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Abstract
Osteogenesis Imperfecta (01) is an hereditary disease of connective tissue, characterised
clinically by frequent fracture following minimal trauma.
Advances in molecular biology have demonstrated type I procollagen gene
mutations in 01, this has not been matched by studies in the transmission electron
microscope.
The aim of this study was to investigate histological and ultrastructural changes
of bone collagen and microanalytical changes of bone mineral in 01.
Ultrastructurally, cellular changes were observed, possibly due to the poor
secretion of abnormal type I procollagen chains. Fibrils were observed associated with
type I collagen, possibly representing degraded collagen or abnormal collagen formed de
novo.
Histomorphometry of bone osteoid type I collagen fibre diameters, demonstrated
larger diameter fibrils in 01 compared to normal bone, possibly indicating an altered
packing of collagen molecules.
An X-ray microanalysis technique was developed, and determined the molar
calcium to phosphorus (Ca/P) ratio of OI cortical bone to be lower than normal.
Analytical studies on bone mineral suggested an apatite lattice was maintained, despite the
possible ionic substitutions resulting in a low Ca/P ratio.
A transgenic mouse with a mutated type I procollagen was investigated using the
methodologies applied to human OI bone. Radiography and alizarin red staining
demonstrated multiple fractures. Fibrils associated with type I collagen were observed.
Analytical studies correlated well with 01 data, a lower Ca/P ratio was observed in
transgenic mouse bone.
Molecular biological results have indicated that some mutations cause substitutions
for glycine, this study has shown that these appear to alter the quartemary structure of the
type I collagen. Alteration in collagen architecture may change the stereochemistry and
hence the nucléation and growth environment for apatite. Also, an increased opportunity
for ionic substitution and adsorption of ions may result.
The findings of this study point to certain abnormalities in type I collagen and
mineral formation and may be associated with the increased ease and frequency of bone
fractures in 01.

Contents.
Page
Volume 1:
Title.

1

Abstract.

2

Dedication.

4

List of Figures Legends & Tables.

5-15

Chapter 1:

General Introduction, Literature Review &
Aims of the Project.

Chapter 2:

The Morphology & Ultrastructure of Bone in
Osteogenesis Imperfecta.

Chapter 3:

40-110

Histomorphometry of Bone Osteoid Type I
Collagen Fibrils in Osteogenesis Imperfecta.

Chapter 4:

16-39

111-150

Determination of the Mineral Composition of
Normal and Osteogenesis Imperfecta Bone by
Electron Probe X-ray Microanalysis.

151-180

Volume 2:
Chapter 5:

Analytical Studies of Bone Mineral in
Osteogenesis Imperfecta.

Chapter 6:

A Transgenic Mouse Model for Osteogenesis
Imperfecta.

Chapter 7:

181-238

239-297

General Discussion, Conclusions and
New Concepts.

298-309

References Cited.

310-349

Publications and Awards.

350-354

Appendices.

355-356

Acknowledgements.

357-358

Dedication

To Sally and Giorgio
for all the time denied you.

Figure Legends and Tables.
Page
Figure 1.1: Patient suffering from type III osteogenesis imperfecta.

32

Figure 1.2: Radiograph of the right arm of the patient in Figure 1.1.

33

Figure 1.3: The left arm of the patient in Figure 1.1.

34

Figure 1.4: Patient suffering from type III or type V OI.

35

Figure 1.5: "Wavy ribs", characteristic of frequent fracture and
repair in type II OI.

36

Figure 1.6: The characteristic blue sclera of types lA and IB 01.

37

Figure 1.7: Brittle and discoloured teeth characteristic of types I,
m and IVB 01.

38

Figure 1.8: Radiograph showing the radius and ulna from the patient Figure 1.1
with rods in them following surgery.

39

Figure 2.1: A haematoxylin and eosin stained, decalcified, wax embedded
section from patient C showing numerous osteocytic lacunae. Bar= lOOO^m.

53

Figure 2.2: Polarised light micrograph of the section in Figure 2.1.
Bar = lOOO/xm.

54

Figure 2.3: Massons trichrome stained section of bone from patient K, showing
numerous osteocytic lacunae. Bar = lOOO^m.

55

Figure 2.4: Goldners stained section of undecalcified normal trabecular bone
showing a good lining of osteoid on the bone surface. Bar = 500^m.

56

Figure 2.5: Solochrome cyanine stained, undecalcified resin section, showing
osteoid from an 01 patient (patient L). Bar = 500/^m.

57

Figure 2.6: Goldners stained undecalcified section showing osteoid from an 01
patient (M). Bar = 500^m.

58

Figure 2.7: Light micrograph of a toluidine blue stained resin section of
osteoid from an 01 patient (patient C). Bar = 500^m.

59

Figure 2.8: Higher magnification of Figure 2.7, showing osteoblasts
lining the osteoid. Bar = 200/im.

60

Figure 2.9: Iliac crest biopsy from an 01 patient (patient B) showing
chondrocytes and trabecular bone formation. Bar = 5(X)/xm.

61

Figure 2.10: Goldner stained, undecalcified resin section of bone trabeculae
from the growth plate of patient J (type II 01). Bar = 1000/xm.

62

Figure 2.11: Decalcified, resin embedded transverse section through the
tibia of patient J, (type II OI). Bar = lOOO^m.

63

Figure 2.12: Haematoxylin and eosin stained paraffin section of undecalcified
normal bone from patient 2, showing bone formation with a good lining of
osteoblasts. Bar = 500^m.

64

Figure 2.13: Micrograph of mitochondria showing spherular deposits of
mineral in patient C. Bar =

65

Figure 2.14: Higher magnification of mitochondria showing the spherular
calcification. Bar = 0.71/im.

66

Figure 2.15: Mitochondria from patient G showing needles of calcium phosphate.
Bar = 0.71/im.

67

Figure 2.16: Mitochondria from patient J showing needles of calcium phosphate.
Bar =

68

Figure 2.17: Uncontrasted section of a mitochondrion from patient L showing
needles of mineral. Bar = 0.66^m.

69

Figure 2.18: Microfibrils which appear to be continuous with type I collagen in
patient C. Bar = 0.51;tm.

70

Figure 2.19: Microfibrils being secreted by an osteoblast (patient C).

Bar = 2.85ftm.

71

Figure 2.20: Microfibrils in transverse section. Bar = 0.71/xm.

72

Figure 2.21: Fibrous material found in patients A and B. Bar= 1.2/xm.

73

Figure 2.22: Patient D demonstrating fibrous material in the osteoid, similar
in appearance to material observed in patients A and B. Bar= 5.2^m.

74

Figure 2.23: Patient E demonstrating a very disorganised osteoid with very
few distinguishable collagen fibrils. Bar = 6.6^m.

75

Figure 2.24: Higher magnification of the osteoid material from patient E.
Bar = 1.5;tm.

76

Figure 2.25: Higher magnification of the osteoid material seen in patient E.
Bar = 0.9/Am.

77

Figure 2.26: Intracellular glycogen deposits in osteoblasts from OI patients.
Bar = 2/Am.

78

Figure 2.27: Intracellular glycogen deposits in chondrocytes from 01 patients.
Bar = 1.5/Am.

79

Figure 2.28: Dilated rough endoplasmic reticulae in chondrocytes from OI
patients. Bar = 6.6/Am.

80

Figure 2.29: Osteoid fi*om patient C showing crowding of plump osteoblasts.
Bar = 11/Am.

81

Figure 2.30: Higher magnification of the osteoid from Figure 2.29. Bar = 6.6/Am.

82

Figure 2.31: Higher magnification of Figure 2.29, showing the close apposition
of the osteoblasts. Bar = 8.7/im.

83

Figure 2.32: Osteoid from patient K showing close apposition of osteoblasts
to the mineralising front. Bar = 5.2/im.

84

Figure 2.33: Osteoid from patient B showing close apposition of an osteoblast
to the mineralising front. Bar = 4/im.

85

Figure 2.34: Osteoid from patient K showing Type I collagen fibrils of varying
diameters. Bar = 0.71/Am.

86

Figure 2.35: Osteoid from patient L showing a disorganised pattern of type I
collagen fibrils. Bar = 1/tm.

87

Figure 2.36: Osteoid from patient E. Bar = 8.7/tm.

88

Figure 2.37: Patient D demonstrating very lobulated type I collagen fibrils.
Bar = 0.66/Am.

89

Figure 2.38: Patient C demonstrating focal areas of varying diameters of type I
collagen fibrils when viewed in transverse section. Bar = 0.44/im.

90

Figure 2.39: Patient C demonstrating type I collagen fibrils of varying
diameter in the extracellular matrix and partly in the osteoid. Bar = 0.9/Am.

91

Figure 2.40: Osteoid from patient E showing thin fibrils of type Icollagen.
Bar = 0.9/Am.

92

Figure 2.41: Patient F demonstrating an amorphous stromal calcification
surrounding the calcified cartilage septae. Bar = 6.6/im.

93

Figure 2.42: Higher magnification of Figure 2.41 showing the layers of stromal
calcification with type II collagen and proteoglycans forming islands. Bar = 3.2^m.

94

Figure 2.43: Mineralised collagen in all 01 patients appeared demonstrating
a normal appearance. Bar = 0.9/xm.

95

Figure 2.44: Matrix vesicles in an 01 patient in the calcified cartilage
surrounding the hypertrophic chondrocytes. Bar = Ifiva.

96

Figure 2.45: Proteoglycan distribution and size in an 01 patient. Bar = l.l^tm.

97

Figure 2.46: A covering of woven amorphous material on the calcified
cartilage septae from a 7 year old (patient I). Bar =

98

Figure 3.1: The Quantimet image analyser.

124

Figure 3.2: An image from the television screen of a field of osteoid showing
transverse collagen fibrils which have been circumscribed using the digitablet.

125

Figure 3.3: The analogue image of the fibrils which have been outlined.

126

Figure 3.4: The frequency distribution of type I collagen fibrils for a normal
patient, demonstrating a normal distribution.

134

Figure 3.5: Frequency distribution of the type I collagen fribrils from an 01
patient, demonstrating a normal distribution.

135

Figure 3.6: Bar chart showing the type I collagen fibril diameters for normal
and OI patients, with the standard deviations.

136

Figure 3.7: Bar chart showing the type I collagen fibril diameters of 01
patients compared by the clinical type of 01, with the standard deviations.

137

Figure 3.8: Bar chart showing the type I collagen fibril diameters compared by
the site of biopsy, with the standard deviations.

138

Figure 3.9: Bar chart showing the type I collagen fibril diameters compared
by age group of the 01 patient, with die standard deviations.

139

Figure 3.10: Bar chart showing the type I collagen fibril diameters compared
by the sex of the OI patient, with the standard deviations.

140

Figure 3.11: Osteoid type I collagen fibril. Bar = 0.2^m.

133

Figure 4.1: A standard graph of observed versus empirical calcium to
phosphorus molar ratios for calcium phosphate standards observed in the TEM.

169

Figure 4.2: An uncontrasted section of unosmicated OI bone. Bar = 9^m.

170

Figure 4.3: A higher magnification of Figure 4.2 showing the needles of
mineral associated with the underlying type I collagen. Bar = 0.44^m.

171

Figure 4.4: An image from the EDAX 9800 X-ray microanalysis system.

172

Figure 4.5: Calcium to phosphorus molar ratios for calcium phosphate
standards, normal bone and OI bone.

173

Figure 4.6: Calcium to phosphorus molar ratios for individual normal control
patients.

174

Figure 4.7: Calcium to phosphorus molar ratio for indiviual 01 patients.

175

Figure 5.1: FTIR spectra of calcium phosphate standards (400-1300cm *).

194

Figure 5.2: FTIR spec^ of calcium phosphate standards (400-4000cm *).

195

Figure 5.3: FTIR spectra of four normal bone specimens (patients 2, 4, 5, 9),
400-4000cm*.

196

Figure 5.4: FTIR spectra of four normal bone specimens (patients 2, 4, 5, 9),
400 1300cm*.

197

Figure 5.5: FTIR spectra of four 01 specimens (patients D, L, V, H),
400-4000cm*.

198

Figure 5.6: FTIR spectra of four OI specimens (patients D, L, V, H),
400 1300cm*.

199

Figure 5.7: NMR magic angle spinning spectrum for hydroxyapatite (HA).

201

Figure 5.8: NMR magic angle spinning spectrum for tricalcium phosphate (TCP).

201

Figure 5.9: NMR magic angle spinning spectrum for calcium pyrophosphate
(CaPyro).

203

Figure 5.10: NMR magic angle spinning spectrum for calcium
tetrahydrogen orthophosphate.

203

Figure 5.11: NMR magic angle spinning spectrum for a normal bone
specimen (patient 2).

205

10

5.12; NMR magic angle spinning spectrum for an 01 bone specimen
(patient C).

205

Figure 5.13: Magic anglespinning, variable contact time graph for patient 2.

207

Figure 5.14: Magic anglespinning, saturation recovery graph for patient 2.

207

Figure 5.15: Magic anglespinning, variable contact time graph for patient C.

209

Figure 5.16: Magic anglespinning, saturation recovery graph for patient C.

209

Figures 5.17-27: X-ray powder diffraction patterns for HA (line 1), TCP,
(line 2) and normal (N) and 01 (01) bone specimens.

211-213

Figure 5.28: Electron diffraction pattern of the thallous chloride standard
showing discrete rings.

217

Figure 5.29: Micrograph of the resin embedded hydroxyapatite standard used for
XRMA and electron diffraction. The diffraction pattern for the hydroxyapatite is
also shown.

218

Figure 5.30: Micrograph of the resin embedded tricalcium phosphate standard used
in XRMA and electron diffraction. The diffraction pattern for the TCP is also shown. 219
Figure 5.31: Representative micrograph of normal bone. The diffraction
pattern is also shown.

220

Figure 5.32: Representative micrograph of 01 bone. The diffraction pattern
is also shown.

221

Figure 5.33: Raman spectrograph for hydroxyapatite.

226

Figure 5.34: Raman spectrograph for normal bone showing a high
background due to fluorescence effects (patient 3).

226

Figure 5.35: Raman spectrograph for 01bone (patient H).

228

Figure 5.36: Raman spectrograph for 01bone (patient V).

228

Figure 5.37: Raman spectrograph for 01bone (patient D).

229

Figure 5.38: Infra red spectrograph for hydroxyapatite.

231

Figure 5.39: Infra red spectrograph for tricalcium phosphate.

231

Figure 5.40: Infra red spectrograph for calcium pyrophosphate.

232

11

Figure 5.41: Infra red spectrographfor normal bone (patient 3).

234

Figure 5.42: Infra red spectrographfor normal bone (patient 2).

234

Figure 5.43: Infra red spectrographfor 01 bone (patient H).

236

Figure 5.44: Infra red spectrographfor 01 bone (patient D).

236

Figure 6.1: Diagram showing the incorporation of shortened pro a 1(1)
[Pro cxY] chains into the collagen trimer.

243

Figure 6.2: Cartoon of the human proa 1(1) minigene construct.

249

Figure 6.3: Micrograph showing the fertilised ovum being caught in
the holding pipette and subsequently having plasmids injected into
the male pronucleus of the ovum before implantation into the pseudo
pregnant mouse.

250

Figure 6.4: Radiograph showing the area of distal femur and associated tibia
used in the study of the transgenic mice.

251

Figure 6.5: Polymerase chain reaction analyses used to detect the presence of a
shortened pro a 1(1) chain in a litter of mice.

255

Figure 6.6: Slot blot to show the presence of genomic DNA in thetransgenic mice. 256
Figure 6.7: Radiograph showing a normal three day old mouse.

257

Figure 6.8: Radiograph showing a transgenic littermate to the mouse in Figure 6.7.

258

Figure 6.9: Photograph showing the gross appearance of the pups.

259

Figure 6.10: Photograph showing the dentition of the mice at one month of age.

260

Figure 6.11: Alizarin red stained one month old normal littermate showing
no fractures.

261

Figure 6.12: Alizarin red stained one month old transgenic littermate.

262

Figure 6.13: Alizarin red stained one month old transgenic littermate.

263

Figure 6.14: Alizarin red stained, three day old normal littermate, showing no
fractures.

264

Figure 6.15: Alizarin red stained three day old transgenic littermate showing
multiple rib fractures.

265

12

Figure 6.16: Light micrograph from a resin embedded section of distal femur
from a three day old normal mouse (mouse 3). Bar = 500^m.

270

Figure 6.17: Light micrograph from a resin embedded section of distal femur
from a three day old transgenic mouse (mouse 18). Bar = 500/xm.

271

Figure 6.18: Light micrograph from a resin embedded section of distal femur
from a three day old transgenic mouse (mouse 16). Bar = SOOfim.

272

Figure 6.19: Light micrograph of a resin embedded section of distal femur
from a three day old transgenic mouse (mouse 16). Bar = 200^m.

273

Figure 6.20: Light micrograph of a paraffin wax embedded, three day old
transgenic mouse femoral shaft. Bar = SOOfim.

274

Figure 6.21: Micrograph showing stromal calcification from the growth plate
of a three day old transgenic mouse (mouse 13). Bar = 0.4^m.

275

Figure 6.22: Micrograph showing the lesser degree to which such stromal
calcification was observed (transgenic mouse 3). Bar = 6.6/xm.

276

Figure 6.23: Micrograph showing the many layers of stromal calcification in
transgenic mouse 4. Bar = 1.5/xm.

277

Figure 6.24: Micrograph showing secretion of microfibrils from an osteoblast
lining the endosteum of a transgenic mouse femur (mouse 13).Bar = 1.2/xm.

278

Figure 6.25: Micrograph of the endosteum from transgenic mouse 13.
Bar = 6.6/xm.

279

Figure 6.26: Micrograph of the endosteum from transgenic mouse 18.
Bar = 0.9/xm.

280

Figure 6.27: Light micrograph of a wax embedded distal femur from a
one month old normal mouse (mouse 12). Bar = lOOO^m.

281

Figure 6.28: Light micrograph of a wax embedded distal femur from a
one month old
normal mouse (mouse 24). Bar = 10(X)^m.

282

Figure 6.29: Light micrograph of a wax embedded distal femur from a one
month old transgenic mouse (mouse 5). Bar = lOOO/im.

283

Figure 6.30: Light micrograph of a wax embedded distal femur from a
one month old
transgenic mouse (mouse 38). Bar = IQOOfim.

284

Figure 6.31: Light micrograph of a wax embedded distal femur from a
one month old
mouse (mouse 38) in Figure 6.19. Bar = lOOO^m.

285

13

Figure 6.32: Micrograph showing the endosteum from transgenic mouse 14.
Bar = 6.6/tm.

286

Figure 6.33: Micrograph showing the endosteum from a normal littermate
(mouse 15). Bar = 6.6/xm.

287

Figure 6.34: Micrograph showing a multinucleated chondroclast from the
growth plate of a three day old transgenic mouse. Bar = 6.6/xm.

288

Figure 6.35: Light micrograph of a section of resin embedded distal femur
from a transgenic mouse. Bar = lOOfim.

289

Figure 6.36: Micrograph showing a chondrocyte from transgenic a mouse growth
plate. The fibrillar material observed in figure 6.34 can be seen here as
beaded in appearance. Bar = 5.2/im.

290

Figure 6.37: X-ray microanalysis scan of transgenic mouse corticalbone.

291

Figure 6.38: Bar chart to show the calcium to phosphorus molar ratios
for normal and transgenic mice, with standard deviations.

292

Figure 6.39: Bar chart to show the calcium to phosphorus molar ratios
for individual normal and transgenic mice.

293

Figure 6.40: FTIR spectrograph of 2 one month old transgenic mice (19, 22)
and 2 one month old normal mice (20, 21). Spectral range 4(XX)-400cm \

294

Figure 6.41: FTIR spectrograph of 2 one month old transgenic mice (19, 22)
and 2 one month old normal mice (20, 21). Spectral range 1300-400cm \

295

Figure 7.1: Space filling model showing the kink in one of the collagen chains
caused by a glycine to cysteine substitution.

308

Figure 7.2: Schematic diagram to explain the proposal of the thesis.

309

Table 2.1: Details of OI patients’ tissue processed for light microscopy and
routine transmission electron microscopy.

45

Table 2.2: Details of normal patients’ tissue processed for light microscopy
and routine transmission electron microscopy.

46

Table 3.1: Details of OI patients’ tissue processed for type I collagen
histomorphometry.

127

Table 3.2: Details of normal patients’ tissue processed for
type I collagen histomorphometry.

128

14

Table 3.3: Type I collagen histomorphometry; Indivividual results of OI patients.

131

Table 3.4: Type I collagen histomorphometry; Individual results of normal patients. 132
Table 3.5: Table ot Type I collagen fibril periods.

133

Table 4.1: Table of calcium phosphates found in biology.

154

Table 4.2: OI bone processed for XRMA and individual calcium-phosphorus
molar ratios.

166

Table 4.3: Normal bone processed for XRMA and individual
calcium-phosphorus molar ratios.

167

Table 5.1: Specimens used in the analytical studies on normal and OI bone.

189

Table 5.2: FTIR assignments.

193

Table 5.3: XRPD diffraction data for calcium-phosphate standards,
normal bone and 01 bone.

214-216

Table 5.4: Electron diffiraction data for normal bone and OI bone.

222-224

Table 6.1: Transgenic and normal mouse specimens processed for
alizarin red/radiography/LM/TEM/XRPD/FTIR/NMR.

252-253

Table 6.2: Summary of studies performed on transgenic andnormal mice.

254

Appendix 1 : Drug treatments on OI patients.

356

15

Chapter 1:
General Introduction and Literature Review.
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1.1. Introduction.
Osteogenesis Imperfecta (OI) is a rare, heterogeneous disorder affecting both mineralised
and non-mineralised connective-tissues. It presents clinically as bone fragility with
frequent fracture (McKusick, 1972), Figures 1.1-1.4. Other sites and organs that are
affected to varying degrees include the sclera (Figure 1.6), the ears, teeth (Figure 1.7)
and ligaments (McKusick, 1972; Smith et al. 1983). OI with obvious bone disease, is
evident in approximately 1:30, 000 live births and does hot display any facial or
geographic bias. Many cases represent spontaneous mutations although 01 may be
inherited as an autosomal dominant or autosomal recessive trait (Sillence, 1981; Rowe,
1992).
The role of type I collagen in the pathogenesis of this disease has long been
suspected and investigated. Rapid advances have been made in the biochemistry of
collagen type I and the mutations associated with the procollagen genes in lethal OI
(Rowe, 1992; Pope et al. 1980; Byers, 1989; Prockop, 1990)y^however, the pathogenesis
of the disease is still unclear. The bone appears to stabilise after puberty but no reason
for this has been found.
According to Seedorf (1949), the first case suggestive of 01 was that of the
mythical Danish prince, Im r Benlos (boneless), who had to be carried into battle on a
shield as he was unable to walk on his ’soft legs’. The theory that the famous French
painteiyToulouse Lautrec also suffered from OI has been dispelled, but serves to show /
how the heterogeneous symptoms can be misinterpreted, and hence often misdiagnosed.
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The first description of familial inheritance of bone fragility was given in Ekmann’s thesis
in 1788, he reported on four generations handicapped by bony malformations.
Historic investigations show that 01 has been discussed under numerous eponyms
(Weil, 1981). Axmann (1831) first showed 01 affected organs as well as bones in two
brothers.
Blue sclera associated with a ’tendency to fracture’ was noted by Spurway (1896);
Eddowes (19(X)) suggested that the transparency of the sclera indicated "a want of quantity
or quality of fibrous tissues forming the framework of the various organs of the body",
and probably explained the "want of spring or toughness in the bones of the peculiar
individuals". The third part of the trias of OI, deafness associated with brittle bones and
blue sclera^was first reported by Adair-Dighton (1912).
Bauer et al (1920), suggested that these bony changes were caused by disturbed
osteoblast function, resulting in an immature and irregular structure and an abnormal
osseous remodelling, combined with matrix deficiency, on the basis of abnormal collagen.
The sclera are reported to be blue since they have less collagen than normal and the blue
colour of the choroid shows through.

1.2. Genetics o f O .I.
The debate on whether O.I. was inherited and consisted of one or several distinct genetic
diseases persisted for over 250 years. Studies now show that 01 must consist of at least
four distinct disorders, two inherited as autosomal dominant and two as autosomal
recessive (Sillence and Rimoin, 1978). Still further evidence has been produced on the
heterogeneity within 01. Several schemes of interpretation have been suggested. Sülence^
(1981) has produced a numerical classification, which is correlated with the reported
results of morphological and biochemical studies of O.I. However, this system is limited
as many patients are often difficult to classify on the basis of their clinical presentation.
The molecular genetics of this disease have been extensively researched over the
last two decades. Progress has been made in several types of 01 in which a variety of
type I collagen mutations are associated with the disease. These include cysteine point
mutations and substitutions.
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Mild disease occurs in both a 1(1) and a2(I) collagen chain cysteine substitutions. The
characterised mutations are Gly 1017 to Cys, Gly 832 to Ser, Gly 178 to Cys, Gly 175Cys, Gly 94 to Cys or Gly 1012 of a2(I) to Arg (Kuivaniemi et al. 1991). Other defects
include a 500-base pair deletion in type II 01 (Chu et al. 1983) and an arginine
substitution in the C-terminal propeptide of type III 01 (Peltonen etal. 1980). This alters
the carbohydrate-attachment site and prevents the correct secretion of type I procollagen.
Various «2(1) mutations have been described including four-base pair and N-terminal
mutations. These include a structural mutation in type II 01 (Byers et al. 1983) and an
N-terminal deletion in type IV OI. Several «2(1) cysteine mutations have also been
described in mild type IV mutants (Cohn et al. 1987).
It has been proposed that there is a gradient of severity along the molecule with
more severe phenotypes due to C-terminal mutations and less severe phenotypes for
mutations towards the N-terminal end, however, there are many exceptions. The
topography of the defect and the type of chain involved are obviously important, but the
nature of the mutation and its influence on the stability, on the rate of secretion of the
protein, and on the mechanical properties of the collagen, if the mutant chains are
incorporated into the fibrils are more important. The incorporation of mutant collagen
molecules could cause an impairment of mechanical resistance of fibrils and/or defective
interaction with other connective tissue components and mineral. Thus, although the tissue
may contain relatively normal amounts of type I collagen, it would be unable to function
correctly.

1.3. Morphological Abnormalities in O .I.
The classification of human skeletal deformities due to inheritable diseases of connective
tissue has been based predominantly on clinical, genetic and X-ray characteristics.
This is often confusing, and indeed conflicting, because of the many
heterogeneities which have not yet been, and may never be, fully elucidated. There also
exists the problem that a similar pathogenic mechanism may result in a different clinical
or X-ray finding.

19

Various approaches, such as biochemical and ultrastructural investigations have been made
and combined to arrive at a better understanding of the heritable deformity (Nogami,
1979; Sillence, 1981). Nevertheless, the data concerning the size, the structure and the
three-dimensional organisation of collagen are discordant,

also morphological

investigations have been carried out on different tissues and clinical variants of 01. Also,
due to the technical limitations, detection and quantification of calcium-phosphate phases
in bone has only recently become possible.
Pasqualli-Ronchetti et al (1986) described molecular alteration of collagen type I in a
number of patients with OI type I. The errors occurred at the genomic level, and
consisted of deletions, insertions and substitutions of amino acids in at least one of the
chains of procollagen molecules (Williams et al. 1983; Nicholls et al. 1980; 1984). The
first consequence of such an alteration is the formation of abnormal triple helices. These
helices may be rapidly degraded inside cells, or secreted very slowly (Williams et al.
1983). Such an extended period of post-translational maturation of procollagen inside the
cell has been shown to favour processes of over-hydroxylation and over-glycosylation of
the parts of the molecule still not in triple helix (Trelsted et al. 1977). This results in the
formation of procollagen not suitable for normal alignment and crosslinking of fibrils in
the extracellular space (Fujii e ta l. 1977; Fujii & Tanzer, 1977). The consequences of all
these sequential alterations are impaired mineralisation, together with the reported
different phenotypic expressions for the disease (Wynn-Davies et al. 1981). McKusick
(1972) placed responsibility for the defect in OI on a functional impairment of the
osteoblasts, resulting in the decreased formation of apparently normal bone matrix. Doty
and Matthews (1971) affirmed these studies, osteocytes were found to have normal
structure and normal lysosomal phosphatase activity, and the cannalicular system was
maintained. The large number of osteocytes per area of bone was explained as the result
of a reduced intercellular matrix formation compared with normal bone tissue.
Accumulations of glycogen were common in osteoblasts and in some cases to such an
extent that normal subcellular structures were absent. Glycogen was also found
extracellularly, occasionally trapped within collagen fibrils.
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Partial functionality was observed in populations of osteoblasts not found to be full of
glycogen deposits. The presence of tropocollagen and procollagen banded material was
also observed, however this substance was not seen to be excreted by the cell. Alkaline
phosphatase and adenosine monophosphatase were localised along the cell membrane of
osteoblasts but their concentration was much lower than in control osteoblasts. Acid
phosphatase activity delineated vacuoles and membranes of this complex. Numerous
punctate vesicles containing acid phosphatase were observed but these vesicles did not
coalesce into the larger lysosomes seen in normal osteoblasts. Similar results were
observed for normal and 01 decalcified matrix when stained for reticular fibres.
Amorphous calcium phosphate showed no obvious quantitative difference between 01 and
normal tissue, however, the authors did not describe how they arrived at these results.
Nogami’s study (1988) on the relationship between collagen fibrils and
proteoglycans in bone matrices showed that not only proteoglycans among collagen fibrils,
but also proteoglycans attaching to collagen fibrils by strong bonds were removed
simultaneously from the bone matrix of a patient with severe bone fragility when an
extraction procedure was employed. The extent of extractability of proteoglycans and/or
collagen fibrils was suggested to reflect the degree of bone fragility or severity of the
disease. It was proposed that the architectural defect caused by the easy dissociation of
proteoglycans from the collagen fibrils might induce a failure of compaction of the bone
matrix, analogous to defective ferroconcrete used in building; this would lead to
mechanical instability of the bone. Nogami etal (1988) showed proteoglycans stained with
ruthenium red overlay the A complex B1 band of collagen fibrils in undecalcified osteoid
from a patient with type III OI. However, A complex bands were the only site of
attachment when proteoglycan granules prepared from the OI type III patient were
combined with collagen fibrils prepared from normal decalcified bone. This reduction of
proteoglycan/collagen interaction may be an integral part of the defective formation of a
strong bone matrix.
The role of glycosaminoglycans (GAG’s) has been pointed out as important in the
aggregation of collagen by many researchers (Hardingham, 1992).
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The symptoms of brittle bones and tissues, deficient cross linking of collagen etc, closely
resemble the lesions of experimental lathyrism. Cetta et al (1977) stated that although a
defective formation of collagen fibrils may be an important factor in the pathogenesis of
OI it is not certain whether these collagen abnormalities are primary, or the consequence
of other defects of the metabolism of connective tissue. However, molecular biological
analyses over the last ten years have gone a long way to elucidate the pathogenic
mechanisms of 01 and it is now generally accepted that a mutation of the type I
procollagen gene is a major factor in many 01 patients. Cetta et al (1977) attempted to
perform therapy on 01 patients based on these considerations, by using flavinoids such
as (+)-catechin (Zyma Ltd, England). Microscopic examination of the iliac crest cartilage
from a patient with the mild form of 01 (type not specified, Francis et al. 1974), showed
an irregular distribution of chondrocytes which had an irregular, fibroblast-like shape. In
the cytoplasm were large droplets, these inclusions exhibited strong sudanophilia and were
negative to alcian blue; they showed no PAS or acid phosphatase activity. At the
ultrastructural level these inclusions were osmiophilic and almost filled the entire cell,
these droplets were later identified as lipid in nature. Lactate dehydrogenase was normal
while uridine diphosphoglucose dehydrogenase (UDPGDH), a key enzyme in the
biosythesis of chondroitin sulphate was not detectable. Extracellular matrix proteoglycans
assumed atypical aspects in a patient with mild OI (type I) while in normal cartilage the
particles were elongated with a transverse diameter of 20-30nm. They appeared to be in
close connection with the collagen fibrils in normal cartilage. Total hexosamines,
particularly galactosamine in skin and iliac crest were decreased in patients with all forms
of 01. Collagen content was significantly reduced in a mildly affected patient, but in the
severe form of 01, these values were within the normal range; such results simply serve
to demonstrate the heterogeneity of the disease. After treatment with (+)-catechin,
morphological observations of a patient with mild 01 showed that the cells were more
rounded and more evenly distributed. UDPGDH was detectable in all chondrocytes.
Electron microscopy of the same cartilage showed that collagen fibrils were more closely
packed and that the electron dense particles stained by alcian blue were smaller and more
regularly arranged in relationship to the collagen fibrils.
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Vitellaro-Zucarello et al (1984) showed that the footplate and the crura of the stapes
displayed a high degree of architectural disorganisation. The cells, mostly osteocytes,
were lodged in enlarged, irregular lacunae, whilst only rarely were osteoclasts and
osteoblasts recognised. Von Kossa staining showed the presence of an irregular pattern of
bone mineralisation. Ultrastructurally, the bone matrix of the crura presented irregular
bundles of collagen fibrils, thinner than normal, more widely spaced than in normal stapes
and so markedly dissagregated that the periodic structure could no longer be recognised.
Osteocytes displayed under developed cytoplasmic organelles. The general morphology
of the connective tissue cells showed a high nucleo-cytoplasmic ratio, scattered with
ribosomes and mitochondria with scanty rough endoplasmic reticulae. As with the study
by Doty and Matthews (1971) this group found large amounts of stored glycogen. In
samples of skin from the same patient (mild form, type 101), the dermis showed collagen
fibrils that were smaller than in normal skin, especially in the reticular layer where they
also appeared to be more spaced. The lengths of the period of the A and B portions
showed no significant difference from the controls. The distribution of electron dense
bands was found to be normal, although the bands were reported to be thinner than in
control filaments. Vitellaro-Zuccarello etal (1984) showed from their studies on skin that
the collagen was less stable than normal since they were much more susceptible to the
effect of a demineralising medium than fibrils from a control stapes. This feature agreed
with the biochemical studies of Francis and Smith (1975) showing a reduced stability of
polymeric collagen to enzyme and cold alkali treatment and a high content of reducible
cross links, (Fujii, 1977; Fujii et al. 1977).
Pasquali-Ronchetti etal (1986) concluded that in two cases of lethal perinatal (type
II) 01 examined, a severe lysyl oxidase deficiency could account for the observed
ultrastructural abnormalities of elastin and that besides the defects of type I collagen,
additional alterations of cellular metabolism might be responsible for the clinical
heterogeneity of the disease. In samples of skin taken from two patients suffering from
type I I 01, Verhoff stàïmng for elastin revealed numerous thick elastic fibres in the dermis
of one patient while poor ’elastic texture’ was observed in the second patient.
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Both patients exhibited numerous fibroblasts with prominent nuclei and well developed
rough endoplasmic reticulae and golgi complexes. However, the identity of this material
was not determined by the authors. The mean diameter and class distribution of diameters
of collagen fibrils were similar to controls in one patient but shifted towards larger values
in the other patient. Organisation of the femoral and aortic wall in the two 01 patients
was different compared to control normal human foetuses. Both patients exhibited nonhomogeneous thickness elastin lamellae, these lamellae were seen to be made-up of
globular aggregates of elastin, a phenomenon most pronounced in the tunica media.
GAG’S were found to permeate into the elastin fibres, a situation described to occur in
the aortas of animals fed inhibitors of lysyl oxidase (Pasqualli-Ronchetti et al. 1986).
However, in the femoral arteries, elastin fibres were thin, fragmented and associated with
very small amounts of GAG-identifiable filaments. The distribution and banding of the
collagen fibrils appeared normal in these femoral arteries, however, the mean diameter
of the fibres was shifted towards the smaller values compared with normal foetal controls.
The discrepancy between normal elastin fibres in skin while abnormal elastin fibres were
observed in aortas could be explained by the differing rates of elastin s ^ e s is in different
organs, and periods of life, a theory discussed by Shibahana et al (1981). There is no
mention in the literature on post-translational modifications of tropoelastin and of lysyl
oxidase in OI apart from the observation by Petrovic and Miller (1984). They have
suggested that aberrent fibril formation, that is, the increase of reducible cross links
allows an increase in lysyl oxidase activity, (i.e. OI induces pseudo-lathyrism). Their
results raised several questions concerning the relationship between the biochemical
anomalies and the clinical manifestations of the disorder. It has been proposed that the
formation of fibres containing elevated hydroxylysine levels might, in itself, be inhibitory
of subsequent mineralisation and of elaboration of a calcified tissue (Trelstad et al. 1977;
Kirsch et al. 1981).
In a lethal case (type I I 01) Weber (1930) described the almost ’complete failure
of formation of bone’ on the normal cartilage renmants, and the splinters of ’fibre bone’
(in place of normal cortex) lying randomly beneath a thickened periosteum and within the
bone marrow.
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Weber (1930) found there was usually little or no detectable bone in the skull, and the
growing ends of the long bones were very disorganised at the region where bone usually
replaces cartilage. Spencer (1962) performed a histochemical study of the long bones from
an infant who died at birth with severe 01 (type II). The histological appearances showed
normal-looking cartilage cells in the epiphyses, defective transition to bone in the
metaphyses, scanty trabeculae of ’fibre bone’ in the diaphyses and a thick cellular
periosteum. The amount of GAG’s was increased in all these regions. Another
histochemical study (Szyszko et al. 1968) suggested that the metabolism of the GAG’s
was abnormal in the early stages of mineralisation.
A feature of severe 01 (type II) is that both X-rays and macroscopic examination
are often unable to detect any calcification in the vault of the skull, although small islands
of membrane bone have been found by histology. The appearance of wormian bones has
been reported by Kratzeisen (1923) and Ruth (1943).
Some workers studying the epiphyses have shown major abnormalities. The
columns of cartilage cells appeared to develop in the normal manner and the provisionally
calcified c a rt^ e was removed but was not replaced in the usual manner by osteoblasts
forming new bone. Follis (1952, 1953) demonstrated complete dissociation between the
activities of chondroblasts and osteoblasts. In this region there was disorganisation with
structural collapse and multiple fractures. Follis (1953) described these changes in detail
in a baby with type II 01. There was some similarity to scurvy, where the osteoid was
not formed on the framework of the calcified cartilage matrix, leading to numerous
fractures. These features did not occur in the milder forms of 01, but the endochondral
bone which formed was reported to be abnormal. Caniggia et al (1961) noted that there
was a gap between cartilage and bone trabeculae in two iliac crest biopsies from children
with mild 01; this feature was attributed to the delayed and poor formation of bone. The
pathology of endochondral bone was found to vary from areas of woven bone of
immature appearance to a normal bone which still showed significant and diagnostic
changes. A feature of these changes at the light microscopic level was an increase in the
number of osteocytes per unit area of bone.
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Falvo and Bullough (1973) reviewed previous histological reports and examined iliac crest
biopsies from 16 patients between 5-30 years of age with the various clinical types of 01.
It was found that osteocytes were profuse and that the fractional area of bone was
diminished in all patients in proportion to the clinical severity of the disease. In patients
with severe OI (type III), there were considerable amounts of. woven bone. ’Plump’
osteoblasts were "crowded" along wide osteoid seams, and large osteocytes were
surrounded by small amounts of non-lamellar matrix. In mild 01, osteocytes were still
numerous, but there was less woven bone. They reported the qualitative impression of a
decrease in the amount of bone and hyperosteocytosis. There was also a significant
increase in the number of resorption surfaces.
Teitlebaum et al (1974) examined the arrangement of the collagen fibres in iliac
crest bone biopsies from 3 children (aged 10, 10, 11 years) with severe 01, by scanning
electron microscopy (SEM) and found that the fine collagen fibres did not undergo the
extracellular aggregation into bundles which occurs in normal bone. This suggested that
the inherited defect was one of fibrillogenesis well past the post-translational stage of
collagen synthesis. These findings are similar to those of Lindenfelser et al (1972) who
examined the bone in severe OI again by SEM and showed that the stereoscopic pattern
of the collagen fibres was abnormal in spongy and cortical bone; the quantity and
distribution of the osteoblasts and osteoclasts appeared abnormal.
From their SEM studies of a stillborn premature infant with severe OI, which
showed thin abnormally oriented bone trabeculae and many osteocytes in large lacunae,
Omoy and Kim (1977) concluded that there might be an increase in osteocytic bone
resorption.
Various changes have been described in the periosteum and subperiosteal bone.
During surgery. Key (1926) noted that the periosteum was thin and fragile although
unu^lly adherent to the underlying bone. In an infant who died eleven days after birth,
Follis (1953) found that the periosteum was more cellular than normal but the cortical
bone beneath it was very thin or even absent.
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Similar findings were recorded by Bauer (1920), Weber (1930) and Tan and Tok (1971).
Bierring (1933) noted the absence of a cortex in the bones of an infant with multiple
fractures at birth; the mother also had fractures at birth. Roujeau et al (1967) in
describing the histological appearances in two patients with severe OI, noted that the
subperiosteal bone was quite abnormal with small osseous trabeculae, set perpendicular
to the axis of the long bone separated by areas of fibrous tissue. They also noted the
anarchical development of irregular trabeculae leading to spongy and fragile bone. A
similar appearance of trabeculae at right angles to the bone axis was also noted by
Caniggi et al (1958, 1961) in patients with milder disease. These authors felt that the
collagen of bone and sclerae were alike in having a high proline content. Fontaine et al
(1968) concentrated on the changes in the periosteum and underlying bone. The
periosteum was thickened and fibrous, whereas the bone contained fine lamellae arranged
in random order without Haversian systems (the clinical severity of the disease was not
stated).
Haebara et al (1969) noted that in a baby who died from severe bone disease, the
periosteum (as well as the dermis, skin, sclera, and cornea) contained thin delicate fibres
of cross striation periodicity 20-40nm and thickness 40nm; while differing from collagen
these fibres did not have the staining charateristics of reticulin. However, in this study,
which implied that narrow fibres of ’immature’ collagen occu^d as well as reticulin, the
apparent electron microscope magnification was too low, and it would be difficult to be
certain of any dimensions, in particular the cross striation periodicity.
The subperiosteal bone may have an excessive number of osteocytes (Duriez and
Flautre, 1975). Solheim (1969) noted the abnormal microradiographic appearances of
bone from the femoral cortex of a patient with mild 01; the bone was immature,
resembled callus and contained many vascular channels. There was no lamellar bone in
the periosteum or endosteum and the appearance was likened to foetal bone. Solheim
isolated ’sub normal’ amounts of GAG’s from the cortical bone tissue and postulated that
a qualitative and quantitative defect in GAG’s might be hampering normal mineralisation.
The skin has been extensively studied in OI, this is because it is mainly composed
of type I collagen and is more easily accessible for biopsy then bone.
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Stadil (1961) examined punch biopsies of skin from 17 members of a family with 01.
Eight of the members were clinically unaffected and had normal biopsies; the other nine
subjects had mild 01, and the skin was thinner than normal with an increased number of
argyrophilic and elastic fibres. Within the family, there was no relation between the
qualitative changes in the skin and the rate of bone fracture. Stadil made a particular note
of the increased number of elastic fibres in the biopsies, which reportedly showed a
variable degree of degeneration. This apparent increase in the elastic fibrils could simply
result from a relative decrease in the amount of type I collagen. Riley and Brown (1971)
and Furness and White (1973) reported the loosely textured pattern of thin fibres within
the thin dermis, with a lack of birefringence under polarised light (Adler and Bollman,
1973), particularly in severe OI (type II) with multiple rib fractures.
Since skin normally contains type I and type III collagen, the ratio of which is
thought to alter at different levels of the dermis and since the fibres of type III collagen
are narrower than those of type I, it has been assumed that the increased number of fine
fibrils in the dermis of patients with OI reflects the increased ratio of type III/I collagen
in the skin. The question remains whether these fine fibrils are type III collagen.

