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Abstract This study was conducted
to refine a small animal model of
scoliosis, and to quantify the defor-
mities throughout its growth period.
Subcutaneous scapula-to-contralat-
eral pelvis tethering surgery was
selected due to its minimally invasive
nature and potential applicability for
a large animal model. The procedure
was performed in 7-week-old New
Zealand white rabbits. Group A
animals (n=9) underwent the teth-
ering procedure with a suture that
spontaneously released. Group B
animals (n=17) had the identical
procedure with a robust tether and
pelvic fixation, which was maintained
for 2 months during growth. All
animals developed immediate post-
operative scoliosis with a Cobb angle
of 23� (range, 6–39�) in group A and
59� (range, 24–90�) in group B ani-
mals. During the 2 month post-teth-
ering, group A animals lost their
tether and scoliosis resolved, whereas
all animals in group B maintained
their tether until scheduled release at
which time the mean scoliosis was
62�. Immediately after tether release,
group B scoliosis decreased to a mean
53�. Over the following 4 months of
adolescent growth, the scoliosis
decreased to a mean of 43� at skeletal
maturity; the decrease usually

occurred in animals with less than 45�
curves at tether release. Radiographs
revealed apical vertebral wedging
(mean 19�) in all group B animals.
Sagittal spinal alignment was also
assessed, and for group B animals,
the scoliotic segment developed mild
to moderate kyphosis (mean 28�) and
torsional deformity, but the kyphosis
resolved by 4 months after tether-re-
lease. Complications specific to this
technique included a high rate of
transient scapulothoracic dissocia-
tion and cases of cor pulmonale. In
conclusion, this tethering technique
in immature rabbits consistently
produced scoliosis with vertebral
wedging when the tether was intact
through the first 2 months of the
protocol. The transient exaggeration
of kyphosis suggests that the pro-
duction of scoliosis is not necessarily
dependent on lordosis in this model.
Because this technique does not vio-
late thoracic or spinal tissues, it may
be useful in the investigation of sec-
ondary physiologic effects of
mechanically-induced scoliosis, and
may be scalable to larger animal
species.
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Introduction

Prospective randomized clinical trails provide the most
accurate and clinically relevant information on the
treatment of a disease. However, the application of
experimental techniques in randomized human studies
of scoliosis treatment is limited by ethical consider-
ations. For this reason, a practical animal model of
scoliosis would have great potential for gaining insight
into the progression of and treatments for scoliosis.
Specifically, our institution is interested in potential non-
fusion treatments of scoliosis.

Scoliosis models have been created in animals by
many techniques. Teratogenic scoliosis was induced by
using endocrine or pharmacological treatments [3, 11,
13–15, 17, 18, and 31]. Other techniques had produced
neuromuscular types of scoliosis [1, 2, 5, and 22].
Immobilization techniques were previously used [4, 8, 9,
12, 20, and 27], and some scoliosis induction techniques
included rib resection and/or muscle release [7, 23, 28,
and 29]. Other surgical models have used a variety of
tethering procedures, typically in small animals [16, 24,
25, and 30].

The purpose of this pilot study was to refine a mini-
mally invasive scoliosis model in a small mammalian
species for use in directly investigating physiologic
changes resulting from a mechanically produced curve,
which could later be applied to a larger animal model in
which human-sized technologies and devices would be
applicable. The ideal technique would result in an un-
fused spine with a reproducible Cobb angle between 30�
and 60� and would not violate the tissues surrounding
the vertebra so that future corrective treatments could be
applied. After a careful review, the technique of scapula-
to-contralateral pelvis tether was identified as the most
promising method meeting the above requirements [30].
The specific aim of this study was to quantify the
coronal and sagittal deformities resulting from spinal
growth in the presence of a static scapula-to-contralat-
eral pelvis tether, and to assess the reliability of such a
model of scoliosis.

Materials and methods

New Zealand white rabbits were used in this experi-
mental study of the scapula-to-contralateral pelvis
tethering surgical technique. Institutional Animal Care
and Use Committee approval was obtained. Based upon
the pilot data, two groups were analyzed: group A
rabbits had a tether that spontaneously released (usually
within 4 weeks), and group B rabbits had a robust tether
that required surgical release. All animals were approx-
imately 7 weeks old at the time of the tethering proce-
dure. Animals of this age were chosen because the

tethering period and release could still be performed
prior to maturity of the animal [19]. This allowed
observation of the post-tethered rabbit spinal deformity
during remaining adolescent growth.

Preoperatively, all animals received antibiotics [gen-
tamicin 5 mg/kg subcutaneously (SQ)], and were anes-
thetized with ketamine (35 mg/kg), xylazine (5 mg/kg),
and acepromazine (0.75 mg/kg) administered intramus-
cularly.Animalswere divided into two treatment protocol
groups based on the type of tether.

Operative tethering of the scapula to the contralateral
pelvis in all animals consisted of an incision over the
scapular neck and another incision over the contralat-
eral iliac crest after which a subcutaneous tunnel was
formed using blunt techniques. The tether was then
passed through the subcutaneous tunnel with group A
animals (n=9) using size O permanent braided sutures
(Ethibond, Ethicon, Cincinnati, OH, USA). The suture
was shortened so that the pelvis and scapula were drawn
together to 90–95% of the original scapula-to-pelvis
distance. The tether was easily palpable just below the
skin of all animals. Group A animals reliably lost their
tether typically within 4 weeks. Group B animals
(n=17) had an identical procedure but with a robust
non-resorbable No. 5 suture (Ethibond) shortened to
85–95% of the original scapula-to-pelvis distance, of
which none failed. The more robust nature of the group
B tether allowed for slightly greater shortening. Addi-
tionally, fixation to the pelvis entailed use of 0.9 mm
stainless steel wire that had been formed into a figure-
of-eight-shaped ‘‘toggle pin’’ (Fig. 1). This toggle pin
was placed in such a manner that it distributed force
against the outer table of the iliac wing when tension was
applied to the suture. A percutaneous tether release
surgery was performed on all animals with intact tethers
2 months after the index tethering procedure.

Post-operative care included analgesics (buprenor-
phine 0.05 mg/kg SQ every 8 h) and antibiotics (enro-
floxacin 5 mg/kg per day, SQ) for 3 days. All animals
had weekly clinical assessment for weight gain and
mobility (subjective visual analysis of animal’s gait, as
they crossed a 2 m track). Animals were followed until
6 months post-operatively at which time they were
euthanized. Animals that spontaneously lost their teth-
ers were euthanized when their scoliosis had normalized
to approximately zero degrees. Euthanasia was achieved
by intracardiac injection of 20 mEq potassium chloride.
Necropsy was performed in all animals to confirm the
presence or absence of deformity and to correlate the
deformity to the radiographs. Additionally, manual
spinal flexibility of each specimen was qualitatively
evaluated at the time of necropsy.

