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Clinical signs and diagnosis of osteogenesis
imperfecta in three dogs

Bonnie G. Campbell, DVM; Joyce A. M. Wootton, PhD; Lennart Krook, DVM, PhD;
JoAnn DeMarco, DVM; Ronald R. Minor, VMD, PhD

e Osteogenesis imperfecta is a heritable disease char-
acterized by brittle bones.

® |tis important to distinguish cases of osteogenesis
imperfecta from trauma and metabolic disease
when examining young dogs with multiple frac-
tures.

® Osteogenesis imperfecta can be diagnosed by ana-
lyzing type-I collagen from cultured skin fibroblasts.

’I‘hree young dogs with multiple fractures and with-
out a history of substantial trauma were examined
at Cornell University’s veterinary hospital during the
last 2 years. Clinical signs and results of serum bio-
chemical analyses, radiography, histologic examination,
and type-I collagen analysis for each dog were consis-
tent with osteogenesis imperfecta (OI). The most com-
mon cause of Ol is a mutation in 1 of the 2 genes
coding for type-I collagen. Structural defects in type-1
collagen result in brittle bones.

A 12-week-old sexually intact male Golden Re-
triever (dog 1) was examined because of muscle weak-
ness. The puppy came from a litter of 13, 3 of which
died shortly after birth. When purchased at 8 weeks
old, the puppy was smaller than its littermates and had
a hind limb lameness. Lameness resolved within 1 week,
but was followed by recurrent episodes of a hobbled
gait and 1 incident of the puppy being unable to walk.
Trauma was not included in the history. The puppy
was referred for evaluation of suspected neuromuscu-
lar disease.

On examination, the puppy was thin and small for
its age (6 kg [13.2 1b] at 3 months). It had a crouched
posture (Fig 1) and walked with a stilted gait, shilting
its weight to the forelimbs. There was generalized muscle
atrophy and weakness. The puppy’s teeth were pink.
Joint or skeletal abnormalities were not identified on
palpation. Results ol neurologic examination were con-
sistent with neuromuscular or skeletal disease.

Results of a CBC, urinalysis, and most serum bio-
chemical analyses were within reference ranges for a
12-week-old puppy. High activities of lactate dehydro-
genase (1,389 U/L) and creatine kinase (920 U/L) indi-
cated possible muscle injury or disease. Muscular dys-
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Figure 1—Dog 1, a 12-week-old Golden Retriever. No-
tice the crouched position and small size of the dog.
Physical examination revealed pink teeth.

trophy was considered unlikely, because activity of
creatine kinase was considerably less than the 30,000
U/L often detected with this disease. Baseline concen-
tration of triiodothyronine (T,) was low (0.58 ng/ml;
relerence range, 1 to 2 ng/ml), but baseline concentra-
tion of thyroxine (T,) was within the reference range
(2.58 pg/dl; reference range, 1.5 to 3.0 pg/dl). The puppy
was seronegative for Neospora caninum 1gG.

Radiography revealed long bone cortices that were
less opaque than normal, There were multiple incom-
plete fractures involving both ulnae, femurs, and tibiae
and the left ischium and right fifth rib. Callus forma-
tion and medullary sclerosis accompanied long bone
fractures. Abnormalities were not detected on radio-
graphs of the vertebral column. These findings were
consistent with abnormal bone metabolism or forma-
tion.

Differential diagnoses included renal or nutritional
secondary hyperparathyroidism and OI. Concentrations
of BUN and serum creatinine and results of urinalysis
were within reference ranges, so renal disease was un-
likely. The puppy had been adequately nourished. Par-
athyroid hormone and vitamin D concentrations were
not measured, but serum calcium (10.8 mg/dl) and
phosphorus (6.6 mg/dl) concentrations were within
reference ranges for the puppy’s age.