1.3. Management of the OI Patient.
A child bom with OI today has a better prognosis than did a similar child 50 years ago,
yet the difference is not as great as is often assumed. Better general medical care,
particularly in the treatment of respiratory infections, accounts in part for the improved
outlook while improvement in the non-surgical as well as surgical intervention, has also
contributed. However, no means of influencing the underlying disease process has yet
been discovered despite much research. Life expectancy has increased, but functional
ability has shown only limited gains. Future prognoses for patients with OI will only
show substantial improvement when an effective method of increasing bone strength has
been found.
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This in turn relies on a basic understanding behind the pathogenesis of 01. The treatment
of 01 varies with the age of the patients and the severity of the disease. Patients with the
mild form of 01 rarely develop significant deformities; therefore the care required is
limited to periodic fractures or associated problems such as er osion of the teeth and ^
decreased hearing.
With the severe forms of 01, prevention and correction of long bone deformities
are paramount. The primary basis of a successful treatment program to maintain
acceptable skeletal alignment consists of properly timed operations for insertion of
extensible intermedullary rods, Figure 1.8.
Drug therapies such as the diphosphonate group of drugs are now being evaluated,
but only on small groups of 01 patients with certain types of the disease; the results will
be many years in the waiting.

1.4. Aim of Project and Summary of Chapters.
It is apparent from the previous 80 years of reported research, that despite superficial
similarities in the biochemistry, histology, histochemistry and ultrastn^ural morphology,
each patient has their own unique set of features. This may simply reflect the unique
phenotype resulting from individual management and environmental influences (i.e. diet,
exercise, degree of mobility) or may represent the more subtle influence of changes at the
genetic level that is individual to the patient or family affected with OI. It is well known
that the gene mutation in the a 1(1) or a2(I) chain may occur at different places between
the C- and N -t^iinal propeptides and that the position of the mutation affects the severity
of the phenotype.
This short review demonstrates how confused the literature concerning the
morphology and biochemistry of 01 has become, each publication naturally reporting on
the most obvious gross pathological features without performing any in-depth
histomorphometric analysis to quantitate aspects such as osteoclast and osteoblast number.
Only one report has addressed this problem and found that osteoblast and osteoclast
number were not significantly raised above the normal (Riley and Brown, 1971).
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These morphological studies do, however, still have an important role in understanding
the pathogenesis of OI. Discrete ultrastructural changes in cell and extracellular matrix
morphology will help understand the effects subsequent to the mutation of the collagen
gene. Gene therapy will ultimately be the treatment of choice, but this is many years of
research into the future. Drug therapies that influence the secondary changes at the
cellular level will only be possible when there is a better understanding of the metabolic
changes as visualised by correlative biochemical and ultrastructural studies.
The technology has now sufficiently advanced for quantitative changes in the cells,
collagen and bone mineral to be made with some degree of accuracy and precision. The
advances in fixation and processing technology for the ultrastructural preservation of
cellular morphology are now at their peak and researchers can be confident that
artefactual changes are at a minimum. This is important since previous ultrastructural
reports could only be accepted to a degree because of the unknown artefactual influences.
The analytical equipment is of a ’new generation’ and only now can bone mineral
structure and composition be analysed with confidence. A number of questions relating
to various aspects of possible collagen and mineral changes can be asked:
1. What cellular and matrix changes are found in 01? A reappraisal has been made of
the ultrastructural changes observed in a number of bone specimens from a spectrum of
OI patients with differing clinical types and of different ages. This is more valid than the
’one-off case report that seems to make up the main body of literature on OI. Many
correlative observations have been made to confirm previous reports and many new
observations have also been made.
2. Can the alteration in type I collagen genes be visualised indirectly by ultrastructural
changes in the collagen fibrils? The large body of molecular biological and biochemical
data on type I collagen has not been matched by any in-depth correlative ultrastructural
data. Image analysis allows a quantitative study of ultrastructural features converting
’pictures to numbers’. Reported here is such a study which reviews previous reports and
their conclusions and puts forward new theories in the light of new and conflicting data
on the quaternary structure of type I collagen in OI.
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3. Would an alteration in bone type I collagen affect the mineral formed in bone? The
association between the ultrastructural alteration in type I collagen and the formation of
bone mineral has been considered. There has been no in-depth analytical data concerning
the structure of calcium-phosphates formed in the presence of abnormal type I collagen
in OI. Reported here are a number of analytical techniques looking at different aspects
of the mineral composition and crystal structure.
4. Can experimentally induced mutations of type I collagen genes in animal models give
rise to a phenotype resembling the human diseae? The revolution in molecular biology has
allowed the breeding of mice with abnormalities in their type I collagen genes very
similar to those found in many 01 patients. An in-depth histological, ultrastructural and
analytical study has been performed on transgenic mice and compared with the data from
OI patients. If gene therapy is ever to be a realistic treatment, then a valid experimental
model is necessary. Once gene therapy has been ’perfected’ in the mouse, work can begin
on erradicating human 01 by such therapy.
The fundamental question of what causes 01 still has not yet been properly
addressed. The thesis presented here attempts to put the past work and the present data
into context to direct a new assault on the panoramic conundrum of OI.
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Figure 1.1: Patient suffering from type III osteogenesis imperfecta. Note the
severe deformity of the right arm (arrow) and the sabre-like bowing of the
legs.
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Figure 1.2: Radiograph of the right arm of the patient in Figure 1.1. Note the
deformity of the radius and ulna (arrow).
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Figure 1.3: The left arm of the patient in Figure 1.1 showing the
characteristic bowing of the bones.
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Figure 1.4: Patient suffering from type III or type V OI. Clinical diagnosis
can often be a problem in determining the exact type of OI.
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Figure 1.5: "Wavy ribs", characteristic of frequent fracture and repair in type II
OI.
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Figure 1.6; The characteristic blue sclera of types IA and IB OI. The
blueness is due to the colour of the choroid showing through.
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Figure 1.7: Brittle and discoloured teeth are characteristic of types I, III and
IVB 01.
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Figure 1.8: The management of 01 involves cutting the deformed bones into
segments and placing rods through them to straighten and support them. This
radiograph shows the radius and ulna from the patient in Figure 1.1, with rods
in them.
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Chapter 2:
The Morphology & Ultrastructure of Bone in Osteogenesis
Imperfecta.
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2.1. Introduction.
The microscopic appearance of bone can vary depending on its anatomical location. It is
therefore important in evaluating bone biopsies that as far as possible, a uniform biopsy
site is used. Moreover, the bone should be reasonably free from alteration resulting from
trauma. Also to be taken into account in such a study are the age, sex and severity of
disease of the patients. It is also important when performing any ultrastructural study that
all biopsies are treated under the stringent re^em ents necessary to maintain the cellular
and extracellular structures in a state as close to the in vivo situation as possible. Age, and
site matched normal controls are also important for comparison between physiology and
pathology.
A review of the histological reports in the literature have been presented in
Chapter 1. The morphological and ultrastructural findings on thirteen patients with 01,
as compared with eighteen normal matched controls, is presented here. These thirteen
patients represent both sexes, varying ages and clinical presentations of OI. Where
possible the biopsy site has been kept constant. The processing of these tissues has been
rigidly adhered to in order that the results, although heterogeneous, are a true reflection
of the changes caused by OI.

41

2.2. Materials and Methods.
01 patients in this study have been given an alphabetical coding while normal control
patients have been given a numerical coding in accordance with the data protection act.
Tables 2.1 and 2.2 detail the patients used in this study.

2.2.1 .Histological Processing.
Bone was removed from 01 patients during routine orthopaedic procedures. Normal bone
was also obtained from consenting patients during various orthopaedic procedures, i.e.
disarticulation due to bone tumour, the bone selected was well away from the tumour.
The bone specimens on collection from the operating theatre, were immediately placed
in 2.5% glutaraldehyde in 0.1 M sodium cacodylate buffer (pH 7.4). This was performed
to reduce any artefacts and begin fixation as soon as possible after removal of the tissue
from the patient. The specimens of bone were divided into three while bathed in
glutaraldehyde; one third was then fixed in 10% formal saline (Bancroft and Stevens,
1990) for 48 hours at room temperature before being placed in a 0.1 M neutral buffered
ethylene diamine tetraacetic acid (EDTA) solution at room temperature to decalcify
(Hillemann and Lee, 1953). These specimens were left at 4°C and X-rayed periodically
using a ’Faxitron’ X-ray machine. When the specimen no longer showed the presence of
opaque mineral, it was dehydrated through a graded series of ethanols (30-100%). It was
cleared in xylene and infiltrated in dimethyl sulphoxide paraffin wax before embedding
in the same medium at 60°C. The second piece of the bone was fixed and processed as
above but the décalcification step was omitted.
Histological sections were cut on a Leitz sledge microtome and 3-5/^m sections cut
and floated on a 5(fC water bath. Sections were collected on albumen coated (Bancroft
and Stevens, 1990) glass slides, and dried for 3 hours in a 60°C oven to prevent ’lifting’
of the sections during subsequent tinctorial staining procedures.
The paraffin wax sections were stained with^ Mayer’s Haematoxylin and Eosin for ^
general morphology, Masson’s Trichrome for collagen and a modified Van Gieson for
general collagen and bone cell morphology.
The undecalcified bone was processed, sectioned and stained using Goldner’s stain
for bone mineral and Solochrome cyanine for osteoid, all staining protocols were taken
from Bancroft and Stevens (1990).
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Sections were viewed and relevant areas photographed on an Olympus BH-2
photomicroscope using Kodak Ektachrome 64ASA colour reversal film or Ilford Pan F
50ASA black and white negative film. The microscope was corrected for Kohler
illumination at each sitting.

2.2.2. Transmission Electron Microscope Processing.
The third piece of bone from Section 2.2.1 was allowed to fix in the freshly prepared
2.5% glutaraldehye in O.IM sodium cacodylate buffer (pH 7.4) on ice. During the first
hour of fixation, the bone was cut into small pieces (Imm^ approximately). The choice
of fixative, buffer and fixation times have been widely used and found to be the most
suitable at preserving the ultrastructure of bone tissue. This technique has been widely
used and reported by this laboratory (Ali et al. 1977; Ralphs et al. 1989).
The bone was found to cut cleanly using a microtome knife and hammer on a
wooden board; the whole procedure being performed as quickly as possible. The tissue
was fixed for four hours at 4°C. After a rinse in sodium cacodylate buffer, the tissue was
fixed in freshly prepared 1% osmium tetroxide at room temperature. After a brief wash
in sodium cacodylate buffer (pH 7.4), the tissue was dehydrated in increasing
concentrations of ethanols, (70-100%), for one hour in each ethanol concentration,
replacing with fresh ethanol after half an hour. After dehydration in propylene oxide, the
tissue was placed in a 1:1 mixture of propylene oxide and Spurr’s resin (Agar Scientific
Ltd, Essex, England; Spurr, 1966). The tissue was infiltrated in Spurr’s resin for two
days using fresh resin each day and polymerised at 60“C for 18 hours.
The polymerised blocks of bone were placed in a ’Reichert-Jung’ Ultracut E
ultramicrotome. Semithin sections (lum) were cut using a freshly made glass knife (45°
angle). Sections were floated onto a distilled water boat and collected onto albumen
coated glass slides. The sections were dried down on a hot plate (40°C) and then stained
using toluidine blue (Richardson et al. 1960) or methylene blue and acid fiichsin,
(Humphries, 1974). Areas showing good structural preservation were selected for electron
microsopy.
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The criteria for ’good preservation’ were; (a) good preservation of osteoblasts lining the
osteoid, good osteoctytic lacunae, (b) a clear definition of the mineralising front as
determined by the tinctorial stain and (c) no obvious artefactual damage to the area under
view.
The area of bone was trimmed using a razor blade. The ultrathin sections were
then cut on the ultramicrotome using a Diatome diamond knife. The sections were cut at
50-60nm thickness. Sections were ’stretched’ using chloroform and collected on pioloform
coated 200 mesh copper grids. The sections were contrasted on drops of saturated aqueous
uranyl acetate (Watson, 1958) for ten minutes and then on drops of lead citrate
(Reynolds, 1963) for 10 minutes in the presence of sodium hydroxide pellets to absorb
atmospheric carbon dioxide. The sections were rinsed in distilled water (pH7.2) in
between the contrast media.
The specimen grids were placed in a Philips CM 12 transmission electron
microscope (TEM). The accelerating voltage was selected at SOkV and the specimen
eucentric height was corrected using the go^om eter stage, the microscope was realigned
at each sitting.
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Table 2.1: Details of 01 Patient's Tissue
Processed For Light Microscopy &
Routine Transmission Electron Microscopy.
Patient

Age
(Years)

Sex
(M/F)

Site of
Biopsy

Clinical
Type of 01

A

16

M

Iliac Crest

IB

B

10

F

Iliac Crest

IB

C

25

F

Tibia

IB

D

28

M

Femur

IVA

E

2 1/12

M

R. Femur

III

F

1/12

M

Rib

II Broad

G

7

F

Femur

III

H

5/12

M

Rib

II

I

7

F

Femur

I

J

1/12

F

Distal
Femur

II

K

10

M

Iliac Crest

IB

L

12

M

R. Femur

IB

M

10

M

Femur

I
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Table 2.2: Details of Normal Patient's Tissue Processed for Light Microscopy &
Routine Transmission Electron Microscopy.
Clinical Type
of 01

Patient

Age (Years)

Sex (M/F)

Site of Biopsy

1

17

F

L. Fibula

-

2

2

M

Iliac Crest

-

3

9

M

R. Tibia

-

4

5

F

Femur

-

5

7

F

R. Femur

-

6

9

M

Iliac Crest

-

7

26

F

Iliac Crest

-

8

26

F

Femur

-

9

18

F

Trochanter

-

10

21

F

Iliac Crest

-

11

8

F

Iliac Crest

-

12

11

M

Femur

-

13

10

F

Femur

-

14

1

M

Femur

-

15

1

M

Femur

-

16

17

M

Femur

-

17

13

M

Femur

-

18

10

M

Iliac Crest

-
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2.3. Results.
The histological and ultrastructural appearances in OI clearly differ with type and even
within type, however, some generalities may be made. In the most severely affected
patients there appeared to be a higher proportion of ’immature’, woven bone than in
normal controls.
Smith etal (1983) correctly point out that it is essential to know the clinical details
of the patient and the source of the biopsy, since many appearances of the bone may be
as a result of previous fracture, surgery or histological processing.
When bone specimens were taken, the patients’ clinical notes were examined for
information concerning familial inheritance of the disease, previous surgical and
therapeutic intervention and any other relevant information. The clinical type of 01 was
determined from these notes according to the classification by Sillence (1981). Dates of
drug therapies were carefully noted, these details are given in appendix 1.
One method of reporting the bone pathology is to group the changes by common
features rather than by the different types of the disease. Therefore, the structural and
ultrastructural results reported here are grouped by common features, rather than by the
clinical type of OI, since there appear to be many common features which do not clearly
fall into specific types of OI. Moreover, this being a new investigation would require
more data to ascribe a morphological feature to be a hall mark of a particular type of OI.

2.3.1. Light Microscopy.
Bone specimens from 01 patients demonstrated a poor lamellar pattern. This was evident
in haematoxylin and eosin stained sections and was confirmed using polarised light
microscopy. Figures 2.1 and 2.2. The lamellae were thinner and more disrupted than in
normal bone. An increase in the number of osteocytes was also evident. Figure 2.3.
It has been reported that the osteoid in 01 is thickened, however, this was not a
feature of the bone examined in this study. No obvious difference was apparent when
compared to control osteoid (Figure 2.4) but there was a general impression of a thinner
osteoid in OI. A variable increase in osteoblasts or osteoclasts was apparent. Figures 2.5
and 2.6, but in some specimens, healthy, plump osteoblasts could be seen crowding the
osteoid. Figures 2.7 and 2.8.
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The growth plate showed a generally normal appearance (Figure 2.9) although the bone
trabeculae extending down from the growth plate in some of the younger patients was thin
and fragile, Figure 2.10. No obvious increase in the number of osteoclasts or resorption
pits was apparent and the trabeculae and cortices in some neonatal patients was thin and
disorganised, Figures 2.11 and 2.12.

2.3.2. Transmission Electron Microscopy.
2.3.2.1. Mitochondrial Inclusions.
Four patients demonstrated mitochondrial mineralisation; patient C demonstrated a
spherular calcium phosphate (Figures 2.13 and 2.14), while patients G, J and L
demonstrated a needle-shaped calcium phosphate (Figures 2.15 and 2.16). No spherular
or needle-shaped extracellular mineral was observed in close proximity to the cells
involved indicating that these minerals were not present as a result of translocation from
the main body of bone mineral.
Qualitative X-ray microanalysis on uncontrasted sections, (see Chapter 4) was
performed and detected calcium and phosphorus in all the spherular and needle shaped
deposits (Figure 2.17). No such deposits were observed in any of the age, site and sex
matched normal bone specimens. The spherular calcium phosphate deposits on average
numbered 5-10 per mitochodrion depending on the plane of cut of the mitochondrion.

2.3.2.2.Fibrous Material
Four patients demonstrated fibrous structures associated with either the cells, the osteoid,
the periosteum, endosteum or general collagen matrix of the bone.
Patients C and Q demonstrated fibres that had an individual diameter of
approximately 10-20nm but formed bundles up to 200nm (2^m) wide and many microns
in length. In longitudinal section, these bundles of fibres ran parallel to type I collagen
fibrils and appeared in certain ultrathin sections to be continuous with the type I collagen
fibril and splay out from it. Figure 2.18. There were many cells in the matrix and
associated with the osteoid, that were observed to be secreting these fibrils into the
matrix. Figure 2.19. In transverse section, the individual fibrils could be clearly seen
forming a much larger fibre. Figure 2.20.
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These fibres were only seen in close association with non-mineralised type I collagen and
never in the mineralised portion of the bone. Patient J also demonstrated similar fibres,
but to a much lesser extent. These were seen to closely associate with type I collagen,
Figure 2.21.
Patients A and B demonstrated large fibrous structures with an ’elastoic’
appearance. The largest of these fibres observed were approximately 2fim in width and
10/Am in length.
There was a wide spectrum of dimensions and forms to this fibrous material but
all shared the common feature of a fine, periodic, fibrillar structure running parallel to
its longest dimension. The interperiodic distance on these structures was approximately
70-100nm. As with the fibres in patient C these fibres were always found in close
association with type I collagen and gave the impression in some ultrathin sections that
they were continuous with the type I collagen.
Patient D showed a further form of fibre loosely associated with the type I
collagen matrix of the osteoid. Figure 2.22. This shared some features of those fibres
seen in patients A and B. Although much smaller in their dimensions these fibres
indicated an interperiodic distance similar to patients A and B.
The periphery of the fibres had a ’foamy’ appearance and this was seen on some of the
fibres from patients A and B.
Patients Q, K and P demonstrated collagen that appeared unravelled. This collagen
was associated with the osteoid and normal collagen. Figures 2.23-2.25.

2.3.2.3. Intracellular Glycogen Deposits.
Patients G and Q demonstrated copious amounts of glycogen in cells in the matrix
associated with but not adherent to the osteoid. Figure 2.26. The glycogen had no definite
membrane surrounding it, rather it was tightly packed into the extracellular space. It could
not be unequivocally seen in the mitochodria or in the RER, no other patient
demonstrated these features. Some chondrocytes in these patients demonstrated large
amounts of intracellular glycogen. Figure 2.27, however this is not uncommon in normal
chondrocytes (personal communication, SY Ali).
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2.3.2.4. Dilated Rough Endoplasmic Reticlum (RER).
Patients M, F and H demonstrated dilated RER in osteoblasts and osteocytes. Figure
2.28. Patient H also demonstrated dilated RER in the chondrocytes. Figure 2.29. All of
these dilated RER had an amorphous material in them, indicating the presence of some
product that had accumulated in the RER causing them to swell. This material did not
resemble glycogen and did not appear fibrous. There was no indication of this amorphous
material being excreted into the extracellular matrix, no obvious swelling of Golgi
apparatus was evident.

2.3.2.5. Osteoid.
The majority of the bone specimens examined in the TEM showed thinner osteoid
compared to normal, matched controls, however, this is only a qualitative indication, no
histomorphometric data was obtained. The organisation of the osteoid in 01 patients was
in general normal (Figures 2.30-2.34), but some areas were very disorganised with
collagen fibrils of varying diameters showing no orientation and running only short
lengths in bunches, (Figures 2.35 and 2.36), despite apparently normal cellular activity
and mineralisation. Some areas of the osteoid appeared devoid of normal collagen with
’unravelled’ collagen forming the osteoid. Figure 2.37.

2.3.2.6. Type I Collagen.
Many of the patients demonstrated examples of abnormal periodic type I collagen. Some
fibrils were abnormally thin but still demonstrated periodicity (Patient K). In transverse
section many fibrils appeared lobulated and there was a wide variation of fibril diameters
in the same field of view (Patient D), Figure 2.38. Some areas were deficient in type I
collagen and appeared to be composed of a fine filamentous material with sparse areas of
type I collagen (Patient G), Figures 2.24 and 2.25.
Some patients demonstrated abnormally thickened type I collagen fibrils. Many of
these fibrils demonstrated tortuous kinks’ going through right angles. Figure 2.39. These
thicker fibrils were closely associated with normal collagen fibrils. Figure 2.40. Collagen
could be seen to run in broken lengths along the osteoid seam. The diameters of these
collagen fibres varied widely, but all demonstrated a characteristic periodicity. Figure
2.40.
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2.3.2.7. Stromal Calcification
An unusual feature of trabecular bone from three paediatric patients F, X and Z was the
presence of a pathological stromal calcification. This calcification appeared as successive
layers of calcium phosphate on an organic matrix, Figures 2.41-2.42. These layers
extended far beyond the normal lamina limitans and formed islands containing type II
collagen and proteoglycan particles. This calcification began at the level of the growth
plate and extended down the trabeculae for approximately lO-SO/xm. This feature was not
seen in any of the ’older’ patients’ bone specimens or in any of the matched normal
controls. The presence of calcium phosphate was determined by the increased natural
contrast over the surrounding organic matrix in unstained sections, and by qualitative Xray microanalysis.

2.3.2.8. Mineral.
Specimens of bone were examined uncontrasted so that the mineral could be clearly
observed without the interference of the organic material. All of the OI bone specimens
examined, demonstrated needles of mineral aligned along the axis of the collagen fibres.
Figure 2.43.

2.3.2.9. Osteoblasts. Osteoclasts and Osteocytes.
Qualitatively, there appeared to be an increased number of osteocyte lacunae in some of
the patients as determined at the light microscopic level. In general, equal numbers of
osteoblasts and osteoclasts with a normal appearance were observed in the specimens of
bone examined. Figures 2.30-2.33. As mentioned previously, intracellular glycogen
deposits, dilated RER and mitochondrial inclusions were seen in all cell types and in
varying degrees but not in every patient examined. Occasionally, glycogen was observed
extracellularly, (Figure 2.16) occasionally associated with type I collagen fibrils, this was
considered artefactual, somehow being ’washed-out’ of cells during processing, however,
Doty and Mattews (1971) made the same observation.
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Ultrastnictiiral Features.
Matrix vesicle calcification was observed to be normal in the epiphyseal cartilage in all
OI patients examined, Figure 2.44. Proteoglycans were in general normal in size and
distribution throughout the calcified cartilage septae of all specimens examined, Figure
2.45. The calcified cartilage septae in the neonatal specimens examined, had a woven,
foetal-like lining persisting for some length down the growth plate Figure 2.46. Some
periodic type I collagen could be seen in the mineralising component lining the calcified
cartilage associated with type II collagen fibrils.
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Figure 2.1: A haematoxylin and eosin stained, decalcified, wax embedded section
from patient C showing numerous osteocytic lacunae. Bar = lOOO/xm.
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Figure 2.2: Polarised light micrograph of the section in Figure 2.1. The lamellae
are very disorganised and run in a random pattern for only short lengths. Bar =
lOOO^m.
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Figure 2.3: Massons trichrome stained section of bone from patient K, showing
numerous osteocytic lacunae. Bar = lOOO^m.
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Figure 2.4: Goldners stained section of undecalcified normal trabecular bone
showing a good lining of osteoid on the bone surface. Bar = 500pim.
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Figure 2.5: Solochrome cyanine stained, undecalcified resin section, showing
osteoid from an OI patient (patient L). The osteoid is not markedly thickened, nor
thinner than osteoid from normal patients. The number of osteoblasts appears
normal. Bar = 500/zm.
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Figure 2.6: Goldners stained undecalcified section showing osteoid from an 01
patient (M). There is no obvious difference from normal osteoid. Bar = 500fim.
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Figure 2.7: Light micrograph of a toluidine blue stained resin section of
osteoid from an OI patient (patient C). The osteoid seam can be seen crowded
with plump osteoblasts. Bar = 500/xm.
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Figure 2.8: Higher magnification of Figure 2.7, showing osteoblasts lining
the osteoid. Bar = 200/^m.
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Figure 2.9: Iliac crest biopsy from an OI patient (patient B) showing
chondrocytes and trabecular bone formation. The trabecular bone appears
disorganised with islands of cartilage incorporated into the bone (arrow). Bar
= 500/Am.
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Figure 2.10: Goldner stained, undecalcified resin section of bone trabeculae from
the growth plate of patient J (type II OI). The trabeculae appear thin and sparse.
Bar = 1000/xm.
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Figure 2.11: Decalcified, resin embedded transverse section through the tibia of
patient J, (type II OI). Note the sparsity of bone and the loose periosteum. Bar =
l(XX)/im.

63

Figure 2.12: Haematoxylin and eosin stained paraffin section of undecalcified
normal bone from patient 2, showing bone formation with a good lining of
osteoblasts. Bar = 500/im.

64

#ë#É #
m

Figure 2.13: Micrograph of mitochondria showing spherular deposits of mineral
(arrow) in patient C. Bar = 6.6/xm.
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Figure 2.14: Higher magnification of mitochondria showing the spherular
calcification which appears to have formed between the cristae. The rough
endoplasmic reticulae appear dilated. Bar = O.Tlpim.
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Figure 2.15: Mitochondria from patient G showing needles of of calcium
phosphate, their association with the cristae is unclear. The rough endoplasmic
reticulae appear dilated and glycogen can be seen in patches (arrow). Bar =
O.TljLtm.
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Figure 2.16: Mitochondria from patient J showing needles of calcium phosphate.
Note that some mitochondria do not have any needle-like inclusions (arrow). Bar
= 0.9/zm.
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Figure 2.17: Uncontrasted section

showing mitochodrion from patient L

showing needles of mineral. This uncontrasted section was analysed using Xray microanalysis (Chapter 4) to detect the presence of calcium and
phosphorus. Bar = 0.66/xm.
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Figure 2.18: Microfibrils appear to be continuous (arrow) with type I collagen
in patient C. Bar = 0.5 l^m.
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Figure 2.19: Microfibrils (arrow) being secreted by an osteoblast from patient C.
These microfibrils are being secreted in association with periodic type I collagen.
Bar = 2.85^m.

71

r
»

m
%

# ^

<% - %

#'

Figure 2.20: Microfibrils in transverse section (full arrow). The discrete
microfibrils can be seen to form bundles much larger than closely associated
normal periodic type I collagen (open arrows). Bar = 0.71/>im.
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Figure 2.21: Fibrous material found in patients A and B. This structure has a
periodic pattern and was found in close association with the type I collagen. Bar
=

l.lfim.
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Figure 2.22: Patient D demonstrated fibrous material in the osteoid (arrow)
which was similar in appearance to the materials observed in patients A and B.
Bar = 5.2/xm.
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Figure 2.23: Patient E demonstrated a very disorganised osteoid with very few
dist^ishable collagen fibrils. The majority of the osteoid contained a fibrous
’whispy’ material (arrow). Bar = 6.6^m.
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Figure 2.24: Higher magnification of the osteoid material from patient E. The
appearance is similar to that of ’unravelled’ skin collagen discussed by Holbrook
and Byers (1987). Bar = 1.5^m.
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Figure 2.25: Higher magification of the osteoid material seen in patient E. Some
type I collagen fibrils can be seen in transverse section (arrow). Bar = 0.9jnm.
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Figure 2.26: Many OI patients demonstrated large intracellular glycogen deposits
in osteoblasts (arrow). Bar = 2/>tm.
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Figure 2.27: Many OI patients demonstrated intracellular glycogen deposits in
chondrocytes (arrow). Bar = 1.5//m.
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Figure 2.28: Dilated rough endoplasmic reticulae were a common feature of
chondrocytes from OI patients. The dilated RER contained a granular electron
dense material (arrow). Bar = 6.6/im.
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Figure 2.29: Osteoid from patient C sliowing crowding of plump ost(^àlasts. Ttie
migration of an osteoblast into tfie dense minerai can be seen. Bar = 11/im.
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Figure 2.30: Higher magnification of Figure 2.30. The osteoblasts in this area
of bone do not show dilated RER and no mitochondrial mineralisation.

An

osteoblast can be seen becoming embedded in dense mineral (arrow). Bar =
6.6fim.
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Figure 2.31: Higher magnification of Figure 2.29, showing the close apposition
of the osteoblasts. Some osteoblasts were darker than their neighbours (arrow).
Bar = 8.7/xm.
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Figure 2.32: Osteoid from patient K showing close apposition of osteoblasts to
the mineralising front. Bar = 5.2^m.
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Figure 2.33: Osteoid from patient B showing close apposition of an osteoblast to
the mineralising front and transverse type I collagen fibrils. Bar = 4pni.
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Figure 2.34: Osteoid from patient K showing Type I collagen fibrils of varying
diallers. The fibrils are running a random pattern. Bar = 0.71/xm.
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Figure 2.35: Osteoid from patient L showing a rather disorganised pattern of type
I collagen fibrils. Bar = l^m.
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Figure 2.36: Osteoid from patient E. Although the osteoid seam is quite thick
with an osteoblast embedded in it, it is composed of fibrous whispy material.
Osteoblasts are forming a thin lining over this fibrous material. Bar = 8.7/xm.
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Figure 2.37: Patient D demonstrated very lobulated type I collagen fibrils. This
was a feature of many of the OI patients. Bar = 0.66/Ltm.
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Figure 2.38: Patients C and many others demonstrated focal areas of varying
diameters of type I collagen fibrils when viewed in transverse section. Bar =
0.44/zm.
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Figure 2.39: Patient C demonstrated type I collagen fibrils of varying diameter
in the extracellular matrix and partly in the osteoid. These fibrils only ran for
short lengths and made to i-^ s kinks. Bar = 0.9/xm.
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Figure 2.40: Osteoid from patient E showing thin fibrils of type I collagen. Bar
= 0.9^m.

92

I,

h

Figure 2.41: Patient F demonstrated an amorphous stromal calcification (arrow)
surrounding the calcified cartilage septae. This extended for some way down the
length of the growth plate. Bar = 6.6/>im.
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Figure 2.42: Higher magnification Figure 2.41 showing the layers of stromal
calcification with type II collagen and proteoglycans forming islands (arrow). Bar
= 3.2/^m.
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Figure 2.43: The mineralised collagen in all OI patients appeared normal.
Needles of mineral could be seen clos^sociation with underlying periodic type
I collagen. Bar = 0.9^m.
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Figure 2.44: Matrix vesicles (arrow) in the calcified cartilage surrounding the
hypertrophic chondrocytes qualitatively appeared normal in size and number in all
OI patients examined. Bar = 2^ni.
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Figure 2.45: Proteoglycan distribution and size (arrow) in all OI patients was
comparable to normal patients. Bar = 1.1/xm.
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Figure 2.46: A feature of all younger OI patients’ specimens, was a covering of
a woven amorphous material on the calcified cartilage septae. This specimen is
from a 7 year old (patient I) and is characteristic of the woven bone appearance
of the OI patients. Periodic collagen can be seen embedded in the matrix (arrow).
Bar = 2.5fim,
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2.4. Discussion
2.4.1. Mitochondrial Inclusions.
Vittelaro-Zuccarello et al (1984) described the morphology of connective tissue cells in
01 and reported on mitochondria but made no mention of inclusion bodies. Kjaer et al
(1975) reported mitochondrial granules in the osteoblasts of a child with 01 (type
unspecified). No explanation as to their presence in the disease was made.
In the mitochondria of most cells the matrix contains electron-dense granules 300500A in diameter (Ghadially, 1977). These have been referred to as intermitochondrial
granules, or matricial granules. These granules are more prominent and encountered more
frequently in the mitochondria of tissues which transport large quantities of ions and
water. Previous studies on isolated dense granules indicated that they contain calcium,
magnesium, phosphorus and inorganic material (Ali et al. 1977). Peachey (1964)
proposed that if modest amounts of calcium ions were presented to the mitochodria, they
would be deposited on the dense granules, but if large amounts of calcium ions,
preferably with inorganic phosphate were offered, they would be likely to form de novo
precipitates in the mitochondrial matrix. In some pathological states the mitochondria may
be filled with calcium deposits. It is important to note that this is not calcification of
necrotic tissue, for intermitochondrial calcification precedes the necrosis and appears to
be a factor in its production; an example being the kidney tubules of mice after the
administration of parathyroid extract (Cauflield and Schray, 1964).
Osteoclasts and osteoblasts have been found to contain mitochondrial granules after
administration of parathormone (Matthew et al. 1970). Matthews et al. (1970)
demonstrated that one specific modification induced in the mitochondria of chondrocytes
by a low phosphate, vitamin Dz-deficient diet was the reduced ability to form mineralcoating mitochondrial granules. It may be possible that vitamin D is related to the
production of ûie organic component essential for stabilising mitochondrial mineral.
Matthews et al

(1970) noted the disappearance of mitochondrial granules in the

chondrocyte strata immediately adjacent to the site of onset of mineralisation, further
suggesting a relationship to the mineralisation process. It has yet to be demonstrated
whether these granules play an active role in the mineralisation process or whether they
simply represent an intracellular mechanism for storing calcium and phosphorus in cells
in which these ions are u n i^ ly high.
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Cameron et al (1967) observed spherical electron dense particles in mitochondria in
osteoblasts of rats following parathormone treatment. They interpreted the increase in
number and density of mitochondrial granules to be a function of calcium increase. Ali
et al (1977) reported dense granules in unstained sections of rabbit calcifying cartilage.
Ali and Wisby (1975) suggested that a compound like calcium B-glycerophosphate might
be present in mitochondrial granules found in chondrocytes. These granules were 50120nm in diameter and electron probe micoanalysis indicated a Ca/P mass ratio of 1.14.
These authors were the first to report the occurrence of calcium-deficient, amorphous
calcium phosphate in mitochondrial granules in the cytoplasm of chondrocytes. There
were approximately six to ten granules in a group. Under some intense beam conditions,
the granules were reported to sublimate and assume a ’frothy’ appearance. This was not
a feature seen in the mitochondrial granules observed in the 01 patients.
Ozawa and Yamamoto (1983) demonstrated numerous mitochondrial granules in
unstained sections of various calcifying tissues prepared by anhydrous methods (Ozawa
et al. 1979; Landis et al. 1977). Elemental analysis of these mitochondrial granules
revealed distinct peaks for cal^m and phosphorus, while electron diffraction patterns of
these granules demonstrated only ’hazy rings’ indicating that they consisted of non^stalline calcium phosphate. Landis (1979) reported single mitochondrial granules within
chondrocytes of growth plate cartilage. Calcium phosphate was also deposited in other
intracellular organelles. Correlative electron microscopy and electron diffraction
established that no patterns of a specific calcium phosphate solid phase were generated
from the granules.
Lehninger (1970) reported that under certain conditions the mitochondria of many
types of cells from a variety of animal species can accumulate large deposits of stable
amorphous calcium phosphate. Lehninger (1974) reported the presence of significant
quantities of Mg and ATP in stable amorphous granules and concluded that Mg and ATP
were required for the formation of mitochondrial calcium phosphate.
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Krane and Glimcher (1978) concluded that ATP molecules which are present in high
concentrations in the mitochondria, might be bound to the mitochondrial granules where
they susequently donate their terminal phosphate groups by a phosphoryl transfer to the
solid phase granule surface, forming pyrophosphate groups as an intimate part of the solid
phase surface structure.
The effect of the presence of these additional phosphate groups not only stabilises
the growth of the solid phase and prevents further phase changes characteristic of
maturation, but in part explains the low Ca/P ratios of solid phase of Ca-P in
mitochondria.
Anderson (1976) considered it likely that calcium and phosphate released from
mitochondria were in a soluble form as they diffuse into the bone matrix, where they can
be utilised by vesicles during calcification. As such the calcified mitochondria were
regarded to represent a mechanism of active Ca transport into the calcifying area
(Brighton et al. 1976; Matthews et al. 1971; 1973), whereby the high Mg and ATP
content guaranteed a stabilisation of amorphous calcium phosphate (Posner et al. 1978).
The presence of mitochondrial granules in OI indicates that some metabolic
imbalance in these cells has occurred. Two forms of these mitochondrial inclusions were
found. One form, spherules has been reported before but needles which contained calcium
and phosphorus as determined by X-ray microanalysis were also detected. However, these
inclusions demonstrated a low molar calcium-phosphate ratio (Ca/P= l.KX)) compared
to normal hydroxyapatite (Ca/P =1.602, see Chapter 4). Electron diffraction of these
inclusions revealed a ’hazy’ set of diffraction rings indicating a poorly crystalline material
made up of small crystallites.

2.4.2. Mineralised Bone.
Arsenault and Hunziker (1988) reported that contrasting sections of bone for TEM caused
the demineralisation of early deposition sites of calcium-phosphates. At the same time lead
and uranium was found to bind to the organic components of the extracellular matrix
form^ffiy associated with the calcium and phosphorus. This substitution phenomenon was >(
found to alter the overall fine structure of mineral sites by depleting the amorphous
density of calcium and phosphorus, and by creating rod-like structures that have been
consistently interpreted as representing hydroxyapatite crystals.
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It is widely accepted that numerous artefacts can be induced by aqueous fixation,
including loss and condensation of proteoglycans, cell shrinkage and distortion and the
dissolution of mineral content (Hunziker et al. 1984; Arsenault, 1985; Arsenault, 1989;
Boothroyd, 1964). Demineralisation of thin sections has been shown to occur during
routine ultramicrotomy and staining procedures (Landis et al. 1978; Bishop and
Warshawsky, 1982; Nanci and Warshawsky, 1983). The question has been raised as to
how reliably stained electron microscopic images depict the distribution of mineral
deposits within the extracellular matrix.
Arsenault and Hunziker (1988) concluded that the stain deposition more accurately
defined the organic components which may or may not have been ^ociated with calciumphosphate deposition, the lead and uranium possibly directly substituting for the calcium
phosphate. With these factors in mind, care was taken in processing, examining and
interpreting data from bone mineral in 01.
The dense mineral in all of the 01 bone specimens examined showed no visible
difference either in its ’needle-like’ structure or in its association with the type I collagen
matrix, either when viewed contrasted or uncontrasted.
Previous investigators described the bone in OI as of the woven or foetal type. The
milder tarda (type I) showed a primarily lamellar pattern, although there was no
agreement as to the cellular characteristics. Certainly, it is possible that surgical specimens
usually used for morphological studies do not truly represent the basic pathological
process but rather reflect the process produced by abnormal stress and recurrent
microfracture. Falvo and BuUough (1973) reported that in 01 congenita (type I) there
were large areas of osseous tissue devoid of an organised trabecular pattern where a
lamellar pattern was seen in OI bone, the osteoblasts were numerous and the osteocytes
large. The lamellae were thin. In 01 tarda (type I) the osteoid seams were prominent and
the osteoblasts were less numerous and smaller. Interestingly, Falvo and Bullough
performed thorough histomorphometric analyses of bone and found no significant
correlations in the OI group in any relationships involving the number of osteocytes,
including the correlations between increase in the number of osteocytes and increasing
age, between the number of osteocytes and increase in the fractional area of bone and a
wide range of other parameters.
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By histomorphometric analysis they concluded that the more severe congenita type
exhibited a more primitive type of osseous tissue with an irregular, woven pattern and that
this woven bone decreased as both osteoblasts and osteocytes approached a more normal
histological configuration. The increased number of osteocytes, the larger size of
osteoblasts and the increase in the number of osteoid-seam surfaces were suggestive of
increased bone production. They did not detect any difference in collagen fibre diameter
or periodicity. Solomons etal (1969, 1971) demonstrated increased serum pyrophosphate
and reported a decline with magnesium oxide administration which was thought to
indicate an altered metabolism of the ^eoblast.
It may be assumed that because there is no obvious difference in the ultrastructure
of the mineral or in its association with type I collagen in OI, that no difference exists.
However, as reported by Fisher (1987), the length of the mineral rods in their 001 axis
is shorter than in normal bone. Also as demonstrated in Chapter 4, the calcium to
phosphorus ratio is significantly decreased from normal. 01 has been described as a
disease of ’subtle change’. Unlike many other conditions such as Fibrogenesis Imperfecta
Ossium (Ralphs et al. 1989) no clearly definable changes are visible in 01, yet molecular
biologists and chemists widely accept that a small change in repeating structure’ as occurs
in type I collagen can have catastrophic effects overall, as seen in 01.