Posteroanterior (PA) and lateral radiographs of the
spine were taken with animals under general anesthesia
at preoperative and immediate post-operative time
points, and monthly thereafter, until 4 months after
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surgical tether release by which time animals had grown
into mature adults. Radiographs were evaluated for
spinal deformity and other bony abnormalities. The
coronal and sagittal plane deformities were measured on
PA and lateral radiographs by a single observer using the
Cobb method [32]. Intra-observer variation was assessed
by measuring the sagittal and coronal Cobb angles from
five radiographs on three different days. Observer error
was estimated using analysis of the components of vari-
ance. This analysis found an observer standard deviation
of 6.3� for kyphosis and 4.5� for scoliosis.

Apical wedging and spinal length were measured
from PA radiographs. Wedging was measured as pre-
viously described [26] immediately after tether release
and at 4 months after tether release (6 months after
initial tethering). Lines were drawn digitally on PA
radiographs across superior and inferior endplates of the
apical vertebrae. Wedging was then measured as the
angular difference between these lines, and the opening
end of the angle was noted to be oriented toward the
concavity or convexity of the curve. Some degree of disc
wedging was also noted in the apical region but was not
quantified in this study. Spinal length was measured at
the time of initial tethering and at 4 months after tether
release from the T1-2 disc space to the L5-6 disc space.

Statistical analysis included linear regression to cal-
culate the correlation coefficient between (i) the percent
shortening of the suture and initial coronal curve (ii) the
final coronal curve and percent shortening of the suture,
and (iii) the magnitude of the main scoliotic curve and
the degree of apical wedging. A paired t-test was used to
compare the curve magnitudes between the monthly
radiographs. p values less than 0.05 were considered
statistically significant.

Results

Preoperative radiographs of all animals in group A
(n=9) confirmed no pre-existing scoliosis, and all
survived the index surgery. The mean post-operative
scoliosis of group A animals was 23� (range, 6–39�).
Seven of the animals lost their tethers before the 1-
month X-ray, and the remaining two animals lost their
tethers before the 2-month X-ray. Clinically, one could
detect the loss of the tether in the subcutaneous tissue by
palpation through the rabbit’s thin skin. In these ani-
mals with spontaneous release of their tethers, there was
a corresponding resolution of their scoliosis. Necropsies
performed in this group confirmed tether failure, as well
as the mode of failure. Four of the nine animals lost
fixation at the pelvis due to the tensioned suture pulling
through the weak pelvic bone. Intrasubstance failure of
the size O non-absorbable braided suture occurred in the
other five animals.

Of the 17 animals in group B, 11 survived through
6 months follow-up to skeletal maturity. Two rabbits
succumbed to anesthesia-related complications, one died
of an unknown cause 1 week postoperatively, and two
animals were euthanized due to wound infections
that did not respond to a minimum of 10 days of anti-
biotics. One rabbit, with scoliosis of 110� at 6 weeks
post-tethering, continued to have cyanosis and failure to
thrive despite tether release 2 weeks early. This animal
was euthanized early due to presumed cor pulmonale.

Preoperative radiographs revealed no scoliosis in any
of the group B animals. After tethering surgery, an
immediate scoliosis was obtained with a mean Cobb
angle of 59� (range, 24–90�, n=14), as shown in Fig. 2.

Fig. 1 Schematic of scapula-to-
contralateral pelvis tethering
procedure in group B (2 months
intact tether) animals. Inset
shows figure-of-eight-shaped
‘‘toggle pin’’
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This was significantly different from pre-operative values
(p<0.001), and all curves were concave toward the side
of the tethered scapula. At 1 month, the scoliosis in this
group was a mean of 60� (range, 15–110�, n=14). At
2 months, just prior to the time of the tether release, the
mean Cobb angle was 62� (range, 32–120�, n=11).
Immediately after tether release, scoliosis decreased to a
mean 52� (range, 32–110�, n=11, p=0.008). By skeletal
maturity at 6 months after tethering surgery (and
4 months after tether release), the mean scoliosis sig-
nificantly decreased from its immediate post-release va-
lue to 43� (range, 11–123�, n=11; p=0.02). Four of six
animals with scoliosis greater than 45� maintained or
had progression of their scoliosis. Curves stabilized by
2 months after tether release, and changed by only a
mean 0.6� (range, )9–9�) in the last 2 months of the
study. Initial Cobb angles significantly correlated with
the percent of suture shortening (R2=0.37, p=0.006).
However, the percent of suture shortening and initial
curve did not correlate with the final curve (p=0.57 and
0.37, respectively). Conversely, the curvature immedi-
ately after tether release did have a highly significant
correlation with the final curvature (R2=0.59,
p<0.0001).

All apical vertebral bodies were wedged toward the
curve concavities. Apical wedging angles averaged 11�
(±7� standard deviation) immediately after tether
release and 19� (±11�) at 4 months post-release. The
final scoliotic curve was proportional to the degree of

wedging after tether release (R2=0.67, p=0.002) and at
4 months post-release (R2=0.51, p=0.01). Animals with
greater than 10� of vertebral body wedging maintained
or had progression of their scoliosis. The initial spinal
length was 18.4±1.3 cm, and by the 6 month duration
(4 months post-tether), animals had grown by a mean
46±6% to 26.9±1.8 cm. The percent spinal growth did
not correlate well with the degree of final scoliosis
(R2=0.03, p=0.6).

By 4 months post-tether release, there were eight
animals in group B with single scoliotic curves; seven
had the apex of their scoliosis between T5 and T10
(Fig. 3), and one with a lumbar curve had the apex at
L3; three animals had double thoracic curves. As for
animals with multiple curves, only the largest curve was
used in the statistical analysis.

Sagittal radiographs found that the scoliotic segment
became more kyphotic compared to preoperative mea-
surements in 16 of 17 group B animals 1 month after
tethering surgery, with a mean increase of 28� (p<0.001,
Fig. 4). However, this increase in kyphosis was transient
(Fig. 5). By 4 months after tether release, the kyphosis
resolved in all but one animal (kyphosis of 65�). This
animal had severe scoliosis and radiographs also re-
vealed a high degree of torsional deformity. The group
A animals, which had no lasting scoliosis, did not have
any significant change in their sagittal alignment.

Front limb gait abnormalities were noted in the
tethered extremity in all but two of group B animals

Fig. 2 Coronal plane curvature
(mean Cobb angle, and error
bars indicate one SD) for each
experimental animal group as a
function of time and tether
integrity. Group A=self-
releasing tether; group
B=2 months intact tether
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1 month after tethering surgery. Radiographs of these
animals at 1 month identified varying degrees of scap-
ulothoracic dissociation (Fig. 6). These gait disturbances
and deformities were resolved by 4 months after tether
release in all but one animal.