Twenty-four hours prior to euthanasia, 10 mg/kg
of body weight of oxytetracycline hydrochloride was
slowly injected intravenously to [luorescently label
newly formed bone. Immediately prior to euthanasia,
the puppy was anesthetized, and skin specimens were
obtained for fibroblast culture. Skin on the dorsolat-
eral aspect of the thorax (T10 to T11) was prepared for
biopsy by shaving and cleaning with povidone-iodine
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Figure 2—Radiographic view
of the right hind limb of dog
3. There are healing fractures
of the distal portions of the
femur and tibia and the proxi-
mal portion of the tibia. Gen-
eralized osteopenia is evi-
dent.

and 70% ethanol. Full-thickness, 1.5 X 3-cm elliptical
biopsy specimens were obtained using a No. 10 scalpel
blade and were placed in Simm’s balanced salt solu-
tion' containing 1% amphotericin B.2 The skin was
minced and transferred to tissue culture flasks con-
taining Dulbecco’s modified Eagle media with 20% fe-
tal bovine serum, 1% amphotericin B, and a 1% peni-
cillin-streptomycin solution.” Fibroblasts were allowed
to grow out onto the flask wall from the tissue for 5
days. The minced skin then was removed, and fibro-
blasts were grown to confluence.!

Postmortem radiographs of the puppy were ob-
tained. Generalized osteopenia was evident. Almost all
long bones, both ilia, and multiple ribs had fractures
in various stages of healing. The dentin of erupted and
nonerupted teeth was thin (dentinogenesis imperfecta),
and erupted teeth had multiple fractures. Bones were
split longitudinally to allow examination of oxytetra-
cycline-labeled regions with a UV lamp. Fluorescence
was detected around fractures, beneath articular carti-
lage, and around growth plates, but was much less
than expected in a 12-week-old puppy.

Microscopic examination of longitudinal and trans-
verse sections of the bones revealed little, if any, pri-
mary spongiosa, and thin trabeculae of secondary spon-
giosa were lined by a few atrophic osteoblasts. Numer-
ous cementing lines were evident. In the subperiosteal
lamellae, there were many layers of osteoprogenitor
cells, but few osteoblasts and little or no apposition of
osteoid on subperiosteal lamellae. There were also few
osteoclasts. In the inner cortex, Haversian and
Volkmann’s canals were wide and contained many bi-
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polar osteoprogenitor cells, but osteoblasts were sparse
and atrophic. In teeth, the dentin and predentin were
thin and odontoblasts were sparse and atrophic. In
contrast, ameloblasts were morphologically normal.
Sections from the thyroid and parathyroid glands and
kidneys were also histologically normal.

A female spayed Standard Poodle (dog 2) was ex-
amined by a referring veterinarian for multiple epi-
sodes of lameness. Physical examination and radio-
graphic findings obtained at 11 months of age were
suggestive of panosteitis, and the dog was treated with
rest and analgesics. At 1 year of age, the dog suffered a
nondisplaced compression fracture of the proximal
portion of the left humerus. Trauma had not been ob-
served. At 16 months of age, the dog’s right metacarpal
bones 11, 111, and IV were fractured after blunt trauma.
At this time, the referring veterinarian considered the
possibility of metabolic bone disease. The dog had been
on a well-balanced commercial dog food diet. Primary
and secondary hyperparathyroidism were ruled out by
determining that serum concentrations of 1,25(0OH),
vitamin D, 25-hydroxy vitamin D, intact parathyroid
hormone, and ionized calcium were within reference
ranges. The dog was referred for [urther assessment.

On physical examination, the dog had reduced
muscle mass and was lame on the right forelimb. Its
teeth were white. Results of CBC, serum biochemical
analyses, and urinalysis were within reference ranges.
Radiography of the left brachium, right antebrachium,
and carpus revealed generalized decreased bone opac-
ity and thinning of the cortices. Previous fractures had
healed. Osteogenesis imperfecta was the presumptive
diagnosis. The dog was sedated with acepromazine
maleate and oxymorphone hydrochloride, a biopsy site
on the dorsolateral aspect of the back was prepared,
and a full-thickness skin biopsy specimen was obtained
for type-1 collagen analysis as described for dog 1.