2.4.3. Stromal Calcification and Lamina Limitans.
Boothroyd (1964) and Thorogood et al (1975) studied the phenomenon of artefactual
déminéralisation of tissue prepared for electron microscopy. They found that the mineral
was lost selectively from the interior of the matrix and not from the superficial region.
A marked electron dense band was retained at the edge of areas which had been
demineralised. Electron microscope studies on calcified tissues which had been
intentionally decalcified also showed this structure. Cooper et al (1966) described an
electron dense zone, 350A wide, along the borders of the lacunae and canaliculi and in
calcilying cartilage and bone (Scherft et al. 1972, 1973).
Scherft et al (1972) suggested the term lamina limitans to describe the structure.
As these morphological investigations had apparently removed all the mineral it was
concluded that the lamina limitans represented staining of some organic component of the
matrix.
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Alternatively it was suppposed that not all of the mineral was removed and that the lamina
limitans represented some more firmly bound mineral entity. It is possible that the organic
component that composes the lamina limitans in normal bone is altered in such a way that
its allows the nucléation or deposition of an amorphous calcium phosphate on the
periphery of the mineralising front in a stromal fashion.
Kim and Trump (1975) reported on the calcification of human aortic valves. Three
types of unit structures were noted among various electron dense precipitation; spheroids,
fine granular and fine fibrillar components. Selected area diffraction patterns showed a
pattern of ’calcium hydroxyapatite. The presence of such spherular and laminated
secondary structure formation of these amorphous precipitations was thought to be a
function of the organic matrix. Cellular degradation products were mentioned as a
possibility.
Helftich et al (1991) described the most "remarkable feature" of a histological and
ultrastructural study of osteopetrotic bone was the presence of layers of amorphous
material lining the bone or cartilage matrix. This material had exactly the same
appearance and site of deposition as that found in the neonatal 01 bone specimens.
In these OI specimens, instead of osteoid, a layer of mineralised amorphous organic
material, often not covered by cells, was demarcating the matrix surface.
This possibly represented layers of pathological calcification on which
subsequently, organic material, such as serum and tissue fluid proteins, had accumulated,
the presence of thick layers indicating accretion of material over a relatively long period.
The layered patterns may be explained by assuming that during this period, differences
in the concentration of mineral-binding organic material were present. ’Bare’ matrix,
devoid of osteoblasts might act as nucléation sites for calcification and subsequent
accretion of organic material. Such a situation has been reported by Wesselink et al
(1986). Layers of amorphous calcified material have been reported previously (Shapiro
et al. 1981). Boyde et al (1986) in a scanning electron microscopic study found an
unusually smooth ’rounded’, "flattened-knobbly" surface on specimens of alveolar bone
obtained from a patient with benign osteopetrosis, they reported that this material did not
contain collagen.
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2.4.4. Osteoid and Type I Collagen
Skin fibroblasts from a patient with a lethal form of OI were found to synthesise equal
amounts of normal pro a 1(1) chains and proa 1(1) chains that were about 10% shorter
because of a deletion of about 100 amino acids in the middle of the a chain domain. The
pro-al(I) chains were incorporated into three kinds of trimers: a normal type I trimer
with normal length pro al(I) chains; a trimer with one shortened proa 1(1) chain and two
normal chains; and a type I trimer containing two shortened pro a 1(1) chains and on
normal length pro a2(I) chain, (Williams and Prockop, 1983). Procollagen containing the
shortened pro a 1(1) chains was slowly secreted by the cells but was degraded by
extracellular proteinases within 6 hours of chase into the medium. The results of this
study demonstrated that the presence of the shortened pro a 1(1) chains in procollagen
trimers produced a delay in rate of helix formation, overmodification by post-translational
enzymes, a decrease in the thermal stability of the trimers, and increased susceptibility
of the protein to endogeneous proteinases. Also, Williams and Prockop (1983) reported
that the fibroblasts of this patient synthesised and secreted a type Ill-like species of
procollagen with unusual chromatographic properties.
The fibres of ’unknown genesis’ may well be explained by the findings of
Williams and Prockop (1983). Type I collagen fibres with either one or two mutated
a 1(1) chains could be formed de novo and have a very altered appearance to the normal
periodic collagen. Alternatively, they could be breakdown products of the type I collagen
fibre which have been degraded by various extracellular proteinases. The decreased
thermal stability would also play a part in degrading the fibres.
One explanation for the small number of these altered fibres seen in the TEM in
this study is given by Williams and Prockop (1983). They reported that 6 hours after the
introduction of extracellular proteinases into the medium containing the altered collagen,
they were degraded, thus they were very short lived. The chances of visualising such
short lived structures in ultrathin sections in the TEM would be therefore, quite small.
Since the chances of this material being present in the bone at the time of biopsy would
be quite small, this may explain why a low number were visualised.
Baron et al (1979) reported that remodelling activity was modified in 01. A low
bone density and low trabecular weight were associated with a high turnover rate.
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Despite a marked increase in bone formation surface they reported a decreased activity
of osteoblasts and a decreased osteoid thickness, Riley and Brown (1971) have previously
reported a reduction in the cortical thickness, osteoid width and number of osteons in nine
patients with 01. It was thought that the skeleton attempted to compensate by increasing
the number of osteoblasts but, the coupling process being normal, both the osteoclasts and
the osteoblasts increased in number. Then the osteoclasts ^ ^ ly resorbed a normal amount
of bone while the osteoblasts synthesised a lower amount of bone than normal, therefore
leading to a net loss. The finding of a high turnover rate is in agreement with metabolic
studies and has been suggested by other morphological studies. The increased
hydroxyproline excretion pointed to an increased turnover. Baron et al (1979) point to a
specific defect in the individual osteoblast as suggested by Doty and Matthews (1971) who
demonstrated glycogen accumulation in the cells, indeed this has been a feature of this
particular study.

2.4.5. Fibrous Structures.
The fibrils of ’unknown origin’ are an interesting feature of some patients (C) with 01.
They have a close association with type I collagen fibrils and in some micrographs appear
to be continuous and ’splay’ out from type I collagen.
This would indicate that they are indeed unravelled type I collagen fibrils or
possibly the type III widely reported to associate with type I.
Haebara et al (1969) reported thin, delicate fibres, but without a striation
periodicity and o f thickness 40nm. Parry (1977) reported the presence of subfibrils in rat
tail tendon. Some type I collagen appeared to have ’exploded’ into subfibrils. In both
transverse and longitudinal section, these subfibrils had a uniform diameter of 140A. They
reported that the percentage of fibrils which had ’exploded’ was very low, the frequency
of observation was high due to the large number of fibrils observed in a typical section.
This was a feature of the OI bone, low percentage with higher frequency. In longitudinal
section thay reported that the subfibrils sometimes appeared to emanate from a D-periodic
collagen but more commonly the parent fibril showed no obvious D period. It was
thought that the subfibrils might not be coUageneous but were in fact elastic fibres as
reported by Ross and Bomstein (1969). However the collagen ous nature of the subfibrils
was suggested by the following evidence :
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a) The microfibrillar component of an elastic fibre is tubular, beaded and lOOA in
diameter. Subfibrils reported by Parry and Craig (1977) were 140A and the fibrils
reported here were much larger and were not beaded;
b) In transverse section, the subfibrils were composed of yet smaller units approximately
10-20 nm in diameter, with many hundreds of these units per subfibril. Parry and Craig
correctly surmised that the evidence for these subfibrils being collagen ous was not
conclusive and that elastic fibres should not be ruled out. A note added at the proof stage
of their publication concluded that these fibrils were indeed elastic as demonstrated by
elastin-specific staining. However, the evidence for these subfibrils being elastin in nature
is still not convincing. Amianthoid fibrils, elastin, oxytalin or elaunin fibres (Smith et al.
1982) are still discounted from this study by the criteria of ultrastrucural characteristics.
Campo and Phillips (1973) reported fraying or unravelling of collagen fibrils in
bovine costal cartilage, periodicity was evident at the point of fraying. They concluded
that this fraying represented a disaggregation of collagen into smaller constituent fibrils.
The incorporation of an abnormal type I collagen trimer into a type I collagen fibril could
result in the formation of an unstable fibril which is degraded into its sub-units. These
’fibres of unknown origin’ may represent these breakdown products.
Patients (A and B) demonstrated a more amorphous fibrous structure which were
large enough to be seen at the light microscopic level after staining with toluidine blue.
No unequivocal explanation can be offered as to the nature of these fibres. Again, there
was an indication in certain sections that these fil^s were continuous with type I collagen.
Immunohistochemistry is undoubtedly the next step, but to simply ’throw antibodies at
sections and hope they will stick’ will only confuse the nature of this material further.
Firstly, some idea about the nature of these fibrous structures is required and this is best
obtained by further ultrastructural analysis of more biopsies. Certainly, suggestions as to
the nature of the fibres can be offered. At the present time the most likely candidate is
an altered type I collagen formed de novo or a breakdown product. To prove this is more
difficult than first predicted. Because of the close association between these fibres and
ultrastructurally normal type I collagen the chances of non-specific labelling of these
fibres by an anti type I collagen antibody are very high, this would give a wrong
conclusion.

107

However, as with the problem of detecting type III collagen in association with type I
collagen, the amount of protein is very low and may be ’buried’ in the fibrillar structure,
making access to the antigen difficult. Equally, detecting the presence of an altered type
I collagen protein by methods such as electrophoresis will not yield an unequivocal
answer. Some of the type I collagen fibrils that appear normal will undoubtedly have
altered collagen chains incorporated and these could appear on the electrophoretogram as
abnormal bands which could be mistaken as having come from these fibrous structures.
2.4.6. Growth Plate
Subtle changes can occur in the epiphyseal growth plate in the more severe lethal disease
where the normal distribution of the cartilagen ous columns can be distorted and
diminished.
In the 3 specimens of neonatal or foetal growth plate examined in this study,
attenuated bony trabeculae and relatively disordered cartilage epiphyseal columns were
found when compared to normal controls. It was from these specimens that the trabeculae
demonstrated the stromal calcification. Woven bone was also a common feature, however,
it was difficult to distinguish pathology from immaturity. The obvious pathology
associated with lethal, perinatal type II 01 makes it difficult to correctly assess
ultrastructural changes that are a direct result of the molecular disease and not simply part
of the rapidly changing picture of foetal/neonatal morphology.
However, it is widely accepted that the overall type I collagen abnormality in the
connective tissue is the cause of death and not any specific abnormality of bone. The
reduced production of type I collagen undoubtedly accounts for the attenuated, bony
trabeculae. No real explanation can be given for the partly distorted cartilagen ous
columns seen in some patientsr^wever, the inconsistency of observation may hold some
clue to this. Many previous reports, although not all (see below) have indicated that the
cartilagen'^csus component of 01 bone is normaf^erhaps these abnormalities are patient
specific, resulting from physical trauma in utero or postnatal trauma.
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2.4.7. Lobulated Type I Collagen
An excellent review by Holbrook and Byers (1987) demonstrated that pathological type
I collagen can exhibit many altered forms. Their review concentrated on skin collagen and
a remarkable feature of this study was altered bone collagen. Obviously, mechanisms
controlling packing of collagen molecules has been lost.
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2.4.8. Osteoblasts, Osteoclasts and Osteocytes and Chondrocytes
Cetta et al (1977) reported a striking feature revealed by light microscopy on iliac crest
cartilage of an OI patient was the irregular distribution of

chondrocytes, their peculiar

shape and the presence in the cytoplasm of large droplets. These inclusions exhibited
strong sudanophilia but did not react with PAS, alcian blue, nor did they demonstrate any
acid phosphatase activity. Electron microscopy of the same cartilage demonstrated less
collagen fibres and larger, more abundant proteoglycan granules. In this study all
chondrocytes appeared normal in their distribution and morphology as did their
surrounding matrix. The one interesting feature was the persistence of dilated RER in
every 01 patient examined under the TEM. An amorphous material was seen to cause a
massive distortion of these RER.

In some areas of cartilage examined the collagen

appeared less abundant and the proteoglycans larger but equally there were normal areas
where the electron dense proteoglycan appeared smaller and more f ^ a r ly arranged in
relationship to the collagen fibrils. It is sometimes easy in electron microscopy to locate
a slightly ’different ’ picture from normal and ascribe it to a pathology. This could have
been achieved in this study all to easily. It is only when the patient details are fully
known (i.e. type of OI, drug therapy) and the morphological features are plainly obvious
and reproducible in more than one patient, that the disease process can be ascribed to the
ultrastructural features and not focal changes within the normal spectrum of variation.
This was an e d ^ th at had been adhered to strictly in this study, clearly the osteobl^
demonstrated numerous intracellular changes as did some of the chondrocytes. Osteoclasts
and the numbers of all of these cell types were normal.
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2.5. General Discussion.
01 cannot be characterised by one histologic pattern. Neither the morphology of the cells
or of the matrix is consistent throughout the clinical spectrum of the disease. The more
severe forms exhibit a greater proportion of primitive osseous tissue. As the amount of
woven bone in the tissue decreases, so do the osteoblasts and osteoclasts. The reduction
in the size of the skeleton may be partly due to the decrease in cellular matrix production,
particularly type I collagen. Sillence et al (1979) reported that in patients who had the
dominantly inherited form of 01 with blue sclera and with short stature, their length at
birth had been normal. This suggests that only when the cartilagen ous skeleton is
replaced by bone does shortness come to the fore. This may be explained by the fact that
the bulk of cartilage consists of water and proteoglycan rather than collagen, and so far
there is no quantitative indication of abnormal or deficient proteoglycan in 01.
The gross structural abnormalities observed in the skeleton and individual bones
of patients with OI can be classified into three principle features: a) a porosis, b)
deformities due to frequent fracture and repair, and c) a diminution in size.
Although the morphology and ultrastructure are good indicators of the disease, the
panoramic heterogeneity is overwhelming. While these features can be used diagnostically
and indeed serve a role in assessing the progress of a patient through a drug regimen, the
genetic aspects of this disease require fuller elucidation for fuller and more successful
treatment.
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Chapter 3:
Histomorphometry of Bone Osteoid Type I Collagen in
Osteogenesis Imperfecta.

Ill

3.1. Introduction.
The ultrastructural morphology of connective tissues is largely determined by the size and
orientation of collagen fibrils and in particular type I collagen fibrils (Keene e ta l. 1987).
Fibril diameters can vary with the tissue studied and the developmental stage of that
tissue. Such observations suggest that the fibril-forming process is a well controlled series
of events. A number of regulatory mechanisms have been suggested, these include direct
participation by cells in fibrillogenesis (Birk and Trelstad, 1986); as well as the
involvement of post-translational proteolytic processing of type I and III procollagens
(Miyahara et al. 1984; Fleischmajer et al. 1985), and possibly type V collagen, (Fitch et
al, 1984) in the control of this process. Initial studies of in vitro fibrillogenesis of
mixtures of the triple-helical domains from type I and III collagens indicated that the
resultant fibril diameter was inversely proportional to the I/III molar ratio (Lapiere et al.
1977). Existing evidence suggests that the type III collagen triple helix is absent from the
surface of large diameter fibrils (Nowack et al. 1976; Fleschmajer et al. 1980). The
reported absence of type III collagen from the surface of mature fibres suggests that
another mechanism may exist that limits the ultimate size of the fibrils, since type III
collagen, which was reported on fibrils of small diameter, must have either been removed
or buried within the interior of the fibril.
Collagen is closely involved in the formation and stabilisation of bone mineral.
This is accepted despite the controversy surrounding the actual mechanism of nucléation
and growth and the composition of the mineral phase (Ali, 1976; 1992; Glimcher, 1959;
1976; 1984; 1985; 1989; Glimcher et al. 1968; 1979). The known genetic alteration in
type I collagen in OI has not been confirmed by any in depth study on the quartemary
structure of this protein in bone using TEM.
Because of the close, if yet undefined, association between collagen and mineral,
any alteration in type I collagen architecture would have subsequent effects on mineral
formation and stability.
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3.1.1. Type 1 Collagen.
Type I collagen is a major protein of the extracellular matrix. Each molecule is composed
of two a 1(1) and one o:2(I) chains wound together in a triple helix. The a-chains are
approximately 1000 amino acids long, and consist in the triple helical region of repeated
triplets of the amino acids Gly-X-Y, where X and Y are frequently proline residues. The
CLchains are synthesised as pre-pro-a-chains which undergo post-translational modification
including enzymatic hydroxylation of specific prolyl and lysyl residues and glycosylation
of some hydroxylysyl residues. Triple helices form by association of pro-a-chains at their
carboxyl termini with the progressive folding of the helix towards the amino termini. The
occurrence of glycine at every third position is critical for triple helix formation which
prevents the further modification of the «-chains. The helical procollagen molecules are
secreted into the extracellular space, where the amino-terminal and carboxyl-terminal
propeptides are cleaved and fibrils are formed. The genetic determinants that are
important for normal collagen structure and function are as yet only defined by the rare,
sporadic mutations in humans such as occur in 01 or Ehlers Danlos syndrome (Holbrook
e ta l. 1987).
Ultrastructurally, the collagen molecule appears as a semiflexible rod 300nm in
length formed by the «1(1) and one «2(1) amino acid chains (Bear, 1952; Miller 1985;
Miller, 1984). These molecules demonstrate the triple helical portion (1014 amino acid
residues) and small N- and C- terminal, non-helical portions (Veiss 1985a) and can be
visualised using specialised TEM techniques (Kadler et al. 1990, 1991).
Hodge and Petruska (1963) showed that the collagen molecules are longitudinally
organised in a regular 67nm, D-staggered fashion which gives rise to its axial period. The
molecules are linearly arranged such that there is a 35nm separation between adjacent
ends and each molecule is staggered to its lateral neighbour by 67nm, corresponding to
234 amino acid residues (Hulmes et al. 1983). The repeating D period of the collagen
fibril was thought to have two regions; a densely packed overlap region, 0.4D in length,
and a ’gap’ region 0.6D in length, where there would be potential space as a result of the
separation between longitudinally arranged molecules. Hodge and Petruska (1963)
suggested that the gap region would be the preferential location of apatite crystals during
mineralisation due to the space available for crystal growth.

113

The regular D-stagger of the collagen molecules also results in the periodic localisation
of amino acids with specific structural and histochemical implications (Hodge and
Petruska, 1963).
Meek et al (1979) were able to integrate the known amino acid sequence,
structural information, and the staining pattern of type I collagen to model the localisation
of individual amino acids within the fibril. A high correlation coefficient was found
between the electron-optical density of positively stained collagen and the theoretical
density of their model. Subsequent studies have used the amino acid sequence data of
collagen to determine the localisation of electron dense stains with specific classes of
amino acids (Chapman, 1984, Arsenault 1989, Maitland et al. 1991).

3.1.2. Type I Collagen Fibrils in OI
Riley and Brown (1971) showed that collagen ultrastructure was normal in decalcified
sections of iliac crest bone from OI patients. In scleral and skin biopsies, collagen fibres
were normal in periodicity, however, the collagen bundles were smaller in size and less
regular in arrangement. Comeal collagen fibres averaged 165Â in diameter, compared
with 275Â for control specimens. Riley and Brown suggested that their results indicated
that connective tissue abnormality in OI was qualitative rather than quantitative.
Fleischmajer et al (1980) labelled collagen fibrils in normal human skin and determined
that for 80% of the fibrils the diameter was 20-80nm while type III collagen fibres were
20-40nm in diameter. Stoss and Freisinger (abstract, 1990) studied 82 cases of 01. The
diameters of collagen fibrils in bone were determined morphometrically using standardised
protocols. Their study revealed a significantly smaller fibril diameter in OI compared with
the control groups. There were significant differences between the four clinical types of
OI according to the Sillence classification (1981). Treatment with (-l-)-catechin resulted
in an increase in the collagen fibril diameter. The increase was most significant in type
III 01. Stoss considered that the findings observed in type II and type III OI indicated that
no major morphometric differences were present between these severe forms of 01.
Unusually thin fibrils have been observed in the dermis of patients with OI type
I. In one individual, the fibril diameter was 50% smaller than normal (Byers e ta l. 1983).

114

Alteration at the fibril level was found to influence the organisation of the matrix at a
higher level; the fibre bundles were smaller than normal and widely separated, the dermis
was also found to be unusually thin. This thin dermis was also a feature of transgenic
mice discussed in Chapter 6.
Small diameter fibres have also been observed in the dermis of patients with mild
OI (type I). There appeared to be a decrease in the total amount of dermal collagen and
a relative increase in the amount of type IV collagen (Smith et al. 1975).
Several factors may regulate collagen fibril diameter during fibrillogenesis. The
ratio of type I and type III collagen in the tissue, the retention of the amino terminal
propeptides on the collagen chains, the developmental status of the tissues and the rate of
collagen synthesis (Pope, 1979). So far, however, only the first two factors have been
shown to correlate with altered fibril diameters in disease (Sykes, 1977). Stoss and
Freisinger (1990) have shown that treatment with (+)-catechin increased the diameter of
bone collagen fibres in 01 patients, but quite how this fiavanoid causes its effect is not
known. Byers et al (1983) described a patient with a subgroup of type I 01 who after one
year of treatment with oestrogen, showed an increase in the mean collagen fibril diameter
from 58nm to 76nm with enhanced cellularity. The new bone formation on the lamellar
surface had a fibrillar appearance with irregular calcification.
It is interesting to note that Stoss and Freisinger state the most marked increase
in fibril diameter was in type III 01. The patient described by Byers etal (1983) had bone
involvement that was intermediate in severity between mild 01 type I and the severe
progressive, deforming type III 01. The commonality between these two studies being
type III OI. It is possible that the severity of the defect in this type of OI lends itself to
marked improvement upon appropriate therapy.
A relationship may exist between fibril diameter and the amount of carbohydrate
that associates with the collagen. Proteoglycans added to collagen solutions during
polymerisation affected both the rate and the diameter of the resultant fibrils. When they
were added at early stages of polymerisation, the assembly of the fibril was delayed and
ds diameter was larger (Wood, 1960). Fibrils that polymerised in the presence of
glycoproteins were thinner than normal (Anderson, 1977). Decreased glycosylation of the
collagen molecule can alter its surface charge and modify the interaction of collagen with
other components of the extracellular matrix (Parry et al. 1982; Merrilees et al. 1987).
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There may be many instances in which there may be differences in the morphology of
collagen fibrils in patients with the same disorder, even in the same family (Holbrook et
al, 1987; Smith et al. 1982).
Collagen fibrils can appear with an unravelled appearance. These are most usually
found in tissues in which the fibrils can be distinguished by the size and type of the
components into which they dissociate. In one type, fibrils separate into parallel, banded
subunits referred to as microfibrils, 200Â in diameter. In the other type, the fibril
dissociates into fine filaments called microfllaments, that retain a banded pattern only at
the point where they begin to splay out from the fibril. Holbrook and Byers (1987)
demonstrated that microfibrils can be continuous with the collagen fibril. In other
instances they seemed to intermingle with (and either coexist with or replace) collagen
fibrils within bundles. They may have been newly synthesised matrix fibrils or degraded
products of older, mature fibrils.
Balle etal (1984) studied collagen, elastic and reticular fibres in skin from patients
with OI and otosclerosis. Otosclerosis has been suggested to be a localised manifestation
of a generalised connective tissue disease. Balle et al (1984) believed that otoscleorosis
was the localised expression of OI. Skin tissue at the light microscopic level showed no
differences in OI tarda (type I) than otosclerosis or the normal controls.
Collagen fibres and bundles showed no differences and the elastic and reticular
fibres were found to be normal. The ground substance appeared identical in all three
groups without any metachromasia. At the TEM level, the quantity and density of the
collagen and reticular fibres appeared normal. No variations in the collagen fibre striation
were found. The periodicity was averaged at 640Â and 3.0-3.5mm in diameter at 50,(XX)
times magnification.
Cheverance et al (1970) and Bretlau et al (1971) found that collagen fibres were
fragmented, with their free ends pointed in the vicinity of microfoci. Some distance from
the ends of the fibres, the normal periodic striation was lost, a phenomenon they called
the ’pasteur pipette aspect’. The question was raised as to the current localised auto
immune reaction against type III collagen, but this still remains unanswered.
Electron microscopic analysis of iliac crest biopsies from nine OI patients (clinical
type unspecified) failed to demonstrate any abnormality in the fibre diameter or the
periodicity (Riley and Brown, 1971).
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Skin and scleral collagen were similarly normal, however, comeal collagen was smaller
(165Â versus 275Â) although periodicity was normal, suggesting a qualitative rather than
a connective tissue abnormality. Falvo and Bullough (1973) did not demonstrate any
abnormality in collagen fibril diameter or periodicity.

3.1.3. Type I Collagen and Mineralisation.
The association between collagen and mineral is fundamental to understanding the
mechanism of mineralisation in calcifying verebrate tissue. The interaction between these
two components is still intensively studied and an understanding of the proposed
accomodation of mineral crystals in channels or grooves composed of contiguous collagen
holes zones is important for a better understanding of the pathologies involving collagen.
To date, theories of mineral/collagen relationships have focussed on the potential
space presumed to be available within the gap zone as a result of the D-stagger of the
collagen molecules (Glimcher, 1989). Therefore, apatite is generally believed to be
excluded from the overlap zones during the early stages of the mineralisation process.
This is supported by electron microscopic, electron diffraction, neutron diffraction, and
X-ray diffraction studies. Solomons and Irving (1957) demonstrated the importance of
collagen in the calcification process. They reported that hard tissue collagens, in which
all of the e-lysyl and hydroxylysyl amino groups were observed to be ’free’ to react with
1-fiuoro-2:4-dinitrobenzene may act as a suitable ’seeding template’ for the growth of
hydroxyapatite crystals. Their concept was supported by the fact that crystals were
deposited predominantly at the cross-banded regions, where it was considered that the
content of basic and acidic amino acids was high.
However, recent studies on the specific and direct visualisation of apatite by SADF
imaging and Fourier-filtered image analysis have shown crystals to be present in both gap
and overlap zones at the earliest detectable stages of mineralisation in the turkey leg
tendon (Arsenault, 1989a; 1989b).
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The study by Maitland and Arsenault (1991) compared the apatite localisation with the
molecular orientation and primary structure of amino acids of type I collagen and
consequently offered an alternative hypothesis about the influence of collagen on mineral
deposition. They observed early stages of intrafibrillar mineralisation to be characterised
by an asymmetric and subperiodic distribution of apatite crystals which corresponded to
specific regions along the N- to C- orientation of the collagen fibril.
Both bright field and selected area dark field imaging revealed mineral within the
gap zone to be bordered on either side by discrete non-mineralised areas. It was
concluded from their studies that the heterogeneous distribution of apatite crystals within
the gap and overlap zones most likely reflected periodic properties of the collagen fibril
within both zones. The regions of low apatite concentration correlated in position and
density to computer models depicting the periodic distribution of hydrophobic amino
acids. Maitland and Arsenault (1991) proposed that hydrophobicity was involved in the
mechanism of collagen mineralisation as a result of apatite restricted from these domains.
Their work has a number of implications on the inter-relationship between the mechanism
of collagen mineralisation and the architecture of apatite crystal distribution as defined by
the molecular ordering of collagen in health and in a pathological situation.
Specific regions localised along the collagen molecule are high in hydrophobic
amino acids (a4-a3, c2-cl, and al-e2) and correlate ^ o ^ e a s that may inhibit crystal
formation or prevent crystal growth. Conversely, mineral distribution can be expected to
occur in regions with less spatial density of hydrophobic amino acids. It can be speculated
that the hydrophobic effect may influence either of two processes. First, the initial site
of nucléation may be determined by a specific environment isolated from the hydrophobic
areas; the diffusion and localisation of various ions including calcium and phosphate will
be affected by the close association of hydrophobic groups. Local concentration gradients
of these ions are likely to be critical for the nucléation of biological apatite. The
properties of the collagen fibril may be instrumental in the localisation of non
collagen ous molecules which have negative or positive control on crystal growth.
Macromolecules, such as proteoglycans have specific sites of association with collagen.
Various macromolecules including phosphoproteins (Glimcher et al. 1979, 1985), ycarboxyglutamic acid, osteocalcin and osteonectin (Termine et al. 1981) have been
associated with collagen-rich mineralising tissues.
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Apatite crystal growth and size may be influenced by space and energy requirements. It
is known from the X-ray diffraction work of Fisher and Termine (1987) that the crystal
size in

01

is smaller in the

001

dimension and the reported alteration in collagen fibre

diameter (Brenner et al. 1990; Stoss e ta l. 1990; Haebara e ta l. 1969) may be responsible
for this. Any alteration in the collagen molecule at the primary structural level would
affect the sites for potential space, hydrophobicity, molecular flexibility, cross-linkages
and the distributions of collagen associated- proteins and proteoglycans.

3.1.4. Aim o f Chapter.
Advances in molecular biology have shown mutations in type I collagen in many 01
patients, with more than 90% of the probands with 01 having been found to have
mutations in the genes for type I collagens (Kuivaniemi et al. 1991). This work has not
been matched by a correlative ultrastructural study to determine if the quartemary
collagen stucture has been altered. Any such alteration would have grave consquences on
the stability of the collagen fibrils and on the association with matrix molecules that are
necessary for the formation of bone mineral. There are no substantial publications related
to bone collagen fibre diameters despite the many reports on skin collagen and collagen
from other tissue sites. It is necessary to perform a precise and statistically acceptable
study on bone collagen in 0 1 to better understand the relationship between the molecular
biology, structural characteristics in the bone, and the clinical expression of the disease.
Improvements in fixation and processing techniques combined with semi-automated
analyses and computer processing of large amounts of data have made this a viable
prospect.
The mutations in the two structural genes for type I procollagen (COLlAl and
COL1A2) found in probands with 01 have been shown to alter the primary structure of
the protein and interfere with its folding into a native conformation or its self assembly
into fibrils (Kuivaniemi et al. 1991). Such alteration in the amino acid sequence might be
detectable in the electron microscope as an alteration in the D period of the collagen. To
determine if any such change had occurred, the D period of type I collagen fibrils from
bone osteoid of

01

patients was measured and compared to normal controls.
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3.2. Materials and Methods.
Specimens of bone were obtained from OI patients during orthopaedic procedures.
Normal bone was obtained, with consent, from patients during various routine orthopaedic
procedures. Tables 3.1 and 3.2.
The bone was immediately placed in freshly prepared 2.5% glutaraldehye in
sodium cacodylate buffer on ice. During the first hour of fixation, the specimen was cut
into small pieces (Imm^ approximately). Trabecular bone was preferred to cortical bone
to be used in this study and was used where possible. The bone was found to cut cleanly
using a microtome knife.
The tissue was fixed for 4 hours at 4®C. After a rinse in sodium cacodylate buffer,
the tissue was fixed in freshly prepared 1% osmium tetroxide at room temperature. After
a brief wash in cacodylate buffer (pH 7.4), the tissue was dehydrated in increasing
concentrations of ethanols, (70-l(X)%). After dehydration in propylene oxide, the tissue
was placed in a 1:1 mixture of propylene oxide and Spurr’s resin as described in Chapter
2. The tissue was infiltrated in Spurr’s resin for two days using fresh resin each day and
polymerised at 60®C for 18 hours.
The blocks of undecalcified trabecular bone were placed in a ’Reichert-Jung’
Ultracut E ultramicrotome. Semithin sections (l/xm) were cut using a freshly made glass
knife. Sections were floated onto a Jrrâÿ»containing distilled water and collected onto
albumin coated glass slides. The sections were dried down on a hot plate and then stained
using toluidine blue (Richardson et al. 1960) or Methylene blue and acid fuchsin
(Humphries, 1974). Areas of bone revealed trabeculae of mature lamellar bone presenting
smooth surfaces on which fatty and/or cellular marrow abutted. If evidence of fracture
callus or immature woven bone was observed with or without polarised light; such areas
were avoided. Areas showing good osteoid were selected for electron microsopy.
The criteria for ’good osteoid’ at the light microscopic level were; (a) good
preservation of osteoblasts lining the osteoid, (b) a clear definition of the mineralising
front with thick osteoid, as determined by the tinctorial stain and (c) no obvious
artefactual damage to the area under view.
The required area of bone was trimmed using a razor blade and ultrathin sections
were then cut on the ultramicrotome using a diamond knife. The sections were cut at 5060nm thickness.
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Sections were ’stretched’ using chloroform and collected on 3.4 % pioloform coated 200
mesh copper grids. The sections were contrasted using saturated aqueous uranyl acetate
and lead citrate as described in Chapter 2.
The prepared section/grid was placed in a Philips CM 12 TEM. The accelerating
voltage was selected at 80kV and the specimen eucentric height was corrected using the
goniometer stage. At low magnification, the area of the specimen showing good
ultrastructural preservation was selected. The magnification was standardised at 60,000
times and collagen fibrils were selected that were in good cross-section. Micrographs were
taken in a random sweep along the osteoid over a number of areas of the grid specimen.
On average, 40-60 fibrils were found per field with sufficient fields photographed to
encompass approximately 2000 fibrils. The electron micrographs were routinely developed
and dried.
At the beginning and end of photographing each specimen, a diffraction grating
replica (Carbon grating, 2150 lines mm % Agar Scientific Ltd, Essex, England) was
inserted into the TEM and a nticrograph taken at 60,(XX) magnification, using the same
operating conditions as for the collagen fibrils in the osteoid.

3.2.1. Image Analysis of Collagen Fibril Diameters.
Histomorphometry is the indirect measurement of the size and configuration of three
dimensional structures from a number of representative two-dimensional sections. Its
primary aim is to encode into numbers the histological features of tissue sections to
provide quantitative information rather than a subjective observation.
A ’Quantimet 520’ image analyser (Cambridge Instruments, Leica UK Ltd, Milton
Keynes, England) was used to obtain numeric data on the diameters of the collagen
fibrils.
The electron micrographs were placed on a standard radiographic lightbox with
fluorescent underlighting and a video/tv-camera captured the analogue image of the

O

collagen fibrils. Figure 3.1. The digitised images of the fibrils were then drawn around

o

and measured using a digitablet and mouse. Figures 3.2 and 3.3.
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When all the images of the fibrils had been captured the Quantimet 520 determined the
’equivalent diameter’ using the equation:

Equivalent Diameter =

II x

This was achieved by measuring the number of pixels detected on the tv screen, the
’equivalent diameter’ equation compensated for the fact that the fibrils were not ’perfect
circles’.
Newly synthesised collagen fibrils and fibrils close to osteoblasts were discounted
from the measurements since their final size after maturation may not have been reached.
Similarly, collagen fibrils close to the mineralising front were also discounted since the
previous work on the reconstruction of cross sections of longitudinal sections of calcified
and undecalcified bone collagen fibrils, using computer imaging techniques, have
suggested that mineralisation may result in expansion of the collagen fibrils as
mineralisation progresses (Glimcher, 1989).
The image analysis system was calibrated at each ’new-sitting’using a ruler.

3.2.2. Reproducibility Test For Fibril Diameter Measurements.
A reproducibility test was performed to minimise systematic and random errors. This
involved selecting 10 negatives at random from three patients chosen at random. The
fibril diameters were then analysed and measured. These negatives were subsequently re
analysed and measured on a different occasion and the two sets of results compared using
an unrelated Students t-test.
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3.2.3 Type I Collagen Fibril Periodicity Measurements.
The patients examined in this study are detailed in Table 3.5. The tissue prepared in
section 2.2 and examined in the TEM for the fibril diameter study, was used to examine
the periodicity of type I collagen.
Various heavy metal and chemical stains are available to improve the contrast of
the periodic D spacing of collagen fibrils. Such methodologies are detailed in Hayat
(1989). Uranyl acetate and lead citrate discussed in Chapter 2 were found to give suitable
contrast for periodicity measurements.
Areas of osteoid were located which demonstrated collagen with clearly visible
fibrils exhibiting periodicity. At a standard magnification of 100^000 times, ten fibrils
were photographed per patient in a random sweep over the osteoid.
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Figure 3.1: The Quanti met image analyser used to measure the diameters of
type I collagen fibrils, showing the lightbox (L), video camera and computer
(C). The digtablet (D) is in front of the television screen.
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Figure 3.2: An image from the television screen of a field of osteoid showing
transverse collagen fibrils which have been circumscribed (arrow) using the
digitablet.
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hy
Figure 3.3; The analogue image of the fibrils which have been outlined are
converted into diameters.
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Table 3.1: Details of 01 Patients Tissue
Processed For Type I Collagen
Histomorphometry.
Patient

Age
(Years)

Sex
(M/F)

Site of
Biopsy

Type
Of OI

N

13

M

Femur

I

C

•25

F

Tibia

IB

O

6

F

Femur

P

8

M

Femur

IB

Q

9

M

Iliac
Crest

I

R

10

F

Tibia

I

E

2 6 /1 2

M

Femur

III

S

60

M

Iliac
Crest

I

K

10

M

Iliac
Crest

IB

T

10

F

Iliac
Crest

I

A

16

M

Iliac
Crest

IB

B

10

F

Iliac
Crest

IB

U

14

F

Iliac
Crest

IB

D

28

M

Femur

IVA

L

12

M

Femur

IB

V

25

M

Tibia

IB

w

17

F

Femur

I

I

7

F

Femur

I

G

7

F

Femur

III

X

4/12

F

Femur

II

H

5/12

F

Femur

II
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Table 3.2: Details of Normal
Patients Tissue Processed
For Type I Collagen
Histomorphometry.
Patient

Age

Sex

Site of
Biopsy

1

17

F

Fibula

2

2

M

Iliac
Crest

3

9

M

Tibia

4

5

F

Femur

5

7

F

Femur

6

9

M

Femur

7

26

F

Iliac
Crest

8

26

F

Femur

9

18

F

Hip

10

21

F

Iliac
Crest

11

8

F

Femur

12

11

M

Femur

19

18

F

Femur

13

10

F

Femur

14

1

M

Femur

15

1

M

Femur

16

17

M

Femur

17

13

M

Femur

20

23

M

Femur

18

10

M

Iliac
Crest
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3.3. Results.
The ’raw’ data used to generate the mean values for collagen fibril diameters expressed
in Tables 3.3 and 3.4, were input into a statistics package {Statview, Brainpower Inc,
Calabasas, Ca, USA) on a ’Macintosh SE’ computer.

3.3.1. Reproducibility Test For Fibril Diameters.
The data for the reproducibility test was compared using an unrelated Students t-test to
determine if there was a significant difference between the first set and the second set of
measurements. The reproducibility test demonstrated that there was no significant
difference between the two sets of measurements made for each of the three patients
studied indicating, that as far as possible, the errors were within acceptable limits

3.3.2. Type I Collagen Fibril Diameter Statistics On 01 Patients.
All normal and Ol results were plotted as frequency distributions of fibril diameter versus
frequency distribution. All patients in this study demonstrated a normal distribution
(Figures 3.4 and 3.5). Normal patients gave a mean collagen fibril diameter of 53.4nm,
Ol patients gave a mean collagen fibril diameter of 61.3nm (Figure 3.6).To determine if
there was a difference between the 01 and normal control group, an unpaired Students ttest and a Mann-Whitney U-test were performed. The hypothesis was ”that there was a
difference between the two groups of data"; the hypothesis was supported by both tests
(p<0.0005).
A Kruskall Wallis test was performed to determine if there was a significant
difference between the collagen fibril diameters in the different clinical types of 01. The
hypothesis was "that there was a significant difference between the clinical types of 0 1 ";
the hypothesis was not supported indicating that there was no significant difference
between the collagen fibril diameter and the clinical expression of the disease (Figure
3.7). This result must be considered with caution since there was only clinical data
available to determine the Sillence classification of Ol and secondly there was only one
patient with type IV Ol in this study.
A Kruskall Wallis test was performed to determine if there was a significant
difference between the collagen fibril diameters taken from the different biopsy sites in
the Ol patients (Figure 3.8).
129

The hypothesis was "that there was a significant difference between the biopsy sites"; the
hypothesis was not supported indicating that there was no difference in fibril diameters
taken from different sites.
A Kruskall Wallis test was performed to determine if there was a significant
difference between the collagen fibril diameters and the age of the patient at the time of
biopsy (Figure 3.9). The hypothesis was "that there was a difference between the age
groups"; the hypothesis was not supported indicating that there was no difference in fibril
diameters between the age groups as described in Table 3.3.
A Kruskall Wallis test was performed to determine if there was a difference
between the collagen fibril diameters and the sex of the OI patients (Figure 3.7). The
hypothesis was "that there was a difference between the two sexes of patients"; the
hypothesis was not supported indicating that there was no difference in fibril diameter
between male and female OI patients.

