process.
The un-bridging site was filled with cartilaginous tissue when endochondral
ossification was not finished. Intramembranous ossification and endochondral
ossification were both observed to be faster in the Mg treated group than in the
control group, which accounts for the faster callus bridging in the Mg treated fractures.
The slow callus bridging indicated a long process of endochondral ossification and
remodeling at the bone fracture site in the control group. In Wing-Hoi Cheung’s study,
the callus area and width were larger in LIPUS treated fractures than in a control only
at weeks 2 and 4 but the difference diminished at week 8. This fracture healing trend
was similar to the observations in our study, indicating that Mg accelerated bone

fracture healing is similar to physical treatment.

Our Micro-CT results showed a similar trend to our X-ray results. The TV of the Mg
treated group showed an increase from week 2 to week 4. It then decreased at weeks 8

and 12. There was a rapid and transient hematoma phase and inflammation within 24
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hours after the fracture. The inflammation led to the destruction of existing osseous
tissue at the fracture bone tips, and this turned the bone debris to hematoma granules.
Between weeks 2 and 4 after fracture, hematoma granulation was first enriched with
mesenchymal stem cells and inflammatory cells and then replaced by cartilage tissue.
Over this period, total callus volume was increased both in the control fracture bones
and the Mg treated fracture bones. However, new mineralized bone (BV) decreased in
the control fracture bones from weeks 2 to 4 due to osteolysis in the early
inflammatory phase, and the destroyed osseous tissue was replaced with newly
formed cartilage tissue. By contrast, there was a significant increase of BV at week 4
in the Mg treated group. As we discussed earlier, Mg’s osteogenic effect was
periosteal bone formation, so the increased BV was mainly derived from vast
intramembranous ossification. With double-labeled fluorescence staining, newly
formed dense green and red stained osseous tissue was observed at a lateral callus site
but not at the middle site (there was cartilage tissue at the middle site of the callus) in
the Mg treated group at week 4. Endochondral ossification was finished at weeks 8
and 12. In this period, the cartilage tissue ossified to the woven bone. Meanwhile, the
ossified intramembranous woven bone was decreased and reformed to create a more
regular lamellar bone. So, the BV in both the control and Mg groups decreased from
week 4 to week 8, then it increased after the bone remodeling process. This evolution
of TV and BV in the fracture repair matched our observation of histomorphological
analysis in H&E staining and Safarnin O staining. Double-labeled fluorescence
staining proved that the bone fracture healing process was significantly accelerated in
the Mg treated groups compared with the control group. A polarized light image
showed that more regular collagen fiber appeared at the end of healing period in the

Mg treated group than in control group, which indicated that better remodeling with
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more lamellar bone and mechanical properties were achieved in the Mg treated group.
Biomechanical testing proved that the ultimate load of the Mg treated bone was 1.3

times that of the control bone.

Of note, the callus area in the Mg-IMN group was significantly larger than in the
IMN group at week 4, and then no difference was detectable at week 8 and 12,
implying an enhanced bone remodeling in the Mg-IMN group at early healing phase.
The faster ratio of new bone formation in Mg-IMN group at week 4 was represented
by high fluorescent staining and BV quantification. The Ca®* chelating agent calcein
green and xylenol orange only stained the free Ca** which exiting as non-mineralized
ACP. The richly stained osteoid area in Mg-IMN group at week 4 was matched with
high BV in micro-CT scanning. At week 12, the thinly stained osteoid in Mg-IMN
group represented a low ratio of new bone formation which indicated the finishing
bone remodeling process compared to IMN-group. More importantly, because
mineralization of HAP and lamella bone alignment are direct undertakers for
mechanical strength of bone rather than osteoid in fluorescent staining and BV in
micro-CT, the high BMD and well aligned lamella bone in Mg-IMN group indicated a
better mechanical strength than IMN group. It was proved in biomechanical testing
which showed that the ultimate load of the repaired bone was significantly higher in
the Mg-IMN group, as compared to the IMN group. As previously reported, a role of
Mg in the crystal structure of extracellular matrix together with better alignment of
matrix collagen is the most likely explanation for this clinically relevant finding®*.
Considering that the amount of Mg applied in our study was relatively small, it was
still hard to conclude that the long-lasting effects of Mg will always benefit bone
fracture healing. If a high mass of Mg were applied to the fracture, could the bone

remodeling process still be accelerated? We thought that there should be an optimal
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dosage of Mg for fracture healing acceleration, but finding this requires exact
calculations with a range of doses distributed over various test programs. Although
both normal and osteoporotic bone fractures employed the same regenerative process,
indicated above, previous studies have suggested that the capacity for bone healing
and remodeling in osteoporotic fractures are reduced®*’, probably due to the impairing
of intramembranous ossification at an early stage and angiogenesis and

osteoprogenitor cell recruitment in endochondral ossification®*’.