Post-mortem radiographs and necropsies revealed
scoliosis and a rotation of the vertebrae in all animals of
group B. Wedging of the apical vertebral bodies on the
concave aspect of the curves confirmed radiographic
findings.Radiographs also confirmedgowth-plate closure
of all animals of 6-month duration. Gross examination
revealed stiff but unfused segments at the apex of the
curve.

Discussion

In this minimally invasive rabbit model of scoliosis, all
animals maintaining an intact tether developed scoliosis
with a mean final curve of 43�. Curves also exhibited
sagittal and rotational deformity, and apical vertebral
wedging toward the concavity of the scoliotic curve. The
current study had more rigorous analysis than a prior
study of this tethering scoliosis animal model [30]. The
results of the present study found many similarities to
this previous study, and differences as well. Comparison
between group A group B demonstrated that reliable

Fig. 3 Example of group B
coronal radiographs demon-
strating cases of single (a) and
double (b) scoliosis at skeletal
maturity (6 months and
4 months after tether release)

Fig. 4 Example of group B
sagittal radiograph demon-
strating kyphosis and axial tor-
sion
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production of scoliosis required an intact tether for a full
2-month period. This time period corresponds to
approximately one-third of the rabbit growth period.
Group A, which may be considered a sham control
group, also demonstrated that concave surgical scarring
did not result in scoliosis. It should be noted that
although the degree of surgical invasiveness was similar
to groups A and B, the amount of tether shortening was
slightly greater for group B. This is the most likely
reason for the difference in the initial scoliosis curves
between the two groups.

Group B tethers were surgically released after
2 months, by which time the rabbits had reached the age
of 15 weeks. Published growth curves show that at
15 weeks, the New Zealand White rabbit reaches only

67% of its adult weight [19]. The model, therefore,
produced an adolescent type of scoliosis at the 15-week
time point, which was one goal of this study. In future
applications of this model, it may be possible to remove
the tether earlier in order to allow for a greater time
period for growth-related treatments of scoliosis. How-
ever, early tether release may only be possible in animals
with vertebral wedging greater than 10� and scoliosis
over 45�; smaller values would otherwise lead to a sub-
sequent decrease in the magnitude of scoliosis as sug-
gested by group A results. Prolonged tethering of larger
curves may result in severe scoliosis and the risk of
developing cor pulmonale.

The magnitude of scoliosis in the present study had
considerable variation, and ranged from 11� to 123�.

Fig. 5 Sagittal plane curvature
(kyphosis, mean and error bars
indicate one SD) for each
experimental group as a func-
tion of time and tether integrity.
Group A=self-releasing tether;
group B=2 months intact
tether

Fig. 6 a Radiographic evidence
of typical scapulothoracic dis-
sociation, and b a schematic
illustrating the magnitude of the
dissociation
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Initial tether shortening correlated with the initial degree
of curvature, but the final degree of curvature did not
correlate with the initial tethered curve. Initial tension of
the tether was not directly measured, but was assumed
to have been proportional to the percent shortening.
However, the tether tension likely changed over time due
to pelvic tilt, scapular subluxation, tether or soft tissue
creep, spinal growth, and animal activity. Changes in
tether tension rather than length may explain the vari-
ability in final curvature and the poor correlation of the
final curve and initial tether shortening. Future studies
with an implantable load cell and telemetry, over the
length of the study, would allow measurement of tension
due to the initial tether shortening and over time related
to soft tissue relaxation, and spinal growth. A tension
threshold could possibly be established for progressive
versus non-progressive scoliosis using the current animal
model.

While the final curve magnitude could not be
accurately predicted at the time of tethering, the degree
of curvature and vertebral wedging just after tether
release were good predictors of the final curves. That is,
once a larger curve was established, it was unlikely to
resolve. In a prior study by Tsaung et al. [30], curva-
tures over 45� were maintained or progressed by a
mean 15� at final follow up. Similarly, 3 of 11 animals
in the current study with scoliosis over 45� had main-
tenance of the curvature, whereas smaller curves sta-
bilized at a lower value. In our study, the information
on early curve magnitude could be used to reduce error
when randomizing animals to treatment groups in fu-
ture applications of this model. That is, variability can
be reduced by performing experimental treatments only
on the rabbits that have a scoliosis of 40� to 45� or
more after their tether release. Animals with post-tether
curves of less than 40� often had a decrease in curve
magnitude over time and thus would create false pos-
itives for treatment effects. Somewhat analogous to
human scoliosis, larger curves are more likely to pro-
gress, and prediction of scoliosis progression is a key
factor in the decision whether or not to surgically
intervene. Similar to greater curves at tether release
predicting greater final curves, greater apical vertebral
body wedging at the time of tether release predicted
greater final curves and is similar to a previously de-
scribed study [6]. Furthermore, while the amount of
total spinal growth over the 6 month-study period did
not seem to affect the degree of scoliosis, it is still
possible that the growth rate during the tether period
may be related to curve magnitude.

Despite success in consistently producing scoliosis,
this animal model had several limitations. A modifica-
tion of the originally described protocol [30] was nec-
essary to ensure suture/pelvic bone integrity for the
entire tethering period. In addition, as reported previ-
ously in other rabbit studies, survival rates were rela-

tively low [10, 30], and 6 of the 26 animals in this study
died prematurely. Scapulothoracic dissociation and
associated gait abnormalities were also noted in most
animals. However, this condition resolved after tether
removal in all animals.

The animal model used in the present study had many
similarities to human idiopathic scoliosis, which is
characterized as a three-dimensional deformity with
curvature in the coronal plane, axial rotation of the
vertebrae, progression during growth (particularly for
curves over 45�), and vertebral wedging at the apex of
the curve [26]. Additionally, compared to other scoliosis
models cited in the introduction, the technique of the
present study also produced cases of double curves. In
humans, scoliosis may also be accompanied by decrease
in the normal thoracic kyphosis. Some authorities be-
lieve that loss of thoracic kyphosis is essential to the
etiology of scoliosis as a three-dimensional deformity.
However, others have found that hypokyphosis is vari-
able in scoliosis patients [10, 21]. Unlike our results, a
prior study of the tethered rabbit model of scoliosis re-
ported lordoscoliosis, yet similar to the present study,
found axial rotational deformity [30].

The present application of this model resulted in a
transient kyphoscoliotic deformity during curve forma-
tion. Exaggeration of a rabbit’s normal kyphosis may be
expected in this model as the caudal and medial tether
forces draw the scapula toward the pelvis, thereby
increasing the kyphotic profile already present in the
rabbit. So, while the initiation of scoliosis in the animal
model is different than in human scoliosis, the findings
of this study support the concept that coronal curve
development and progression do not require a lordotic
sagittal spinal profile.