3.3.3. Type I Collagen Fibril Diameter Statistics On Normal Patients.
A Kruskall Wallis test indicated that there was no significant difference in the fibril
diameter of normal controls when compared by site of biopsy or age of patient at the time
of biopsy. A unpaired Students t-test indicated that there was no significant difference
between the fibril diameter and the sex of the normal patients.
At lower magnifications in the TEM, the packing of the collagen in the osteoid did
not qualitatively reveal any obvious difference in the organisation as compared to normal
control osteoid collagen fibrils. There was no obvious fraying or splitting of the collagen
fibrils.
The D period of type I collagen fibrils for normal and 01 patients is given in
Table 3.5. In this study no statistically significant difference in the D period between OI
and normal patients was determined.
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Table 3.3: Type I Collagen Histomorphometry.
Individual Results of 01 Patients.
Patient

Number
of Fibres
Measured

Mean
Diameter
(nm)

Standard
Deviation

Standard
Error

Age
Group

Sex
(M/F)

R

380

66.4

7.2

0.4

6 -1 0

F

E

194

52.2

8 .2

0 .6

0-5

M

G

607

67.0

9.4

0.3

6 -1 0

F

K

1727

59.4

1 1 .0

0.3

6 -1 0

M

L

1109

51.1

1 1 .0

0.3

11-15

M

D

644

67.5

11.3

0.4

20+

M

A

2188

56.7

9.3

0 .2

16-20

M

B

1042

6 8 .0

9.2

03

6 -1 0

F

X

1788

53.8

7.3

0 .2

0-5

F

V

836

63.4

1 1 .2

0.4

20+

F

p

1734

64.8

9.7

0 .2

6 -1 0

M

H

692

54.4

5.4

0 .2

0-5

M

M

1020

59.8

1 2 .8

0 .2

11-15

M

O

1500

62.6

1 0 .2

0 .2

6 -1 0

F

Q

1236

65.7

8.7

0.3

6 -1 0

M

S

1700

64.3

6.3

0 .2

20+

M

U

1026

59.6

5.7

0.3

11-15

F

I

900

60.4

8 .1

0.3

6 -1 0

F

c

1347

65.8

4.5

0.4

20+

F

T

1122

6 6 .2

6 .8

0 .2

6 -1 0

F

W

1641

66.7

9.2

0 .2

16-20

F
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Table 3.4: Type I Collagen Histomorphometry
Individual Results of Normal Patients
Patient

Number
of Fibres
Measured

Mean
Diameter
(nm)

Standard
Deviation

Standard
Error

Age
Group

Sex
(M/F)

3

1076

53.0

6.3

0 .2

6 -1 0

M

7

306

45.9

5.6

0.3

20+

F

18

708

49.8

1 1 .2

0.4

6 -1 0

M

11

1061

53.2

6 .2

0 .2

6 -1 0

F

12

918

54.3

7.8

0.3

11-15

M

4

892

54.7

7.7

0.3

0-5

F

10

920

62.3

7.1

0 .2

20+

F

1

1029

54.3

5.4

0 .2

16-20

F

2

1350

52.7

4.9

0.3

0-5

M

5

1807

56.5

8 .2

0.5

6 -1 0

F

6

1921

48.3

7.1

0.3

6 -1 0

M

8

2020

49.3

4.4

0 .2

20

+

F

9

989

51.6

3.7

0 .1

16-20

F

19

1604

60.1

9.6

0 .2

16-20

F

13

1420

58.7

3.9

0 .2

6 -1 0

F

14

1379

60.2

7.4

0.3

0-5

M

15

983

53.9

8 .0

0 .1

0-5

M

16

1216

57.2

5.6

0 .1

16-20

M

17

1563

46.8

7.2

0 .2

11-15

M

20

1854

45.7

6 .8

0.3

20+

M
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Tabic 3.5: Type 1 Collagen Fibril
Periodicity Study.
Patient

D Period (nm)
Mean Value [Standard Deviation]

1

52 [2.05]

7

51.5 [0.5]

12

50.4 [0.8]

18

52 [2.18]

D

44.7 [5.6]

K

54 [4.2]

L

55.2 [3.7]

V

51.4 [2.2]

w

50.3 [0.74]

Figure 3.11: Osteoid type I collagen fibril Bar = 0.2/xm.
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Frequency D istribution Plot o f Type I
C ollagen Fibrils for a Norm al Patient
200
190
180
170
160
150
140
a

130

1

120
100

50
40

C ollagen F ib ril D iam eter (nm )

Figure 3.4: The frequency distribution of type I collagen fibrils for a normal
patient demonstrating a normal distribution.
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Frequency D istribution Plot o f Type I
Collagen Fibrils for an OI Patient
300
290
280
270
260
250
240
230
220
210
200
190
180
170
160
150
140
130
120
110
100
90
80

50
40
30
20

C ollagen F ib ril D iam eter (nm )

Figure 3.5: Frequency distribution of the type I collagen fribrils from an 01
patient demonstrating a normal distribution.
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Type I Collagen Fibril D iam eters
Normal vs OI Patients

65

55
50
45
40

U,

35

53.425;

'61.3:

20

N orm al

OI

Figure 3.6: Bar chart showing the type I collagen fibril diameters for normal and
OI patients, with the standard deviations.
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Type I Collagen Fibril D iam eters
Com pared by Clinical Type o f OI
80

-I

75 ■
70 ■
65 60 55 50 45 40 35 30 25 20

-

10

-

III

IV

C linical T ype of O I

Figure 3.7: Bar chart showing the type I collagen fibril diameters of OI patients
compared by the clinical type of OI, with the standard deviations.

137

Type I C ollagen Fibril D iam eters
Com pared by Biopsy Sites

65

I
2

50

I «

.2
Q

I

40

30

U

Fem ur

Iliac C re st

T ib ia

O th e r

B iopsy Site

Figure 3.8: Bar chart showing the type I collagen fibril diameters compared by
the site of biopsy, with the standard deviations.
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Type I Collagen Fibril Diameters
Compared by Age Groups of OI Patients

55
50

40
35
30

0- 5

Age G ro u p s o f th e O I P atie n ts

Figure 3.9: Bar chart showing the type I collagen fibril diameters compared by
age group of the OI patient, with the standard deviations.
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Type I Collagen Fibril D iam eters
Compared by Sex
80

65

45
40

ta.
30

63.32

59.59

25

M ale

F e m a le

Sex of O l P atien t

Figure 3.10: Bar chart showing the type I collagen fibril diameters comprised by
the sex of the OI patient, with the standard deviations.
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3.4. Discussion.
The results reported here demonstrate that there is a significant difference in the diameter
of type I collagen fibrils between normal and OI patients. OI patients demonstrated larger
mean diameter fibrils (61.3nm) ranging from 51nm to 68nm and normal matched controls
had a mean fibril diameter of (53.3nm) ranging from 46nm to 62nm. There was no
difference in collagen fibril diameters between the different sexes of OI patients, sites of
biopsy or ages of the patients at the time of biopsy.
Although there was no statistically significant difference in type I collagen fibril
diameters in OI patients when compared by the clinical type of the disease the individual
values: type I OI (61.31nm), type II OI (54.1nm), type III OI (62.42nm) and type IV OI
(67.5nm); suggested that the lethal, severe type of OI (type II) had the smallest fibril
diameter. This may simply represent the immaturity of the bone that was analysed (since
all of the biopsy samples naturally came from neonatal or young bone), or it may be
representative of the degree of incorporation of abnormal collagen into the fibril.
Haebara et al (1969) demonstrated that the cross-striation periodicity of type I
collagen was 300Â, while de Matteis et al (1968) found the D period to be 640Â. This
particular study has determined that there is no observable difference between the D
period of OI or normal type I collagen fibrils in bone osteoid.

u.' t

d-Ta ^

It is worth noting that this study has consistently used osteoid collagen fibrils for
measuring fibril diameter and periodicity. The periodicity of mineralised collagen was not
measured since many parameters might affect the period, i.e. the extent of mineralisation
of a particular fibril. What this study can conclusively say, is that the D-period is not
changed in OI

patients.

However,

the bands

within the

D period;

al,

a2,a3,a4,bl,b2,cl,c2,d,el,e2 (Chapman, 1974) were not measurable. The amino acid
alteration in OI type I collagen could be such that variation could exist in the distances
between any of these intra-D period bands. All known polymeric forms of collagen can
be accounted for by the various arrays of collagen molecules involving only three or four
distinct intermolecular interactions; these interactions in turn can be explained as the
optimum interaction between the collagen amino acid sequence as modulated by the
precipitating medium. Therefore, a good correlation exists between the amino acid
sequence of collagen and its versatility of self assembly.
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This versatility of self assembly may help explain the microfibrils discussed in Chapter
2 and adds weight to the argu ment that the intra-periodic D spacing may be different in
OI although not measured in this study.
There was concern that the fixation, processing and embedding of tissue into resin
might artefactually alter the type I collagen fibril diameters or indeed the D period.
The cause of tissue shrinkage and swelling during fixation and processing is
complex, and may be associated with osmotic changes within tissues, dénaturation of
proteins, and varying degrees of extraction of tissue components (Glauert, 1974; Lee,
1984; Mollenhauer, 1988). Although changes do occur in processing they have been
reported as negligible in many instances. Gerrits etal (1992) reported that the dimensional
changes of tissue sections during stretching on water, mounting and drying compensated
for the major part of the shrinkage manifested during processing. Indeed, it has been
widely reported that processing results in a shrinkage, not a swelling of tissue. As the
results from this study show increased fibril diameter, shrinkage of the tissue would cause
the measured values to be artefactually low (i.e. they are actually bigger than reported
here). In volume measurements it is known that collagen fibrils shrink under some
conditions (Eikenberry et al. 1982), this would lead to an overestimation of extrafibrillar
space and an underestimation of fibril diameter. Bairati et al (1972) found no overall
change in the periodic structure of collagen fibrils after various fixatives were used.
Individual banded collagen fibres of most cartilaginous human tissues apart from type II
collagen contain types I, III and V collagen (Keen e ta l. 1991). There is indirect evidence
that the type III collagen may be involved in the regulation of fibril diameter. The
absence of type III collagen from the inextensible skin resulting in type IV Ehlers-Danlos
syndrome is consistent with the concept that the incorporation of type III collagen into
banded fibres influences the biomechanical properties of that organ (Keen et al. 1991).
Fleischmajer et al (1980) found complete lack of correspondence in immunolabelling
patterns of type I and type III collagen, indicating that the two protein species need not
necessarily locate in the same fibrils, however, new work is contradictory to this (Morden
et al. 1992).
Recent studies support two models for the interaction of collagen types I, III and
V in human skin. The interaction between type I collagen with type III or V decreases
the size of the fibril (Adachi, 1986; Birk et al. 1990).
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Smith and colleagues (1982) found that in human skin the proportions of types I, III and
V collagen differed during foetal life when compared to the adult and that types III and
V were present in proportionately larger quantities. However, Smith etal (1980) reported
that in severe or lethal 01 (type II) the ratio of type III to type I in skin was normal.
Whether this is one of the actual mechanisms for regulating fibril growth is not
known. The smaller type I collagen fibril diameters reported may be due to relatively
increased amounts of type III collagen, but this is not normally found in adult lamellar
bone. If their data is correct and the fibrils were smaller, it is more likely, it is due to a
failure of maturation of type I fibrils to their correct size owing to increased levels of
hydroxylysine, a factor known to affect fibril diameter. Keene et al (1991) reported that
the proportion of type III collagen synthesised by OI cells in culture, was above the 6%
of total collagens synthesised and secreted by normal bone cells.
Fleischmajer et al (1987) suggested that the sequence of propeptide removal may
regulate collagen fibril diameter during embryogenesis. It has been documented that the
age does affect the fibril diameter (Frank, 1989; Parry et al. 1978). A study by Frank et
al (1989) quantifying collagen fibril diameters in rabbits demonstrated the need for
rigorous control of sampling and a large number of individuals with appropriate numbers
of fibrils measured to detect the intergroup differences. Frank discussed that there was
no evidence in his study to support an 8nm increment in size in the dehydrated material
as found by other workers in sheep dermal collagen.
Several models have been proposed in order to explain how fibrillogenesis occurs.
Hulmes (1983) interpreted previous data which demonstrated 4nm-8nm increments in
diameter as due to quasi-hexagonal packing of the collagen molecules. This hypothesis
was based on three postulates; (a) that inhibition of growth is due to steric blocking of
interaction sites on the surface of collagen molecules by attached N-propeptides, (b) that
these N-propeptides are periodically removed by cell-mediated enzyme release, and (c)
that quasi-hexagonal packing leads to a layer of N-propeptide blocked molecules in the
axial register on the fibril surface with a concomitant 4nm increase in radius.
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Recently, Chapman (1989), proposed a model which also included the presence of a
growth inhibitor but suggested there was no specific organisation of molecules into
microfibrils and no quasi-crystalline array. However, there is the assumption that there
is lateral fluidity in the positioning during initial assembly and that the circular outline is
maintained throughout growth.
When Follis (1953) reported on dermal collagen histopathology in 01 congenita
(01 type II), knowledge about the ultrastructure of collagen and connective tissue
macromolecules was non-existent. However, Follis was able to report that the dermal
fibres were fine and argyrophilic (stained using silver stains). A disorder of collagen was
postulated as the underlying defect. However, it has been difficult to resolve the question
whether different 01 types, with possibly different pathogenic mechanisms, would have
distinctive patterns of collagen fibril aggregation. The use of a semi automatic method for
fibril morphometry from electron micrographs has in part overcome these difficulties and
shed new light on the pathology and potential mechanisms of type I collagen
fibrillogenesis in a pathological environment.
The cumulative weight of evidence from genetic, biochemical and molecular DNA
collagen studies in recent years has indicated that the majority of mutations in 01 are
heterozygous mutations in the type I collagen genes (Byers, 1989). This is true for both
non lethal disorders such as 01 type I and IV as well as for the lethal cases of 01 type II
where occurrence of the disease frequently represents a de novo dominant mutation.
Over 70 mutations in the two structural genes for type I procollagen have been found in
probands with 01 (Kuivenami etal. 1991). Many point mutations, particularly those along
the triple helical region of the collagen a 1(1) polypeptide, disrupt the assembly of the
triple helix leading to a marked reduction in synthesis of normal collagen chains.
Mutations in the collagen a2(I) chain can also be disruptive (Byers et al 1983). Nicholls
et al (1980) reported that in the complete absence of a2 chains in a neonate, a 1(1) could
form a 1 (1)3 molecules which produced fibrils and underwent cross-linking like other
collagen types. Although such fibrils were reported to produce relatively normal skin they
were unsatisfactory in bone and allowed fractures to occur with minimal trauma.
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The result of these mutations on collagen structure reflects the nature of the mutation, the
chain in which the mutation occurred and the effect of the mutation on the behaviour of
the molecule. As most of the structure of the procollagen monomer is essential for normal
biological function of the protein, mutations that allow synthesis of structurally altered pro
a chains reduce the efficiency of transcription in some way. This is marked in OI type
II where transcriptional efficiency appears markedly reduced.
There are a number of mutations in type I procollagen implicated in 01. There are
at least three mechanisms that increase the deleterious effects of the structural altered
chains. Procollagen suicide has already been mentioned, other mechanisms include (a) a
failure in the processing

of the N-propeptides of collagen which interferes with normal

fibril assembly and (b) the substitution of bulky amino acids for glycine causes a ’kink’
in the triple helix of the molecule resulting in abnormally branched fibrils (Vogel et al.
1988). Generally, it has been found that mutations that cause the synthesis of a
structurally abnormal proa 1 or proa 2 chain are more deleterious than mutations that
prevent expression of an allele at the protein level (Prockop et al. 1984; Sykes, 1987;
Prockop, 1988).
The present study encompasses a number of individuals sampled from each of the
OI groups. The results show the formation of larger fibrils over a small size range and
may be a result of the production of pro a 1(1) chains which contain substituted, bulkier
side chains causing kinks in the molecule. The mutations in OI type II must fundamentally
undermine the stability of the triple helix rather than the amounts of the procollagen
produced. It must be assumed that the structural integrity remains intact in the mutations
found in 01 type I cases. Previous studies of bone (Doty e ta l. 1971) and sclerae (Eicholtz
et al. 1972) in 01 type I reported that collagen fibril size was within normal limits. In the
sclera, Eicholtz et al (1972) also reported an increase in electron dense interfibrillar
granular material.
The majority of mutations in 01 type II are substitutions for glycine in the triple
helical domain of either the pro a 1(1) or pro a2(I), towards the carboxy-terminal end of
the propeptide. These mutations result in procollagen suicide and a deficiency of mature
type I collagen in tissues (Vogel et al. 1988). In this situation however, immaturity need
not necessarily imply smaller fibrils. There is however a complimentary increase in type
III and type V collagen (Fleischmajer et al. 1980; Pope et al. 1980).
145

The mechanism that may result in altered fibril diameters in OI type II is that excess III
and V may prevent the normal age related aggregation.
In the generally mild OI type IV, some individuals produce both normal and
abnormal type I procollagen. Reduced width of bone collagen fibres and fibril bundles
have been reported in 01 type III/IV (Teitelbaum et al. 1974). It is possible that the
distributions of fibril width in the two cases reported in this study reflect an admixture
of some normal with some abnormal collagen molecules.
This variability between 01 types may depend upon the extent of incorporation of
abnormal type I collagen molecules into the fibril and the influence fi*om both primary
and secondary interactions between minor collagen and proteoglycan macromolecules and
type of type I collagen propeptides.
Williams and Prockop (1983) reported the presence of an unusual type III collagen
in a patient with OI and proposed that it might be a compensatory response to the low
production of type I procollagen, much as seen with the compensatory synthesis of fi- and
y-globin in fi-thalassemias and other haemoglobinopathies.
Mechanic et al (1984) suggested the presence of multifunctional cross-links found
in the non-mineralised collagen compartment of bone holds the molecules at a shorter
distance than do the bifunctional crosslinks of the mineralised collagen in bone, and
thereby physically preclude the entrance of ions and the formation of crystallites of
hydroxyapatite. Conversely, once t h e ^ e collagen is mineralised, the apatite does not
allow close enough juxtaposition of the molecules to form multifunctional cross links.
The role of type I collagen in the formation of mineral remains unclear. Generally,
highly purified collagen preparations, such as reconstituted, acid soluble fibres, have
proven to be poor catalysts for apatite growth (Bachra, 1970). Measurable mineralisation
of these collagens required solution supersaturation well above the in vivo range (Fleisch,
1964), and the mineral deposits that did form failed to establish a clear relationship with
the 64nm banding pattern of the fibres (Bachra, 1970). Less purified collagen
preparations, such as EDTA-treated skin, tendon, and bone collagens, were reported to
be more efficient in crystal seeding (Fleisch, 1964). These studies have all suggested that
non-coUageneous factors are important in the in vivo pattern of orientated mineral
deposition (Smith et al. 1985).
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Termine et al (1981) found that osteonectin, a non- collageneous, bone specific protein,
when recombined in vitro with purified tendon collagen, stimulated mineral phase
formation in stable aqueous solutions containing calcium and phosphate concentrations less
than those in serum, while neither protein by itself could achieve this. The high affinity
that osteonectin has for both collagen and mineral is said to be a key factor in this
proteW ability to initiate mineral deposition in the collagen fibres. Using a different
approach to demonstrate the necessity for cofactors in collagen mineralisation. Banks et
al (1977), demonstrated that normally non-calcifying calf skin collagen could be made
to mineralise in synthetic solutions by cross-linking it to molecules of the phosphoprotein,
phosvitin. The apatite crystals deposited in this protein complex coaligned with the
collagen fibres in the same manner as seen in hard tissue collagens.
The results from this present study throw up many possible questions. Firstly, the
fact that previous studies have consistently found smaller type I collagen fibrils in 01
when compared to matched normal bone. An obvious possibility is that this latest study
has involved many more measurements than before. On average three times as many
fibrils were measured in this study compared to previous ones. The experimental design
initially based on a pilot study using the summation o f averages graph method (Aheme,
1977) and the sample size equation (Aheme and Dunill, 1988) indicated that
approximately 50-60 fibrils needed to be measured. However, to reduce the standard
deviation and standard error, a greater number of fibrils was chosen, this protocol has
been proven by a recent publication on the morphometry of dermal collagen fibrils in 01
(Davies et al. 1993a; 1993b in press).
Also the methods of fixation, the low viscosity resin and the microscope and image
analysis equipment were all ’state of the art’ and optimised for this study. Fixation may
alter the nature of the collagen (Meek et al. 1985). Such parameters were borne in mind
when evaluating the significance of the collagen changes. There is little doubt that type
I collagen is not the sole initiator of mineralisation. So why than does an alteration in the
type I collagen fibre diameter affect the mineral formed ? (see Chapter 4). It is possible
that the alteration in the type I collagen fibril observed at the ultrastructural level is
indicative of far greater changes at the secondary structural level. This is a fairly
straightforward assumption since alteration in the amino acid sequence of both the a 1(1)
and a2(I) chains have been detected in 01 patients (Kuivaniemi et al. 1991).
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Such molecular alterations may affect the association of the collagen with the noncollageneous proteins that appear to be so important for mineralisation under physiological
conditions. It is not known how severe an alteration in the three-dimensional structure of
the type I collagen fibril is required to seriously affect any subsequent mineralisatior^
^owever, the obvious ’cause and effect’ relationship between the type I collagen and

^

mineral alteration demonstrated in these studies is clear.
It is only relatively recently that the existence of non-collageneous proteins
involved in bone collagen mineralisation has been known. There are undoubtedly many
more non-collageneous proteins yet to be determined. However, it is fairly safe to
hypothesise that they will all have one common feature^ they will all be associated with
type I collagen.
The only conclusion that can be drawn from the basic (^^fundamental study 7
performed here is that in OI bone osteoid, the type I collagen fibrils are larger in their

j

diameter than in normal bone osteoid. There are no other in-depth reports of the collagen

o

fibril diameter in normal human bone osteoid. Many workers have reported fibril
diameters for normal skin. Vogel et al (1979) reported that normal skin had a mean
diameter of 90-95nm (n=2(X)0, measured in Seattle), while in Zurich the value was 95nm
(n=250). These are not ideal for comparison to bone but serve as useful guidelines.
Craig and Parry (1981) discuss some of the possibilitp that resulted in widely
varying values for fibril diameters in vertebrate comeal stroma. They found it
inconceivable’ that there was genuine biological variation between the corneas studied
by different investigators and found it more likely that specimen preparative procedures
and the method of collecting measurements off the electron micrographs resulted in
systematic and random errors in reported values.
The work reported here casts doubt on a widely reported theory concerning
previous reports of thinner type I collagen fibrils in 01. Types III and V coUagens cannot
be the only regulators of type I collagen fibre diameter. It was

of these previous

repem to conclude this knowing how complex most physiological processes are and how
most biological processes are controlled by a number of interconnecting mechanisms.
Although there are a number of reports of thinner fibrils in 01 (Flint et al. 1984;
Stoss et al. 1979; Smith et al. 1975; Riley et al: 1971; Blumcke et al. 1972; Jones et al.
1984; Haebara et al. 1969; deMatteis et al. 1968; Balle et al. 1984; Byers et al. 1983;
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Vitellaro-Zuccarello et al. 1984; Cetta et al. 1977), there are also some reports
vindicating the data from this study. Riley and Brown (1971) also found type I collagen
fibril diameters to be increased. Kadler et al (1991) purified type I procollagen from
cultured fibroblasts of a proband with a lethal variant of 01 (type II). The protein was a
mixture of normal procollagen and mutated procollagens containing a substitution of
cysteine for glycine in either one pro a 1(1) or both pro a 1(1) chains, some or all of which
were disulphide-linked through position a 1-748. The procollagen was then examined in
a system for generating collagen fibrils de novo (Kadler et al. 1987), by cleavage of the
pCcollagen to collagen with procollagen C-proteinase. The mutated collagens and normal
collagens were found to form copolymers and preparations with a lower content of
disulphide-linked a 1(1) chains formed fibrils that were 4 times the diameter of control
fibrils (control 145nm mean diameter, 86 fibrils measured; proband 650nm mean
diameter, 70 fibrils measured). The mutated and normal collagens synthesised by the
proband’s fibroblasts were similar enough in structure to copolymerise into the same
fibrils, and because of the copolymerisation, there was a distortion of normal fibril
morphology, a delay in fibril formation, and a decrease in the net amount of collagen
incorporated into the fibrils. These results were consistent with a recently proposed model
for growth of collagen fibrils from pointed tips (Kadler et al. 1990).
Kadler’s paper raised a number of very important points; firstly it accepts that
mutated collagen fibrils can still be secreted by cells following copolymerisation with
normal a 1(1) chains. Many previous reports indicated that in OI it was the retention of
abnormal collagen that was a feature of this disease. Secondly, it is much more li^^^ that
a mixture of abnormal and normal collagen delays the formation into mature fibrils.
Torre-Blanco et al (1992) recently reported on three preparations containing
normal type I procollagen and type I procollagen with a substitution of cysteine for
glycine al-175, glycine al-1-691, or glycine 0:1-1-988 which were purified from cultured
skin fibroblasts from probands with 01 (clinical type unspecified). The procollagens were
then used as substrates in a system for assaying the self-assembly of type I collagen into
fibrils. All three preparations containing cysteine-substituted collagens formed fibrils with
diameters that were two to four times the diameter of fibrils formed under the same
conditions from normal type I collagen.
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The effects of the mutated collagen can be understood in terms of the recently proposed
model of fibril growth from symmetrical tips by assuming that the mutated monomers
partially inhibit the tip growth but not lateral growth of the fibrils (Kadler et al. 1990).
The only hypothesis that can be drawn from this study in the light of all the
previous literature on type I collagen and mineralisation is that there is a fundamental
relationship between collagen and other proteins in bone that regulate the correct
formation and growth of mineral. Any deviation from this relationship at the molecular
level will have a phenotypic effect on the organism.
Flint et al. (1980; 1984) reported it noteworthy that skins which are subjected to
different functional loading frequently show marked differences in the mass-average
diameter of their constituent collagen fibrils. In those skins subjected to increased
tensional loads, the mass average diameters of the collagen fibrils were larger than those
of skins with lower tensional loads. The collagen fibril diameters were smallest in those
tissues which were either subject to compressional stress or which had a special
physiological function. The relationship between the mechanical role of a connective
tissue and the collagen fibril diameter has been discussed previously (Parry et al. 1977;
1978; 1980; 1984) and indicated that the ultimate tensile strength of a tissue is directly
related to the mass average diameters of the collagen fibrils, and that the creep resistance
and resilience of the tissues are dependent upon the number and distribution of the small
diameter fibrils. Both of these factors have been found to be altered in this study of 01
osteoid collagen. The increase in 01 osteoid collagen fibril diameter seen in this study
may simply be physico-chemical or may be an attempt to strengthen the bone already
weakened by microfractures and poor mineral formation (see Chapter 4).
Hunter et al (1986) concluded that the role of collagen (and possibly other matrix
macromolecules) in the regulation of bone mineralisation may be due to physical factors,
such as restricting the flow of ions, rather than a specific chemical nucléation effect. Such
physical factors are undoubtedly altered in these larger diameter osteoid fibrils.
It will be important to expand these studies in the future to more individuals with
each of the various types of 01 and to patients with characterised molecular defects in the
collagen genes.
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Chapter 4;
Determination of the Mineral Composition
of Normal and Osteogenesis Imperfecta Bone by
Electron Probe X-ray Microanalysis
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4.1. Introduction.
The solid mineral phase o f bone has two major biological functions. First, the
impregnation o f the soft, intercellular organic matrix by the ’rock-like’ hydroxyapatite
crystals to form a rigid structural material and secondly, the inorganic, solid mineral
phase acts as an ion reservoir and is the body’s major storage site for calcium, inorganic
orthophosphate, magnesium, sodium, carbonate and other ions. Thus, it plays a crucial
role in maintaining the concentrations o f these ions in the extracellular fluid which is vital
for a number o f important biochemical reactions and physiological activities. However,
despite the knowledge o f the existence o f calcium and inorganic phosphorus for over 75
years, there is still no overall agreement about the molecular structure or chemical
composition o f bone (Glimcher, 1984).

4.1.1. The Family of Biological Calcium Phosphates.
Hydroxyapatite and associated compounds o f calcium phosphate can exist with a range
o f calcium to phosphorus (Ca/P) ratios when observed outside the human body. Neuman
(1980) described a variety o f forms in which compounds o f calcium

and phosphorus

exist. The abbreviations given in the above Table 4.1 are not necessarily those ratified by
the International Union fo r Pure and Applied Chemistry. N o s o m a t ic nomenclature for
these species has been attempted (Professor Leigh - Personal communication).
The calcium phosphates in Table 4.1 are listed in decreasing order o f acidity,
decreasing solubility and increasing thermodynamic stability (Neuman, 1980). Dicalcium
phosphate dihydrate (DCPD) at acidic pH is stable, but above pH 7 .0 all the compounds
except hydroxyapatite are relatively unstable and in an aqueous environment will
recrystallise or undergo solid state conversions to form thermodynamically stable
hydroxyapatite.
Although local changes in pH may contribute to pathological calcification, an
increase in alkalinity would result in the stability o f hydroxyapatite. Neuman suggests that
due to the grouping o f phosphate m olecules in the various compounds it could be possible
to have a sandwich’ mixture or ’surface’ compounds. For example, a layer o f DCPD or
octacalcium phosphate (OCP) on a base crystal o f hydroxyapatite. This would correspond
with the observations o f Faure et al (1982) that there is more than one crystalline form
o f hydroxyapatite. Nelson and Barry (1989) have proposed a similar mechanism.
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4.1.2. Hydroxyapatite.
DeJong (1926) was the first to observe the similarity between the X-ray diffraction pattern
of bone powder and the pattern obtained from the basic calcium phosphate mineral,
hydroxyapatite. The unit cell for hydroxyapatite is a right, rhombic prism with a length
along each edge of the basal plane of the cell of a=9.432A and a height of c=6.881A
(McConnell, 1973), with the atomic contents of the cell given by the formula
Ca,o(POj6(OH)2 . The hexagonal spatial symmetry of the structure cannot be completely
specified with less than this number of atoms but often the empirical formula is given as
Ca5(PO j 3 0 H. The hydroxyl ions lie, in projection, at the comers of the rhombic base of
the unit cell. Six of the ten calcium ions in the unit cell are associated with the hydroxyls
in colunms, where they form equilateral triangles centred on, and perpendicular to, the
axis of the hydroxyl ions. Successive calcium triangles, rotated 60° about this axis, are
in a similar manner spaced one-half a unit cell distance apart. The other four calciums of
the unit cell lie along two separate columns parallel to the c-axis and at heights halfway
between the ’hydroxyl -associated’ calcium triangles. These columnar calcium ions are
coordinated by oxygens from the orthophosphate tetrahedra that occupy the bulk of the
space between the calcium ions in this structure.
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Table 4.1: Calcium Phosphates Found in B iology.
Formula

Nam e

Molar
Ca/P
Ratio

Abbreviation

Ca 2P 07 ( 11202)

Calcium
Pyrophosphate

1.00

CaPyro

CaH 4(PO 4) 2.H 20

Calcium
Tetrahydrogen
Orthophosphate

0.500

TOP

Ca(HP 04 ) 3.2 H 20

Octacalcium
Phosphate

1.00

DCDP

Ca4(HP04)3.5H20

Octacalcium
Phosphate

1.33

OCP

Amorphous
Calcium
Phosphate

1.30

ACP

Ca3(P04)2

Tricalcium
Phosphate

1.5

TCP

Ca 5(P 04 ) 30 H

Hydroxyapatite

1.667

HA
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4.1.3. Mineralisation Theories.
In general, the mechanisms proposed for the infiltration of the organic matrix of bone
with apatite mineral fall into three general categories (Vaughan, 1981):
1). The raising of supersaturation in localised volumes to levels that would cause
spontaneous precipitation.
2). The formation of substances that create nucleating sites (such as type I collagen or the
phospholipids of matrix vesicle membranes, Ali, 1992) or substances which remove
barriers to these sites.
3). The removal or neutralisation of bone mineral inhibitors such as matrix vesicle
phosphoesterase which can hydrolyse pyrophosphate and therefore remove its inhibitory
potential (Anderson, 1976).
Many molecular species have been proposed as nucléation substances for hard
tissue hydroxyapatite formation; collagen, a-carboxyglutamic acid, phosphoproteins and
many more (Glimcher, 1985), however, it is evident from above that for initial
calcification the matrix vesicles appear to encapsulate all of these activities.
The initial mineral deposits in the organic matrix of bone have been shown by
electron microscopy to be discrete sites on the collagen fibril (Glimcher, 1976). Current
theory is that collagen itself is not an apatite nucleator but that the substances closely
associated with collagen serve this function (Boskey and Posner, 1983).
The mechanisms from the three categories mentioned above may occur separately
or simultaneously, as well as intracellularly and/or extracellularly and it must be borne
in mind there is a sequence of mineral formation which is not static but dynamic,
beginning in the epiphyseal growth plate and continuing throughout the bone. An example
of the first category is seen in studies which proposed that alkaline phosphatase (Ali,
1970, 1976; Ralphs et al. 1986) present at the calcification sites, hydrolyses phosphate
esters, producing excess free organic phosphate which elevates the local supersaturation
of the body fluids.
Mineralisation theories are many and varied and are still subject to much research
and debate. It is now generally accepted that the sequence of calcification in the
epiphyseal growth plate is closely associated with the formation and subsequent
calcification of matrix vesicles in the longitudinal septae between chondrocytes (Ali,
1992).
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The subsequent mineralisation of type I collagen further down the sequence is considered
to result from nucléation of mineral in hole zones along the fibrils (Hodge et al. 1963,
Glimcher, 1989). There are some shortcomings to all of these theories and only now is
the link between vesicles and type I collagen in mineralisation being examined (Landis,
1990). Many of the steps in the mechanism of bone formation and the stages in its
mineralisation have been determined from various genetic disorders of bone and the
pathology of 01 may help better understand bone physiology.

4.1.4. Bone Diseases and Crystal Composition and Size.
In a number of situations related to bone disease or its treatment, changes in the nature
of bone mineral occur (Fisher et al. 1987). The increase in average crystal size of bone
apatite with age is a key to the fact that immature bone is smaller with respect to crystal
size than mature bone (Posner, 1987). When fluoride (F) is ingested in drinking water,
or during treatment of a degenerative bone disease such as osteoporosis, the F substitutes
for OH in the bone apatite (Posner, 1969). Since the solubility of F-substituted
hydroxyapatite is lower than that of pure hydroxyapatite (W ^ e r^ l, 1973), the
supersaturation of bone mineral formation is increased and the subsequent crystal growth
rate is increased. Thus, not only does F stabilise bone mineral by substituting for OH, but
there is a decrease in apparent solubility due to an increase of crystal size. Crystals of
greater size may be relatively resistant to resorptive influences. X-ray diffraction studies
have shown an increase in human bone crystal size after a few months of treatment with
F (Gron et al. 1966). From earlier work on the change in bone crystals with maturation
(Posner, 1985) it was expected that bone crystal growth would be accompanied by an
increase in the Ca/P ratio of the bone mineral.
Forbes et al (1968) reported on the bone mineral turnover in a patient with 01 as
estimated by fluoride excretion. The 6 year old, suffering from ’congenital’ 01 was
treated with sodium fluoride for 8 years. The rate of bone turnover was reported to be
normal and the workers concluded that their observation was consistent with the
possibility that the defect in bone structure in 01 did not involve an abnormality in the
mineral phase metabolism. What they failed to appreciate was that only minute quantities
of F are required for adsorption onto the large surface area presented by the
hydroxyapatite crystal in order to have an effect.
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Therefore, although their data indicated that no F was retained, at the molecular level,
sufficient could have been adsorbed on the surface to stabilise the apatite.
Aluminium in solution can delay or prevent the precipitation of hydroxyapatite in
a dose related manner (Posner et al. 1986). It is believed that the aluminium acts as a
surface poison preventing embryonic hydroxyapatite crystals from maturing, thereby
inducing their dissolution. This may help account for the fact that the crystals of
hydroxyapatite in 01 studied by Fisher et al (1987) were smaller than normal
hydroxyapatite crystals. Fisher et al (1987) reported on two bovine models of 01 which
exhibited decreased apatite crystal size. No major collagen defect had been found in either
model, however they examined the non-coUagenous proteins from the bones and teeth and
found that the two clinically identical models could be differentiated by the osteonectin
content of the bone matrix; one model had normal levels while the other model had
severely depleted levels. The decrease in crystallinity of the bone mineral occurred
without any significant change in tissue ash weight. They suggest that the crystallinity
change was linked to a defect in crystal development rather than to crystal degradation
via dissolution and removal during bone turnover. The TEM results showed this change
was due principally to arrested crystal growth rather than to a more disordered internal
strucure (i.e. increased lattice strain). The decrease in crystal size in the absence of a
significant change in the total mineral mass indicated an increase in the number of apatite
crystals present. It was not conclusive whether this increase resulted from an increase in
the number of primary nucleating sites in the extracellular matrix or from a change in the
rate of secondary, crystal-induced nucléation. There are many substances that appear to
chemically regulate biological mineralisation. Among the substances which have been
found to affect the rate of mineral formation are magnesium (Termine et al. 1980),
carbonate (Bachra et al. 1963), pyrophosphate (Meyer, 1984), citrate (Meyer, 1980),
adenine nucleotides (Blumenthal, et al 1977), phospholipids (Wuthier et al. 1975),
proteoglycans (Chen e ta l. 1984) and phosphoproteins (Termine et al. 1980). Blumenthal
et al. (1979) implicated proteoglycans as playing a role in regulating biological
mineralisation. They reported that a decrease in proteoglycan content was accompanied
by the deposition of mineral in cartilage. Nogami and Oohira (1988) reported on the
defective

association

between

collagen

fibrils

and

proteoglycans

in

glycosaminoglycans have also been reported to be altered (Langness et al. 1970).
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Nelson and Barry (1989) proposed a mechanism for mineralisation involving nonstoichiometric apatite crystals. The mechanism involved the nucléation of an octacalcium
phosphate seed that grows to a certain size at which point hydrolysis occurs. Apatite
subsequently grows epitaxially on the octacalcium phosphate seed, thereby embedding it
in the centre of an apatite crystal. lijima et al. (1992) proposed a similar mechanism for
the epitaxial overgrowth of hydroxyapatite on octacalcium phosphate in a model system
for tooth enamel formation.

4.1.5. Impurities in Calcium Phosphates.
As previously mentioned, the solid mineral phase of bone acts as a rese^oir for ions, and
apatites are notorious for their occurrence in non-stoichiometric forms (usually, but not
always with a low Ca/P ratio; Young and Brown, 1982). Other calcium phosphates are
not nearly so inclined to be non-stoichiometric nor to incorporate lattice defects and
impurities. Adsorption of calcium and phosphate ions on the surface accounts for much
of the non-stoichiometry of very small particles (such as those found in bone mineral).
The major cause of non-stoichiometry as previously discussed is simply
incorporation of impurities (including vacancies, usually substitutionally, but also
interstitially). Bone mineral has a very large specific surface (> ISOm^g'*) and ions such
as sodium (but not potassium) are able to interchange with calcium ions on the surface;
Mg^^,

, HCO; ,and F are all strongly adsorbed onto the surface and can affect the

surface charge. Hydroxyapatite tends to incorporate much larger amounts of impurities
than do the other calcium phosphates. The growth of octacalcium phosphate on
hydroxyapatite may be important in understanding the precipitation process that occurs
during remineralisation. The results of a high-resolution transmission electron microscopic
study by Nancollas et al (1989) actually demonstrated the overgrowth of octacalcium
phosphate on hydroxyapatite. They were able to image the OCP-apatite interface using
the high resolution TEM at 2.5Â resolution.
Brown (1966) gave an excellent review on the crystal growth of bone mineral.
There were many proposals reported to account for non-stoichiometric apatites, but
intercrystalline mixtures of hydroxyapatite and octacalcium phosphate were reported to
be a major cause of stoichiometric variability in apatites.
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4.1.6. Theory of X-Ray Microanalysis.
A range o f quantitative procedures are available for converting measured X-ray intensities
to an expression o f the relative or absolute concentrations o f elements in biological
specimens. Quantitation procedures for analytically thin specimens are relatively
straightforward because they are all based on the thin film assumption, that the absorption
o f generated X-rays within the thin specimens are negligible (Hall et al. 1979).
Consequently, in thin specimens a measured characteristic X-ray intensity is always
proportional to the amount o f element per unit area.
For quantitation, the microanalysis EDAX PV9800 system used in this study offered two
methods. The Ratio model which relates the ratio o f the measured intensities o f any two
elements to the ratio o f their respective concentrations; and the Hall model which relates
the ratio o f characteristic element intensity and background intensity.
The Ratio model (also referred to as the Cliff-Lorimer model) makes use o f an
equation relating the ratio o f the measured intensities o f two elements to the ratio o f their
respective concentrations according to the following equation:

C(a)

-

K(ab) 1(a)

C(b)

where; C(a) =

1(b)

concentration o f element A; C(b) = concentration o f element 13; 1(a) ==

measured intensity o f element A; 1(b) =

measured intensity o f element B;

K(ab) = proportionality constant

The proportionality constant K(ab) is effectively a ratio o f relative intensities o f elements
A and B produced from pure element thin films.

Now:

K(ab) =

P(b)

P(a)
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Where:

Where:

P =

Q.W.L.