This dog was examined again at 2 years of age
after another episode of blunt trauma. The dog sus-
tained transverse, slightly comminuted fractures of the
distal portions of the right radius and ulna. General-
ized osteopenia was evident on radiographs. Whereas
in most instances a single plate on the radius would be
sufficient internal fixation, the radius and ulna were
plated because of the inherent fragility of bone in dogs
with OL

A 3-month-old female Beagle (dog 3) was exam-
ined because it was unable to stand and was small for
its age. Its teeth were white. The puppy had fractured
bones at 2 (right femur), 5 (both forelimbs), 11 (right
tibia), and 12 weeks of age (left femur). Most fractures
occurred after jumping down from a bed or the owner’s
arms. The puppy had been on a commercial dry dog
food diet, and littermates were not known to be af-
fected.

Results of a CBC and serum biochemical analyses,
including concentrations of parathyroid hormone, ion-
ized calcium, and vitamin D, were within reference
ranges. Radiography revealed generalized osteopenia
with fractures of the distal portions of the humeri, right
femur, and right tibia and proximal portions of the
right tibia and left femur with varying degrees of heal-
ing and callus formation (Fig 2). Laminae durae vis-
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Figure 3—Autoradiographs of 5% sodium dodecy! sulfate polyacrylamide gels used to separate labeled proteins
in the cell layer and culture media from dogs with osteogenesis imperfectas(Ol). Each lane contains *H-proline-
labeled proteins from the cell layer or culture medium collected from 1 dish of dog fibroblasts at the postiabeling
incubation time indicated. (A) Dog 3: 50 to 90% of pro-a. chains were processed to o chains in the cell layer and
culture medium, In the cell layer, the electrophoretic mobility of pro-o and o chains was identical at all time points.
In contrast, in culture medium, the electrophoretic mobility of the chains was noticeably slower at all time points
after the O-hour postlabeling incubation time. (B) Dog 2: 50 to 90% of pro-o. chains were processed to o chains
in the cell layer, but in the culture medium, there was almost no processing to mature o chains during the 8-hour
postlabeling incubation period. In culture medium, the electrophoretic mobility of these chains was also slower at
all time points after the 0-hour postlabeling incubation period. Abnormalities identified in specimens from dog 1
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were similar to those shown in (B).

ible on radiographs of the dentition appeared normal.
Generalized osteopenia indicated a metabolic cause for
the multiple fractures, but disuse could not be ruled
out because the puppy had spent most of its life with
splints on various limbs.

Internal fracture fixation was not considered a vi-
able option because of the extensive osteopenia. The
puppy was discharged from the hospital with instruc-
tions to the owners for strict rest; external coaptation
was not applied. Prognosis for recovery was guarded
to grave. One month later, the puppy was examined,
found to have additional long bone fractures, and eu-
thanatized. For fibroblast culture, a skin biopsy speci-
men was obtained from the dorsolateral aspect of the
thorax, using the procedures described previously.

On necropsy, all bones, including the vertebrae,
were brittle and snapped easily. Dentinogenesis
imperfecta was not evident. Histologic examination re-
vealed severe osteopenia in the trabecular and cortical
bones of the calvarium, ribs, proximal portion of the
humerus, vertebra, distal portion of the femur, and
tibia. Failure of osteoprogenitor cells to mature into
osteoblasts was supported by the existence of multiple
layers of bipolar osteoprogenitor cells between the
periosteum and trabeculae and by a generalized pau-
city of osteoblasts on trabecular surfaces. The density
of collagen in skin was histologically normal.