While the scoliotic spines in this model may differ in
size from those in human cases, the unseperated ado-
lescent scoliotic spines produced in this model were
truly three-dimensional, and therefore provide a valu-
able research tool. In addition to the coronal and
sagittal plane deformities, torsional and vertebral
wedging components were identified and warrant high-
resolution axial CT scans with reconstructions in future
studies. This would quantify vertebral rotation, asso-
ciated rib and chest deformities, as well as three-
dimensional vertebral body asymmetry. Furthermore,
the lack of surgical intervention directly to the spine
lends this model to histologic analysis of the apical
endplates, which became wedged in the asymmetric
load environment. The many similarities of this animal
model to the human case also allow analysis of sec-
ondary conditions related to scoliosis such as thoracic
volume changes and pulmonary restrictive disease. Fi-
nally, application of this technique to a larger animal
may allow more measurements on the human scale, and
would enable surgical intervention using techniques
intended for human use.
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Conclusion

This study confirmed that tethering of sufficient duration
at the time of adolescent growth of animals predictably
produced scoliosis with a mean curve magnitude be-
tween 40� and 45�. This model exhibited several simi-
larities to human scoliosis including variability of the
curve magnitude, progression of large curves during
adolescent growth and a three-dimensional deformity

including wedging of the apical vertebrae. This small
animal model may be applied to studies of secondary
conditions related to a mechanically-derived curve, and
may have applicability to larger animals for evaluation
of treatments for scoliosis in humans.
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Spinal problems – you’re getting on my nerves 
 

Jay E. Hreiz, VMD – Veterinarian - ARBA Judge #789 
 

Domestic rabbits have one of the lowest percentages of body weight devoted to their skelton (8%).  

In comparison, the skeleton of a cat (another lightly boned animal) is 13%.  Rabbits account for this 

discrepancy by having a very powerful and well developed muscular system.  The combination of powerful 

muscles and a light skeleton place rabbits at a much higher risk of injuring themselves when they struggle 

excessively. 

Spinal injuries unfortunately are a common problem we encounter as rabbit breeders.  The fragile 

skeleton coupled with a long, arched back is subject to massive stress and strain when rabbits are placed in 

awkward situations.  Some of these problems are caused by our interactions with rabbits while others are 

simply a consequence of mother nature.  A quick tour of the spine of the rabbit is necessary before we 

proceed.  The first two segments are termed the atlas followed by the axis which are located right behind 

the head.  From head to tail there are seven cervical vertebrae, twelve thoracic vertebrae, seven lumbar 

vertebrae, and sixteen caudal vertebrae (this is the tail).  Fractures of the vertebral column can occur when a 

rabbit is improperly handled, struggles excessively, or launches itself in a manner that twists and contorts 

the body into this situation.  Other events such as fireworks, violent thunderstorms, and other sources of 

loud noise can cause rabbits to “spook,” contort their back, and result in a fracture.   

Most of the fractures occur along the seven lumbar vertebrae which is essentially the lower 

midsection and hindquarter region.  Vertebral fractures unfortunately carry a poor prognosis because 

running along the spinal column is the spinal cord.  Injuries to the spine affect the structures caudal (or 

behind) the injury.  With this in mind, injuries to the back generally causes a paresis (weakness) or 

paralysis of the hind legs.  Other signs, if severe enough, include loss of bladder control, fecal incontinence, 

and lack of the ability to perceive pain.  A forceful pinch of the hind legs or toes is a great way to assess 

pain perception.  Rabbits with sensation in the hind legs will jerk the leg away from the pinch while those 

that are paralyzed will simply act as if nothing is happening.   

Minor injuries to the back with simply weakness may respond well to a variety of anti-

inflammatory medications such as the NSAID Meloxicam or steroid prednisolone.  Most injuries, 

unfortunately, carry a very poor prognosis and humane euthanasia must be performed to relieve suffering.   



 We will shift our attention further up the spinal column.  During a typical rabbit show, 

occasionally an animal will be disqualified for a “hooked spine.”  This can occur in any breed but we tend 

to see it more in rabbits that are posing higher off the ground such as the full arch breeds and posed breeds 

like the Netherland Dwarf, Holland Lop, etc.  What exactly is this abnormality, why does it occur, and how 

can it be prevented and/or treated?  The scientific term for this condition is called thoracic scoliosis or 

lordoscoliosis (we will abbreviate this from now on as LS).  The human equivalent of this condition would 

be an individual with spinal scoliosis thus the condition is studied readily in rabbit models.  This deformity 

was discovered incidentally in Japan in the early 1980’s. 

 This condition in domestic rabbits tends to follow a pattern as the animal develops.  The problem 

is usually not evident at birth.  First signs generally are noted between four and six weeks and continue 

until sixteen weeks of age.  As discussed earlier, there are twelve segments to the thoracic spine in rabbits 

(this is the equivalent of the shoulder and early midsection of the rabbit).  LS usually occurs between 

thoracic vertebrae segments 7-10 and is usually accompanied by scoliosis which is literally an abnormal 

curvature of the spine.  This can be felt as you run your hand across the shoulder region of the rabbit 

centered over the spine.  When examined microscopically, the problem extends below the spinal column 

and causes the disc material contained in the spinal cord to bulge inwards.   

 Mild cases of this condition result in simply a cosmetic problem (you can feel a hooked spine but 

do not appreciate anything wrong with the rabbit other than this deformity).  As the condition worsens, 

signs become more obvious.  Severe cases of LS can result in abnormal gait of the rabbit as well as 

difficulty eating.  The reason why LS occurs is more difficult to explain.  The simple answer is that there 

are many possible explanations for why this can occur.  There is certainly a genetic component to this 

deformity because those rabbits identified in Japan in the early 1980s can reproduce the problem when bred 

to each other.  This genetic component dictates how the spinal cord and spinal column form and contributes 

to the rabbit’s deformity.  Abnormal or disproportionate growth in  young rabbits has been suggested as a 

possible cause due to asymmetric forces being placed on the spine.  Despite the confusion as to the precise 

cause of a hooked spine, those rabbits exhibiting this deformity should not be used in your breeding 

program as it can be passed on to future offspring.   

References available upon request 
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MORPHOGENETIC STUDIES OF THE RABBIT. 
XVII. DISPROPORTIONATE ADULT SIZE 

INDUCED BY THE DA GENE.’ 