Q = ionisation cross section; W = fluoresence yield; L = line weight

fraction; T = detector efficiency; A = atomic weight

The proportionality constant was a measured intensity from a thin film standard of
hydroxyapatite (Klein et al. 1988). The software of the EDAX PV9800 system allowed
the thin film standard of the elements calcium and phosphorus in hydroxyapatite to be
stored in a library.
The ratio method, apart from its simplicity has several advantages;
a) it requires very simple standards, and can operate without a standard based on a
theoretical assumption about specific chemical compositions,
b) it is not necessary to measure the continuum (or background) radiation since this is
compensated for and corrected by the microanalysis programme. The hydroxyapatite
standard value used to ’ratio’ all the subsequent results was obtained from sintered
—

7

^

hydroxyapatite prepared for clinical implantation and characterised by X-ray diffraction
studies (Klein et al. 1988). This hydroxyapatite standard was used since it fulfilled a
number of criteria for quantitative accuracy of biological microanalysis (Roomans, 1979).
It had a well defined composition and it was homogeneous at least within the resolution
limits of the analyses performed. This was simply determined by the uniform appearance
at high magnification. It had a thickness and matrix (i.e. average atomk number) that
closely resembled that of the bone specimens, thus minimising the need for quantitative
corrections. Janossy and Neumann (1976) reported that inorganic crystals may be more
appropriate as standards for analysis of mineralising tissue. Although the work of Hall and
Peters (1974) suggested that mineral standards should not be used for biological material,
Janossy and Neumann (1976) and the later work of Krefting et al (1981) indicated that,
provided the necessary correction factors were employed, mineral standards could be
useful in certain applications. Warley (1990) correctly pointed out that the final test of
standardisation was the production of results which were biologically meaningful when
experimental material was analysed.
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Because mass is lost from the organic matrix, the concentration of a specific element
increases during the course of analysis, and this can lead to inaccuracies in quantifrcation
if mass loss from the specimen and standard are different. To overcome this problem it
t^ds attempted to use a standard which resembled the specimen as closely as possible in
terms of chemical composition. The stability of the standard under electron irradiation was
found to be comparable to that of bone.

4.1.7. Aim of the Chapter.
The aim of this chapter was to develop and assess a processing technique and an X-ray
microanalysis system for determining molar calcium to phosphorus ratios in synthetic
calcium phosphates and bone. This methodology was used to determine the molar calcium
to phosphorus ratio in bone specimens from patients with the four clinical types of 01.
The known alteration in collagen fibril diameter (Chapter 3) could alter the interaction
between matrix components and hence alter the nucléation and growth sites of bone
mineral in a correct physiological fashion. On a simpler basis, the physical prevention that
collagen offers to the movement of ions involved in mineralisation could be altered by the
altered packing arrangement of molecules in the fibre and thus alter mineral growth.
Therefore, the first step was to determine if any change was detectable in the
mineral. The most straightforward and most accurate(focal method was to determine if
there was a change in the Ca/P molar ratio in pathological OI bone.
It is important to note that this technique gives very focal information about the
molar calcium to phosphorus ratio, (typically 60-100nm^). This is more important than
results obtained from ’whole body measurements’ since 01 is characterised by numerous
focal fractures which may reflect such focal changes in not only collagen but also in the
mineral composition, such changes would be lost in the overall ’picture’.
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4.2. Materials and Methods.
4,2.1 Specimen Processing.
Calcium pyrophosphate dihydrate (CaPyro) and calcium tetrahydrogen orthophosphate
(TOP) were obtained commercially (BDH, Merck Ltd, Poole, Dorset, UK). The
tricalcium phosphate (TCP) standard was obtained from the same source as the
hydroxyapatite and characterised similarly.
All bone specimens and calcium-phosphate standards were treated similarly. The
same buffer, fixative and resin mixtures were used throughout the processing o f all
specimens.
The bone tissue from 01 and normal patients was processed as per the protocol for
routine TEM specimens (Tables 4 .2 and 4.3 ) . However, the secondary fixation stage
with 1 % osmium tetroxide in 0. IM sodium cacodylate buffer (pH 7.4 ) was omitted. This

h

was necessary because the H a energy peak o f osmium falls close to the K a peak for
phosphorus and this would interfere with the quantitative analysis.
The calcium phosphate standards were powdered in an agate mortar and pestle and
processsed in ’Eppendorf’ tubes. The powdered standards were centrifuged slow ly for 10
minutes between each washing and dehydration stage to reduce loss o f the material.
The sodium cacodylate buffer, ethanols, resin and plastic containers used in the study
were all determined to contain negligible amounts o f calcium or phosphates. This was
determined by contacting the manufacturers or checking the purity on the labels. This
check was performed to ensure that no exogeneous calcium or phosphorus entered the
samples during processing.
After dehydration as per the protocol in Chapter 2, the specimens were
polymerised at 60°C for 18 hours in freshly prepared Spurrs resin.

4.2.2. Ultrathin Sectioning.
The polymerised resin blocks were placed in a ’Reichert-Jung’ f//rracw /£ ultramicrotome.
Semithin sections (l/nm) were cut to determine areas suitable for ultrathin sectioning. The
semithin sections were stained with toluidine blue (Richardson, 1960) or Humphrey’s
stain (1974). Selected areas were ultrathin sectioned using a diatome, diamond knife at
a cutting angle o f 6° and a cutting speed o f 1mm per second. The diamond knife was first
cleaned with distilled water and then 70% alcohol.
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This was repeated between each specimen to prevent ’carry-over’ contamination from
previous sections.
Ultrathin sections were cut on the ultramicrotome with the thickness setting at
lOOnm. The ribbon o f ultrathin sections was floated onto a O.IM sodium cacodylate (pH
7.4) solution in preference to distilled water. This has been found to reduce the loss o f

7

soluble ions (Boothroyd, 1964; Landis, 1978; Thorogood and Craig Gray, 1975; Hann,
1990). The sections were collected and mounted on 200 mesh copper grids, precoated for
support and mechanical stability with 0.45% pioloform (Agar Scientific Ltd, Essex,
England) in chloroform. The pioloform grids were observed to be a pale grey in colour,
indicating a thickness o f 30-50nm (Hayat, 1989). Copper grids (Agar Scientific) were
used because the K a peak was sufficiently removed as not to interfere with the Ca K a or
P K a peaks. The ultrathin sections were viewed without contrasting with uranyl acetate
or lead citrate in a Philips CM 12 TEM with an EDAX PV 9800 microanalysis system.

4.3.3. X-Ray Microanaiysis.
For accurate quantitative analysis it is necessary to minimise the TEM

colum n’ and

detector effects (Morgan, 1985) as well as effects from the grid. Hence specimens were
placed in a beryllium specimen holder since this has a low atomic number, and
reasonably wide mesh copper grids were used.

7

The TEM was regularly realigned. The grids were viewed in the TEM until an
area o f dense bone was observed. This was performed at the lowest accelerating voltage
that was acceptable to view the specimen. This was done to reduce any irradiation damage
and mass loss. The grid was viewed in the normal TEM mode, but for microanaiysis the
following parameters were set. The specimen eucentric height was set using the
goniometer stage. The goniometer was then tilted 20° towards the EDAX detector so that
the maximum number o f generated X-rays were directed towards the detector. The
silicon/lithium detector was set at a tilt angle o f 20° so that the total tilt angle was 40°.
The PV 9800 system was set to measure lOeV per channel with a preset count time o f 200
live seconds. The largest condenser aper^^ture (200nm), called the top hat aperture was
used. The selected area diffraction aperture was put in and the objective aperture was
taken out.
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This allowed the maximum number o f electrons to impinge on the specimen; the spot size
used in the study was 60-100nm . A standard magnification o f 45, 000 times was used.

4.3.4. Accelerating Voltage.
^ The most appropriate accelerating voltage, i.e. the one giving the best peak to background
ratio was found to be 80 kilovolts (KV). This was determined by placing a pioloform
coated copper grid without a specimen on it into the TEM, a beryllium ’low dose’ holder
was used.
X-ray microanalyses were performed at 20, 40, 60, 80 and lOOKV. The ’peak to
background’ (P/B) at a defined point on the spectrum at each accelerating voltage was
determined. The accelerating voltage was chosen which gave the best peak to background
ratio in the continuum.

4.3.5. Calibration of the EDAX PV9800 System.
In order to use the PV 9800 system properly, it was necessary for the characteristic X-ray
peaks o f each element to be located accurately on the video display. Therefore, the
PV9800 system needed to be calibrated initially and then checked periodically for its
accuracy, since the peak-stripping technique for quantitative analysis mandated a
calibrated system for accurate results. Calibration o f the PV 9800 system involved
collecting an X-ray spectrum o f two elements possessing two strong X-ray lines at known
energies. Aluminium (K a, 1.486, Agar Scientific) and Copper (K a, 8.040, Agar
Scientific) were used in this study. These standards were chosen because the energy levels
were sufficiently different. It was ensured that the peak to background ratios were o f the
order 5:1. The counting rate was checked to be in the range o f 1000 to 5000 counts per
second. X-ray peaks were determined to have sufficient intensities to determine peak
locations accurately with the smallest o f the peaks used for calibration having at least
3000 counts peak intensity.
When collecting the X-ray spectrum, it was ensured that the sample was positioned
in the electron beam so that the X-ray intensities from each element were approximately
equal, calibration peaks o f 4000 to 5(XX) were obtained for the final stages o f calibration
as recommended by the manufacturers. The calibration was performed each day when the
analyses were performed.
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4.3.6. Creating a Standard File*.
The hydroxyapatite standard was placed in the low dose holder in the TEM. After setting
up the microscope for microanaiysis as previously described, ten analyses were performed
on the hydroxyapatite using different and randomly selected areas of the grid for each
analysis. The EDAX PV9800 computer was then programmed to create one cumulative
spectrum firom the ten analyses. Thus a ’standard file’ for hydroxyapatite was created and
stored. This procedure was repeated for TCP, CaPyro and TOP.

4.3.7. Creating a ’Standard Graph*.
Once all the standard files had been created, the calcium to phosphorus ratio of each of
the standards was observed in the TEM using the Edax 9800 system and was plotted
against the empirical calcium to phosphorus ratio (Figure 4.1).
Knowing the chemical formula of the standard, the empirical calcium/phosphorus ratio
was determined by ratioing the number of moles of calcium to phosphorus; eg for

Hydroxyapatite:
Caio(POA(OH)2 :

10 x Ca
---------------

= 1.667

6xP

For the standard or calibration graph, the Ca/P ratios observed using the TEM were
plotted on the graph against the empirical Ca/P values. This calibration graph took into
account the errors caused by TEM processing and errors in detection of the microanaiysis
instrument, and was effectively a correction factor. The line plotted showed a very good
correlation between the observed and theoretical values. All obtained molar ratios were
corrected using the equation from the line of Figure 4.1. All bone specimens were then
analysed with ten areas of dense bone selected at random. The areas of bone chosen could
be easily seen due to the greater density and hence contrast over the surrounding organic
matrix Figure 4.2 and 4.3. The areas selected for analysis were away firom the osteoid
or any osteoblasts, osteoclasts or osteocytes in case some metabolic activity altered the
Ca/P ratio in that focal area. All analyses gave strong peaks for calcium and phosphorus
with a low background. Figure 4.4.
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Table 4.2: 01 Specimens Processed For X R M A &
Individual Ca/P Molar Ratios o f 01 Patients.
Patient

A ge
(Years)

Sex
(M /F)

Site of Biopsy

Clinical
Type o f 01

Ca/P Molar Ratio &
[Standard Deviation]

C

25

F

Tibia

IB

1.506 [0.021]

O

6

F

Femur

I

1.414 [0.039]

P

8

M

Femur

IB

1.577 [0.033]

Q

9

M

Iliac Crest

I

1.665 [0.026]

E

2 1/12

M

R. Femur

III

1.441 [0.02]

K

10

M

Iliac Crest

IB

1.456 [0.057]

T

10

F

Iliac Crest

I

1.477 [0.016]

A

16

M

Iliac Crest

IB

1.462 [0.042]

B

10

F

Iliac Crest

IB

1.399 [0.049]

U

14

F

Iliac Crest

IB

1.628 [0 .02 ]

D

28

M

Femur

IVA

1.517 [0.031]

L

12

M

R. Femur

IB

1.469 [0.023]

V

25

M

Tibia

IB

1.474 [0.034]

w

17

F

Femur

I

1.484 [0.03]

H

5/12

M

Rib

II

1.351 [0.013]
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Table 4.3: Normal Control Bone Processed For X R M A
&
Individual Ca/P Molar Ratios of Normal Controls.
Patient

A ge
(Years)

Sex
(M /F)

Site of
Biopsy

Ca/P Molar Ratio &
[Standard Deviation]

1

17

F

Fibula

1.601 [0.04]

2

2

M

Iliac
Crest

1.631 [0.03]

3

9

M

Tibia

1.623 [0.032]

5

7

F

Femur

1.603 [0.034]

6

9

M

Femur

1.614 [0.021]

7

26

F

Iliac
Crest

1.826 [0.132]

8

26

F

Femur

1.572 [0.015]

9

18

F

Hip

1.647 [0.016]

11

8

F

Femur

1.641 [0.02]

12

11

M

Femur

1.626 [0 .021 ]

19

18

F

Femur

1.643 [0.019]

13

10

F

Femur

1.623 [0.06]

20

23

M

Femur

1.575 [0.021]

21

60

M

Femur

1.585 [0.021]

18

10

M

Iliac
Crest

1.645 [0.021]

167

4.4. Results.
This study was performed to determine the Ca/P molar ratio of the mineral in normal and
pathological OI bone. The first step was to determine if the methodology utilised in this
study was suffic^tly accurate to warrant a quantitative analysis of bone. To achieve this,
chemically prepared calcium phosphate standards were obtained from commercial or
collaborative sources where the structure and Ca/P molar ratio was known. The four
standards used have all been found in biological tissues in normal or pathological
situations. The Ca/P molar ratios of the four standards observed in the TEM using X-ray
microanaiysis were found to be extremely close to the theoretical values which were
calculated as described in Section 4.3.7. The calcium to phosphorus molar ratios observed
in this system were: hydroxyapatite (Ca/P = 1.602); tricalcium phosphate (Ca/P =
1.501); calcium pyrophosphate (Ca/P = 1.000) and calcium tetrahydrogen orthophosphate
(Ca/P = 0.501). These observed values when plotted on a standard graph (Figure 4.1)
gave a good correlation with the theoretical calcium to phosphorus molar values which
were: hydroxyapatite (Ca/P = 1.667); tricalcium phosphate (Ca/P = 1.500); calcium

4-

pyrophosphate (Ca/P = 1.000) and calcium tetrahydrogen orthophophosphate (Ca/P =
0.500). This demonstrated that the synthetic mineral was sufficiently stable under these
processing procedures and was not subject to the loss of ions due to dissolution.
Therefore, this pilot study demonstrated that this quantitative, focal technique was
accurate to study the molar ratio of calcium phosphates fixed and processed routinely. The
bone specimens, treated and analysed in exactly the same manner demonstrated that the
molar Ca/P ratio was lower in OI bone (Ca/P = 1.488) when compared to normal,
matched bone (Ca/P = 1.65» ).The normal bone molar ratio

was very similar to the '

hydroxyapatite standard (Ca/P = 1.602), Figures 4.5-4.7. The small standard deviation (
Ifom ten analyses per bone specimen also indicated the precision of measurements.
An unrelated Students t-test was performed and demonstrated no significant
difference between the calcium to phosphorus molar ratio for normal bone or the
hydroxyapatite standard (p> 0.005). There was a statistically significant difference
between the normal bone and the OI bone calcium to phophorus molar ratios (P< 0.005).
Table 4.2 indicated that the type II OI patients demonstrated the lowest molar ratio.
Interestingly, two OI patients (Q and U) demonstrated a molar ratio close to normal and
these values if omitted from the statistics would lower the overall molar ratio further.
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Standard Graph
C a/P M o la r R atio s O f C a lc iu m -P h o sp h ate S ta n d a rd s in th e TEM
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Figure 4 .1: A standard graph of observed versus empirical calcium to phosphorus
molar ratios for calcium phosphate standards observed in the TEM.
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Figure 4.2: An uncontrasted section of unosmicated OI bone. The mineralised
bone can be seen as the darker componen^compared to the organic osteoid and
cells. Bar = 9/xm.
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Figure 4.3: A higher magnification of Figure 4.2 showing the needles of mineral
associated with the underlying type I collagen. A typical area analysed is marked.
Bar = 0.44^m.
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Figure 4.4: An image from the EDAX 9800 X-ray microanaiysis system showing
clear characteristic peaks for calcium and phosphorus with a low background
radiation. The other peaks are from the copper grid and from arsenic used in the
fixative.
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Ca/P M olar Ratios For Calcium Phosphate
Standards and N orm al and OI Bone

2 .0-1
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( 1.631
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TO P
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Figure 4.5: Calcium to phosphorus molar ratios for calcium phosphate standards,
normal bone and OI bone.
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Ca/P M olar Ratios For
N orm al C on trols
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Figure 4.6: Calcium to phosphorus molar ratios for individual normal control
patients.

174

Ca/P M olar Ratios For
Individual OI Patients
2 .0-1

1.9
1 .8 -

1 .6 1.5
1.4
1.3

1.0
0.9
0.8
0.7
0.6
0 .5 0 .4 0.3
0.2
0.1

0.0

O I P atien ts

Figure 4.7: Calcium to phosphorus molar ratio for indiviual OI patients.
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4.5. Discussion.
The results of this study clearly indicate that that the methodology employed in
determining the molar calcium to phosphorus ratio in bone mineral is accurate. This has
been confirmed by the good correlation between the observed and theoretical molar ratios
of the calcium phosphate standards. The second part of the study has demonstrated that
normal bone had a molar Ca/P ratio of 1.629 which was in close agreement with that of
chemically prepared hydroxyapatite (Ca/P = 1.602). This is the first semi-quantitative
report demonstrating that bone from 01 patients has a significantly lower molar Ca/P ratio
(Ca/P = 1.488).
Many studies employing X-ray microanalysis have attempted to avoid the use of
’wet chemical’ techniques. Exposure of the tissue specimens to a sequence of aqueous
media has been reported to introduce a number of artefacts that invalidated attempts to
localise diffusible constituents (Pease, 1966). Artefacts can be introduced, such as
electrolyte leaching during fixation, dehydration and embedding in resins. Also, the loss
of elements during floatation and contrasting should be avoided. The loss of mineral from
calcified tissue during conventional preparative procedures of TEM (Boothroyd, 1964;
Thorogood et al. 1975; Nicholson et al. 1977) have resulted in the use of cryo-sectioning
techniques to study bone calcium phosphates. However, crystals of bone mineral are
stable and firmly ’locked’ in with the organic component of bone and as such are
insoluble at physiological pH (Ali et al. 1977). Careful, routine processing has been
shown to be equally as precise and accurate in the determination of Ca/P molar ratios.
In this study the OI bone Ca/P molar ratio appears similar to that for TCP,
however, it would be incorrect to simply state that the mineral in OI bone was similar to
TCP. Rather, it would appear from the literature on mineralisation and from the results
presented in Chapter 5 that the mineral is apatitic in nature but is substituted with various
ions making it lower in its calcium content or higher in its phosphate moieties. It is not
quantitatively possible to determine which of these ionic groups is deficient or present in
excess, but the results from Chapter 5 and from the literature would indicate that
phosphate moieties are prone to substitution. Vetter etal (1990) studied apatite crystal size
using X-ray diffraction and found that it was markedly reduced in type II OI. During
adolesence, crystal size became normal in type I OI but not in type 111 or IV OI.
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These reported changes of crystal size were found to correlate with the severity and
clinical course of the different types of 01. The reduction of apatite crystal growth in 01
was considered to reflect increased bone turnover and since crystal growth is closely
associated with collagen fibrils, the defects in collagen biosynthesis in OI, resulting in
abnormal fibril formation, might affect crystal formation and growth even further. The
smaller crystals are even more prone to surface substitution and this body of evidence
would suggest that the collagen abnormality causes smaller crystals which are more prone
to substitution, this is further compounded by any poisons which are adsorbed onto the
mineral surface. Consequently, a vicious cycle is initiated by the nucleated growth of
smaller crystals than normal on an altered type I collagen.

4.5.1. Amorphous/Crystalline Inter-relationship In Bone Mineral.
Amorphous calcium phosphate has been reported to exist in bone as a precursor to
hydroxyapatite (Posner et al. 1974). Termine and Posner (1967) using X-ray diffraction
techniques found amorphous calcium phosphate to be the major mineral component of
skeletal tissue, however, current theories discount this.
It was considered that there may be two or more mineral ion metabolic pools
within bone tissue, each with different activities yet each interelated with each other.
Termine and Posner (1966) found that the manner in which bone was prepared for
analysis could affect its amorphous/crystalline mineral composition. It was found that
more than half of the amorphous calcium phosphate originally present in young rabbit
bone could be converted to crystalline apatite by drying the excised bone in air at room
temeperature.
Glimcher (1984) disputed the amorphous calcium phosphate theory on the basis
of radial distribution function analysis of bone mineral. It did not account for the
structural or the chemical composition of the initial calcium-phosphate phase deposited
in bone or for the X-ray diffraction or chemical changes that occur with age. It was
concluded that bone mineral could be best characterised as a single phase of poorly
crystalline non-stoichiometric hydroxyapatite, which becomes more crystalline as it
approaches ideal stoichiometry with time, after its intial deposition.
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One of the possibilities to explain the results from this study is that OI bone is low in
Ca/P because it is newly formed, not yet fiilly matured and therefore non-stoichiometric.
Because of the inherent cellular abnormalities associated with collagen fibrillogenesis, the
mineral does not have the time to approach maturity and hence ideal stoichiometry
because it is resorbed too quickly by osteoclasts which may be busy resorbing poorly
formed collagen.
Recent studies have confirmed the absence of an amorphous calcium-phosphate
solid phase, but did detect the presence of HPO4 ^ groups. These acid phosphate groups
are not present as crystalline brushite but are in a brushite configuration. There is more
of this HPO/ phase in the youngest bone and it decreases with the age of the bone
mineral. It was speculated that this HPO/ moiety may in part represent a ’bridge’
between the inorganic and organic phase of bone.
In a number of the situations related to bone disease or its treatment, changes in
the nature of the bone mineral occur.
The increase in average crystal size of bone apatite with age is the key to the fact
that immature bone is smaller in crystal size than mature bone. Since bone mineral is submicroscopic in size, its apparent solubility decreases with increasing size. Below that
critical size, the solubility increases sharply due to the increased surface area per unit
weight and thus, the increased input into solubility of the surface effects. Crystals of
hydroxyapatite in OI have been reported to be smaller than in normal bone (Vetter et al.
1991). This reduction in size may make the crystallites in part, more soluble. An example
of changing solubility with increasing size can be seen in the increase of bone apatite size
with fluoride content. When fluoride is ingested, the F substitutes for OH in the apatite
crystal (Posner, 1969). Since the solubility of F substituted hydroxyapatite is lower than
that of pure hydroxyapatite (Wetherell et al. 1973), the supersaturation of bone mineral
formation is increased and the subsequent crystal growth rate is increased. Therefore, not
only does it stabilise bone mineral by substitution of O H , there is a decrease in the
apparent solubility of bone apatite due to an increase of crystal size. Another example of
bone crystal growth is seen in the treatment of Paget’s disease with diphosphonates. There
is a marked increase in the average crystal size in the affected bone.
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This drug has also been used on OI patients and although results have not yet been
published, they seem promising (Dr TCB Stamp, Metabolic Unit, Royal National
Orthopaedic Hospital - personal communication).
Synthetic basic calcium phosphates prepared from carbonate-free aqueous
solutions have X-ray diffraction patterns similar to hydroxyapatite but often depart from
its stoichiometry by exl^iting low Ca/P molar ratios. The explanations for this have been
divided into two categories: a) the low ratios are due to excess HPO/ groups adsorbed
on the surface of stoichiometric hydroxyapatite crystals; b) calcium ions are missing in
some way, either from the surface or the interior of the crystals. From surface-exchange
studies, Neuman (1953) found that the differences in Ca/P ratio could not be explained
in terms of surface composition alone. Also the surface areas of some synthetic apatites
are too low to account for their non-stoichiometry by surface adsorption (Posner et al.
1957).
Explanations for the existence of non-stoichiometric apatites on the basis of
deficiencies in calcium ions can generally be divided into three groups; a) the calcium
ions are missing from the crystal surface with replacement by hydronium ions (HjO"^) to
preserve the charge neutrality (Neumann, 1953); b) there are random defects in the apatite
lattice due to statistical absences of calcium ions from the interior lattice sites (Posner et
aL 1957; 1958; Winand, 1965); c) the calcium-deficient apatites are, in reality, a
continuous series of lamellar intergrowths between octacalcium phosphate and
hydroxyapatite (Brown, 1965; Brown et al. 1966).
Thus, there are many reports of the non-stoichiometric formation of bone apatite.
The changes observed in type 1 collagen in OI can further alter the stoichiometric
formation of bone mineral. In the microenvironment of newly forming bone it is possible
to imagine a situation where abnormal type

1

collagen is unable to associate with non-

collageneous proteins or calcium and phosphate ions to form apatite properly. The
abnormal bone is

A

prone to further substitutions because of its unstable nucléation and

growth environment. Also to be considered is that calcium and phosphorus metabolism
is abnormal in OI and less of these ions may be present for incorporation into the crystal
lattice. Consequently, the next available ions are incorporated (eg sodium) into the
crystal resulting in a mineral that is far from ideal.
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The dissolution of these poorly formed crystals by the osteoclasts will be easier (from a
thermodynamic point of view) and the tensile properties of the bone formed from this
material will deviate from the ideal.
These results are the first report of altered mineral in OI and will require further
independant confirmation since they are of such fundamental importance to the pathology
of this disease. Various reports have discounted abnormal mineral formation in 01 despite
the general acceptance that type I collagen, the basic structure on which mineralisation
occurs, is abnormal. Other methods for the quantitization of bone mineral content in vivo
have included radiogramometry, based on the measurement of metacarpal corticalmedullary width; single photon (”“I) densitometry, measuring predominantly cortical bone
in the radius, computed tomographic (CT) determination of trabecular bone mineral
content of vertebral bodies T12 to L4; dual-photon absorptiometry (DPA), employing
gadolinium-153 to measure both cortical and trabecular bone in the lumbar spine and
digital radiography of the axis of the axial or vertebral bone. The last three methods have
recently been introduced into routine clinical use and would appear to be the most
accurate for quantitating bone mineral content. Patterson (1978) measured metacarpal
medullary-cortical widths in adults with dominantly inherited mild OI ranging in age from
20 to 70 years. Although the hand bones were slender, cortical bone widths were normal.
Kurtz et al (1985) reported that all OI subjects were osteopenic for their age when
vertebral bone mineral content was measured by CT scan. The demineralisation was
roughly proportional to the severity of the 01. Type I OI patients appeared to lose bone
mineral at a rate two to three times greater than non-affected subjects. Demineralisation
was most severe in type III patients. Although quantitative studies have confirmed
osteopenia is a constant feature of OI, the consensus is that the extent of bone mineral
depletion varies markedly among phenotypes.
An explanation for the exact cause of the very low Ca/P molar ratio observed in
this study, in an already non-stoichiometric apatite will be necessary in order to design
drug regimens that may counter the mineral deficiency. Certainly calcium-phosphate
supplement is necessary to boost a system which has enhanced cellular resorption of bone.
The activity of the resorbing osteoclasts has been linked to the osteoblast dysfunction
(Doty et al. 1971), ideally the osteoclasts need to be slowed-down in their resorbtion of
formed bone mineral while the bone forming osteoblasts continue to lay new bone.
180

f

— ir

THF ACAnrvTC
PC
L

.

/ O F LCr^DON

&. : ::fju:E
u: r :rp:Ef
LOr.ivON VVCIE 7HU

institute-^
OK

Orthcjjaedics
i

O steogenesis Imperfecta:
Ultrastructural and M icroanalytical
Changes in Bone.
Thesis submitted for the Degree of
Doctor of Philosophy
in the
Faculty of Science
at the
University of London
by
John Paul Cassella

Department of Experimental Pathology,
Institute of Orthopaedics,
University College London Medical School.
July 1993

Contents.
P^gg

Volume 1:
Title.

1

Abstract.

2

Dedication.

4

List of Figures Legends & Tables.

5-15

Chapter 1:

General Introduction, Literature Review &
Aims of the Project.

Chapter 2:

The Morphology & Ultrastructure of Bone in
Osteogenesis Imperfecta.

Chapter 3:

40-110

Histomorphometry of Bone Osteoid Type I
Collagen Fibrils in Osteogenesis Imperfecta.

Chapter 4:

16-39

111-150

Determination of the Mineral Composition of
Normal and Osteogenesis Imperfecta Bone by
Electron Probe X-ray Microanalysis.

151-180

Volume 2:
Chapter 5:

Analytical Studies of Bone Mineral in
Osteogenesis Imperfecta.

Chapter 6 :

A Transgenic Mouse Model for Osteogenesis
Imperfecta.

Chapter 7:

181-238

239-297

General Discussion, Conclusions and
New Concepts.

298-309

References Cited.

310-349

Publications and Awards.

350-354

Appendices.

355-356

Acknowledgements.

357-358

Chapter 5;
Analytical Studies of Bone Mineral in
Osteogenesis Imperfecta.

181

5.1. Introduction.
The bone mineral from 01 patients was demonstrated to have a low molar calcium to
phosphorus ratio when compared to a hydroxyapatite standard and normal bone (Chapter
4). This would suggest either that there is a change in the relative amounts of calcium
or phosphorus, or that ionic substituents may be present in the crystal. It was necessary
to determine what these ionic moieties were and if there was any alteration in the crystal
lattice of the bone mineral.
Various analytical techniques are available to study interactions of groups and
structures in crystals at the atomic and molecular level. Fourier transform infra red
spectroscopy (FTIR), X-ray powder diffraction (XRPD), 31 Phosphorus nuclear magnetic
resonance spectroscopy (31? NMR) and Raman spectroscopy methods can be used to
obtain more information about the nature of bone mineral and complement the data from
XRMA.

5.1.1 Fourier Transform Infra Red Spectroscopy.
Infra red radiation promotes transitions in a molecule between rotational and vibrational
energy levels of the ground electronic energy state.
In an FTIR spectrometer, the main component is an interferometer, the
essential component of an interferometer is a system for splitting a beam of radiation into
two and then recombining the two beams after introducing a path difference. This
combined beam passes through the sample to the detector. Division of the beam is
achieved with a beamsplitter that transmits about 50% and reflects about 50% of the
radiation. One part of the beam goes to a fixed mirror and the other to a mirror that can
be moved to introduce a varying path difference. When the beams are recombined, an
interference pattern is obtained as the path difference is varied. For a single frequency,
the interference pattern is a sine wave with maxima when the two beams are exactly in
phase and minima when the two are 180“ out of phase. The spacing between the maxima
corresponds to a change in path difference equal to the wavelength. For a broad band
source, the interference is the sum of the sine waves for all the frequencies present. This
interferogram consists of a strong signal at the point where the path difference is zero,
falling away rapidly on either side.
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The customary spectrum, showing energy as a function of frequency, is obtained from
the interferogram by the mathematical process of Fourier transformation. The symbol v
in spectroscopy is used to differentiate between the various vibration frequencies. FTIR
spectroscopy in the low frequency range has been found useful in distinguishing different
calcium phosphates (Dieppe et al 1983).

5.1.2 31 Phosphorus Nuclear Magnetic Resonance Spectroscopy (NMR).
NMR spectroscopy has been widely used to characterise calcium phosphates (Aue et al.
1984; Roufosse et al. 1984, Belton et al. 1988; Rothwell et al. 1983).
The nuclei of many isotopic species possess an inherent angular momentum or
spin. Associated with a spinning nucleus is a magnetic dipole which can interact with an
external magnetic field. If the nucleus is exposed to radio-frequency energy of the
appropriate frequency, transitions will be induced between two states corresponding to
lower and higher energy orientation of the dipole with respect to a magnetic field. An
NMR spectrometer consists of a means of producing a strong magnetic field, a source of
radio-frequency power, and a means of detecting absorption of energy by the sample
(McFarlane et al. 1972).
Without the application of special techniques, solid state NMR spectra would
consist of very broad feature less lines. These result from dipolar interactions with protons
and from shielding anisotropy (SA). Dipolar interactions can be removed by the use of
high power proton decoupling (HPPD). However, this still leaves broadening effects due
to SA, which in phosphorus can result in lines several kHz in width. SA occurs when the
electron cloud surrounding the nucleus is anisotropic. The shielding experienced by the
nucleus is then dependent on the cloud orientation with respect to the magnetic field.
This effect can be eliminated by rotating the sample at the magic angle of 54.7®, to the
magnetic field at the rate comparable to the range of frequencies covered by the SA, this
is referred to as magic angle spinning (MAS).
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A phosphorus signal may also be observed by the process of cross polarisation (CP) from
protons. This is achieved by the simultaneous irradiation of the phosphorus and hydrogen
nuclei under conditions of matching the radio frequency. Polarisation is then transferred
from the protons to the phosphorus nuclei. The time during which polarisation transfer
takes place is known as the contact time.

5.1.3 X-ray Powder Diffraction & Electron Diffraction.
The essential feature of the powder diffraction technique is a narrow beam of X-rays
impinging upon a crystalline powder composed of fine, randomly orientated particles.
Under these conditions all the diffracted rays from sets of planes of spacing di will
generate a cone of semi-apex 2 0 i, planes of spacing dj will generate a cone of angle 2 0 2
etc. If a fiat photographic film is placed perpendicular to the undeviated beam, a pattern
of concentric rings will be produced by those cones of diffracted rays which intersect the
film.
The technique of electron diffraction is the most widely used to study variations
in bone mineral (Boskey, 1985). The theory is very similar to XRPD (Beeston et al.
1972).

5.1.4 Raman and Infra Red Spectroscopy.
When electromagnetic radiation of a specified energy content irradiates a molecule, the
energy may be transmitted, absorbed or scattered. In a Raman spectrometer, the sample
is irradiated with an intense source of monochromatic irradiation usually in the visible
part of the spectrum. Generally, this radiation frequency is much higher than the
vibrational frequencies but is lower than the electronic frequencies. The radiation scattered
by the sample is analysed in the spectrometer. The Raman effect can be looked upon as
an inelastic collision between the incident photon and the molecule, where, as a result of
the collision, the vibrational or rotational energy of the molecule is changed by a discrete
and measurable amount (Colthup et al. 1975).
Both Raman and Infra red spectroscopy have been widely used to determine the
mineral phase of bone (Baxter et al. 1966; Termine et al. 1966; Termine et al. 1973;
Ozkazaki, 1983).

184

Infra red spectroscopy relies on the fact that a material will only absorb IR radiation
whose frequency corresponds to the frequency of one of its interatomic vibrations.
Therefore, the absorption frequencies depend on the chemical groups present within the
material and the way in which they are packed together. However, IR spectra of calcium
phosphates are much more similar than their XRPD patterns because the vibrational
frequencies of phosphate groups are similar in different crystal structures; ideally both
techniques should be run together.
Aim of the Chapter.
The low molar Ca/P ratio suggested ionic lattice substitutions or surface adsorption of
ions. Analytical techniques were used to futher characterise and compare the mineral in
xy
normal and 0 1 bone to determine if substitutions and/or adsorptions had occur^d.
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5.2. Materials and Methods.
5.2.1. Fourier Transform Infrared Spectroscopy.
Four specimens of 01 bone and nine, matched controls were analysed (Table 5.1).
Specimens of 01 bone were cooled to -TO^C before freeze drying in an Edwards vacuum
dryer for 48 hours at -40°C (60mbar). The freeze dried bone was then powdered in a
nitrogen mill at -IÇPC to an approximate mesh size of 600, and stored in a dessicator.
Chemically pure specimens of HA, TCP, CaPyro and TOP used in Chapter 4 were
processed similarly to the bone specimens for FTIR spectroscopy. Spectra were recorded
on a Nicolet 5DXC infrared spectrometer using the potassium bromide (KBr) disk
method. Spectra were collected as absorbance spectra at 4 wavenumber resolution with
32 scans performed per specimen.

5.2.2. 31 Phosphorus Nuclear Magnetic Resonance Spectroscopy.
Three specimens of normal bone, two specimens of 01 bone and four calcium phosphate
standards were analysed using NMR spectroscopy (Table 5.1).
^ P magic angle spinning (MAS) and cross polarisation (CP) spectra were recorded
at 161.978MHz on a Bruker MSL-300 multinuclear spectrometer. A Doty Scientific
Instruments probe was used with rotors spinning between 1.0 and 1.3mHz using filtered
and dried compressed air as the drive gas. The 90^ pulse was measured at 5.16ps Recycle
delay was 1 minute in all experiments and chemical shifts measured from an external 85%
H3PO4 standard.
"C Cross polarisation NMR spectra were recorded at 100.613 MHz with a Bruker
double bearing probe, rotors were spun at 4.T-4.9 KHz with air as the drive gas.
Chemical shifts were measured from an external tetra methyl silane (TMS) standard.
‘H MAS NMR spectra were recorded at 400.13 MHz after the "C cross polarisation
experiments, using the same rotors, spinning rate and drive gas.
The 90° pulse was 9.3^s. ^'P cross polarisation experiments were recorded at
161.978MHz with a Bruker fast spinning probe with rotors spinning at 8 KHz with air as
the drive gas. The 90° pulse for phosphorus measured at 4.61^s, chemical shifts were
measured from an external H3PO4 standard.
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Spin lattice relaxation times (Tl) were measured for between one and twenty two seconds
on the

01

specimens.

5.2.3. X-Ray Powder Diffraction.
Four specimens of normal bone, five specimens of 01 bone and four calcium phosphate
standards were analysed (Table 5.1).
Freeze dried, powdered bone was packed into 0.3mm Lindemann glass tubes.
Specimens were placed in a Gandolfi X-ray powder camera and situated on a Philips
PWlOlO X-ray generator.
The samples were subjected to filtered copper (Ka) radiation (wavelength 1.541 A)
with an exposure time of three hours at 40kV and 20mA, 10s accumulation time, step
width 0.025. The X-ray powder diffraction patterns were recorded using the DebyeScherrer method (Klug et al. 1959).

5.2.4 Electron Diffraction.
Ultrathin sections of bone used for XRMA (Chapter 4, section 4.21, 4.22, 4.33) were
used for electron diffraction studies (Table 5.1).
Sections were examined in the TEM at an accelerating voltage of 80kV and
suitable areas of cortical bone mineral were chosen. After focussing and setting the
eucentric height on the goniometer stage, the selected area diffraction aperture was put
in and the objective aperture taken out. By altering the intensity of the beam, diffraction
rings were obtained. Using a computer controlled measuring facility on the Philips CM 12
microscope, the distance from the centre of the diffraction pattern to the resolvable rings
was measured. A thallous chloride standard (Agar Scientific) was used at each sitting to
calibrate the measuring system.
The diffraction pattern diameters, relating to the lattice plane spacing (d), of the
thallous chloride standard and of fifteen

01

, three normal bone and four calcium

phosphate standards were measured and tabulated for comparison.
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5.2.5 Raman & Infra Red Spectroscopy.
Two normal and three 01 bone specimens (Table 5.1) were examined using Raman
spectroscopy. The tissue was processed as for FTIR spectroscopy (Section 5.2.1).
For IR spectroscopy freeze dried bone in potassium bromide discs as used for
FTIR spectroscopy (section 5.2.1), was placed in a Perkin Elmer ’683 spectrophotometer’
and scanned from 400-200cm ‘ using a 6 minute scan time. The four calcium phosphate
standards analysed in section 5.2.1 were also analysed.
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Table 5.1: Analytical Studies On Normal & 01 Bone
Electron
Diffraction

FTIR

NMR

XRPD

Infra-Red
Spectroscopy

Raman
Spectroscopy

1

2

2

2

2

3

2

4

5

4

3

4

3

5

9

11

H

D

C

9

D

9

D

L

0

D

V

D

-

V

P

L

-

L

-

-

Q

V

-

V

-

-

E

H

-

H

-

-

K

-

-

W

-

-

T

-

-

-

-

-

A

-

-

-

-

-

B

-

-

-

-

-

U

-

-

-

-

-

D

-

-

-

-

-

L

-

-

-

-

-

V

-

-

-

-

-

w

-

-

-

-

-

H

-

-

-

-

-
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5.3. Results:
5.3.1. Fourier Transform Infrared Spectroscopy.
The observed spectra were complex and revealed vibrations of both the protein
components and the inorganic mineral phase of the bone. Figures 5.1-5.6. The FTIR
spectral assignments are given in Table 5.2. The spectral region from 1700-1500 cm’
contained the Amide I and Amide II vibrations of the peptide bonds, primarily from type
I collagen (Susi etal. 1971, Lazarev etal. 1985). The Amide I near 1650cm’ arose from
the peptide bond C = 0 stretch while the Amide II near 1550cm ’ arose from a mixture of
C-N stretch and N-H in plane bending. The spectral range 1200-1900cm ’ contained the
symmetric and asymmetric P-0 stretching modes of the phosphate group in the
mineralising phase. For hydroxyapatite this occurred at 962cm’ (Bhatnagar, 1968;
Wuthier et al. 1985). The asymmetric P-0 stretch appeared at 1082cm’. The
hydroxyapatite in the mineralised tissues had a pattern distinct from that of synthetic
hydroxyapatite. The presence of a spectral peak at 1415cm ’, arising from a carbonate
asymmetric stretching mode (Doi et al. 1982) suggested that carbonate substitution had
occurred.
There was no detectable shift of the v6 mode of the CO, from 873 to 867cm ’ or
of the vl mode of the PO4 from 962 to 966cm ’ which would have been indicative of an
increase in the fluoride content of the crystal lattice (Miake et al. 1991).
A semiquantitative indicator of crystallinity is the position of a peak which is not
greater than 1027cm ’ for apatite crystal sizes less than 160Â, and increases to 10281032cm ' for crystal sizes between 160-190Â (Pleshko etal. 1991). No obvious detectable
differences were found in this parameter, however, a more diffuse electron diffraction
pattern was indicative of smaller crystallites as reported by Vetter et al. (1992). Doi gt
al (1982) found that the band at 875cm ’ (in a CO3-HA sample) which was caused by
COs^' out-of-plane stretching as well as by P-OH stretching of HP0 4 ^, was almost
removed and shifted to 850cm ’ in the CO3-HA. Their findings indicated that there was
no significant contribution in their sample. However, in the samples of bone analysed in
this study HP0 4 ^ was detectable at 875cm ’.
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The 01 bone samples all produced spectra similar to the standard hydroxyapatite analysed.
There were additional absorbances at 3000, 1800 and 850cm \ These were attributable
to inorganic carbonate in the structure, substituting for phosphate and hydroxyl groups.
The bone samples in this study produced a well defined doublet in the spectral region
indicating the presence of crystalline HA. This was in contrast to the XRPD data where
there was a degree of amorphous material evident. This may be due to the fact that the
amorphous material was transparent in the infrared region in FTIR spectroscopy.
The vibrational modes of the OH ion were of interest, especially the liberational
mode which is sensitive to its environment. The OH liberational mode shifts to lower
frequencies on substitution of the cation. However, in the samples analysed, no n o tif ie
shift was observed suggesting that if a substition for calcium had occurred it was at a
level where the effects were invisible to the infrared.