Because type-1 collagen constitutes > 85% of the
organic matrix of bone and provides the structural frame-
work for mineralization, COLI gene mutations often
manifest clinically as brittle bone. In clinically normal
animals, type-I procollagen is composed of 2 pro-o
1(1) chains (coded for by the COL1Al gene) and 1
pro-o. 2(1) chain (coded for by the COLIA2 gene).
After half of the proline and 25 to 35% of the lysine
residues in each chain are hydroxylated, the 3 pro-o
chains spontaneously wind up to form a triple helical
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procollagen molecule. Procollagen is secreted into the
extracellular matrix, where the C- and N-terminal
propeptides are enzymatically cleaved to produce col-
lagen. The collagen monomers spontaneously polymer-
ize into collagen fibrils, and cross-links form between
monomers within fibrils. In > 90% of cases of Ol in
human beings, a mutation in COL1Al or COLIA2
produces an altered pro-a chain that disrupts forma-
tion of the triple helix.? Structural defects in pro-o
chains include insertions or deletions of a few amino
acids and substitution of 1 amino acid for another.
These primary structural delects can lead to excessive
hydroxylation of lysine, premature degradation of struc-
turally abnormal collagen monomers, inability to pro-
cess procollagen to collagen, and kinks in the triple
helix.> The resulting collagen fibrils are thin and ir-
regular, and because type-I collagen is the scaffold for
bone mineralization, COL1 mutations result in brittle
bones.

For the dogs of this report, fibroblast cultures were
produced from skin biopsy specimens. Although clinical
signs of Ol usually are notapparent in the skin, mutations
in the COL1 genes are reflected in the structure of type-1
collagen synthesized by skin fibroblasts. Because the pro-
line content of collagen is much higher than that of other
proteins, collagens produced by cultured fibroblasts can
be preferentially labeled with *H-proline. The effects of a
COL1 mutation are seen as a change in procollagen pro-
cessing, a change in the electrophoretic mobility of type-
I procollagen or collagen, or both.

A cell culture assay is used to detect abnormalities
of procollagen processing. Five dishes of postconfluent
skin fibroblasts from clinically normal dogs and dogs
with brittle bones are pulse labeled for 1 hour with “H-
proline, then incubated with unlabeled media for 0, 1,
2, 4, or 8 hours.' At each time point, the culture me-
dium and cell layer are collected from 1 dish. A few
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Figure 4—Autoradiographs of 5%
sodium dodecyl! sulfate polyacryla-
mide gels used to separate hydroxy-
lated, pepsin-digested type-l col-
lagen from skin fibroblasts of dogs
with Ol. {Left) The hydroxylated 1(l}
and 2(l) chains from dogs 1 (CU 1}
and 3 (CU 3) migrate more slowly
than the adjacent controls from a
clinically normal dog (N2). This ab-
normality is consistent with
overhydroxylation caused by a de-
lay in triple helix formation in type-
| collagen of dogs with Ol. {Right)
The hydroxylated 1(l) and 2(l) chains
of dog 2 (CU 2) migrate farther than
the controls from clinically normal
dogs (N1 and N2). This abnormality
is consistent with a structural
change in the type-I collagen of dog
2 that causes the collagenous triple
helix to be susceptible to pepsin di-
gestion.

a 1«(])

mutations affect intracellular procollagens, whereas
others affect soluble procollagens in the culture me-
dium. Labeled proteins are separated by means of so-
dium dodecyl sulfate polyacrylamide gel electrophore-
sis. If procollagen processing is normal, 50 to 90% of
labeled protein will be processed to collagen by the
end of the 8-hour incubation.!# In cultured fibroblasts
from dog 3, 50 to 90% of the procollagen was pro-
cessed to ol chains in the cell layer and culture me-
dium (Fig 3A). In contrast, procollagen processing was
delayed in the culture media of cells from dogs 1 and
2 (Fig 3B).

Structural defects of type-I collagen also may be de-
tected with sodium dodecyl sulfate polyacrylamide gel
electrophoresis of *H-proline labeled protein. Compared
with clinically normal patients, the electrophoretic migra-
tion of hydroxylated collagen from patients with OI is
often slowed.? This is because a COL1 mutation that de-
lays helix formation allows additional lysine residues to
be hydroxylated, increasing the bulk of the o chains. The
electrophoretic mobility of procollagen was delayed in
culture media of cells from all 3 dogs (Fig 3A and 3B).