Our study showed that Mg promoted stem cell recruitment and intramembranous
ossification in vivo. With regard to angiogenesis, Bernardini D et al had already
proven that low doses of Mg inhibited epithelia growth and migration while high
doses of Mg significantly stimulated epithelia proliferation and migration and

sensitized microvascular cells to migratory signals®*

. There are already many
methods used for the treatment of osteoporosis and osteoporotic fractures, such as
parathyroid hormone (PTH), bisphosphonates, estradiol, vitamin Ds, selective
estrogen receptor modulators, calcitonin, and physical therapies such as low intensity
pulsed ultrasound (LIPUS) #**#° However, drugs and physical therapy require long-
term treatment after surgery, and these treatments are relatively high cost. Compared
to drug administration and machine-enabled physical therapy, fixing Mg as a

treatment material into the intramedullary nail at the surgery procedure was shown to

be simple and cost-effective.

In conclusion, Mg metal as a direct fixed appliance in a bone fracture was not
practical in vivo. Our design of an innovative intramedullary nail containing
biodegradable and osteogenic Mg for fracture healing, however, was effective. This
kind of design significantly accelerated optimized fracture healing in OV X rat models.

Based on our study of Mg-induced osteogenic effects and their mechanisms, we
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proved that Mg ions significantly enhanced synaptic replasticity in DRG neurons,
which promoted synaptic vesicles containing the sensory neuropeptide CGRP to
aggregate to the axon terminals for a massive release of stimulation. The Mg ion itself
had an osteogenic effect on PDSC and BMSC differentiation. Considering that bone
Mg content and sensory neuropeptides were decreased with age in animals, especially
since the decreased sensory neuropeptides CGRP and substance P led to a significant

251

delay in wound healing in aged rats®>", we found that we could use Mg metal as a

bioactive material to accelerate bone fracture healing.
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Chapter 6

General Conclusion
And
Future Study
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6.1 General Conclusion
Mg induced new bone formation at the periosteal region after it was implanted into

the rat femur canal. This phenomenon was due to the direct effect of Mg ions on
sensory nerve endings in femur periosteum and MSCs. On the one hand, Mg ion
enhanced synaptic replasticity and promoted synaptic vesicles aggregated at the axon
terminals in DRG neurons. The neuropeptide CGRP released from the nerve endings
promoted osteoblastogenesis to MSCs in periosteum, forming new bone. On the other
hand, the Mg ion itself induced osteogenic differentiation to MSCs. Mg ion’s effects
on neurons and MSCs were dependent on cytoplasmic Mg influx under extra-cellular
high Mg conditions. This transmembranous Mg influx mainly occurred via the ion
channel MagT1, which is ubiquitously expressed in eukaryocyte. We postulated that
Mg metal could be used in osteoporotic fracture healing on account of its osteogenic
effect. Since pure Mg metal was too soft to fix the fractured bone in rats, we designed
a hollow intramedullary nail that contained an internal Mg pin to fix the bone
fractures of OVX rats, and this Mg-containing intramedullary nail significantly

accelerated and optimized femur fracture healing.

6.2 Limitations of the Study
The limitations of our study are mainly restricted to the technology we used in our

cell studies and surgery:

1. In the surgery, we needed to replace the guiding nail with an intramedullary nail to
fix the fractured bone after the closed bone fracture was made. The unavoidable
surgery trauma to the fracture bone tips might have interfered with bone healing in

our model.

2. In addition to Mg ions, hydrogen and hydroxyl were also produced during Mg
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degradation. In our study, we did not explore the details effect of hydrogen and
hydroxyl on bone fractures. According to other researches, hydrogen is beneficial to

wound healing®*?.