5.3.2. 31? Nuclear Magnetic Resonance Spectroscopy.
The MAS spectra on OI bone, normal bone and calcium phosphate standard demonstrated
that phosphorus was present in only one environment; the tetrahedrally arranged PO4
group, Figures 5.7-5.12.
Phosphorus to hydrogen cross polarisation results showed two peaks separated by
3.18ppm resolved at very short contact times. ^'P cross polarisation experiments on all
samples produced changes in side band intensities with varying contact time. The two
resolved peaks and the shoulder from a second partially resolved peak on the low field
side of the main peak were taken as an indication that there were three phosphate
environments with almost coincident chemical shifts. This is consistent with the large side
band intensities of bone over synthetic apatites. MAS variable contact times and saturation
recovery times were similar for OI and normal bone. Figures 5.13-5.16.
No significant differences were observed in any of the 01 specimens when
compared to normal bone. The synthetic hydroxyapatite was demonstrated to be a suitable
model for bone mineral because of its similarity to normal bone hydroxyapatite in the
NMR. Roufosse et al (1984) suggested that the most suitable model for the major calcium
phosphate mineral phase in bone is hydroxyapatite containing 5-10%
HPO/ groups in the brushite-like configuration.
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and 5-10%

In the study they determined that the fraction of HPO/ groups was the highest in young
bone and decreased progressively with age. Their data provided evidence against
amorphous calcium phosphate being the major solid phase of calcium phosphate of newly
deposited bone mineral.

5.3.3. X-Ray Powder Diffraction.
All diffraction patterns were compared against the Journal of Collected Powder
Diffraction Patterns held in a computer library. The values of 20 were obtained using a
micrometer scale on a lightbox and the intensities of the lines were determined using a
densitometer (see Table 5.3). X-ray diffraction patterns for the calcium phosphate
standards, normal bone and 01 bone are shown in Figures 5.17-5.27.

5.3.4. Electron Diffraction.
The crystal lattice spacings are given in Table 5.4; diffraction patterns for the thallous
chloride standard (Figure 5.28) and the calcium phosphate standards, normal bone and
01 bone are shown in Figures 5.29-5.32.

5.3.5 Raman and IR Spectroscopy.
The normal and 01 bone specimens demonstrated the same Raman spectra as the
hydroxyapatite standard (Figures 5.33-5.37). Peaks were observed at 970, 4(X) and 600
cm %due to the phosphate moieties. Other bands at 1080, 1050, 870 and 1250cm ‘ were
detected but not attributable. The problem with this technique was that the laser beam
caused the bone to fluoresce and gave a high background noise signal (Figure 5.34).
No differences were detectable between normal and 01 bone mineral analysed
using IR spectroscopy. Both sets of bone showed the major peaks of the hydroxyapatite
standard, which were attributable to hydroxyl, carbonate and phosphate stretching
vibrations (Figures 5.38-5.44).
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Table 5.2 FTIR Assignments
Peak Number
(See graphs)

Wavenumber
(cm-i)

Shape/Strength

Assignment

1

3600

Sharp/Medium

Ca-OH
Stretch

2

3400-3300

Broad/Medium

0 -H Stretch

3

2900-3000

Sharp/Strong

Carbonate

4

2400

Sharp/Strong

OCP/ C02?
(atmosphere)

5

1800

Broad/Weak

Carbonate

6

1750

Sharp

Not Assigned

7

1650

Sharp/Strong

Amide I
(C=0)

8

1628

Broad/Weak

Gly-Pro-Pro
(Collagen)

9

1525

Sharp/Medium

Uncertain

10

1430

Sharp/Medium

CO3 Stretch

11

1415

Broad/Medium

Carbonate
(asymmetric)

12

1400

Sharp/Weak

CO3/HCO3

13

1250

Weak

P-OH
Deformation

14

1082

Broad/Medium

Carbonate
(asymmetry)

15

1050

Broad/Medium

P -0 Stretch
in PO4

16

875

Broad/Medium

Carbonate

17

850

Broad/Medium

Carbonate

18

675

Weak/Broad

HCO3

19

550-600

Weak/Broad

PO4 Bend
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Figure 5.1 : FTIR specra of calcium phosphate standards (400-4000cm '). Blue
= HA, red - TCP, black = CaPyro, Green = TOP.
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Figure 5.2: FTIR spectra of calcium phosphate standards (400-1300cm ‘).
Blue = HA, red = TCP, black = CaPyro, Green = TOP.
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Figure 5 .3 : FTIR spectra o f four normal bone specimens (patients 2, 4, 5,
9), 4(X)-4(XX)cm

Red = patient 2, blue = patient 4, green = patient 5 and

black = patient 9.
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Figure 5 .4 : FTIR spectra of four normal bone specimens (patients 2, 4, 5 and
9), 4(X)-13(X)cm '. Red = patient 2, blue = patient 4, green = patient 5 and
black = patient 9.
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Figure 5.3: FTIR spectra of four normal bone specimens (patients 2, 4, 5,
9), 400-4(XX)cm ’. Red = patient 2, blue = patient 4, green = patient 5 and
black = patient 9.
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Figure 5.6: FTIR spectra of four OI specimens (patients D, L, V, H), 40013(X)cm ’. Red = patient D, blue = patient L, green = patient V, black =
patient H.
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Figure 5.7: NMR magic angle spinning spectrum for hydroxyapatite (HA).

Figure 5.&: NMR magic angle spinning spectrum for calcium tetrahydrogen
orthophosphate (TOP).
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Figure 5.9: NMR magic angle spinning spectrum for calcium pyrophosphate
(CaPyro).

Figure 5.10: NMR magic angle spinning spectrum for tricalcium phosphate
(TCP).
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Figure 5.11: NMR magic angle spinning spectrum for a normal bone specimen
(patient 2).

Figure 5.12: NMR magic angle spinning spectrum for an 01 bone specimen
(patient C).
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Figure 5.13: Magic angle spinning, variable contact time graph for patient 2.

Figure 5.14: Magic angle spinning, saturation recovery graph for patient 2.
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Figure 5.15: Magic angle spinning, variable contact time graph for patient C.

Figure 5.16: Magic angle spinning, saturation recovery graph for patient C.
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Figures 5.17-23: X-ray powder diffraction patterns for HA (line 1), TCP, (line
2) and OI bone specimens.
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#

Figures 5 .1 7 -2 3 : X-ray powder diffraction patterns for HA (line 1), TCP,
(line 2) and 01 bone specimens.
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Figures 5.24-5.27: X-ray powder diffraction patterns for normal bone
specimens.
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e

Figures 5.24-5.27: X-ray powder diffraction patterns for normal bone
specimens.
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Table 5.3: XR PD Diffraction Data
HA

Patient 2

TCP

Patient 4

D (A )

lyio

D (A )

I/Io

D(A )

l/lo

D (A )

yio

8.20

8

8.11

10

-

-

-

-

6.47

10

4.07

2

-

-

-

-

5.20

20

3.87

2

-

-

-

-

4.06

10

3.44

30

3.49

30

3.44

30

3.45

16

3.17

2

3.16

3

3.15

1

3.20

40

3.08

5

-

-

-

-

2.88

100

2.80

100

2.83

100

2.80

100

2.73

5

2.71

40

-

-

-

-

2.59

40

2.63

5

-

-

-

-

2.52

5

2.54

1

2.46

1

-

-

2.39

5

2.26

15

2.31

8

2.43

1

2.25

5

2.14

2

-

2.28

3

2.17

5

2.07

1

-

-

-

-

2.06

5

1.99

1

1.97

5

-

-

2.00

5

1.94

20

-

-

-

-

1.92

18

1.89

8

-

-

1.95

2

1.88

18

1.84

20

1.85

30

1.84

50

1.72

20

1.80

8

1.81

5

1.80

8

1.68

3

1.78

8

1.77

1

1.76

2

1.63

3

1.75

8

1.74

5

1.72

3

1.60

3

1.72

10

-

-

1.61

3

1.54

10

1.64

1

1.63

1

1.45

1
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Table 5.3: XRPD Diffraction Data (continued)
Patient D

Patient 11

Patient 9

Patient L

D(A)

I/Io

d(A)

I/Io

D(A)

I/Io

D(A)

I/Io

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

3.50

30

3.49

30

3.45

30

3.44

30

3.15

2

3.17

1

3.17

3

3.16

2

-

-

-

-

-

-

-

-

2.83

100

2.83

100

2.82

100

2.83

100

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

2.47

1

2.49

3

2.47

2

2.50

2

2.43

8

2.44

10

2.45

2

2.45

5

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

1.94

2

1.96

4

1.96

3

1.96

4

1.85

50

1 .8 6

35

1.85

50

1.87

45

1.80

10

1.80

10

1.81

10

1.81

10

1.77

2

1.75

2

1.75

3

1.76

5

1.73

4

1.72

4

1.71

5

1.72

5

1.61

4

1.60

5

1.65

5

1.64

4

1.45

3

1.46

3

1.46

3

1.46

2
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Table 5.3: XRPD Diffraction Data (continued)
Patient V

Patient W

Patient H

D(A)

l/lo

D(A)

l/lo

D(A)

l/lo

-

-

-

-

-

-

-

-

-

-

-

-

4.64

10

-

-

-

-

3.49

8

3.50

10

3.49

10

-

-

-

-

-

-

-

-

-

-

-

-

2.84

100

2.83

100

2.84

100

-

-

—

-

-

-

-

-

-

-

-

-

2.46

3

2.48

4

2.49

10

2.31

2

2.39

3

2.35

3

2.27

3

2.28

5

2.27

4

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

1.93

2

1.95

5

1.97

5

1.85

60

1.85

50

1.85

50

1.81

10

1.81

10

1.81

10

1.75

10

1.75

15

1.72

10

1.73

6

1.73 .

10

1.72

5

1.62

5

-

-

1.65

3

1.47

2

1.45

1

1.46

5
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Figure 5.28: Electron diffraction pattern of the thallous chloride standard
showing discrete rings.
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Figure 5.29: Micrograph of the resin embedded hydroxyapatite standard used for
electron diffraction. The diffraction pattern for the hydroxyapatite is also shown.
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Figure 5.30: Micrograph of the resin embedded tricalcium phosphate standard
used for electron diffraction. The diffraction pattern for the TCP is also shown.
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%

Figure 5 .3 1 : Representative micrograph of normal bone. The diffraction pattern
is also shown.
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Figure 5.32: Representative micrograph of 01 bone. The diffraction pattern is
also shown.
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Table 5.4 Electron Diffraction Data
Values denote mean lattice spacings (pm) [n=4]
Patient 1

Patient 2

Patient 3

Patient C

Patient 0

Patient P

1

-

-

-

-

-

-

2

-

-

5.21

5.22

5.25

-

3

-

-

-

-

-

-

4

4.07

4.10

-

4.04

4.06

4.05

5

3.85

3.82

3.87

3.84

3.88

3.85

6

-

-

3.52

-

3.51

-

7

3.42

3.47

3.44

3.46

3.45

3.45

8

3.16

3.12

3.14

3.13

3.15

3.15

9

3.06

3.01

3.08

3.08

3.05

3.08

10

2.80

2.83

2.81

-

2.81

2.81

11

2.75

2.74

2.73

-

2.74

2.75

12

-

-

2.71

2.72

2.73

2.73

13

-

2.50

2.52

2.51

-

14

-

2.29

2.30

2.30

2.34

Lattice
Spacing
(N)
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Table 5.4: Electron Diffraction Data (continued)
Values denote mean lattice spacings (pm) [n=4]
Lattice
Spacing
(N)

Patient Q

Patient E

Patient K

Patient T

Patient A

Patient B

1

-

-

-

-

-

-

2

-

-

-

-

-

-

3

-

5.24

5.26

5.26

5.27

5.26

4

4.06

-

-

-

-

-

5

3.84

4.05

4.01

4.05

4.06

4.07

6

3.50

3.53

3.50

3.50

3.51

3.51

7

3.44

3.46

3.44

3.45

3.46

3.44

8

3.13

3.11

3.12

3.12

3.14

3.11

9

3.01

3.04

3.05

3.05

3.07

3.04

10

2.82

2.86

2.84

2.85

2.81

2.82

11

2.75

2.74

2.74

2.73

2.75

2.74

12

-

2.68

2.65

2.66

2.66

2.68

13

2.50

2.53

2.50

2.50

2.49

2.50

14

2.24

2.26

2.26

2.25

2.28

2.25

223

Table 5.4: Electron Diffraction Data (continued)
Values denote mean lattice spacings (pm) [n=4]
Patient U

Patient D

Patient L

Patient V

Patient W

Patient H

1

-

-

-

-

-

-

2

-

5.21

5.26

5.26

5.25

5.26

3

-

-

-

-

-

-

4

4.08

4.08

4.06

4.06

4.08

4.10

5

3.87

3.88

3.88

3.84

3.84

3.87

6

3.50

3.51

-

-

3.53

-

7

3.44

3.45

3.45

3.43

3.43

3.44

8

3.15

3.17

3.18

3.15

3.16

3.15

9

3.04

3.08

-

3.04

-

3.06

10

2.81

2.81

2.81

2.81

2.83

2.82

11

2.74

2.77

2.76

2.74

2.73

2.74

12

-

-

-

-

-

-

13

-

-

2.51

2.53

2.50

2.50

14

2.26

2.30

-

2.31

-

-

Lattice
Spacing
(N)
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Figure 5.33: Raman spectrograph for hydroxyapatite.

Figure 5.34: Raman spectrograph for normal bone showing a high
background due to fluorescence effects (patient 3).
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Figure 5.35: Raman spectrograph for 01 bone (patient L).

Figure 5.36: Raman spectrograph for 01 bone (patient V).
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Figure 5 .3 7 : Raman spectrograph for 01 bone (patient D).
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Figure 5.38: Infra red spectrograph for hydroxyapatite.

Figure 5.39: Infra red spectrograph for tricalcium phosphate.
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Figure 5.40: Infra red spectrograph for calcium pyrophosphate.
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Figure 5.41: Infra red spectrograph for normal bone (patient 3).

Figure 5.42: Infra red spectrograph for 01 bone (patient H).
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Figure 5.43: Infra red spectrograph normal bone (patient 2).

Figure 5.44: Infra red spectrograph of normal bone (patient D).
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5.4. Discussion.
The data from FTIR spectroscopy qualitatively demonstrated carbonate substitution, the
technique was not however, performed quantitatively. No obvious hydroxyl, fluoride,
magnesium, HPO/ or other substituting groups were observed to explain the low Ca/P
molar ratio found in Chapter 4. Fluoride is incorporated into the apatite lattice by means
of substitution for the hydroxyl ion, causing an increase in the crystal size by virtue of
better packing of the crystal lattice (Posner et al. 1969). Comparison of the fluoride
substituted apatites to the unsubstituted equivalent has demonstrated the fluorapatites to
have a larger crystal size (Pleshko etal. 1991). Knowing that 01 bone crystals are smaller
it may be postulated that 01 bone has less than its fair share of fluoride (Albright et al.
1971), this being possible because increased resorption rates do not allow sufficient
calcium or phosphorus to be incorporated or possibly because of substitution by other
competitive ions.
Grynpas etal (1992) suggested a carbonate band found at 8 6 6 cm^ may correspond
to a fluoride interaction. Phosphate bands have been found to shift towards a high
wavenumber, possibly related to the change in the unit cell size induced by the fluoride
ion. A weak shoulder next to the carbonate at this point was found in the bone specimens
suggestive of fluoride interaction.
The NMR experiments showed that cross polarisation and magic angle spinning
NMR techniques can differentiate between different calcium phosphates (Aue etal. 1984).
However, no significant differences were detected between the normal and 01 bone
samples analysed.
The speculation that OCP was present as a separate phase in 01 bone could not
be unequivocally confirmed or rejected through the results obtained in this study. In
FTIR, OCP would show an additional absorbance at 2400cm \ All the bone samples and
standards did show peaks at this point, however, all specimens were subject to large
absorbances from atmospheric carbon dioxide which also falls at 2400cm \
However, there was no evidence of distinct groups using XRPD and no differences
in side band patterns were detected using NMR cross polarisation.
The difluse XRPD patterns obtained from 01 bone specimens however, did
suggest a reduction in crystal size. This reduction in crytal size has been previously
observed in OI (Vetter et al. 1992).
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X-ray diffraction studies by Engfeldt êLâl (1954) demonstrated that the diffraction pattern
of 01 bone was identical to normal bone. They reported the diffraction as diffuse
indicating small particles. It would appear that no ’structural change’ occurs in the
hydroxyapatite lattice and all that XRPD can tell us is that the crystal may be shorter in
the

001

axis.
Electron diffraction studies gave focal information about the mineral in cortical

bone. No significant difference was detected in the lattice spacing of the calcium
phosphate mineral in normal or 01 bone. The lattice spacings correlated well with the
values for the hydroxyapatite standard. It was difficult to resolve and measure more than
six to eight diffraction lines in some of the bone specimens due to the poorer crystallinity
compared to the standards. Raman spectroscopy data correlated with these results but was
of limited value because of the interference from fluorescence effects.
Diseases which do not specifically alter the mineral phase may affect the fine
structure of the mineral phase (Rey et al, 1989). Vitamin D deficiency in chicks results
in an increased crystallinity of the bone mineral compared with normal controls. This
change is accomplished by fewer labile local domains of phosphate and carbonate ions.
These features are characteristic of older and more mature bone crystals, which are less
reactive than younger and less mature crystals. They may result from a change in the
absolute and relative rates of new bone formation and resorption. The decrease in the
labile COj and PO4 species indicates that the pool of rapidly mobilisable mineral ion from
the solid phase is probably considerably reduced in vitamin D deficiency. The poorer
crystallinity in 0 1 and the potentially increased pool of mobilisable mineral ions (due to
increased resorption) may indicate an increase in the labile CO3 and PO4 in 01 bone.
However, quantitative FTIR would be necessary under carefully controlled parameters to
determine this.
Further analyses of a larger number of samples are required, but this prelj^ary
analytical study has demonstrated the usefulness of these techniques in resolving different
calcium phosphates. One drawback with these techniques is the relatively large amount
of bone sample that is required to obtain good detection and resolution limits. Once a
ready source of such amounts of

01

and normal bone becomes available further

characterisation can be performed.
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Chapter 6:
A Transgenic Mouse Model for Osteogenesis Imperfecta.
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6.1. Introduction.
Mutations in the genes for proa 1(1) and proa2(I) chains of type I procollagen (COLlAl
and C0L1A2) are thought to cause 01 (Byers, 1990), although a severe form of 01
unlinked to the collagen genes is also known to exist (Aitchison et al. 1988). Over 90%
of probands with 01 have been shown to have mutations in the type I procollagen (Pereira
et al. 1992; Byers 1990; Sykes 1990). With only a few exceptions, the mutations in the
type I procollagen genes produce their effects because they cause the synthesis of
structurally abnormal but partially functional proa 1(1) or proa2(I) chains. Most of the
mutations change the primary structure of the triple helical domain of the proa chains,
without altering the the COOH-terminal propeptides that direct the association of the proa
chains. Consequently, the structurally abnormal proa chains associate with, and become
disulphide-linked to, normal proa chains. The presence of a mutated proa chain in the
molecule can have one of two effects. The first is that the mutation can prevent folding
of the three proa chains into the triple helix conformation that is characteristic of
coUagens and that is required for the biological functions of the protein. As a result, both
normal and mutated proa chains are degraded as they are secreted in the process referred
to procollagen suicide (Prockop, 1991).
The second possible effect is that the mutations permit the folding of three proa
chains, but they introduce conformational changes in the triple helix such as a flexible
kink. The conformational change in the molecule does not prevent processing of
procollagen to collagen, but the resulting abnormal collagen copolymerises with normal
collagen and thereby disrupts the assembly of fibrils. Figure 6.1.
Because most of the mutations causing 01 produce their effects through the
synthesis of abnormal proa chains, it is possible that the expression of mutated genes for
type I procollagen in a transgenic mouse might produce the same effect as seen in patients
with 01. Stacey et al (1988) reported the preparation of transgenic mice expressing a
mutated proa 1 (1) gene in which a codon for glycine was substituted by cysteine.
Transgenic mice expressing this gene died shortly after birth or following Caesarian
section just prior to term. Several of the mice had unusually pliable limbs and soft cranial
bones, wavy ribs and short and broad bones possibly indicated an abnormality of both
endochondral and intramembranous ossification.
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The mice, therefore, had some phenotypic changes seen in probands with 01, however,
no breeding lines were developed from this model.
Khillan etal (1991), prepared a transgenic mouse expressing an internally deleted
human gene for the proa 1(1) chain of type I procollagen. The gene construct was
modelled after a sporadic in-frame deletion of the human gene that produced a lethal
variant of 0 1 by causing biosynthesis of shortened proa 1 (1) chains and procollagen suicide
(Williams et al. 1983; Byers, 1990; Sykes, 1990; Kuiveniami et al. 1991; Prockop,
1991).
Mice expressing relatively high levels of the transgene developed

a lethal

phenotype with extensive fractures of the ribs and long bones similar to the fractures seen
in lethal variants of 01 (Khillan et al. 1991). A breeding line of mice was developed and
was characterised by a phenotype of fractures, a decrease in the content of mineral and
collagen in bone determined by using ashed weights, and a mechanically brittle bone
matrix determined by the increase in Youngs Modulus. The preparation of a minigene
construct was discussed in depth by Khillan et al (1992).

6.2. Aim of the Chapter
A powerful approach for studying the molecular pathology of collagen is in the generation
of animal models with defined mutations in the collagen genes. Known mutations
analogous to that in some human

01

patients have been introduced into the mouse pro-

al(I) collagen. The functional consequences of these mutant genes were examined both
in transgenic and normal littermate mice to determine if a valid model at the genetic,
ultrastructural and microanalytical level had been produced for

01

.

Many animal models expressing mutant genes have been expressed for various
disease processes (Stacey et al. 1988, Vandenberg et al. 1991; Bonadio et al, 1990;
Brown et al. 1993). However, only a few transgenic animals have been comprehensively
examined at the ultrastructural level to determine how the gene defect is expressed
through abnormal protein structure, abnormal interactions of matrix and non-matrix
molecules; further on to possible abnormal rates of synthesis and/or degradation and
finally to structural alterations in matrix organisation that result in the phenotypic
expression of the disease.
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Such a study was necessaiy for the transgenic mouse line and the validation of such a
model would prove extremely useful for future research associated with antisense
oligonucleotides to inhibit expression of a mutated human procollagen gene (Colige etal.
1992) and gene therapy and drug trials.
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Figure 6.1: Diagram showing the incorporation of shortened pro al(I) [Pro al®] chains into the
collagen trimer. Normal collagen fibrils are still able to form. Abnormal collagen can be degraded
through procollagen suicide by substitution of one [!’] or more [I"] of the collagen chains in the
trimer.
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6.3. Materials and Methods.
6.3.1. Preparation of a Transgenic Mouse Line.
The preparation of a breeding transgenic mouse line with a mutant proa 1(1) collagen gene
was performed by Professor Darwin J Prockop’s laboratory in Philadelphia, USA,
(Khillan eUal, 1991).
An internally deleted construct of the human gene for the proa 1(1) chain of type
I procollagen was used to prepare the mice. The gene contained 2.5kb of the promoter
and 2kb of the 3’-flanking sequence. Exons 6 to 46 and the adjacent introns were deleted
by joining intron 5 to 45, Figure 6.2. Therefore, the gene caused synthesis of shortened
proa 1 (1 ) chains that were unable to fold into a stable triple helix but associated with
normal proa 1(1) chains and caused depletion of normal type I procollagen through
procollagen suicide, thus a mini-version of the proa 1 (1) gene was assembled from clones
containing parts of the 5’- and 3’- regions of the human gene (Olsen et al. 1990). The
DNA from the plasmid construct containing the mini-gene was injected into the male
pronucleus of newly fertilised one cell stage mouse embryos. Figure 6.3. The embryos
were then inserted into psuedo-pregnant inbred FVB/N mice.

6.3.2. Age Groups of The Transgenic Mice.
For routine hght microscopy, TEM and analytical studies, litters of mice were processed
as detailed in Table 6.1. The litters used in the study were either 3 days or 30 days old
(one month). It was decided to examine these two age groups; a neonatal and a more
mature group of larger animals to give a time-course on any temporal, pathological
changes. The affected parents did not mate regularly and the survival and birth of viable
litters was relatively infrequent, hence only a select yet significant number of animals
were studied.
For consistency in the study, the distal femur was chosen. Figure 6.4. This area
was easily accessible for section cutting and offered cortical and trabecular bone as well
as cartilage in the growth plate region. Various cell types were also available for study
from these areas.
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6.3.3. Biochemistry and Molecular Biology.
6 ^ . 3 ,L D%A Analysis of MotfSg Pups.
The transgenic mice bom in the litters were distinguished from their normal littermates
by taking a snip of skin, usually a toe and subjected to a polymerase chain reaction
analysis (Figure 6.5) or Southern hybridisation for DNA (Sakai et al. 1985), according
Periera et al. 1993.

6.3.3.2. Protein Analysis.
Expression of the transgene as a protein was assayed with a polyclonal antibody that
cross-reacted with mouse and human proa 1 (1) chains using the method according to
Periera et al (1993), Figure 6 .6 .

6.3.4. Skeletal Staining and Radiography.
Mice were sacrificed and all were X-rayed immediately. Some of the mice demonstrated
inconsistencies in their skeletal integrity which were considered to be fractures. Figures
6.7 and 6 .8 . However, due to the small size of these mice and the cartilagenous nature
of the bone, it was difficult to be definite. All of the mice detected cvs canytf^e transgene
demonstrated a characteristic wavy appearance of the ribs, in agreement with observations
by Khillan et al (1992). The mice were significantly stunted in length in comparison with
age matched controls, their skin was more lucent and less elastic than their normal
littermates. Figure 6.9. The teeth of the transgenic mice were often broken and
discoloured, an appearance similar to dentinogenesis imperfecta in some clinical types of
OI, Figure 6.10. Because of the difficulty in assessing fractures, it was decided to use the
Alizarin red staining technique to better visualise the bone (Peters, 1977).
Mice were sacrificed and the viscera and skin were removed from the carcasses
before fixation in 95% ethanol. The length of fixation time varied from 3-7 days
depending on the size of the animal. The carcasses were then dehydrated in 100% ethanol
for 2 to 5 days, they were immersed in 1% potassium hydroxide (KOH) for 1 day to
dissolve the soft tissues. The skeletons were stained in 1% KOH containing 0.(X)1%
Alizarin red S (BDH, Merck Ltd, Poole, Dorset UK) for 1 to 2 days, after which they
were taken through an increasing series of glycerol solutions (25-80%) for 1 day each and
then into 100% glycerol and photographed.
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6.3.5. Light Microscopy.
Mice were sacrificed and the lower limbs carefully removed. The soft tissue was removed
from the femur and tibia without disturbing the knee joint area. These procedures were
carried out while flooding the tissue with a 10% formal saline fixative (Bancroft and
Stevens, 1990). One limb from each animal studied was decalcified and processed into
paraffin wax as described in Chapter 2, the other limb was processed into paraffin wax
without décalcification.
Histological sections were cut (3-5/tm) and stained with haematoxylin and eosin
for general morphology, Massons trichrome for collagen, and a modified Van Gieson
(Bird et al. 1992) for general collagen and cell morphology. Undecalcified bone was
stained with Goldners stain for bone mineral and Solochrome cyanine for osteoid, all
staining protocols were taken from Bancroft and Stevens (1990).

6.3.6. Transmission Electron Microscopy (TEM).
6.3.6.1. Routine TEM Fixation and Processing.
Mice were sacrificed and the viscera and skin removed. The lower limbs were excised
and excess muscle was carefully removed using a scalpel blade. All of these procedures
were performed on an ice tray. The limbs were then immersed in 2.5% glutaraldehye in
sodium cacodylate buffer (pH 7.4) for 4 hours at 4“C. All further processing was
completed at room temperature. After washing in the same buffer for ten minutes the
tissue was fixed in fresh 1% osmium tetroxide (Agar Scientific Ltd) for 1 hour and then
dehydrated in increasing concentrations of ethanol (70-100%) and placed in propylene
oxide for 1 hour. Freshly prepared Spurr’s resin (Spurr, 1966) was diluted with propylene
oxide (1:1) and the specimens left overnight in the resin/propylene oxide. The following
morning the specimens were placed in freshly prepared resin and alternated between a
roUer-mixer and a vacuum infiltration unit to improve the infiltration of the resin into the
bone.
The vacuum unit was run in 1 hourly pulses at 150mbar. The specimens were
infiltrated into fresh resin for two days before a final resin change for polymerisation. The
resin was polymersied at 60“C for 18 hours.
Some of the limbs studied using TEM were decalcified after the primary fixation
stage.
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A O.IM ethylene diamine tetra-acetic acid/glutaraldehyde solution was used at 4°C,
specimens were X-rayed weekly until completely decalcified. Semithin (l^m) sections
were cut on a ’Reichert-Jung’ ultratome E using a glass knife. Whole sections of distal
femur were dried onto albumin coated slides which prevented them falling off and
reduced wrinkling.
The sections were stained with toluidine blue (Richardson, 1960) or Humphries
stain (1974) to locate suitable areas for ultrathin sectioning. An area encompassing cortical
and trabecular bone and part of the cartilage from the growth plate was selected.
The ultrathin section was on average 3mm in size and covered the electron microscope
grid. The ultrathin sections were cut on the ultratome using a Diatome diamond knife.
Sections for routine TEM were floated onto distilled water and collected on pioloform
coated copper grids (200 mesh). The sections were contrasted using aqueous uranyl
acetate for 10 minutes followed by lead citrate (Reynolds, 1966) for 10 minutes. Sections
were then viewed in a Philips CM12 TEM as discussed in Chapter 2.

6.3.6 2. X-ray Microanalysis.
Specimens of distal femoral bone were processed for X-ray microanalysis (Table 6 .1), in
the absence of osmium tetroxide as described in Chapter 4.
Ultrathin sections encompassing cortical bone were cut using a diamond knife and
floated onto a 0. IM sodium cacodylate buffer (pH 7.4) to reduce the loss of calcium and
phosphorus. Sections were collected onto pioloform coated copper grids and viewed in
the TEM uncontrasted. The TEM was set-up and the EDAX 9800 system calibrated as
previously described in Chapter 4.
Ten areas of cortical bone, chosen at random, were analysed from each of the
bone specimens using those parameters discussed in Chapter 4.

6.3.7. Fourier Transform Infra-Red Spectroscopy
A hind limb from normal and transgenic mice (Table 6.1) was removed from freshly
sacrificed one month old animals. The bone was carefully removed from the surrounding
soft tissue and placed in a freezer at -70“C. After one hour the bone was placed in an
Edwards vacuum freeze dryer at -40®C for 24 hours.
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The tissue was then powdered in a nitrogen mill at -70“C to an approximate mesh size of
600 and stored in a dessicator. Fourier transform spectra were recorded on a Nicolet 205
infrared spectrometer using the potassium bromide disc method (Hannah et al 1974).
Spectra were collected as absorbance spectra at 4 wavenumber resolution with 32 scans
performed per specimen.
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Figure 6.2: Cartoon of the human proa 1(1) minigene construct.
The construct consists of lO.Skb of DNA.
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Figure 6 .3 : Micrograph showing the fertilised ovum being caught in the holding
pipette (left hand picture). Subsequently shortened pro a 1(1) plasmids are injected
into the male pronucleus o f the ovum before implantation into the pseudo pregnant
mouse.
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Figure 6 .4 : Radiograph showing the area o f distal femur and associated tibia used
in the study o f the transgenic mice.
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Table 6.1: Transgenic M ouse Specim ens
Processed For Alizarin Red/
Radiography/LM /TEM /XRPD
FTIR/NM R.
M ouse

A ge
(D ays)

Transgenic/
N onTransgenic

Procedure

1

3

TG

Alizarin Red

2

3

N

Alizarin Red

3

3

TG

TEM /LM

4

30

TG

TEM

5

30

TG

XR M A/TEM /
LM

6

30

N

TEM

7

30

TG

Alizarin Red

8

30

TG

Alizarin Red

9

3

N

Alizarin Red/
X -ray

10

3

N

TEM

11

3

TG

Alizarin Red

12

3

N

TEM /LM

13

3

TG

TEM /LM

14

3

TG

TEM/LM

15

3

N

TEM/LM

16

3

TG

LM

17

3

TG

LM

18

3

TG

TEM

19

30

TG

FTIR/FEM

20

30

N

FTIR/XRM A

21

30

N

FTIR/XRM A

22

30

TG

FTIR

23

30

TG

Alizarin Red

N

FTIR/TEM/
LM

24

25

30

N

Alizarin Red

26

30

N

TEM

27

30

N

TEM /LM
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Table 6.1: Transgenic M ouse Specim ens
Processed For Alizarin Red/
Radiography/LM /TEM /XRPD
FTIR/NMR. (continued)
M ouse

A ge
(D ays)

Transgenic/
N onTransgenic

Procedure

28

30

TG

TEM

29

30

N

TEM

30

30

N

NM R /X RM A/
TEM

31

30

TG

NM R

32

30

N

NM R

33

30

N

NM R /X RM A/
TEM

34

30

TG

NM R /X RM A/
TEM

35

30

N

LM

36

30

N

NM R /XRM A

37

30

N

NM R

38

30

TG

LM

39

30

TG

N M R /X RM A/
TEM

40

30

TG

N M R /X RM A

41

30

N

NM R /X RM A

42

30

N

XRM A
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Table 6.2: Summary O f Studies Performed On
Transgenic and Normal M ice.
Procedure

Number o f
M ice
(Total)

Transgenic

Normal

Alizarin
R ed/ X -ray

8

4

4

TEM

16

7

9

LM

11

8

3

XRM A

10

5

5

FTIR

5

2

3

NM R

10

4

6
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Figure 6 .5 : Polymerase chain reaction analysis was used to detect the presence
of a shortened pro a 1(1) chain in a litter o f mice. The transgenic littermates
contain the shortened proa chains which bind to the antibody specific fluorescent
label. N = normal littermates.
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F ig u r e 6 .6 : Slot blot to show the presence o f genom ic DN A in the transgenic
m ice. Normal littermates give a negative result on the autoradiograph (arrow).
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F ig u re 6 .7 : Radiograph showing a normal three day old m ouse.
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Figure 6 .8 : Radiograph showing a transgenic littermate to the mouse in
Figure 6 .7 . It is difficult to detect fractures but inconsistencies can be seen in
the right foreleg (arrow).
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F igure 6 .9 : Photograph showing the gross appearance o f the pups. The top
transgenic pup can be seen to be runted and the skin is more luscent than its
normal littermate.
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F igure 6 .1 0 : Photograph showing the dentition o f the mice at one month o f
age. The transgenic mouse on the right demonstrates broken or missing
opalescent teeth compared to its normal littermate on the left.
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Figure 6. 1 1 : Alizarin red stained one month old normal littermate showing
no fractures.
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Figure 6 . 1 2 : Alizarin red stained one month old transgenic littermate. There
are multiple calluses on the ribs and the left femur shows a callus following
fracture (arrow). There may also be a fracture on the right ulna .
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F igure 6 . 1 3 : Alizarin red stained one month old transgenic littermate. There
are no obvious fractures o f the long bones but the wavy rib appearance is
consistent with broken ribs in OI. This mouse and the mouse in Figure 6.12
demonstrated a wormian appearance in their skulls.
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F igu re 6 . 1 4 : Alizarin red stained, three day old normal littermate showing no
fractures.
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Figure 6.15: Alizarin red stained three day old transgenic littermate showing
multiple rib fractures. Despite care m p.“Y^ration, the skull has ’partly
disintegrated’.
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6.4. Results.
6.4.1. Three Day Old Mice.
6.4.1.1. Light Microscopy.
Semi-thin sections (l/xm) of femur and associated tibia from the mice revealed a generally
normal picture. The hypertrophic chondrocytes had a normal appearance, with the zone
of neo-vascularisation being comparable with the normal control, Figures 6.16-6.1%.
Trabeculae formation was also comparable to normal bone. Figure 6.

. The cortices of

the femoral bone from the transgenic mice appeared somewhat thin. There were many
6*
‘^■0
disruptions in the bone due to Volkmanns c an als^h e cortices of the normal, control
mouse appeared thicker, with fewer Volkmanns canals.
Numerous osteoclasts were evident throughout the length of the femoral shaft, but
this was only a qualitative impression.

6.4.1.2. Ultrastructural Morphology.
Tissue fixation was good as determined by mitochondrial preservation. The bone
trabeculae appeared to be composed of calcified cartilage, with a covering of foetal or
woven bone. This calcified cartilage had the typical appearance of Type II collagen, with
proteoglycan particles generally showing a normal size distribution.
An interesting feature was the presence of layers of amorphous material lining the
cartilage matrix, Figure 6 .2 1 6.23. This feature has also been observed in specimens of
human bone from patients suffering with type II (lethal) OI, (Chapter 2, Figure 2.42 and
2.43). An intact lamina limitans was observed in both human and transgenic mice.
The general ultrastructural appearance of the cortices in the transgenic mice was
confused. In the normal control, there were regular layers of collagen fibrils running for
considerable lengths in a parallel pattern on both the periosteal and endosteal side, with
calcification forming in areas. The transgenic mouse, however, had only short fibrils,
which were disorganised and interrupted along their length by areas of calcified cartilage.
Various cell types were observed associated with the cortices. Many characteristic
osteoclasts were present throughout the specimen.
Although some of the collagen fibrils in the specimen demonstrated normal fibril
periodicity after electron microscope contrasting with uranyl acetate and lead citrate, a
number of the collagen fibrils gave an impression of no discernible periodicity.
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However, because no osteoid was observed, there was no firm evidence that this
represented type I collagen, and this must remain merely an interesting observation
worthy of further investigation.

6.4.1.3. Fibrous Structures.
Fibres of unknown genesis were observed in the transgenic mice. These have also been
observed in a human patient with 01 (Chapter 2, Figure 2.19 and 2.20). These were
diffusely distributed throughout the collagenous fibres in the specimens, and in many
cases there were indications that these fibres were being processed from osteoblastic cell
types. Figure 6.2$-. However, no single micrograph demonstrated this unequivocally.
Again, there were indications that these fibrils were continuous with the ’Type I collagen
fibres’. Figure 6 .2 ^ ^ h is picture mimicked that seen in a human OI patient.

6.4.2. One Month Old Mice.
6 4 2 ,1 . Light Microscopy.
One ^m thick ’semithin’ sections were cut and stained with either 1% toluidine blue, 1%
borax or with Methylene blue. Azure II (Humphrey, 1974). Light microscopy showed a
d a -4?
generally normal appearance for transgenic mice as compared to normal speciiflens. The
secondary centre of ossification was well established and the epiphyseal plate had formed
normally. The calcified cartilage septae were observed to be growing towards the
metaphysis in a normal fashion. The chondrocytes in the reserve, proliferating and
hypertrophic zones had a normal appearance, with the zone of neo-vascularisation and
trabeculae formation being comparable with the normal control, the cortices of the
femoral bone from the transgenic mice also appeared normal. Polarised light microscopy
demonstrated a normal lamellar pattern in the cortices and newly formed bone in the
epiphyses. There was no firm indication, but the general impression was one of fewer
osteoclasts and osteoblasts than in the controls.
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6.4 2.2. Ultrastructural Morphology.
Good ultrastructural preservation was observed throughout all the specimens. The bone
trabeculae were composed of calcified cartilage with a surrounding layer of woven bone.
The calcified cartilage had a typical appearance of type II collagen, with proteoglycan
particles showing a normal size and distribution. This was a typically normal appearance
and on this aspect there was no discernible difference between normal and transgenic
specimens. The amorphous, calcified material observed lining the cartilage matrix of the
three day old, transgenic mice was not evident in any of the one month old specimens.
An intact lamina limitans surrounding the calcified cartilage was observed in the normal
and transgenic specimens.
The general ultrastructural appearance of the cortices was good. There were
regular layers of collagen fibrils, with a parallel, orientated pattern. Undecalcified
specimens showed the presence of mineral in the cortices, associated with the collagen in
the familiar lamellar pattern. Figures 6.3%. and 6.32 .
Only a few osteoclasts were observed at the ultrastructural level, however those
observed were well preserved, with no exceptional ultrastructural features different from
normal bone. Figure 6 .3 4 .
At the light microscopic level, chondrocytes appeared to be secreting a material
which stained ’purple’ with toluidine blue, and blue’ with the Humphries stain. Figure
6.35.
At the electron microscopic level, many chondrocytes had distended RER and were
secreting large amounts of a substance which at high magnification appeared composed
of a long string of ’beaded material’, 5nm in width and up to 5fim in length. This
material was secreted into the surrounding calcified cartilage matrix. If observed early in
this process, the chondrocytes were seen to have dense, vesicular bodies associated with
the outer membrane of the cell, from which this ’beaded material’ was secreted. Figure
6.36.
Type VI collagen has been indicated, but the light microscopy staining reactions
did not help to prove this. The dilated RER of these chondrocytes contained a
homogeneous, granular material. In some cells, the dilated endoplasmic reticulae appeared
to extend up to the outer membrane of the cell, from where the beaded material was seen
to be secreted.
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As with the three day old transgenic mice, the one month old transgenic mice also
demonstrated fibres o f unknown genesis. These were distributed throughout the type I
collagenous fibres in the cortices of the transgenic specimens, but not in the controls.
Figure 6.36. There were indications that these fibrils were continuous with the type I
collagen fibres, but this could not be demonstrated unequivocally.