P. B. SAWIN AND D. D. CRARY* 

R. B. Jackson Memorial Laboratory, Bar Harbor, Maine 

Received October 24, 1956 

Extensive studies of chondrodystrophia foetalis in the rabbit have been described 
by BROWN and PEARCE (1945) and PEARCE and BROWN (1945a and 1945b), which 
show it to be due to a simple Mendelian recessive gene which induces the character- 
istics typical of human chondrodystrophy. Homozygous individuals die a t  or within 
a few hours of birth. 

In  a previous communication we have dealt with the gross external manifestations 
and simple hereditary basis of a second type of so-called “achondroplasia” (dachs) 
in the rabbit (CRARY and SAWIN, 1952). Although originally reported as a recessive, 
certain of its pleiotropic characteristics to be described here are manifest in heterozy- 
gotes, and in some cases exceed either parental type. 

In  this communication we propose to document more detailed quantitative studies 
of the general and localized adult differences of the skeleton induced by the dachs 
gene. Later communications will be devoted to the nature of the microscopic effects 
and their variations in the course of development. 

MATERIALS . W D  METHODS 

The animals described in this study are of New Zealand White origin. All are 
descendants from one female and her son. Both were heterozygotes Dada, and the 
results of breeding experiments were described earlier. Of the 16 adult skeletons (all 
a t  least five and one fourth months of age), seven were homozygous Dachs (DaDa), 
six were heterozygotes (Dada), and three normals (dada). 

Heterozygotes and homozygous “Dachs” were identified a t  first by breeding test, 
and later by observation of the abnormal development of the inner margin of the 
base of the ear (fig. 1). Fifty-three skeletons of other dachs which died or were 
sacrificed a t  earlier ages (1-5 months) have also been observed and the develop- 
mental information which they supply will be reported later. 

The flesh was removed from the skeletons by dermestid beetles. 
The skeletons were first examined for the characteristics of chondrodystrophy, and 

the measurements and illustrations selected are those which seem to critically portray 
such characteristics as are exhibited by these animals. The measurements are listed 

1 This investigation was supported (in part) by research grant EG-1 from the American Cancer 
Society upon recommendation of the Committee on Growth of the National Research Council and 
Grant C 281-C from the National Cancer Institute of the National Institutes of Health, Public 
Health Service. 

* The authors wish to gratefully acknowledge the technical assistance of DOROTHY KEITH and 
EUGENE FARRIN. 
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FIGURE 1.-Shows the characteristic structure of the base of the ear which identifies the homozy- 
gous dachs (left), heterozygote (center), and normal (right). The prominent papilla of the homozy- 
gote, arising from a broad U-shaped notch at the base of the ear is constant in all individuals, whereas 
the normal notch is deep and narrow with no indication of a papilla and gives way to the outer 
margins of the ear at approximately the same level. The notch of the heterozygote is broader and 
shallower and gives way on one side lower than on the other, with usually but not always a slight 
prominence reminiscent of the papilla of the homozygote. The variation ranges from one homozygous 
type to the other with some overlapping of the normal. 

and numbered in tables 1, 2 and 3 and portrayed pictorially in figure 3. Terminology 
is that of BENSLEY (1938). 

OBSERV.4TIONS 

The gross external changes, such as enlargement of head, thickening of skin, and 
prominence of abdomen, so obvious in those chondrodystrophies of other species 
which are lethal a t  birth, are not noticeable in the dachs a t  that age. Except for the 
ear papilla, previously described (fig. l), all young from dachs transmitting parents 
are superficially alike. The gross exlernal changes induced by this gene become mani- 
fest only after postnatal growth is well established, and as portrayed in the skeleton 
they fall into two major categories: (a) those features which serve to demonstrate an 
overall or generalized retardation of body growth and (b) those which by bizarre 
morphological change, or more subtle quantitative differences, portray the effects of 
relatively localized differences in growth. Whether these are the results of the simul- 
taneous pleiotropic effects of the gene upon several already differentiating and specifi- 
cally localized growth processes, or whether in a considerable measure the compensa- 
tory or adaptive changes secondary to the initial and primary change or both can 
be determined only by further study. 

Gross injuerice on body size 

As shown in figure 2, the dachs gene does not produce a significant difference in 
body size during the first 21 days or up to approximately the time of weaning. After 
that time the difference becomes increasingly greater and based upon analyses of 
variance is highly significant. After 180 days we do not have sufficient numbers of 
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FIGURE 2.-Shows growth curves of body size. 

animals for a reliable estimate of the effect of the gene on body weight. Most homozy- 
gous individuals become so badly crippled that survival is possible only under the 
best conditions. Those that do survive lose weight as a result of the handicap. An 
estimate is provided] however, by the weights of one homozygous dachs female, 
1R15, which lived for 21.5 months and produced five litters. They indicate that the 
effects are not entirely traumatic because although in no case was this mother able 
to raise her litters, due to her clumsy and micromelic condition, her physical condi- 
tion remained apparently normal, and several of the litters which also appeared quite 
normal were fostered successfully. Thus, it seems reasonable to assume that her aver- 
age weights taken a t  breeding during the last nine months must be truly representa- 
tive of the dachs (DaDa) constitution. Compared with the average breeding weights 
of eight heterozygous females similarly bred during that time, she was 850 gms lighter. 
This limitation in body size by the dachs gene appears greater in males than females, 
but additional data are needed for reliability. 

The .Ixial Skeleton 

SKULL. The typical primary characteristics of chondrodystrophy, namely the re- 
duction in size and premature fusion of the endochondral bones of the skull, which 
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are usually manifest in other species, also tend to be present in the dachs rabbit 
(figs. 6, 7, 8). Their manifestation, however, appears to differ from that usually 
described. With respect to length, the basioccipital appears to show the least influ- 
ence of this gene of any bone in the body. Five of the seven dachs skulls have basi- 
occipitals which are equal to or longer than the average normal skull (fig. 6). In  the 
other two ( Q  7G78, fig. 7 and Q 5K90) the basioccipital is fused with the basisphe- 
noid, and here the combined length is 1.8 and 1.75 respectively as compared with the 
average 1.56 for basioccipital and 1.21 for basisphenoid alone. These two animals 
could not be included in the average figuresfor the two bonesin table 1 (items 4 and 5) 
because the fusion was complete. Excluding these, the average occipital bone is 
longer (11.4%) than either the normal or the hybrid, but the difference is not statisti- 
cally significant. 