Digestion of the nonhelical C- and N-terminal
propeptides of procollagen with pepsin allows analysis
of the mobility of the triple helical region of the mol-
ecule.* The mobility of pepsin-resistant ¢ chains from
dogs 1 and 3 was slowed, indicating overhydroxylation
(Fig 4, left). In contrast, the migration of pepsin-resis-
tant ¢, chains from dog 2 was faster than usual (Fig 4,
right). This finding is consistent with a structural ab-
normality in type-I collagen that allows pepsin to cleave
the molecule within the normally resistant triple helix.
Similar changes were observed in processed specimens
from a human being with Ol. In that instance, a COL1A1
mutation in a splice site introduced a noncollagenous
insertion in the triple-helical region.’

186  Clinical Report

Scientific Reports

The incidence of OI in human beings is approxi-
mately 1 case/25,000 births.® Osteogenesis imperfecta
in cattle has also been reported. In the latter species, it
is an autosomal dominant condition characterized by
multiple spontaneous fractures, generalized joint lax-
ity, and dentinogenesis imperfecta.”'° Excessive modi-
fication of collagen has been described for Ol in cattle.!
Osteogenesis imperfecta has been suspected as a cause
of bone [ragility in dogs,""'? cats,"*'* a tiger,'” and sheep.'®
However, other causes of pathologic fractures were not
thoroughly ruled out for these animals, and biochemi-
cal studies of collagen were not perlormed.

Differential diagnoses for muldple fractures in
young dogs include trauma, nutritional or renal sec-
ondary hyperparathyroidism, and OI. Neoplasia and
primary hyperparathyroidism are less likely in young
dogs, although congenital primary hyperparathyroid-
ism in 2 German Shepherd Dogs has been repored.'” A
presumplive diagnosis of Ol was made for each dog
described in this report after serologic evaluation ruled
out parathyroid-related disease. However, physical abuse
remained a consideration.

The aforementioned cell culture assay provided
the first evidence of a structural abnormality in type-I
collagen in these dogs. Specifically, failure of procollagen
processing in dogs 1 and 2, and abnormal electrophoretic
mobility of pepsin-resistant a chains in dogs 1, 2, and
3 are consistent with a mutation in 1 of the COL1
genes.

More than 90% of human beings with OI have an
autosomal dominant mutation in COL1A1 or COL1A2.2
Four types of OI have been identified in human beings
on the basis of the severity of disease.'® The clinical
expression of Ol ranges from type 1 (a mild form with
few fractures) to type IV and type 111 (in which there is
increasing bone fragility and deformity) to type IT (which
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is lethal in the perinatal period because of multiple
fractures and severe deformity). Dentinogenesis
imperfecta and hearing loss are reported in types I, 111,
and IV, whereas blue sclerae are sometimes seen in
types | and 11I. Children with multiple fractures caused
by Ol are often initially mistaken as victims of physical
abuse.

Consistent with OI types Il and 1V, all 3 dogs in
this study survived the perinatal period but suffered
multiple fractures at a young age, with minimal to no
associated trauma. Dogs 1 and 3 could be classified as
having OI type III on the basis of their small stature,
the existence of fractures in nearly every long bone,
and evidence of disease at a young age (dog 1, 8 weeks;
dog 3, 2 weeks). Dog 1 also had dentinogenesis
imperfecta. In contrast, dog 2, which achieved a nor-
mal body size, had fewer [ractures and did not have
signs referable to O1 until 11 or 12 months of age,
could be classified as having OI type IV.

After ruling out other causes of metabolic frac-
tures, OI should be considered in young dogs with
multiple fractures and without a history of substantial
trauma. It is possible that many cases of Ol in dogs are
misdiagnosed as physical abuse or just “bad luck” when
a dog suffers from multiple fractures and serologic tests
do not reveal a metabolic cause. It is also likely that
perinatal lethal Ol (type IT) in dogs is missed, as necropsy
of neonates is uncommon. The hallmark sign of Ol is
brittle bone. Findings of osteopenia and dentinogen-
esis imperfecta (seen as pink teeth) in a young dog are
consistent with OI, but pink teeth are not found in
every case of Ol and there are many causes of osteopenia.
Definitive diagnosis of Ol is currently made by analyz-
ing type-1 collagen from cultured skin fibroblasts.

sGIBCO No. 6005295, GIBCO Laboratories, Grand Island, NY.
bGIBCO No. 6105300, GIBCO Laboratories, Grand Island, NY.