6.4.3. X-ray Microanalysis.
X-ray microanalysis results on the femurs from the transgenic mice demonstrated that the
calcium to phosphorous ratio of cortical bone was significantly lower (Ca/P= 1.439) than
the hydroxyapatite standard (Ca/P= 1.667), or the normal, matched mouse bone (Ca/P=
1.696), Figures 6.37-6.39.

6.4.4. Fourier Transform Infra red Spectroscopy.
As with the FTIR study on human bone, the observed spectra from the mouse bone were
complex and revealed vibrations of both the protein components and the inorganic mineral
phase of the bone. Figures 6.40-6.43. The spectral assignments were in agreement with
those from human bone and are given in Table 5.2.
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Figure 6.16: Light micrograph of a resin embedded section of distal
femur from a three day old normal mouse (mouse 26). The section has
been stained with toluidine blue and shows a normal appearance of
chondrocyte formation and trabeculae formation (arrow). Osteoclasts
and osteoblasts can also be seen. Bar = 500ptm.
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Figure 6.17: Light micrograph from a resin embedded section of distal femur
from a three day old transgenic mouse (mouse 18). The growth plate, stained
with toluidine blue is comparable to the normal littermate (mouse 26) although
the zone of hypertrophic chondrocytes (star) appears smaller on the lateral
side. Bar = 500/xm.
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Figure 6.18: Light micrograph from a resin embedded section of distal femur
from a three day old transgenic mouse (mouse 16). The growth plate, stained
with toluidine blue is comparable to the normal littermate (mouse 26). Bar =
500^m.
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Figure 6.19: Light micrograph of a resin embedded section of distal femur
from a three day old transgenic mouse (mouse 16). The section, stained with
toluidine blue shows calcified cartilage becoming fully mineralised.
Osteoblastic and osteoclastic activity is visible. Bar = 200fim
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Figure 6.20: Light micrograph of a paraffin wax embedded, three day old
transgenic mouse femoral shaft. The section stained with haematoxylin and
eosin shows a generally normal appearance of the cortices and the marrow
space. Bar = 500^m.
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Figure 6.21: Micrograph showing stromal calcification from the
growth plate of a three day old transgenic mouse (mouse 13). An
osteoblast can be seen surrounded by succe^ve layers of amorphous
calcium phosphate (arrow). Bar = 0.4/xm.
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Figure 6.22: Micrograph showing the lesser degree to which such
stromal calcification was observed (full arrow, transgenic mouse 3).
The calcified cartilage septae were covered by a layer of woven bone
(open arrow) in which periodic collagen could be seen. Bar =
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Figure 6.23: Micrograph showing the many layers of stromal
calcification (arrow) in transgenic mouse 4. Bar = 1.5/xm.
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Fiigure 6.24: Micrograph showing secretion of microfibrils (arrow)
from an osteoblast lining the endosteum of a femur from a transgenic
mouse (mouse 13). Bar = 1.2jnm.
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Figure 6.25: Micrograph of the endosteum from transgenic mouse 13
showing microfibrils (arrow) running for some length in close
association with normal type I collagen. Bar =
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Figure 6.26: Micrograph of the endosteum from transgenic mouse 18
showing microfibrils (arrow) in close association with type I collagen
in the endosteum Bar = 0.9/xm.
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Figure 6.27: Light micrograph of a wax embedded distal femur from a one
month old normal mouse (mouse 12). The section has been stained with a
modified Van Gieson (Bird et al. 1992) to show the type I collagen stained
darkly, other tissues are lighter. Bar = lOOO^m.
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Figure 6.28: Light micrograph of a wax embedded distal femur from a one
month old normal mouse (mouse 24). The section has been stained with
Massons trichrome to show the collagen and redculin. Bar = l(XX)/xm.
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Figure 6.29: Light micrograph of a wax embedded distal femur from a one
month old transgenic mouse (mouse 5). The section has been stained with
Massons trichrome. Bar = l(XX)/xm.
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Figure 6.30: Light micrograph of a wax embedded distal femur from a one
month old transgenic mouse (mouse 38). The section has been stained with
haematoxylin and eosin. Bar = 1000/xm.
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Figure 6.31 : Light micrograph of a wax embedded distal femur from a one
month old mouse (mouse 38) in Figure 6.19. The section has been stained
with Massons trichrome. Bar = 1000/zm.
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Figure 6.32: Micrograph showing the endosteum from transgenic mouse 14. The
endosteum demonstrated a good cortical lining of osteoblasts and osteoclast
formation. Bar = 6 .6 /nm.
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Figure 6.33: Micrograph showing the endosteum from a normal littermate
(mouse 15) showing a generally normal appearance of osteoblasts (Ob) and
osteocytes ((Qcy). Bar =

6 .6 /^m.
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Figure 6.34: Micrograph showing a multinucleated chondroclast from the growth
plate of a three day old transgenic mouse. Osteoclastic and osteoblastic activity
appeared qualitatively comparable between normal and transgenic three day old
mice. Bar =

6 .6 /im.
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Figure 6.35: Light micrograph of a section of resin embedded distal
femur from a transgenic mouse. The toluidine stained section
demonstrates a fibrillar material being secreted from the the
hypertrophic chondrocytes (arrow). Bar = 200/xm.
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Figure 6.36: Micrograph showing a chondrocyte from transgenic mouse growth
plate. The fibrillar material observed in figure 6.34 can be seen here as beaded in
appearance (closed arrow) and closely associated with vesicular structures (open
arrow). Bar = 5.2/xm.
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Figure 6.37: X-ray microanalysis scan of transgenic mouse cortical bone
demonstrating strong peaks for calcium and phosphorus. The background is
low and the other peaks are due to copper from the grid and arsenic from the
buffer.
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Figure 6.38: Bar chart to show the calcium to phosphorus molar ratios for
normal and transgenic mice, with standard deviations.
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Figure 6.39: Bar chart to show the calcium to phosphorus molar ratios for
individual normal and transgenic mice.
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Figure 6.40: FTIR spectrograph of 2 one month old transgenic mice
(mouse 19 - red line; mouse 22 - blue line) and 2 one month old
normal mice (mouse 20 - green line; mouse 21 - black line). Spectral
range 4000-400cm
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Figure 6.41: FTIR spectrograph of 2 one month old transgenic mice
(mouse 19 - red line; mouse 22 - blue line) and 2 one month old
normal mice (mouse 20 - green line; mouse 21 - black line). Spectral
range 1300-400cm \
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6.5. Discussion.
These morphological and ultrastructural results demonstrate that in these transgenic mice,
some alteration in the type I collagen molecule packing results in the formation of fibrous
bodies. These may be continuous with the type I collagen fibril and may be due to an
alteration in the quartemary structure of the fibril, but this has yet to be proved. In human
OI these fibres have been observed to be secreted by cells, but this has not yet been
observed in the transgenic mice. The fibres observed in human and transgenic mouse OI
have exactly the same appearance, with an approximate individual diameter of

1 0 -2 0

nm.

They have been observed on both the periosteal and endosteal sides of the cortices but not
on the bone trabeculae.
The results are extremely encouraging, there are already many correlative
observations in common with the clinical types of human OI. There are many phenotypic
observations of type I collagen abnormalities and these will undoubtedly contribute to the
pathology of these transgenic mice. However, it must be stressed that in neonatal mice
the tissue is rapidly growing and changing, so the picture can appear confusing.
The X-ray microanalysis and FTIR results are very encouraging, since they
correlate with the results found in humans and also with the reduced mineral content in
transgenic mice as determined by ashed weight studies (Periera et al. 1993).
The results presented here demonstrate that a gene construct causing synthesis of
mutated proa 1(1) chains of type I collagen could be used to develop breeding lines of
transgenic mice with defects of bone.
Previous attempts to develop transgenic mice with defects in bones did not produce
breeding lines with spontaneous fractures. In the case of the transgenic mice prepared
with a mutation in a glycine codon in the proa 1(1) chain of type I procollagen, all the
mice died at birth or shortly before and had no demonstrable fractures (Stacey et al.
1988). Some of the phenotypic features of OI, including more fragile bones, were seen
in mice in which synthesis of type I procollagen was decreased following insertion of a
retrovirus into the first intron of the COLlAl gene (Bonadio et al. 1990; Jepsen et al.
1992). However, no spontaneous fractures were reported in these mice. In a recent report
(Chipman et al. 1991) spontaneous fractures were observed in a line of mice with a
naturally occurring mutation in the gene for proa2(I) chains of type I procollagen
(COL1A2).
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This transgenic mouse model has demonstrated both abnormal matrix mechanical
properties and abnormal modelling that together produce an increased risk of fractures
(Pereira et al. 1993). The causes of the abnormal matrix modelling can be attributed to
the ultrastructural changes and analytical differences in the collagen and mineral reported
here.
Now that this mouse has been proved a valid model with respect to the genetic
alteration of a 1 (1) procollagen and in the ultrastructural phenotypic changes and mineral
changes, the mice will be appropriate for further investigating the pathoetiology of 0 1 in
terms of specific changes that occur in embryonic development in bone growth and
morphogenesis.
The mice will provide a model for studying antigene or antisense strategies to
specifically prevent expression of mutated alleles for collagen (Colige et al. 1992). Also,
new drug regimens to attempt to alter collagen and/or mineral growth can be investigated.
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Chapter 7:
General Discussion &
Thesis Proposal.
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7.1. General Discussion.
This study has determined that on a qualitative basis, there were numerous cellular and
extracellular changes in OI bone, these changes were not observed in normal bone. The
cause of these changes may be primary or secondary to the poor production or secretion
of abnormal pro «1(1) and pro a2(I) collagen chains in OI. Measurement of osteoid type
I collagen fibril diameters in bone has determined that these fibrils are larger in OI
patients (61.3nm) compared to normal osteoid collagen (53.3nm). These data may be
explained by the poor packing of the collagen molecules as a consequence of physical
kinks in the triple helix of amino acids. The type I collagen fibrils in OI showed no
significant difference in the inter-periodic distance (i.e. between the light and dark bands)
of collagen banding, however, the dark band, intra-periodic distance may be altered (i.e.
the components that form the dark band).
X-ray microanalysis has shown that the molar ratio of calcium to phosphorus in
OI cortical bone is lower (Ca/P = 1.466) compared to normal cortical bone (Ca/P =
1.65*). This microanalysis technique has been shown to be accurate by the good
correlation of normal bone to the molar Ca/P ratio of an hydroxyapatite standard (Ca/P
= 1.602) and the good correlation of theoretical molar ratios of chemically prepared
calcium phosphates to the molar ratios observed in the TEM. These microanalysis data
would suggest possible substitutions for calcium and phosphorus in the apatite crystal
lattice. Such substitutions, resulting in non-stoichiometric apatites are well documented
(Brown, 1966). Analytical studies of the lattice structure using X-ray powder diffraction;
of molecular vibrations of groups in the mineral using Fourier transform infra-red
spectroscopy and of the phosphorus nuclei resonances using 31 phosphorus nuclear
magnetic resonance spectroscopy have not shown any conclusive changes. However, the
use of a multi-technique approach has reiterated the importance of using various
methodologies in such a study. Interpretation of the ultrastructural studies and those at the
light microscope level are quite difficult. It is widely accepted that a porosis is present
and the bone is immature. No gross pathological changes other than the above could be
observed, and so using improved processing techniques, this study simply served to
confirm and expand previous reports. Mitochondrial mineralisation in the form of needles
has not been previously reported in this disease and the cause and effect of this
phenomenon should be considered.
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An osteoblast already under stress due to the retention of collagen molecules will quickly
start to suffer if its ability to produce energy is impaired. Cell death may result in the
comparative increase in the number of osteoclasts with resultant increase in resorption
which would exacerbate the porosis. The stromal calcification is another interesting
phenomenon. Although seen in a number of other pathological processes such as in
osteopetrosis (Shapiro et al. 1981, Helfrich et al. 1991) no real explanation can be offered
for its formation. At present the cause rests on the possibility that a poor underlying
matrix formation may affect the calcification.
The analytical results from this study demonstrate that a functional mineral appears
to form but lacks the calcium-phosphate composition of normal carbano-apatite found in
bone. Many mineral lattice structures are known to accomodate ions that do not normally
occur, bone carbano-apatite is no exception. The formation of a highly substituted
carbano-apatite is not outside the realms of possibility and the effect it has may be a
contributing factor in the formation of brittle bones.
The role of collagen in the formation of this mineral must also be considered, it
can be postulated that known changes in the amino acid sequence of the «-collagen helices
alter the three dimensional conformation of the collagen molecule formed. This is
demonstrated at the quartemary structural level by an increase in fibril size (Cassella et
al, 1992) possibly due to the kinks in the molecules affecting their association with one
another (Vogel et al. 1988). Therefore an alteration in the three dimensional
stereochemistry of the nucléation sites along the collagen molecules may be altered, and
it is this which could be at the crux of bone fragility in OI. It is the mature mineral
crystals which have been examined using XRMA and it is these crystals which have
exhibited a lower molar Ca/ P ratio. Although this tells us little about the initial
nucléation of the crystals we may hypothesise that since mature mineral crystals are made
up of a lattice work of smaller crystallites, which initially form from the combination of
ionic moieties, there may be some incongruity in the initial combination and nucleated
growth of these ions. Furthermore, abnormal collagen, directly or in association with
matrix components, may also alter the formation and growth of bone mineral. The
weakness in both of these major structural components (ie mineral and collagen) reduces
the mechanical properties of bone resulting in the phenotypes of bowing and fracture
following minimal trauma.
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A transgenic mouse model for OI has been studied and found to have many correlative
features with the human disease (Cassella et al. 1992). This model will be very useful in
the further study of the underlying pathology of OI.
The principle of nucleated growth is a highly efficient mechanism for the assembly
of large structures but biological systems that depend extensively on nucleated growth
(such as type I collagen and bone apatite) are vulnerable to mutations that cause synthesis
of structurally abnormal but partially functional subunits. The panorama of mutations in
the genes for type I procollagen are responsible for the heterogeneous spectrum of clinical
presentations, but it is now apparent that this is only half of the story.
Mineral nucléation also has precise nucleated growth mechanisms. Alteration in
the type I collagen architecture may change the nucléation and growth environment for
apatite. This will result in the nucléation of a calcium phosphate structure that is
functional but deviates from the ideal crystal lattice. Such deviations will have a profound
influence on the properties of the mineral, and a mineral formed in such an altered
environment will have different properties than that of the ideal crystal.
Small deviations from the 'ideaV in crystallography are well known to have
profound effects on the properties of crystals. A good example is silicon used in the
semiconductor industry. By ’doping’ pure silicon with germanium on an atomic scale, the
electrical conductivity of the material is improved one-hundred fold (personal
communication, Professor Lindford, DeMontfort University, Leicester). In bone, the
altered association of mineral with the many matrix components involved in mineralisation
undoubtedly compounds the problem.
The association between collagen and mineral is fundamental to understanding the
mechanism of mineralisation in all calcifying vertebrate tissues. The physiological
interaction between these two components is still very unclear.
The size, disposition and orientation of individual crystals within collagen fibrils
and the shapes of crystals in vivo have resulted in the proposed accomodation of crystals
in channels or grooves composed of contiguous collagen hole zones (Weiner and Traub,
1989; 1989; Glimcher, 1985; Katz e ta i, 1973,1973,1989; Mechanic eLâl, 1987).
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However, the fundamental principles underlying collagen-mineralisation are still poorly
understood, "what chance then for understanding the pathology between these two
components?" What has been achieved from studies of disease processes involving type
I collagen (such as in OI) is that the bone matrix is not sufficiently strong to bear loads
as in normal bone. Curry (1984) discussed in depth ’ the great effect the difference that
the mineral content of bone had on mechanical properties’. Youngs modulus was shown
to increase monotonically with mineral content but these were not proportional to each
other. Also, a tenfold increase of values in Youngs modulus in a material did not
histologically show a great deal of variation. Many theories and models have been
proposed for bone (eg the Voight model and the Reuss model), however, the
overwhelming conclusion is that anisotropy of bone is determined by its grain - by the
arrangement of the collagen fibrils and their associated mineral crystals in space and so
the two most important determinants of the mechanical properties of bone are its degree
of porosity and its degree of mineralisation; both of these factors deviate from the ’ideal’
in OI bone.
Despite the ongoing controversy, Glimcher (1985) reports that there is a direct
association between collagen hole zones’ and mineral formation. Since collagen forms
first and then mineralises, it is fair to suppose that it is the defective formation of collagen
that results in an altered association or formation of bone mineral. Topographic imaging
has revealed interesting and ultrastructural features of the mineral-collagen relationships
(Landis etal. 1990; 1991). Mineral platelets are clearly seen associated with collagen and
specifically located so as to reflect their initial deposition within the collagen hole zones.
The development of crystals within hole zones perpendicular to the collagen long
axis has important implications. It has been reported that the ridge-like topography of
crystals in the hole zones extends to distances up to perhaps 0.5nm across the diameter
of collagen fibrils (Landis et al. 1990). The hole at the end of a single triple helical
molecule is approximately 2nm wide in the direction under discussion. Thus, hole zones
of 0.5nm along the collagen diameter must be associated with multiple triple helical
molecules, and these portions of the fibril have somehow accomodated the many mineral
platelets observed. One possible means by which this may be accomplished is that the
crystals follow channels or grooves created by the three dimensional packing arrangement
of collagen molecules such that their hole zones are contiguous.
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So, what are the ramifications from this study which demonstrates that type I collagen
fibrils have an increased diameter compared to normal type 1 collagen? Firstly, the altered
interaction with other matrix components must be considered. Whatever the initial
mechanism of mineral formation, alteration in collagen-matrix interaction will
undoubtedly alter the initial mineral formed. The association bet ween the collagen
meshwork and the many proteins (eg osteopontin, osteonectin, osteocalcin) and the other
collagen types associated with type 1 collagen may be affected. Enzyme binding sites
could well be sufficiently altered to prevent reactions such as those of alkaline
phosphatase occurring. At best the formation of ’normal mineral’ will be retarded, at
worst the composition of the mineral and its initial site of nucléation and deposition will
be altered.
The transgenic mouse model studied here has shown many correlative features in
common with the human disease. The fundamental similarities are the presence of
microfibrils associated with normal type I collagen and also the observed lower molar
mineral ratio. These two observations taken together would suggest a direct relationship
between the collagen fibrils and the resultant formation of bone mineral with the correct
mechanical properties.
Many of the clinical subtleties and heterogeneities may be explained in terms of
the substitution of glycine at various positions along the amino acid chain resulting in
poor formation and secretion of the collagen triple helix. In type 11 OI, the most severe
form, a deletion within one of the a 1 (1) alleles leads to an initial transcript and mature
mRNA that is shortened relative to the product of the normal allele. The mRNA’s are
translated into proa chains that initiate assembly in the C-N direction. Any molecule that
is incorporated into the translated product of the shortened a 1(1) mRNA will disrupt the
stability of the helix distal to the location of the deletion. Since the molecules will
incorporate either one or two of the abnormal chains, three quarters of the resulting
procollagen population will be structurally abnormal. In type III OI, the next most severe
form, both 0 :2 (1) alleles of the diploid cell contain the same mutation, which is a 4 base
pair deletion. This places the remainder of the coding region out of phase. The process
of transcription and mRNA processing is unaffected. Because of the frameshifr mutation,
changes in the amino acids within the «2(1) C-terminal propeptide that are required for
chain assembly do not become incorporated into the procollagen molecule.
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The result is an a 1(1) trimer that is not sufficient to replace the function of the normal
heterotrimer. The unincorporated a2(I) chains are degraded intracellularly. In type IV 01
two a2(I) alleles give rise to two populations of mRNA, which are either normal or
shortened in length. Two populations of a2(I) molecules of different length are
synthesised that become incorporated into the procollagen molecule. Those molecules
containing the abnormal «2(1) chains have reduced helical stability. Since only 50% of
the total procollagen population contains the abnormal « 2 (1) chain the severity of the
mutation is less severe than when the mutation is within the «1(1) chain. In type I OI, the
mildest form, those mRNA’s transcribed from the allele which contains a mutation that
alters the steps of the mRNA maturation do not readily enter the the cytoplasm for
translation. This reduces the total amount of «1(1) mRNA within the cytoplasm, instead
the abnormal mRNA accumulates within the nucleus.
Those abnormally processed mRNA’s that reach the cytoplasm do not produce a
normal « 1 (1) chain because the intron contains stop codons that prevent the completion
of the chain. The net effect is the synthesis of «1(1) and «2(1) procollagen chains in a
ratio of 1:1 instead of 2:1. Since a stable type I collagen molecule requires two «1(1)
chains, the output of normal molecules is reduced by 50%. The «2(1) chains are degraded
intracellularly, since molecules composed of two or three «1(1) chains are unstable. These
mutations that interrupt the helix, weaken the stability of all the procollagen molecules
and the formation of homotrimers or heterotrimers containing two « 2 (1) chains will also
reduce helix stability. One aspect of the disease that may be concluded from the above
statements is that type I collagen production deviates from normal; the mutations usually
resulting in the reduced production of collagen. The lack of collagen, whatever its role
in mineralisation will undoubtedly have an effect on mineral formation, even if it simply
reduces the amount of mineral formed.
It has been reported that a number of mutations in type I procollagen genes that
cause lethal variants of 01 are dominant (Prockop et al. 1988; Byers et al. 1990;
Kuivaniami et al. 1991). As discussed, all of these mutations involve synthesis of a
structurally abnormal pro«l(I) or pro «2(1) chain.
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Previous reports have suggested that the dominant phenotype was partly explained by
’procollagen suicide’ (Williams and Prockop, 1983; Prockop et al. 1988) where
structurally abnormal proa chains became disulphide-linked at their C-propeptide domains
to normal p ro al chains and caused the degradation of both the normal and abnormal
chains. With lethal variants containing substitutions of cysteine for glycine residues,
however, only part of the procollagen molecules containing proa chains were degraded.
Kadler et al (1991) have established that a cysteine for glycine substitution that was
previously known to introduce a flexible kink into the collagen molecule (Vogel et al.
1988) also has an effect on fibril assembly. Figure 7.1.
Copolymerisation of the mutated collagen with normal collagen synthesised by the
same fibroblasts in vivo may well be a reason why the cysteine al-748 mutation produced
a lethal phenotype being heterozygous dominant (Vogel e ta l. 1987, 1988). Similar effects
are also thought to occur with the large series of mutations known to cause OI and change
the primary structure of type I procollagen (Prockop et al. 1988; Byers et al. 1990;
Kuivaniami et al. 1991). However, some substitutions found in different variants of OI
were shown to have very different effects on the micro-unfolding of the triple helix
(Prockop et al. 1988) . Therefore, Kadler et al (1991) concluded that some may form
copolymers with normal collagen and some may not. Presumably those substitutions that
do not associate still result in a reduced amount of type I collagen being secreted into the
matrix.
The depletion of normal pro-a chains through procollagen suicide possibly
accounts for the lethal phenotype of OI (Khillan et al. 1991), however, other effects such
as feedback inhibition of procollagen biosynthesis by the released N- and C-propeptides
(Paglia et al. 1979) may be a contributing factor to this phenotype.
The biochemical and molecular biological results to date have concluded that
mutation in COLlAl and COL1A2 include deletions, insertions, RNA splicing mutations
and single base substitutions that convert a codon for glycine to a codon for an amino acid
with a bulkier side chain (Kuivaniemi et al. 1991). It is possible that such mutations in
the collagen molecules ultimately alter the quartemary structure of the type I collagen
fibril (Cassella et al. 1992).
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With few exceptions, the most severe phenotypes of this disease are explained largely by
synthesis of structurally defective proa chains of type I procollagen that either interfere
with the folding of the triple helix or with self-assembly of collagen into fibrils.
The research to date emphasises the importance of the ’zipper-lke’ folding of the
collagen triple helix and the self assembly of collagen that depends on the principle of
nucleated growth proposed by Prockop (1990), whereby a few subunits form a nucleus
and the nucleus is then propagated to generate a large structure with precisely defined
architecture. The formation of fibrils in culture with known alterations in the amino acid
sequence has shown that such molecules have a larger diameter than normal collagen
fibrils. This data agrees well with the observation in this study on collagen fibril
diameters in

01

.

Future work will require confirmation of one of the important aspects of this
study; the alteration in the molar mineral ratio. Cryoultramicrotomy and the use of
anhydrous preparation techniques (Landis et al. 1978) will reduce potential ion losses
during tissue processing for XRMA. An expansion on the number of patients in the
collagen fibril diameter study will help to ’hone’ the results and ’iron-out’ the problems
of clinical heterogeneity and processing variability. The use of computerised imaging
techniques of TEM micrographs of collagen fibril dark bands, coupled with amino acid
sequences for type I collagen molecules (Arsenault, 1989a; 1989b) will help determine
if there are changes in the intra-periodic distances .

7.2 Thesis Proposal.
This proposal is discussed around Figure 7.2. and considers the known genetic and
biochemical work and the results from this study, on the effect of altered collagen
molecules rather than simply normal collagen secreted in reduced amounts.
Step 1. The single base change converts codons for glycine to codons for amino acids
with bulkier side chains. Some of the substitutions totally prevent folding of protein into
a triple helical conformation. The effects are in part explained by the fact that the zipper
like folding of collagen places every third amino acid in the centre of the triple helix
where only glycine, the smallest amino acid, can be accomodated (Piez, 1984). The
bulkier amino acid that substitutes for glycine will push’ the neighbouring amino acids
away by steric repulsion causing the chain to distort.
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The glycine substitutions that prevent folding of the triple helix generate procollagen
molecules that remain in a gelatin-like conformation (Prockop, 1990), it may have been
this gelatin like material that was seen distending the RER, by electron microscopy.
Because a single glycine substitution in one pro-a chain can be sufficient to totally prevent
folding, the effects of the nucléation are amplitied in that both the normal and mutated
pro-a chains are degraded in a process called procollagen suicide (Prockop, 1990).
Step 2. However, several glycine substitutions that do not markedly affect folding of the
triple helix have a dramatic effect on the nucleated growth of collagen fibrils. One
mutation that substitutes glycine at position a - 178 introduces a flexible kink into the triple
helix probably by steric repulsion as mentioned earlier. These kinked fibrils co-polymerise
into fibrils with normal collagen (Prockop, 1989). Such a cysteine kinked collagen in the
fibrils delays fibril formation, reduces the total amount of collagen incorporated into the
fibrils and alters the morphology of the fibrils (Prockop, 1990). This kink in the
molecules will be amplified as many of the molecules are poorly packed together.
Molecule-molecule and molecule-matrix interaction may be severely restricted with
dendritic and fractal-like collagen fibrils forming (Prockop, 1990).
Step 3,4,5. In the TEM, microfibrils closely associated with type I collagen have been
visualised and may represent altered collagen. They have been termed fibres of unknown
genesis simply because the identification of this protein has not been performed. To do
so is not an easy task. Immunolocalisation using immunogold labelled antibodies would
seem to be the route forward. However, what antigen would you look for? Clearly if this
is a degraded or newly formed type I collagen, then an anti type I collagen can be used.
However, these fibres are buried in an ’ocean’ of type I collagen! Antibodies to the Cand N- terminal propeptides of type I collagen are readily available however these
propeptides should have long since been cleaved in the cell. To isolate and remove these
fibres appears to offer the next best alternative, however, this material is present in such
very small quantities in comparison to the rest of the matrix that it would prove
technically difficult. Also, to isolate it requires solubilising the material which may result
in the fibrous material re-precipitating with normal periodic collagen as proposed by
Prockop (1990).
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The kinks and subsequent alteration in packing have been observed to manifest as an
increase in the fibril diameter. The quartemary structure of the protein may be larger and
less densely packed possibly because of the poor matrix interaction and charge repulsion
effects. There may also be some slippage in the lining up of the molecules but this has
not been proven by collagen periodicity studies in this work.
Step 6,7. The collagen-mineral interaction is the next consideration. According to
Glimcher (1959, 1968) and Hodge and Petmska (1966) the hole zones are the sites in
which the initial mineral phase of bone is formed from ions of calcium and phosphates
interacting with enzymes and matrix proteins. Alkaline phosphatase, osteocalcin,
osteonectin and osteopontin have all been reported to be involved in this process. A
change in the microenvironment of the collagen fibril may alter any interactions with such
molecules.
Vetter et al. (1991) have demonstrated that in human OI the crystals of
hydroxyapatite are shorter in the 001 plane. The formation of smaller crystallites may
have

several consequences. Firstly, it is now proposed that mineral forms extended

plates, crossing many molecules and fibrils, this would not be as efficient if indeed
physically possible, with small crystallites. Secondly, smaller crystallites are more soluble
and more prone to substitution by other ionic moieties such as carbonate. This study has
demonstrated that the calcium to phosphorus molar ratio is significantly decreased and
substitutions in the lattice and adsorption onto the surface of the crystal may be part of
the cause. The analytical studies have shown that a basic apatite lattice is maintained and
so is functional but its physical properties will be severely impaired. Proteoglycans and
GAG interactions have been reported to be altered in OI and in this study we have seen
larger and more sparsely distributed aggregates of proteoglycans associated with collagen
in the TEM, although this has not been quantified.
Thus, from the above body of work, a panorama of variants caused by genetic and
ultrastructural alterations in two highly organised ’nucleated growth’ mechanisms in
osteogenesis imperfecta, may increase the tendency to bone fracture.
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Figure 7.1: Space filling model showing the kink in one of the
collagen chains caused by a glycine to cysteine substitution.
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Fig 7.2
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Figure 7.2 suggests that a mutation in one or both of the a 1 collagen chains in the collagen
molecule caused by a substitution of cysteine for glycine al-748 introduced a flexible kink
into the molecule (Vogel et al. 1988). This kink is sufficient to alter the conformation of the
molecule but not enough to prevent its coplymerisation with normal monomers into collagen
fibrils. Although this is the only cysteine for glycine substitution for which a computer model
has been made and shown to have kink, other cysteine for glycine substitutions have been
shown to coplymerise and form collagen fibrils with larger fibril diameters than in normal
collagen fibrils. (Torre-Blanco et al. 1992). Therefore it is not unreasonable to assume that
a conformational change has been introduced into these other cysteine for glycine substitions,
the evidence for this is presented below.
Previous observations with type I collagen from a proband with lethal OI demonstrated
that type I collagen containing a substitution of cysteine for glycine a 1-748 copolymerised
with normal type I collagen. Torre-Blanco et al (1992) made three preparations containing
normal type I procollagen and type I procollagen with a substitution of cysteine for glycine
al-175, glycine al-691, and glycine al-988 which were purified from cultured skin
fibroblasts from probands with OI. The procollagens were then used as substrates in a system
for assaying the self-assembley of type I collagen into fibrils. The cysteine al-175 and
cysteine a 1-691 collagens were shown to increase in lag time and decrease the propagation
rate constant for fibril assembly. All three preparations containing cysteine substituted
collagens formed fibrils with diameters that were two to four times the diameter of fibrils
formed under the same conditions by normal type I collagen. The effects of the mutated
collagens on fibril assembly could be understood in terms of a recently proposed model of
fibril growth from symmetrical tips by assuming that the mutated monomers partially inhibit
tip growth but not lateral growth of the fibrils.
Therefore all of the three mutations (Cys al-175, Cys al-691, and Cys a 1-988) were
similar to the Cys al-748 in that they copolymerised with normal collagen synthesied by the
same fibroblasts from the probands. Accordingly, three and probably all four of the cysteine
substitutions for different glycine residues in the a 1(1) chain altered the conformation of the
protein but not sufficiently to prevent copolymerisation with normal monomers.

Model of Fibril Growth from Symmetrical Tips.
Kadler etal (1990), developed a sysetm for studying the assembly of fibrils of type I collagen
in which the collagen monomer was generated de novo by specific enzymatic cleavage of the
partially processed precursor of collagen called pCcollagen. The system was used to generate
the collagen monomer in a reproducible manner. Their results demonstrated that all type I
colUagen fibrils initially formed in vitro had blunted and pointed ends and that they grew
fi-om their highly tapered and symmetrical pointed ends.
Kadler’s results suggested a model of the fibril with a minimum of three distinct sites
for the addition of monomers. The pointed tip of the fibril would be the site for the highest
affinity for binding of monomers and probably defined the critical concentration for fibril
assembly. The main shaft of the fibril would not normally grow in diameter after the initial
growth of the fibril and probably had a low affinity for binding of monomers. The ’blunt’
end of the fibril would be a site of intermediate affinity to which monomers would bind in
reverse orientation. With this model in mind, most of the observations relating to increased
fibril diameter associated with OI collagen could be understood in terms of Kadler’s model
of fibril growth from symetrical tips by assuming that the mutated monomers partially inhibit
tip growth. Because growth from the tips is inhibited, the high concentrations of normal and
mutated monomers remaining in solution apparently bind to the lower affinity sites on the
shaft of the fibrils and generate fibrils of increased diameter. Now, this accounts for
substitutions but what about deletions? Equally, as with substitutions, the mutated monomer
would not copolymerise with the growing tip of the fibril but bind to the less specific lateral
sites, resulting again in an increased fibril diameter.
Now that four cysteine for glycine substitutions have been shown to allow
coploymerisation with subsequently larger fibrils, it is not unreasonable to assume that the
21 cysteine for glycine, and indeed the other 35 glycine for; arginine, serine, valine and
asparigine substitutions (Kuiveniami et al. 1991) have very similar effects, although good
scientific practice would dictate all of these mutations being tested in Kadler’s system for
assaying the self assembly of type I collagen monomers into fibrils. The kink in the collagen
fibril with the cysteine for glycine a 1-1748 is an interesting effect but need not be present
in the other collagen fibrils produced from other glycine substitutions. Simply, the reduced
affinity of the mutated monomers would result in slower tip growth and increased lateral
growth with subsequent increase in diameter.

Naturally, many other factors will be involved, such as the association of type V and type
III collagen and of course the plethera of factors invloved in mineralisaion of collagen in
bone. However, these are unknown quantities, while the above results have been proven by
experiment and quantitation.

Type I Collagen Fibril Periodicity - The D Period.
The fibril periodicity discussed in Chapter 3 demonstrated a D period of 51.47nm for normal
bone type I collagen and 51.12nm for OI bone collagen. The theoretical value for this D
period is 67nm and it would appear at first site that there is a severe discrepancy. However,
these values must be taken in context; firstly, the D period of 67nm has been measured from
native type I skin collagen in the wet state, i.e fully hydrated. Therefore the value for
dehydrated, resin embedded and sectioned type I bone would not be expected to give the
’standard, textbook’ value. Indeed Haebara et al (1969) found that the D period of collagen
in bone was 30nm and Ali etal (unpublished data) found the D-period of type I bone collagen
to be approxiamtely 50nm, which is in agreement with the study performed here. What is
important is that normal bone collagen processed in conjunction with OI bone material
showed no difference in the D period between these two groups.
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Appendix 1: Drug Treatment On 01 Patients.
Patient

Known Drug Treatments Prescribed

A

Ossopan, Parathyroid Hormone,
Catechin

B

Catechin, APD (diphosphonate),
Sandocal, Ossopan

C

Parathyroid Hormone, Ossopan

D

Riboflavin

E

No treatment

F

No treatment

G

Unknown

H

No treatment

I

Unknown

J

No treatment

K

Ossopan, Vitamin A, Vitamin D,
Catechin

L

Ossopan, APD (diphosphonate),
Sandocal

M

Unknown
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A n tigen
R e t r ie v a l ; — Ü li— e v a lu a t io n
of
an
e n h a n c e m e n t— n i t l M d — U iine— m ic r o w a v e
oven
heating

N. Singh and C. Abbott
H istopathology, U niversity C ollege and
School of Medicine, London W C IE 6JJ

M iddlesex

The report by (1) describes the use of m icrow ave
h eatin g to p ro d u c e enh an ced sta in in g in the
presence of m etal solutions at tem peratures of up to
1 0 0 ° C w ithout the need of enzym e pre-digestion,
but the exact m echanism is not understood. It is
claim ed that the g reater sensitivity of m icrow ave
heating renders the form alin fixation stage far less
critical.
T h ese stu d ie s show a sig n ific a n t in c re a se in
im ra u n o sta in in g
fo r
som e
m o n o c lo n a l
and
polyclonal antibodies. Antigens
which have
been
m asked by form alin fixation and paraffin processing
which usually require proteolytic pre-digestion can
now be d em o n strated by this m ethod. H ow ever
there arc som e d ifficu lties which have yet to be
o v erco m e.
R e feren ces
1. Shi S., Key M. and Kalra K. et al. J. Histochem.
Cytochcm ., 1991; 39: 741-748.

Ultrastructural.
sp€ctrQscQoic
oud Analytical
Studies fii Bene Mineral in Brittle. JBone Disease.
J.P. CASSELLA, J. HAY, S. YOUSUF ALI.
Department of Experimental Pathology, Institute of
Orthopaedics, (UOL), RHOH,
Stanmore, Middlesex,
HA7 4LP. England.
Brittle bone disease (Osteogenesis Imperfecta) is
an
hereditary
disease
affecting
mineralised
tissue.
The ease and frequency of fracture
suggest the formation of a calcium-phosphate with
a different composition and crystal structure from
the mineral, hydroxyapatite, found in normal bone.
The analytical techniques of Fourier Transform
Infra-Red
spectroscopy
(FTIR),
X-Ray
Powder
Diffraction
(XRPD),
31-phosphorous
Nuclear
Magnetic Resonance spectroscopy (31-P NKR), and Xray Microanalysis (XRMA) were used to study the
stucture,
resonance,
and composition of the
mineral. Undecalcified specimens of bone were
processed for transmission electron microscopy
(TEN).
Results from the FTIR, XRPD and 31-P NKR did not
yield
any
significant
differences
between
pathological bone,
normal bone or synthetic
hydroxyapatite.
XRMA
demonstrated
that
the
calcium-phosphate ratio of the mineral present in
normal bone (Ca/P- 1.603) was similar to synthetic
hydroxyapatite (Ca/P- 1.604). However, calciumphosphate ratios lower than those present in
hydroxyapatite
were
found
in
osteogenesis
Imperfecta bone (Ca/P»1.421). These lower calciumphosphate ratios may be due to the presence of an
abnormal mineral. TEH demonstrated the presence of
an amorphous pattern of calcification and fibrils
of unXown genesis were found associated with the
osteoid. Type I collagen fibril diameters in
pathological bone were found to be larger than in
normal, matched controls.