The presphenoid (item 7, table 1) shows no significant difference between dachs 

a. 

f I  

I 
I S  

FIGURE 3.-Arrows identify limits of measurements taken. Numbers refer to those in tables 1, 
2, and 3. Symbols: a., acromion; a.a., anterior arch of atlas; ac., acetabulum; c.g., glenoid fossa; 
d., dens; d.i., incisor teeth; f.a.s., superior articular pit; f.i., infraspinous fossa; f.s., supraspinous 
fossa; m., metacromion; m.a.e., external auditory meatus; p.a.i., inferior articular facet; p.a.s., 
superior articular facet; p.h., hamular process; p.o.e., external occipital protuberance; p.pt., pterygoid 
process; p.t., transverse process; p.z., zygomatic process of squamosal; r.m., mandibular ramus; 
SQ., squamosal; s.s., scapular spine; T., tympanic bulla; t.mi., trochanter minor; t.t., third trochanter. 
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and normal. This is apparently due to the fact that two sibs, 7 6 7 7  and 7G78, have 
presphenoids of normal length, whereas the other five are significantly shorter (3 mm 
or 28.5%). The total difference for all is about 18.1 %. 

The basisphenoid (item 6) is the only of the three which is consistently and sig- 
nificantly shorter (13.6 %) than either normal or heterozygote. However, the signifi- 
cance is a t  the 5% level of probability. Thus, lengthwise the greatest effect on the 
endochondral bones of the skull is centered in the basisphenoid and tends to affect 
the presphenoid slightly more than the basioccipital. 

When considered transversely, these three bones appear to be consistently reduced 
as a unit. The presphenoid is so narrow in the rabbit that width is relatively slight, 
although visibly narrower in the dachs. The basioccipital (item 5 ,  table 1) is signifi- 
cantly narrower in the dachs than in the other two groups, and by inspection a t  least, 
the posterior margin of the basisphenoid where it joins the basioccipital is identical 
with it and therefore may be considered as affected relatively in the same manner. 

Thus the Dachs gene appears to exert a relatively greater reduction in width of 

TABLE 1 

between grotips 
Average measurements, standard deviat im,  coejkient of variability, and F test of signijcance 

Measurement 

1. Skull length.. 
2. Skull width at 

zygomatic 
arch . .  . .  . 

3. Skull width at 
auditory 
meatus. . . . 

4. Basioccipital 
lgth.  . . . . . . 

5. Basioccipital 
width. . . 

6. Basisphenoid 
lgth , . .  . .  , 

7. Presphenoid 
Igth.. . . . . 

8. Mandible 
length . . . 

9. Mandible 
depth , . . 

10. Nasal length. 
11. Nasal width. 
12. Frontal lengtk 
13. Frontal width 
14. Parietal lengt 
15. Snout length, 
16. Atlas length. 
17. Atlas width. 
18. Axis length.. . 
19. Axis width. . 

___ 

X 

- 

9 . 3 9  

4 . 3 3  

3 .56  

1.56 

0 . 6 8  

1 .21  

0 . 6 3  

7 . 0 8  

4 .78  
3 .93  
1 .79  
3 . 5 8  
2 .67  
1.97 
4 .44  
0 .91  
3.08 
1.57 
1 .73  
- 

DaDa 

S.D. 

0.38 

0.18 

0.16 

0.16 

0.04 

0.11 

0.15 

0.28 

0.17 
0.18 
0.15 
0.26 
0.16 
0.17 
0.24 
0.11 
0.11 
0.12 
0.11 

- 

cv 
- 

4.05 

4.16 

4.49 

0.26 

5.88 

9.09 

'3.91 

3.95 

3.56 
4.58 
8.38 
7.26 
5.99 
8.63 
5.40 
2.09 
3.57 
7.64 
6.36 

~ 

- 

X 

- 

1.33 

4.72 

4 . 0  

1 .42  

1 .02  

1.37 

0 .79  

7 . 9 7  

5 . 3 6  
4 .25  
2.05 
3.87 
2 .66  
2 . 1 2  
4 . 9 1  
1.27 
3.59 
2 .  I8 
1.84 
- 

Dada 
__ 

S.D. 

- 
0.10 

0.10 

0.10 

0.04 

0.02 

0.04 

0.27 

0.12 

0.18 
0.23 
0.10 
0.11 
0.07 
0.13 
0.11 
0.04 
0.06 
0.04 
0.10 
- 

~ 

cv 
- 

0.97 

2.12 

2.50 

2.82 

1.96 

2.92 

4.18 

1.50 

3.36 
5.41 
4.88 
2.84 
2.63 
6.13 
2.24 
3.15 
1.67 
1.83 
5.43 

~ 

~~ 

X 

- 

9.96  

4 .63  

3 . 9 3  

1 .40  

1.05 

1 .40  

0 .77  

7 . 8 3  

5 . 2 0  
3 . 9 8  
2 . 0 5  
3 .72  
2 . 5 3  
1 .98  
4 .58  
1.15 
3.55 
2 .08  
1 . 7 0  

dado 
~ 

S.D. 

- 

0.12 

0.46 

0.13 

0.05 

0.05 

0.00 

0.12 

0.16 

0.17 
0.16 
0.09 
0.20 
0.06 
0.08 
0.08 
0.08 
0.05 
0.10 
0.00 
- 

~- 

cv 
- 

1.20 

9.93 

3.31 

3.57 

1.76 

9.00 

5.58 

2.04 

3.27 
4.02 
1.39 
5.38 
2.37 
4.04 
1.75 
6.96 
1.41 
4.81 
0.00 
- 

Analysis of Variance 

Percent 
diff .t 
_- 

(5.7) 

(6.5) 

(9.4) 

(+11.4) 

(35.2) 

(13.6) 

(18.1) 

(9.6) 

(8.1) 
(1.3) 

(12.7) 
(3.7) 
(5.5) 
(0.5) 
(3.1) 

(20.9) 
(13.2) 
(24.5) 
- 

- 

8 
- 2  
- 
** 

*I 

** 

- 

** 

** 

- 

** 

* 
* 

**  
- 
- 
- 
** 
*I 

** 
** 
- 
- 

- 
PaDa 

)ada 
vs. 

- 
** 

** 

** 

- 

** 

* 

- 

** 

**  
* 

** 
- 
__ 
- 
I* 

** 
** 
**  
- 
- 

* = P = <.os 
** = P = <.01 
t = Change from normal 
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endochondral skull bones than in length (approximately 35% vs 13-18%) and fur- 
thermore in both length and width the influence appears to be considerably localized 
in its effect. 

I t  now becomes of interest to learn whether these peculiarities are manifest in the 
rest of the skull, particularly in the larger membrane bones which originate by quite 
different processes. To obtain this estimate measurements were taken of the overall 
length of skull and of lengths and widths of certain specific bones as indicated in 
figure 3 and items 1-3 and 10-15 of table 1. Of these measurements the length and 
width of the nasal bones are the only ones which are statistically significant. Length 
of nasal bone is significant only between the dachs and heterozygote a t  the 5 % level 
of probability. Width of the nasal bone of the dachs is significantly less than in 
heterozygote or normal. Snout length and overall skull length include the same 
general area measured by the nasal bones and therefore, as might be expected, are 
also greater in the heterozygote. This peculiarity in the nasal bones, which is also 
present in the frontal and parietal bones (although the differences there are not 
statistically significant), indicates that the effect of the dachs gene upon the 
membrane bones is not exactly the same as that upon the endochondral bones. 