References

1. Minor RR, SippolaThiele M, McKeon J, et al. Defects in the
processing of procollagen to collagen are demonstrable in cultured
fibroblasts from patients with the Ehlers Danlos and osteogenesis
imperfecta syndromes. J Biol Chem 1986;261:10006-10014.

JAVMA, Vol 211, No. 2, July 15, 1997

Scientific Reports

2. Kuivaniemi J, Tromp G, Prockop DJ. Mutations in col-
lagen genes: causes of rare and some common diseases in humans.
FASEB ] 1991;5:2052-2060.

3. Prockop DJ. Mutations that alter the primary structure of
type 1 collagen. J Biol Chem 1990;265:15349-15352.

4. Vogel BE, Minor RR, Freund M, et al. A point mutation in
a type 1 procollagen gene converts glycine 748 of the 1 chain to
cysteine and destabilizes the triple helix in a lethal variant of os-
teogenesis imperfecta. J Biol Chem 1987;262:14737-14744.

5. Bateman JF, Chan D, Moeller I, et al. A 5' splice site muta-
tion affecting the premRNA splicing of two upstream exons in the
collagen COL1A1 gene. Exon 8 skipping and altered definition of
exon 7 generates truncated pro alpha 1(I) chains with a
noncollagenous insertion destabilizing the triple helix. Part 3.
Biochem J 1994;302:729-735.

6. Prockop DJ, Kivirikko KI. Heritable diseases of collagen.
N Engl J Med 1984;311:376-386.

7. Termine JD, Robey PG, Fisher LW, et al. Osteonectin, bone
proteoglycan, and phosphophoryn defects in a form of bovine os-
teogenesis imperfecta. Proc Natl Acad Sci U S A 1984;81:2213—
2217.

8. Denholm 1], Cole WG. Heritable bone fragility, joint lax-
ity and dysplastic dentin in Friesian calves: a bovine syndrome of
osteogenesis imperfecta. Aust Vet J 1983;60:917.

9. Agerholm ]S, Lund AM, Bloch B, et al. Osteogenesis
imperfecta in Holstein-Friesian calves. Zentralbl Veterinarmed [A]
1994;41:128-138.

10. Jensen PT, Rasmussen PG, Basse A. Congenital osteogen-
esis imperfecta in Charolais cattle. Nord Veterinaermed 1976;28:304—
308.

11. Hoorens J, De Sloovere J. Osteogenesis imperfecta bij de
hond. Vlaams Diergeneeskd Tijdschr 1972;41:515-521.

12. Holmes JR, Price CHG. Multiple fractures in a Collie:
osteogenesis imperfecta. Vet Rec 1957;69:1047—-1052.

13. Cohn LA, Meuten DJ. Bone fragility in a kitten: an osteo-
genesis imperfecta-like syndrome. J Am Vet Med Assoc 1990;197:98—
100.

14. Omar AR. Osteogenesis imperfecta in cats. J Pathol Bact
1961;82:303-313.

15. Horvath SA, Francestri FL, Riveross V. Treatment of os-
teogenesis imperfecta in a tiger (Panthera tigris). Av Cienc Vet
1986;1:49-51.

16. Kater JC, Hartley WJ, Dysart TH, et al. Osteogenesis
imperfecta and bone resorption: two unusual skeletal abnormali-
ties in young lambs. N Z Vet J 1963;11:41-46.

17. Thompson KG, Smylie WA, Quick CB, et al. Primary
hyperparathyroidism in German Shepherd Dogs: a disorder of prob-
able genetic origin. Vet Pathol 1984;21:370-376.

18. Smith R. Osteogenesis imperfecta: from phenotype to
genotype and back again. Int J Exp Pathol 1994;75:233-241,

Clinical Report 187