3. Mg could retard the growth of mineral crystals, making them short and tiny. This
retarding of mineral crystal growth benefits bone mechanical properties, so the
mineral crystal size and morphology of Mg treated fracture callus tissue should be

detected by XRD.

6.3 Future studies
1. For this study, we screened out the cell membrane Mg ion channel MagT1 as an

aprincipal channel for cellular Mg influx. However, our findings are just beginning to
explain the deep mechanism of synaptic vesicle formation in neuron and osteogenic
differentiation in MSCs under high Mg conditions. Since the osteogenic effect of Mg
on MSCs had a common channel dependence with MagT1 and with Mg’s replasticity
to the neuron, we believed that Mg ion’s effect on stem cells and neurons should
occur through a conjunct mechanism based on myosin-actin system. That is the next

step in our research direction for cytoskeleton cell biology.

2. In a recent experiment, we found that CD 3 positive T cells were clustered at the
newly formed bone region in Mg implanted femur. The new, Mg-induced bone
formation at the outer cortical region mostly disappeared when the Mg pin was
implanted in the nude mice. This indicated that inflammation enrolled with T cells
should be important to Mg-induced osteogenic effects. We postulated that the round
story should integrate neuro-immune-osteogenesis in Mg induced osteogenic process.

There must be connections with neurofactors, immunofactors and Mg. Considering
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that many bone diseases were caused by a defect in the immune system, a thorough
understanding of Mg-neuro-immuno interactions could provide a possible solution to

bone diseases.

3. The application of Mg metal in rat fracture healing still requires further
improvement. Since our ultimate purpose was to apply metal Mg to clinical practice,
determining the optimum dose of Mg dose and its use modes will be our key points in

future study.

The efforts for testing Mg-based implants in animal models and patients can be dated
back to a century ago®?**?* Extensive investigations from our multidisciplinary
collaborations have recently reported a consistent phenomenon that Mg-based
alloys/BMG can significantly promote bone formation in vivo™*>*, However, to date,
only one type of Mg-based implants is approved with official CE marking

(https://www.gov.uk/ce-marking) for orthopedic application after completion of a

small scale clinical trial over a period of 6 months in Germany, that is, an interference
screw made of MgYREZr with higher corrosion resistance for the fixation of mild

hallux valgus®®.

Commercial implants containing Mg and its alloys are already available in Germany

(http://syntellix.de/en/) which selling the WE43 bone staple for the foot bone fracture

fixation. Moreover, in 2014, the Korean scientists were undertaking the clinical trails
or Mg-Zn-Ca alloy bone staple for the fixture of fractured hand bone. The creation of
biodegradable metals is inspiring new research and offering great hope to clinicians,
especially after improvements in glassy alloy technology have made Mg more
relevant to the hospital bedside. Considering the osteoporotic fractures in aged people

are sharply increasing in our nation, it need further exploration of effective treatment
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besides conventional FDA-approved drugs including the bisphosphonates, calcitonin-
salmon, denosumab (Prolia™), the estrogen agonist/antagonist raloxifene,
estrogen/hormone therapy (ET/HT), as well as the anabolic agent teriparatide
(Forteo™) to reduce fracture risk. Mg and its alloys used in fracture fixation need
proper design to be applied in hip-neck fracture, lumber fracture and radius fracture et
al. In the clinical field, the plate design rather than the degradation would be the key

point in fracture healing.

More than that, the osteogenic effects, neural synaptic replastcity, and cardiovascular
protections of Mg have made it a potential candidate for various treatments. To date,
Mg ion (mostly MgSO, ) has been applied in the prevention of neuron damage in
preterm-birth babies?®, to enhance learning and memory®®®, to cure acute

262

pancreatitis™, to prolong the duration of analgesia after interscalene nerve blocking

263,264

and reduce postoperative analgesic requirements , and to intravenously relieve

265 ENREF_253%%. Our study is the first to apply Mg

acute stroke and lacunar infarct
as a medical treatment to enhance fracture healing. However, since hydroxyl, which is
produced in Mg degradation, is harmful to cells and tissues, metal Mg needs to be
refined before it is applied clinically. Our hope is that composite materials containing
Mg will be developed for use in the field of orthopedics. We believe that Mg, whether
metal or salt, will find multiple orthopedic applications, bringing us to continue

seeking the best usage modality principles for Mg and for a better understanding of

the mechanisms that drive Mg’s biological activities.
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