A clue as to its nature is found in study of the lateral aspect of these skulls (figs. 
12, 13, 14). As shown in items 8 and 9 of table 1, the dachs mandible manifests the 
same tendencies to be significantly reduced in both length and depth, although the 
reduction is a matter of only 8 or 10 percent as compared with 14-18% in the 
basisphenoid and presphenoid. I t  is also interesting that they are much larger than 
the differences found in the other membrane bones which are not significant. 

There is one difference, however, which is clearly discernible in the lateral views of 
figures 6-14. Here it is seen that the entire region a t  the antero-posterior level of 
the basisphenoid of the skull of the dachs is very much refined in relation to neighbor- 
ing parts. This refinement involves the squamosal bone, its zygomatic process, the 
mandibular ramus and the tympanic bulla, which can be readily seen in figures 13 
and 14. It also includes the pterygoid and hamular processes which similarly tend to 
be reduced. The alteration in size and shape of the bulla seems directly responsible 
for the marked difference in ear carriage of the living animal (CRARY and SAWIN, 
1952), since it is clearly apparent that the bony external acoustic meatus is malformed 
(laterally compressed). 

Associated with these localized changes there are also found changes in the shape 
of the posterior skull as portrayed in the ventral and lateral views (figs. 6-8, 12-14). 
There is an obvious lowering of the orbit in its relation to the rest of the skull and 
a migration backward and downward of the posterior part of the brain case in such 
a way that the normally posterior margin of the skull containing the occipital com- 
plex of bones and the foramen magnum is not vertical as normally but carried a t  an 
angle of 3 0 " .  The foramen magnum thus opens downward rather than posteriorly 
as in the normal. This is particularly pronounced in those animals such as 7G78 
(posterior view fig. 10) in which the basioccipital and basisphenoid are very much 
reduced and, as previously described, fused. I t  is less apparent in those such as 3H95 
(fig. 11) in which only the basisphenoid is reduced. This also exerts an effect upon 
the shape of the foramen magnum (figs. 9-11) and other foramena in that region. 
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Thus, it must have a corresponding effect on the cord and associated nerves and 
blood vessels. Associated with the more ventral position of the orbit is a depression 
in the frontal bones which we assume corresponds with that so commonly recognized 
in other achondroplasias at  the base of the nasal bones. These localized skull differ- 
ences appear to be of special significance in the interpretation of gene influence and 
will be discussed further. 
ATLAS and AXIS. The pattern of changes to be observed in these two vertebrae of 

the dachs appear to be more closely related with the changes noted in the skull than 
with those of the remainder of the vertebrae. For that reason they have been in- 
cluded in table 1 (items 16-19) with the skull measurements. 

Essentially they are of two kinds, clearly discernible quantitative changes and 
rather spectacular qualitative changes (figs. 15-23) which obviously modify the 
methods of achieving the functions which these two vertebrae ordinarily perform. 

Quantitatively, length and width of the atlas as they have been measured (items 
16 and 17, table 1) are 20.9 and 13.2% less respectively in the dachs than in the 
normal animals of the race. In  the epistropheus (items 18 and 19, table 1) the same 
differences exist but length is actually more affected (24.5%), whereas width becomes 
so much less as to be statistically insignificant. Although these width measurements 
as indicated in figure 3 were taken through the transverse processes whose function 
is muscle attachment and which therefore could be secondarily influenced by such 
associated organs, it can be clearly seen that all parts are proportionately nearly the 
same. Thus, i t  would seem that the significant primary feature is one of overall size 
difference in the axis and of length only in the epistropheus. 

It is also particularly of interest to note that the heterozygous individuals, as was 
the case with overall skull length and particularly snout length, are larger in all four 
measurements than in either homozygous type, although not significantly greater 
than the normal except in atlas length. 

The morphological differences apart from size are not only spectacular but are of 
special interest as an illustration of a way in which a relatively simple growth defi- 
ciency can sometimes disrupt a rather complex normal function and lead to a reestab- 
lishment of that function upon a quite different basis. In  figures 15-23 are shown 
ventral and anterior views of the atlas and a ventral view of the axis belonging with 
the skulls pictured in figures 6-14. They include heterozygote 9N26, dachs 3H95 
with long basioccipital to which is attached the dens (fig. 8), and dachs 7678 with 
reduced basioccipital fused to basisphenoid and no dens (fig. 7). In  the latter case 
the dens appears as a part of the atlas. The dens in both 3H95 and 7G78 being absent 
from the axis as is the case in all dachs (interpretation based upon presently de- 
scribed material and 53 additional homozygous dachs over one month of age), the 
superior articular facets approximate and join both anteriorly and ventrally with 
each other for a more or less continuous articulating surface. This apparently per- 
mits the side to side movement of the head, normally possible by rotation of the 
atlas with the skull. In  7G78 the superior articular pit is extremely reduced and 
almost nil, the articulation appearing very nearly to approach a fusion. Such move- 
ment as is normally possible by this joint appears to have been transferred more 
effectively to the joint formed by the inferior articular facet of the atlas and the 
superior articular facet of the axis. 
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Not only is the position and attachment of the dens altered from the normal but 
there are further changes in the ventral portion of the atlas. In both 7G78 and 3H95, 
and in the homozygous dachs generally, the ventral arch of the atlas is not completely 
fused with the transverse processes so that the intervening sutures can be clearly seen 
(figs. 16, 17, 19, 20). Within the ventral arch in most cases there are found a number 
of small bony elements of varying sizes, shapes and degree of fusion. In some cases 
the ventral arch consists of two major parts which suggest the bipartite origin of the 
centrum observed by BEADLE 1931, NOBACK 1944, and SAWIN and CRARY 1956. 
These observations together with the significant reduction in size are indicative of 
the location and nature of the retardation in growth which has taken place and also 
perhaps of the time a t  which it has occurred. 

Further it is of interest to note the effect which these primary changes in growth 
and development have had upon the flexion-extension and rotation movements of 
the skull. The former movement, which normally is a function of the occipital con- 
dyles of the skull and superior articular pits of the atlas, in most cases becomes 
partially transferred to the joint of atlas and epistropheus. 

The latter bone, unhampered by the dens, thus has a greater freedom of relation 
with the atlas, and the joint between them, as indicated by the articular surfaces 
previously mentioned, assumes the function normally performed more anteriorly. 