Cellular Pathology
Poster Session

Volume 27 Part 3
July 1992

Special Issue
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m acroradiographs o f the scaphoids, taken befo re and

L /1 0

after cutting, identified the position from w hich the

1hree-L'imensional Beria. Reconstruction of the
kenioaeiint' Process in Compact. Bone
V. TutatchiKOv. i . Novikov, and A. pylaev>
Departments of Humari Anatomy and *Horpnology.
Russian State Medical University, Ostrovitianova
Street 1. lj76ob Moscow. USSR.

sections had been cut and allow ed com parison betw een
the m acroradiographic ap p earan ce o f the intact scaphoid
and m acroradiographs o f the bone section.
D etection o f lesions in the m acroradiographs o f bones
w as consistently associated w ith a thinning or rem oval
o f at least h alf o f the trab ecu lar bone (com pared to
adjacent norm al bone) and w as unaffected by cortical
thinning. D am age to the cortical bone w as only
apparent in m acro radiographs o f intact scaphoids w here
the cortex, w ith its lesion, w as parallel to the X -ray
beam .
T he consistent asso ciation betw een a changed bone
m icro-m orphology and the radiological detection o f
lesions im plies a sound basis for the use o f m icrofocal
radiography in qu an tifying the extent and progression o f
bony changes in rheum atoid arthritis.
L /0 9

ULTRASTRUCTURAL,
SPECTROSCOPIC
AND
ANALYTICAL STUDIES OF BONE MINERAL IN
brittle BONE DISEASE.
J .P . C a s s e l l a [ 1 ] , K. Garringtzon [ 2 ] , K.
Andrews [ 2 ] , S. Yousuf A li ( 1 ) .
[11 Department of O rtn op aed ic Surgery and
Experim ental
P a t n o lo g y ,
In stitu te
of
O rtn opaecics,
(UCL),
Royal
N ational
Ortnopaeuic
H o sp ita l,
Stanmore,
/ . i c d l e s e x , HA7 4LP. [2] School of A pplied
P.nysical S c i e n c e s , L e i c e s t e r P o l y t e c h n i c ,
L e i c e s t e r , LEI 9BH.
O s t e o g e n e s is I m p e rfec ta ( O . l . ) or ' b r i t t l e
oone d i s e a s e ' i s an h e r e d i t a r y d i s e a s e
affectin g
ooth
m in eralised
and
nonm in e r a lis e d c o n n e c t i v e t i s s u e .
The e a s e
and frequ en cy
of
fractu re
suggest a
c o n t r i o u t i n g f a c t o r may oe the fo rm a tio n
of a c a l c iu m -p h o s p h a t e (Ca-P) w ith a
cifferen t
c o m p o s it io n
and
crystal
s t r u c t u r e from th e m in e r a l , h y d r o x y a p a t it e
(HA), founc in normal bone.
Tne a n a l y t i c a l
tech n iq u es
of
F o u r ie r
Transform In fra-R ed s p e c t r o s c o p y (FTIR),
X-Ray Powaer D i f f r a c t i o n
(XRPD),
31P
Nuclear Magnetic Resonance s p e c t r o s c o p y
(31.- NMR) , and X-ray M i c r o a n a ly s is ( XRMA)
were
usee
to
stu d y
tne
stu ctu re, /
r eson an ce, and c o m p o s it io n o f the Ca-P in
C .I . Done. U n d e c a l c i f i e d sp ecim ens o f bone
were p r o c e sse d f o r t r a n s m i s s i o n e l e c t r o n
microscopy (TEM). R e s u l t s from t h e FTIR,
XRPD anc 31P NMR d id n ot y i e l d any
sig n ifica n t
d iffe r e n c e s
between
0 .1 .,
normal
oone
or
sy n th etic
HA.
XRMA
demonstrated t h a t t h e Ca-P r a t i o o f the
mineral p r e s e n t in normal none (Ca/P=
1.6Ü3) was s i m i l a r t o s y n t h e t i c HA (Ca/P=
1»604). However, Ca-P r a t i o s lower than
those p r e s e n t in HA were found in 0 . 1 .
oone (C a /P = l. 4 2 1 ) . These lower Ca-P r a t i o s
may be due t o tne p r e s e n c e o f an abnormal
m in era l.
TEM
dem onstrated
the
h e t e r o g e n e i t y o b se r v e d in th e d i s e a s e .
Some p a t i e n t s w itn t n e l e t h a l form o f 0 . 1 .
demonstrated tne p r e s e n c e o f an amorphous
p a tt e r n o f c a l c i f i c a t i o n . In some p a t i e n t s
th e re were f i o r i l s
o f unitown g e n e s i s
a sso c ia ted
w itn
tne
o steo id .
These
u ltr a stru ctu r a l
a o n o r m a 1i t i e s
in
oom oination w itn c o m p o s i t i o n a l cn an ges in
^he m ineral may maxe G. I . oone more prone
to fra c tu re .
Vol. 27 /3 Proceedings RMS J u l y 1 9 9 2

The study of the bony tissu e remodeling takes an
important place in tne ma,iority of directions of
Done researcii. The well known varia bility of
remodeling parameters between acfiacent s i t e s of
the same oone samoie implies the existence of
com3lex tnree-oimensional organization of this
process, on which few reports are available.
In tne fir s : part of the paper the d eta ils
of preparing se rial
sections
and
further
tnree-dimensional
reconstruction
of
the
remodeling process in the whole 1 cm transverse
sections
of long
bones after tetracycline
labeling are aescrioed. Tne sectioning procedure
is tne grinding ana polishing modification of the
Know;-: methoo of preoaring surfaces of p lastic
embedaec bone for examination with incioent light
fluorescence microscopy.
The seconc part of tne paper contains the
analysis of tne three-dimensional reconstructions
oPtainec. It w ill pe showr,. that the overwhelming
maiority of tne resorption cavities are each
being infilie>i as a wnoie. by the aavance of one
and the same ca lcifica tion front. The length of
tne douoie tetracycline laoel along these tunnels
varies from hunoreas to thousands micra. As a
rule.
tne
osteons being formed posess the
■resorption head' on the one or both ends, which
is pursuitec at varying distance by the bone
formation front. It w ill be demonstrated, that
tne distriDution of tne apposition rate along the
osteons
is
uneven
and
depends
on
the
p ecu lia r ities
of
tne
given
osteon as an
individual structural unit.
Tne B.MUs localization in tne actual Done vo
lumes wil: oe discussed. In particular, the
features
of
heteroeeneiety
of
the
BMUs
Gistribution wi i . oe oescrioec. of which until
now nc su ffic ien t j'- o etaiiec information could be
fou.nci in tne literature.
L /1 1

Study of spatial repartition of breast naicrocalcifications
associated to different pathologic lesions by means of
confocal microscopy.
JM GuinebredcrcV**, C Frouge**, E Kahn**.
*Depanment of Anatomopathology, Institut GustaveRoussy - 39, rue Camille Desmoulins, 94805 Villejuif
Cedex - FRANCE. **INSERM U66, Institut GustaveRoussy - 39, rue Camille Desmoulins, 94805 Villejuif
Cedex - FRANCE.
Microcalcifications arc a frequent problem in breast
pathology, and their detection by X-ray mammography is
used for diagnosis of early
breast carcinoma.
Microcalcifications can occur in breast parenchyma in
both benign and malignant processes. Different
classifications arc employed by radiologists to distinguish
clusters of microcalcifications associated to benign or
malignant pathology. Such X-ray classification uses
criteria including morphology, size and distribution of
microcalcifications. However, using such criteria, only 30
to 50% of surgical specimens concern carcinoma. Better
knowledge of arrangements of calcification could help the
radiologist to better select surgery therapeutic protocols.
The purpose of this study is to analyse the three
dimensional morphology and repartition of
microcalcifications associated to different well defined
pathologic lesions including adenosis, cyst, in situ ductal
carcinoma (comedo and non comedo type). In this
retrospective study the breast specimens arc fixed and
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V cn pe
C ro m b ie -J o h n sto n c H all a n d F rase r-N o b le B u ild in g
A b e rd e e n

Local O rgan isers
D r. N igel L o v e rid g e a n d D r. S im on R obins,
R o w e tt R esearch In s titu te , B u ck sb u rn , A b e rd e e n

sig n ific a n t excess m o rta lity a t five years (relative su rv iv al 0.82,
957oCI 0.71-0.93), w ith th e m ajor cau se of d e a th being c a rd io 
v a s c u la r d ise a se (36%). W e co n c lu d e th a t aro u n d o n e th ird of
v e rte b ra l d efo rm ities in w o m en ag ed 50 years an d over reach
clin ical a tte n tio n , an d th a t se v e re d efo rm ities are su b stan tially
m o re lik ely to d o so. In d iv id u a ls su stain in g these fractures have
im p a ire d s u r v iv a l, m o st lik ely d u e to co m o rb id co n d itio n s
p re d isp o s in g to b o th o steo p o ro sis an d death.

c a lcificatio n . P re lim in a ry x -ray m icro an aly sis of tra n sg e n ic
m o u s e c o r tic a l b o n e d e m o n s tr a te d a lo w e r c a lc iu m to
p h o s p h o r u s ra tio ( C a / P = 1.300) th a n in a h y d ro x y a p a tite
sta n d a rd ( C a /P = 1.601). F ourier transform infra-red spectroscopy
d id n o t d e te rm in e a n y sig n ifican t difference betw een n o rm al
a n d p ath o lo g ical b o n e specim ens. T hese results are co n sisten t
w’ith th o se o b se rv e d in th e h u m a n bone. These u ltra stru c tu ra l
a n d a n a ly tic a l o b se rv a tio n s in th e transgenic m odel c o rre la te
w ell w ith th o se in h u m an s. T his indicates that the tran sg en ic
m ouse m odel m ay pro v e a valuable tool for the stu d y of 0.1.

OlO. S c re e n in g fo r m u ta tio n s in th e h u m a n ty p e X collagen
g en e (C O L lO A l) in h e rita b le form s of chond ro d y sp lasia
W A S w eetm an , B R ash, B Sykes*, P Bighton**» JT Hecht++,
B Zabel+, JT T hom as, RP B oot-H and ford, ME G rant and •
GA W allis

D ep a rtm e n t o f B iochemistry a n d Molecular Biology, U niversity
o f M a n c h e ste r , M a n ch e ster M B S P T * ln s titu te o f M olcular
medicine, U n h v r s i ty Oxford, Oxford 0X 3 9 D U , ‘ ^Department o f
H u m a n G enetics, U n iv e r s it y o f Cape T o w n , S o uth Africa,
^ D e p a r t m e n t o f P ediatrics, Johannes G u te n be rg U n iversitat
M a i n z , Federal R ep u b lic G e r m a n y and * * D e p a r tm e n t o f
Pediatrics, U niversity o f Texas, Houston 77030, U.S.A
The ex clu siv e expression of the ty p e X collagen gene (COLlOAl)
by h y p e rtro p h ic c h o n d ro c y te s, an d its specific localisation to
g ro w th p la te cartilag e su g g e sts th at m u tatio n s in this gene m ay
b e r e s p o n s i b l e for c a u s in g s o m e h e r ita b le fo rm s of
c h o n d ro d y sp la s ia . The co d in g regions of the h u m an COLlOAl
gone h a v e been recently cloned and sequenced, and the gene has
b een lo calised to c h ro m o so m e 6q21-22.3 (T hom as ft a / (1991),
B iochem . J. 280:617-623).
In o r d e r to in v e s tig a te w h e th e r
m u ta tio n s w ith in th e C O L lO A l g en e w ere re sp o n sib le for
c a u s in g th e d is o r d e r s a c h o n d r o p la s ia , h y p o c h o n d ro p la s ia ,
p s e u d o a c h o n d ro p la sia o r th a n a to p h o ric d y sp la sia , the coding
reg io n s o f th e C O L lO A l gene w ere analysed usin g Polym erase
C h a in R eaction (PCR) and th e Single S tra n d ed C onform ational
P o ly m o rp h ism (SSCP) tech n iq u es. S equence changes have been
found w ith in both the cod in g an d fla n k in g regions of the gene.
H o w e v e r , th e s e s e q u e n c e v a r ia tio n s w e re fo u n d to be
p o ly m o rp h ic in n a tu re an d not resp o n sib le for cau sin g these
fo rm s o f c h o n d ro d y sp la s ia . T h ese jx )ly m o rp h ism s have been
u se d to d e m o n s tra te d is c o rd a n t se g reg a tio n of th e COLlOAl
Icxrus a n d a c h o n d ro p la sia an d p se u d o a c h o n d ro p la sia in th ree
n u clear fam ilies, co n clusively sh o w in g that m u tatio n s w ithin or
n ear C O L lO A l locus are not responsible for these tw o disorders.

O i l . A tra n sg e n ic m o u se m o d e l for o ste o g e n e sis im perfecta:
e le c tro n m icro sco p ic an d a n a ly tic a l c o m p a riso n w ith h u m a n
b one.
JP C a ssella, R Pereira*, JS Khillan*, N Carrington**
DJ P rockop*and SY Ali

D e p a r t m e n t o f E x p e r i m e n t a l P a th o lo g y , I n s t i t u t e o f
O r th o p a e d i c s , ( U n i v e r s i t y o f L o n d o n ), R o y a l N a tio n a l
Orthopaedic Hospital, Brockley Hill, Stanmore. Middlesex H A 7
4LP, UK, ‘ D epartm ent o f B iochem istry and Molecular Biology,
Jefferson U n iv ersity, Philadelphia, U S A & School o f Applied
Physical Sciences, Leocester Polytechnic, Leicester
B io ch em ical an aly ses h a v e sh o w n th at o v er 90% of ch ild ren
affected w ith O steo g enesis Im p erfecta (0.1.) have m u tatio n s in
th e g en es for ty p e I collagen. A transgenic m ouse line expressing
a m in ig e n e v e rsio n o f th e h u m a n p r o a l c h a in of ty p e I
p ro c o lla g e n w as g e n e ra te d . T h e m ice s h o w e d a p h e n o ty p e
re se m b lin g a fo rm o f 0.1. E le ctro n m icro sco p y w as u se d to
u ltra s tr u c tu ra lly co m p a re n o rm a l a n d tran sg en ic m ouse bone
w ith b o n e fro m p atien ts su fferin g w ith leth al (T ype 11, Sillence
classificatio n ) an d o th er types of 0.1. Fibres of u n k n o w n genesis
w e re a s so c ia te d w ith ty p e I c o llag en in th e e n d o s te u m and
p e rio s te u m o f th e m o u se fem o ral bone. T hese fibres w ere not
se en in n o rm a l co n trols. S im ila r fibres h av e b een ob serv ed in
p a tie n ts w ith O.L A stro m al p a tte rn of calcification w as observed
o n th e calcified cartilage se p tae o f 3 d ay old m ice b u t not in the 1
m o n th o ld sp e cim en s. T his p a tte rn o f calcification has been
o b se rv e d in b o n e sp e c im e n s fro m so m e y o u n g p atien ts w ith
T y pe n 0.1. b u t n o t o ld er patien ts w ith oth er types of 0.1. N orm al
m o u se a n d h u m a n b one sp e cim en s d id not sh o w this p attern of

0 1 2 . E xpression of a ch ick en tran sfo rm in g grow th facfor-p2 la cZ
f u s io n g e n e at site s of c h o n d ro g e n e s is in tra n sg e n ic m o u se
em bryos
DW Burt

In stitu te o f A n im a l Physiology & Genetics Research, Edinburgh
Research Station, Roslin, Midlothian EH2S 9PS
Bone rep re sen ts the m ost a b u n d an t source of TGF-P in the body.
T G F-p has been sh o w n to reg u late c h o n d ro c)tc and osteoblast
p ro life ra tio n a n d d iffe re n tia tio n . In situ h y b rid is a tio n an d
im m u n o c y to c h e m istry reveal TGF-P in m ost areas of bone and
cartilage. T hese stu d ie s su g g e st th at TGF-P m ight have a role in
b o n e an d ca rtila g e fo rm atio n . W e have cloned the gene for
ch ick en TGF-p2 an d are u sin g this to exam ine the factors that
re g u la te its e x p re ss io n . To c h a ra c te rise the se q u en ces th at
r e g u la te TG F-p2 g en e e x p ressio n in a spatial and tem p o ral
p a tte rn , w e h a v e c reated tra n sg e n ic mice w ith this chicken
p ro m o te r fu sed to th e la c Z r e p o rte r gene. M ajor sites of
expression are at or n ear sites of chondrogenesis which result in
the fo rm atio n of elem en ts of the chondrocranium . This pattern
of expression d u rin g the early stages of craniofacial developm ent
su g g e sts th a t TGF-p2 m ay ex ert a c h o n d ro g en esis-p ro m o tin g
influence on th e craniofacial m esenchym e. Overall this chicken
TGF-p2 tran sg en e show s a com plex and rapidly changing pattern
of site -re stric te d ex p re ssio n v ery sim ilar to the e n d o g e n o u s
m o u se gene. T his im plies th a t m ouse transcription factors can
in teract w ith re g u la to ry seq u en ces w ithin the chicken TGF-p2
p ro m o te r to express th e transgene in an ap p ro p riate spatial and
tem p o ral p attern .

0 1 3 . C o llag en o u s c o m p o n en ts in synovial fluids from arth ritis
p a tie n ts
SF W oo ton, PA Dieppe* and VC D uance

M u scle and Collagen Research Group, Department o f Veterinary
M edicine, U n iversity o f Bristol, Langford, Bristol B S IS 7 D Y and
‘R heumatology U n it, Bristol Royal Infirmary, Bristol BS2 S H W
T his s tu d y w as e sta b lis h e d to d e te rm in e the p resen ce and
id e n tity of co llag en o u s p ep tid e s p resen t in the synovial fluid
from p atien ts w ith osteo- (OA) o r rheum atoid arthritis (RA) and
to assess th e ir p o te n tia l as biochem ical m arkers of cartilag e
d eg rad atio n .
S ynovial fluid w as ob tain ed from the knees of both OA and RA
p a tie n ts. T otal co llag en co n ten t w as d eterm in ed by hydro x y p ro lin e an a ly sis. S pecific co llag en types w ere id en tified by
se n sitiv e im m u n o b lo ttin g techniques. A nalysis of the collagen
crosslink, p y rid in o lin e w as by HPLC.
O u r re su lts s h o w th a t all th e sy n o v ia l fluids tested (n=14)
c o n tain ed m e a su ra b le q u a n titie s of collagen. This collagen w as
c o m p rise d of a p p a r e n tly w h o le ty p e I and type IX collagen
m olecules. N o ty p e H collagen w as found in these sam ples. A
sig n ific a n t a m o u n t of th e c ro ss lin k p y rid in o lin e (0.15-0.66
m o l/m o l collagen) w as d etected . The origin of the pyrid in o lin e
is a t p resen t u n k n o w n b u t su g g e sts that a proportion at least of
th e ty p e I an d ty p e IX collagen has been derived from m atrix
d e g ra d a tio n ra th e r th an n ew ly synthesised m aterial. A nalysis of
la rg e r v o lu m es of 2 fu rth e r sy n o v ia l fluid sam ples by e ith e r
cy anogen b ro m id e d ig estio n o r by pepsin extraction follow ed by
s a lt f ra c tio n a tio n h as r e s u lte d in iden tifica tio n of ty p e IX
im m u n o -reactiv e p e p tid e s of 19000 an d 22000 m olecular w eight
resp ectiv ely . T he precise id en tity of these peptides is cu rren tly
u n d e r in v estig atio n .
As th e first irreversible step in cartilage degradation is thought to
be th e d e g ra d a tio n of th e collagenous netw ork, detection of these
p ep tid e s in synovial fluids m ay be a useful biochem ical m arker
of th e d isease process.
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A transgenic mouse line was generated that expressed a type I
procollagen 'minigene' at approximately 50% that of the endogeneous
gene. The transgenic mice displayed several characteristics associated
with OI. OI human and transgenic mouse bone specimens were
processed for transmission electron m icroscopy (TEM), X-ray
microanalysis (XRMA) and Fourier transform infra-red spectroscopy
(FTIR). Fibres o f an undetermined genesis were observed associated
with type I collagen in the endosteum and periosteum of OI human and
transgenic mouse OI bone (Figure 1). These fibres were seen in close
association with various cell types. A pathological, stromal calcfication
was observed lining the bone trabeculae in neonatal OI human and
transgenic mouse bone (Figure 2). XRM A of calcium phosphate
standards showed a good correlation with theoretical values for calcium
to phosphorus ratios. The calcium to phosphorus ratios in normal
human and mouse cortical bone correlated well with a hydroxyapatite
standard. However, OI human and transgenic mouse cortical bone
specimens were significantly lower (Figure 3). FTIR spectroscopy
showed no significant differences in the group structure between the
hydroxyapatite standard, and the normal and OI bone specimens. The
fibres observed by TFM may represent altered type I collagen formed
de novo or dissociated collagen fibres. Such changes in the collagen
matrix could affect the nucléation and growth environment for apatite
mineral formation and alter the association with other matrix molecules
involved in mineralisation. The stromal calcification demonstrates that
in the initial stages of mineralisation, a proper type I collagen matrix
may be necessary to form normal bone hydroxyapatite. The lower
calcium-phosphorus ratio observed in OI human and transgenic mouse
bone suggest substitutions in the hydroxyapatite crystals. The data
from FTIR spectroscopy and other analytical techniques suggest that in
spite o f these substitutions, the overall apatite crystal lattice is
maintained. The analytical and ultrastructural observations in the
transgenic mouse model correlate w ell with human OI. This study
indicates that the transgenic model may prove to be a useful tool for the
study o f OI All o f the observed changes could help to explain the ease
and frequency o f fracture in OI bone.
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AN ULTRASTRUCTURAL COMPARISON OF BONE IN
HUMAN OSTEOGENESIS IMPERFECTA AND IN A
TRANSGENIC MOUSE MODEL.
J.P. Cassella [1], R. Pereira [2], J.S. Khillan [2], D.J. Prockop [2], S. Y ousuf Ali [1].
[1] D epartm ent of Experim ental P athology, Institute of Orthopaedics, (U O L), Royal National
Orthopaedic Hospital, B rockley H ill, Stanm ore, Middlesex, H A l 4LP, UK.
[2] Department of Biochemistry and M olecular Biology, Jefferson Institute o f M olecular Medicine,
Jefferson Medical C ollege, T hom as Jefferson University, Philadelphia, USA.
Biochem ical analyses have shown that over 90% of children affected with O steogenesis
Im perfecta (O.I.) have mutations in the genes for type 1 collagen.
A transgenic mouse line expressing a m inigene version of the human proa I chain of type I
procollagen was generated. The m ice show ed a phenotype resembling a form of O.I. Electron
m icroscopy was used to ultrastructurally com pare transgenic mouse bone with bone from patients
suffering with lethal (Type II, Sillence classification) and other types of O.I.
Fibres of unknown,genesis were associated with type I collagen in the endosteum and periosteum
of the mouse femoral bone. These fibres were not seen in normal controls. Sim ilar fibres have been
observed in patients with O.I. A strom al pattern of calcification was observed on the calcified
cartilage septae of 3 day old mice but not in the 1 month old specimens. This pattern of calcification
has been observed in bone specim ens from som e young patients with Type II O.I. but not older
patients with other types of O.I. Norm al m ouse and human bone specim ens did not show this
pattern of calcification. Prelim inary x-ray m icroanalysis of cortical bone dem onstrated a lower
calcium to phosphorus ratio (C a/P = 1.300) than in a hydroxyapatite standard (C a/P = 1.601).
These ultrastructural observations in the transgenic model correlate well with those in humans. This
indicates that the transgenic mouse model may prove a valuable tool for the study of O.I.
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Abnormal collagen and mineral formation in
osteogenesis imperfecta

J.P. Cassella and S. Yousuf Ali
D epartm ent o f E xperim ental Pathology, Institute o f O rthopaedics, (University o f L ondon) R oyal
National O rthopaedic H ospital, Stanmore, M iddlesex, H A 7 4 L P , U K

Introduction
Osteogenesis Imperfecta (O .I.) is a genetically and biochemically heterogeneous
group of disorders affecting both mineralised and non-mineralised connective tis
sue. The ease and frequency with which fractures occur, blue sclera and affected
dentition (Dentinogenesis Imperfecta) are common clinical features. Studies have
shown that O .I. can be divided into at least four groups with two groups inherited as
autosomal dom inant and two as autosomal recessive traits [1]. A numerical classifi
cation has been proposed [2] which has been correlated with numerous biochemical
and morphological studies; this classification will be used to describe the patients in
this study. The expanding genetic diversity in O .I. as determ ined at the level of
molecular biology [3] has not been matched by any in-depth study to show possible
differences in collagen, mineral or cellular architecture which can be visualised by
electron microscopy or associated analytical techniques.

Materials and Methods
Electron microscopy

\

V

Specimens of bone from 12 patients with O .I. and 7 normal controls were removed
during orthopaedic surgery. The bone was fixed in 2.5% gluteraldehyde solution
(18 hours) at 4°C. The specimens were cut into small pieces (1-3 mm^) during the
first hour of fixation. The tissue was washed (2 x 30 minutes) in a 0.1 M sodium
cacodylate buffer (pH 7.4), followed by secondary fixation in a 1% osmium tetroxide solution diluted in 0.1 M sodium cacodylate. The tissue was dehydrated through
a graded series of ethanols before vacuum infiltration and embedding in Spurr’s res
in for 18 hours at 60°C. Ultrathin sections (60-100 nm) were collected on pioloform

f
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coated 200 mesh copper grids and stained using uranyl acetate and lead citrate.
Specimens were viewed in a Philips CM12 transmission electron microscope,

f

(TEM). Areas of osteoid were randomly chosen and photographed at 53,000x
magnification.

f

X-ray microanalysis

^

Bone specimens were processed as above but osmium tetroxide was omitted.
Chemically pure hydroxyapatite (H A , reference 4), tricalcium phosphate (TCP,
reference 4), calcium pyrophosphate CaPyro, Sigma Ltd) and calcium tetra-hydrogen orthophosphate (TOP, BDH Ltd) were processed as for the bone specimens.
Ultrathin sections (100 nm) were cut and floated on 0.085 M sodium cacodylate buf
fer. Sections were collected on pioloform coated nickel grids. Energy dispersive
XRM A was performed using an ED AX 9800 microanalysis system with a specimen
tilt angle of 20° and a take-off angle of 40°, the count time was 200 live seconds.
Image analysis
TEM negatives were placed on a light box and a video image captured on a Cam
bridge Instruments ‘Quantim et 520’ image analyser. Using a digitablet the image of
the collagen fibrils were drawn around and the system calibrated to express equiva
lent diameters in nanom etres. In order to confirm that the accuracy of measure
ment was maintained throughout the study, a reproducibility study was performed.
This involved image analysing 10 negatives each from 3 patients chosen at random.
The same negatives were later re-analysed and the equivalent diameters from both
sets of measurements compared using a related t-test. A Mann-Whitney U-test was
used to determ ine if there was a difference between O.I. and normal control colla
gen fibrils. A Kruskall-Wallis test was performed to determine of there was a differ
ence in collagen fibril diam eter in the four different clinical types of O .I. and if there
was a relationship between the age and sex of the patient or the site of biopsy.
X-ray powder diffraction (XRPD )
Specimens of fresh bone tissue were cooled to -70°C and then freeze dried at -40°C
for 48 hours. The bone was powdered and packed into a 0.3 mm Lindemann glass
tube. Specimens were then placed in a Gandolfi X-ray powder camera and placed
on a Philips PWlOlO x-ray generator. The samples were subjected to filtered cop
per (K“) radiation (wavelength 1.5418A) using an exposure time of three hours, at
40 kV and 20 mA. The x-ray powder diffraction pattern was recorded using the De-

^ J

bye-Scherrer method.
Fourier transform infra-red spectroscopy (FTIR)

^

Specimens of powdered bone and potassium bromide (KBr) powder (spectroscopic

<

grade, BDH Ltd.), were placed in a 13 mm evacuable dye. A KBr disk was pressed
at 10 tons pressure for 5 minutes. The disk was placed in a Nicolet 5DXC FTIR
spectrophotom eter. Spectra were collected as transmission spectra at 4 wavenumber resolution with 32 scans performed per specimen. A background reading was ob
tained using an empty cell compartment.

t
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Results
Image analysis
The statistical data obtained from the image analysis results indicated that: normal
type I collagen fibrils had a mean diam eter of 53.3 nm, whereas collagen fibrils from
O .I. osteoid were larger with a mean diam eter of 60.4 nm, (Fig. 1). There was a re
lationship between the type of O .I. and the diameter of the collagen fibrils, with
Type I O .I. tending towards the larger fibril diam eter and Type 4 O .I. tending to
wards the smaller diameter (Table 1).

1

COLLAGEN FIBRIL DIAMETER (nm)
FOR O.I AND NORMAL BONE

Table 1

66
64

-X so

62
60

Kruskall Wallis Test
Compared by:

p Value

Type
Site of biopsy
Age
Sex

p = 0.05
0.1 < p < 0.375
0.05 < p < 0.02
O .K p < 0.375

58
56

52
50

48

O .I.

NORMAL

X-ray microanalysis
A ‘standard’ graph (Fig. 2) of calcium-phosphate ratios observed using the ED A X
system (Cliff-Lorimer ratio model) was plotted against the empirical calcium-phosphate standards. There was a significant difference between the Ca/P ratios of nor
mal and O.I. bone with the O .I. bone demonstrating a lower Ca/P ratio, (Fig. 3).

Ca/P (observed) VS Ca/P (em pirical) MOLAR RATIOS
FOR Ca-P STANDARDS, NORMAL AND O .I. BONE

MEAN C a/P V A LU ES FOR NORMAL, O .I.
BO NE AND C a-P STANDARDS
2 0

-

CaPyro

TOP

0 40 2-

0 04
0.0 0 2 0 4 0 6 0 8 10 12 1.4 16 1.0 2.0

NORMAL O.I. HA T C P CaPyro T O P

C i/P MOLAR RATIO (EM PIR IC AL)

V.
X-ray powder diffraction
A plot of relative intensity against 2 0 was plotted from the powder diffraction pat
tern and the results for normal, O .I. bone and the calcium-phosphate standards
compared. All specimens analysed had an apatitic crystal structure.
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Fourier transform infra-red spectroscopy
The vibrational spectra values for the calcium-phosphates were obtained from a
‘peak-picker’ programme and the characteristic peaks compared. XRPD data cor
related with the FTIR results. Carbonate groups were detected in normal and O.I.
bone but not in the standards analysed. The standards demonstrated good crystallinity while the bone mineral from all specimens was more diffuse. FTIR and
XRPD did not yield any significant differences between non-pathological or syn
thetic samples of HA.

/

Ultrastructural observations
The ultrastructure of bone in O.I. has shown to be as heterogeneous as its clinical
and genetic aspects. Mineralising mitochondria have dem onstrated needle-like
crystals or spherules, (Fig. 4). XRM A has shown these crystals to contain calcium
and phosphorus, and uncontrasted spectra have shown electron dense needles in
mitochondria.

w
â

2 0 0 nm

Fibres of unknown genesis have been found in six patients with various types of
O .I. Two siblings (Fig. 5) dem onstrated similar fibres but there was a degree of het
erogeneity between the other patients (Fig. 6). Possibilities of the presence of al
tered elastin, reticulin, amyloid and amianthoid fibres have all been discounted on
the basis of their characteristic morphology. Calcified cartilage was found through
out the growth plate from a number of Type I O .I. neonatal specimens, the longi
tudinal septae and zone of neo-vascularisation were extremely disrupted. A stro
mal pattern of calcification intermixed with woven bone was found where endo
chondral bone formation was expected (Figs. 7 and 8). Neo-chondrogenesis was an
interesting feature in the iliac crest o f a patient with type I O .I. Matrix vesicles
could clearly be seen as the primary initiator of calcification, (Fig. 9).

/
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Discussion
The statistical data indicated that collagen fibril diameters in O.I. are larger (60.4
nm) than in normal, age, sex and site matched controls (53.3 nm). This is contradic
tory to previous studies [5]. One explanation for the difference in results between
this and previous studies may be the larger number of fibrils measured in this study,
on average two to three times more fibrils were measured than in previous studies.
The experimental design was aimed at measuring 2000 fibrils per patient in a ran
dom scan over one ultrathin specimen. In a few cases there were insufficient fibrils
present to reach this target. The decreased synthesis and transport of altered type I
pro-collagen has been suggested to allow an increase in the ratio of type I:type III

\'

collagen thus resulting in thinner diameter fibrils, however in the light of new data
this cannot be the only controlling factor in fibril diameter. One possibility for these
fibrous bodies is that they are collagenous in nature, being either ‘breakdown’ prod
ucts or de novo fibrillogenesis in an altered form. The mitochondrial calcification
would suggest some cellular dysfunction associated with the ionic calcium and phos
phate pumps. FTIR and XRPD did not yield any significant differences between
non-pathological or synthetic samples of HA.
XRPD results indicated that there was a significant difference between the Ca/P
ratios of normal and O.I. bone with the O.I. bone demonstrating a lower Ca/P ra
tio. Since HA is the main mineral component found in normal human bone tissue.
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the presence of a mineral with a calcium-phosphate ratio lower than H A in some
patients with certain types of O .I. demonstrates that the mineral is abnormal. This
may in part explain the fragility and associated fracture of bone.
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A M ICROANALYTICAL STUDY OF BONE M INERAL IN OSTEOGENESIS IM PERFECTA.
J P C assella and S Y o u su f A li
Departm ent o f Experim ental Pathology, Institute o f O rthopaedics, (UCM SM ), Royal N ational
O rthopaedic H ospital, B rockley H ill, Stanm ore, M iddlesex, H A7 4LP, UK.
Introduction
Osteogenesis Imperfecta (O.I.) is an hereditary disorder of connective tissue. M olecular biological
analyses have detected m utations of the Type I procollagen gene, but there has been no report of
mineral changes in bone. Theories of m ineralisation in the organic m atrix o f bone suggest that
'normal' collagen is required for the nucléation and subsequent growth of mineral crystallites to
form a lam ellar pattern o f bone with good tensile properties. A ny changes in the collagen
microenvironment might affect mineral formation and reduce these tensile properties.
Materials and Methods
Specimens o f bone were removed from O.I. patients and normal, m atched controls during routine
orthopaedic surgery. The bone was im m ersed in 2.5% gluteraldehyde diluted in 0.085M sodium
cacodylate buffer (pH7.4) for 4 hours. The bone was cut into l-3m m ^ pieces during the first half
hour o f fixation and after dehydration through a graded series of ethanols (70-100% ), was
em bedded in Spurr's resin. The resin was polym erised at 60^C for 18 hours. Chem ically pure
hydroxyapatite (HA), tricalcium phosphate (TCP), calcium pyrophosphate (CaPyro) and calcium
tetrahydrogen orthophosphate (TOP) were also processed into Spurr's resin.
Ultrathin sections (lOOnm) were cut and floated onto a 0.085M sodium cacodylate buffer to reduce
loss o f diffusable ions. Sections were collected on piloform coated 200 mesh copper ^ d s and
view ed in a Philips CM 12 transm ission electron m icroscope (TEM ). Energy dispersive x-ray
microanalysis (EDAX) was perform ed using an EDAX 9800 m icroanalysis system, the specimen
tilt angle was 20^ and the take-off angle was 40^. The count time was set at 200 seconds with an
accelerating voltage o f 80kV. Ten random ly selected areas (60-200nm) were analysed in each
uncontrasted section of the electron dense bone (Figure 1).
Using the 'Cliff-Lorimer' ratio model, the calcium to phosphorus (Ca/P) m olar ratios observed in
the EDAX of the four resin embeded standards were plotted against their theoretical Ca/P ratios to
give a 'standard graph' (Figure 2). This graph was used to correct all the observed Ca/P values
obtained for the bone specimens analysed.
Results
A related students t-test indicated that there was a significant difference between the Ca/P ratios of
norm al bone (C a/P= 1.601) and O.I. bone (C a/P = 1.421). The C a/P ratios for the four
calcium-phosphate standards correlated well with their theoretical values (Figure 3).
Discussion
HA is the main mineral component found in normal bone, the presence of mineral with a Ca/P ratio
lower than HA in some O.I. patients indicates that the m ineral m ay be abnorm al. The fragility
observed in O.I. bone may be partly explained by these observed mineral changes. Instead of a
lamellar appearence, the O.I. bone demonstrated 'woven' areas typical of immature bone formation
(Figure 4).
Mitochondria containing needles of calcium-phosphate mineral were observed in many cell types in
the bone from O.I. patients (Figure 5), these were also observed in uncontrasted sections (Figure
6). These needles exhibited a Ca/P ratio averaging 1.100. The presence o f such mineral may be the
result of some cellular dysfunction or may indicate the sites of provisional calcification in bone.
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A n u ltra stru ctu ra l stu d y o f m o rp h ological ch a n g es in b rittle b on e d isea se

Cassella J P and Yousuf Ali S

Departm ent o f O rthopaedic Surgery and Experim ental Pathology, Institute o f O rthopaedics,
(UCMSM), Royal National Orthopaedic Hospital, Brockley Hill, Stanmore, Middlesex, HA7 4LP.

Introduction:
Osteogenesis Im perfecta (O.I.), or brittle bone disease is an hereditary connective tissue disease.
One clinical m anifestation is the ease and frequency with which fractures occur. A dvances in
m olecular biological analyses have dem onstrated m utations o f Type I procollagen genes in many
O.I. patients. There has been little study performed at the electron microscopic level to visualise the
reported collagen abnormalities and associated cellular and mineral changes. Contributing factors in
the disease process may include the formation o f abnormal collagen and calcium-phosphate (Ca-P)
mineral.
Materials and Methods:
Specimens of bone removed from patients with O.I. and normal, matched controls were removed
during orthopaedic surgery. The bone was fixed in 2.5% gluatraldehyde solution (18 hours) at
4^C, cut into small pieces (l-3m m ^) during the first hour o f fixation, and washed (2 x 30 minutes)
in a 0.085 sodium cacodylate buffer (pH 7.4). After secondary fixation in a 1% osmium tetroxide
solution in 0.085M sodium cacodylate, the tissue was dehydrated through a graded series o f
ethanols (70-I(X)% ), before vacuum infiltration and then e m W d in g in Spurr's resin for 18 hours
at 60^C. The undecalcified bone was ultrathin sectioned (60-100nm), collected on pioloform
coated 200 mesh grids and stained using uranyl acetate and lead citrate. The specim ens were
viewed in a Philips CM 12 transmission electron microscope. Mineral composition and structure
were analysed by x-ray m icroanalysis (X RM A ) on uncontrasted specim ens, x-ray pow der
diffraction (XRPD) and Fourier transform infra-red spectroscopy (FTIR).
Results:
Previously unreported ultrastructural findings have been observed in bone tissue from O.I.
patients. Mitochondria in many cell types demonstrated mineral in the form of needles or spherules
(Figures I & 2). Their presence was confirm ed by viewing uncontrasted specim ens and using
XRMA. Using XRPD, the crystal structure o f O.I. bone was determined to be apatitic in nature.
FTIR dem onstrated substitution of phosphate groups by carbonate groups. Fibres o f unknown
genesis were observed near or associated with the osteoid and in the marrow spaces of many O.I.
patients (Figures 3 & 4), these fibres varied in size and were diffusely distributed . Thickened
collagen fibrils with kinks were also observed (Figure 5) and some of the fibres appeared
continuous with collagen fibrils (Figure 6). Elastic fibres, reticulin, amyloid and amianthoid fibres
were discounted on the basis of their characteristic morphology.
ÇQPçlusiQn:
The mutation o f Type I procollagen genes m ay ultim ately result in a distortion o f the tertiary
structure of Type I collagen. The heterogeneous groups o f fibres observed in O.I. may demonstrate
de novo synthesis or degradation of altered Type I collagen. Alteration in the collagen fibril may
affect the m icroenvironm ent for nucléation and subsequent growth of bone m ineral, form ing a
mineral with a different composition from that found in normal bone.
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AN ANALYTICAL AND ULTRASTRUCTURAL INVESTIGATION OF BONE MINERAL IN
BRITTLE BONE DISEASE (OSTEOGENESIS IMPERFECTA).
J.P. Cassella, A C. Catterall, T.C.B. Stamp and S. Yousuf Ali
Department of Orthopaedic Surgery and Experimental Pathology, Institute of Orthopaedics, (UCL),
Royal National Orthopaedic Hospital, Stanmore, Middlesex, HA7 4LP, UK
No single analytical technique will provide all the information necessary for the interpretation of a
complex biological system. The mineralisation of bone is no exception, especially in a pathological
situation. Brittle Bone disease, a genetically and biochemically heterogeneous group of disorders is
characterised by the ease and frequency of bone fracture. Although Type I procollagen mutations have
been detected, few reports exist of the mineral and its relationship with the altered collagen.
X-Ray Microanalysis (XRMA), X-Ray Powder Diffraction (XRPD), Fourier Transform Infra Red
spectroscopy (FTIR) and ^^P Nuclear Magnetic Resonance spectroscopy (^ P NMR) were used to
study the composition, structure and resonance of the calcium-phosphate (Ca-P) in bone. Specimens of
bone were fixed in 2.5% gluteraldehyde solution (18 hours) at 4^C. The specimens were cut into small
pieces (I-3mm^) during the first hour of fixation, followed by secondary fixation in 1% osmium
tetroxide. The tissue was dehydrated through a graded series of ethanols before vacuum infiltration and
embedding in Spurr's resin for 18 hours at 60% . Ultrathin sections were contrasted and viewed in a
Philips CM 12 TEM. For image analysis, areas of osteoid were randomly chosen and photographed at
53,000x magnification. For XRMA, bone specimens were processed as above but osmium tetroxide
was omitted. Chemically pure standards; hydroxyapatite (HA), tricalcium phosphate (TCP), calcium
pyrophosphate (CaPyro) and calcium tetra-hydrogen orthophosphate (TOP) were processed as for the
bone specimens. Ultrathin sections (lOOnm) were cut and floated on 0.085M sodium cacodylate buffer.
Energy dispersive XRMA was performed using an EDAX 98(X) microanalysis system with a specimen
tilt angle of 20^ and a take-off angle of 40^, the count time was 200 live seconds. Fresh bone tissue was
cooled to -70°C and then freeze dried at -40°C for 48 hours. Specimens were then placed in a Gandolfi
X-ray powder camera and placed on a Philips PWlOlO x-ray generator and x-ray powder diffraction
patterns recorded using the Debye-Scherrer method. Bone in potassium bromide discs was placed in a
Nicolet 5DXC spectrophotometer for FTIR. Powdered bone was also analysed using solid state ^ P
NMR.
Osteoid collagen fibril diameter was measured using an image analysis system. Type I collagen fibril
diameter was determined to be larger in brittle bone specimens (60.4 nm), than in normal matched
controls (53.3 nm). Results from the FTIR (Figure I), XRPD (Figure 2) and ^^P NMR did not yield
any significant differences between brittle bone, normal bone, HA or TCP. XRMA demonstrated that the
Ca-P ratio of the mineral present in normal bone (Ca/P= 1.601) was similar to synthetic HA (Ca/P=
1.602). However, Ca-P ratios lower than those present in normal bone were found in brittle bones
(Ca/P= 1.479, Figure 3). These lower Ca-P ratios may be due to the presence of a mineral differing
from the apatite found in normal bone. TEM demonstrated the presence of fibrils of unknown genesis
intimately associated with Type I collagen and close to the osteoid (Figure 4). Mitochondrial calcification
in many cell types was also a feature of some bone specimens (Figure 5) with a low Ca-P ratio (Ca/P=
1. 100).
The analytical results indicate that despite the compositional change, the apatitic lattice structure is
somehow maintained. Although COg^" ion substitution was detected by FTIR, no quantitative data is
presently available. The larger Type I collagen fibril diameters in brittle bone speciinens suggest an
alteration in the packing of the collagen molecules. This may affect mineral nucléation sites or alter
potential binding sites for enzymes involved with mineral formation. The interaction between the
observed compositional changes and the ultrastructural abnormalites may help to explain the fragility of
the bone which causes it to fracture following minimal trauma.
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