VERTEBRAE (3-3 1). The measurements for these vertebrae are shown graphically 

VERTEBRAE LOCATION 

FIGURE 4.--Shows length of vertebrae 3-31 and the percent deviation of dachs (DaDa) from 
normal. Note the greater length of most vertebrae in the heterozygote. 
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in figures 4 and 5 (see fig. 3 for position of measurements). Two characteristics appear 
to be significant. First, gross inspection of all the vertebrae as a group gives the im- 
pression of a generalized refinement of each vertebra throughout the column of the 
dachs. By actual measurement lengths of the vertebrae (fig. 4) are significantly less 
than in the normal for all vertebrae except 9, 14-17, 23, 25, 27, 28, 30 and 31. Of 
these, vertebrae 27 and 28 are transitional vertebrae between lumbar and sacral 
regions and 30 and 31 between the sacrum and the tail in which there is normally a 
considerable variation in size depending upon whether the coxa is attached to the 
27th or 28th vertebra or in some measure upon both. In  this particular population it 
so happens that there are seven animals with 26 presacral vertebrae, seven with 27 
and two in which the coxa is attached assymetrically to both the 26th and the 27th. 
Thus, these exceptions are due to an entirely different and recognizable cause. Ex- 
planations for the lack of significant reduction in length of the other seven vertebrae 
above becomes apparent in discussion of the localized differences below. 

Since all other cases are significantly less a t  least a t  the 5 % level, and most cases 
a t  the 1 %, the dachs gene when homozygous appears to have induced a generalized 
reduction in the length of most vertebrae, as well as in the length of the skull, but 
with some tendency to localize anteriorly. 

Second, in the heterozygous condition there is a generalized increase in length of 
all vertebrae over that of the normal which corresponds to increases noted in the 
length of the skull and snout. They are signijcantly greater than the normal, however, 
in only two cases, namely, vertebrae 15 and 25, and then only a t  the 5% level. In 
view of the small numbers of normal rabbits on which these figures are based, no 
great importance can be attached to them a t  this time except as they seem to portray 
a general size difference. A repeated and significant difference of this kind induced 
by one pair of genes would be of considerable interest genetically in connection with 
the phenomenon of overdominance, and this is being studied a t  present in material 
obtained a t  younger ages. 

Differences in width of the vertebral bodies (fig. 5) between dachs and normals 
are relatively much less than those in length and are only signscant in the lumbar 
area, vertebrae 22-26, and are reminiscent of the more localized width differences of 
the skull, atlas, and axis. There is a slight tendency for some of the vertebrae in the 
dachs to be wider than those in the normal, and vertebrae 16, 29 and 31 are signifi- 
cantly so, a t  least at  the 5% level. Of these vertebrae, 16 and 31 are of the group 
showing no significant reduction in length. Thus, the overall size of these two verte- 
brae is relatively increased. In  only one place, a t  the 31st vertebra, is the width of 
the vertebrae of heterozygotes significantly greater than the normal. 

It is also interesting to note the presence of small, independent or partially fused 
traction epiphyses a t  the tips of many of the vertebral processes (spinous, mamillary, 
and particularly transverse) of the dachs. The ventral spinous processes do not show 
these, but appear to be longer than in the normal. 

Paralleling the generalized refinement of the vertebrae is a general tendency in 
the lumbar area for the transverse processes to be restricted in their spread and angle 
at  which they project laterally and ventrally, as indicated by both general appearance 
and actual measured distance from tip to tip, and there is greater variability than in 
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VERTEBRAE LOCATION 

FIGURE 5.-Shows width of vertebrae 3-31 and the percent deviation of dachs (DeDa) from nor- 
mal. Note positive deviations of the dachs whereas lengths (fig. 4) were all negative. 

width of centra. For instance, in the cervical and transitional thoraco-lumbar verte- 
brae there is a noticeable tendency for the transverse processes to be shorter. The 
difference is highly significant particularly on vertebrae 10, 20 and 23-27. 

In  heterozygotes the distance between distal ends of the transverse processes are 
significantly greater than in either homozygote from vertebrae 6-15, but in the 
lumbar region the heterozygotes are intermediate between the homozygous groups. 
They are significantly smaller than the normal on vertebra 20, but significantly larger 
than the dachs on vertebrae 23-27. 

Thus, although there is a general tendency to refinement in the dachs, it is apparent 
that the pattern of development transversely differs from that longitudinally, and 
it also differs in the transverse processes as compared with the vertebral bodies. 
There seems to be no evidence of any competitive relationship between length and 
width. 

i l  ppendicular skeleton 

The bones of the appendicular skeleton all show considerable reduction in the dachs, 
varying from 15.4% to as much as 45% as compared with the skull and vertebrae 
in which the differences nowhere were greater than 35% and most of which were 
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S.D. 

0.24 
0.00 

0.37 
0.45 

0.30 
0.09 

0.15 
0.04 

0.18 
0.05 

0.08 
0.00 

TABLE 2 
Average measurements of long hones of fore limb 

Measurement 

Clavicle 
22 length 
23 width 

24 length 
25 width 

26 length 
27 width 

28 length 
29 width 

30 length 
31 width 

3rd metacarpal 
32 length 
33 width 

Scapula 

Humerus 

Radius 

Ulna 

DaDa 

cv 
~~ 

0.91 
0.00 

7.50 
8.52 

4.71 
5 . 5 2  

2.67 
4.65 

2.69 
4.59 

4.88 
0.00 
- 

Dada 

2.64 
0.20 

7.24 
4.15 

7.82 
1.73 

7.06 
0.90 

8.45 
1.18 

2.21 
0.30 

S.D. 

- 

0.15 
0.00 

0.22 
0.23 

0.29 
0.06 

0.22 
0.06 

0 . 2 6  
0.08 

0.13 
0.00 
- 

cv 
- 

5 . 6 s  
0 .00 

3.01 
5.54 

3.71 
3.47 

3.12 
6.67 

3.08 
6.78 

5.88 
0.00 

-~ 

X 

- 

2.60 
0.20 

7.jO 
4.42 

8.20 
1.67 

7.70 
0.83 

Y.O& 
1.Oj 

?.j? 
0.30 

dada 
~ 

S.D. 

- 

0.13 
0.00 

0.25 
0.15 

0.29 
0.07 

0.08 
0.03 

0.15 
0.05 

0.08 
0.00 
- 

.- 

cv 
~ 

5.00 
0.00 

3.33 
3.39 

3.54 
4.19 

1.04 
3.61 

1.65 
4.76 

3.17 
0.00 
- 

Analysis of Variance 
~ 

IaDa 

Vada 
VS. 

~ 

- 

** 
**  

**  
- 

** 
- 

I* 

** 
- 

less than 25 % as compared with the normal. Furthermore, they show a considerable 
amount of rotation, bowing and frequently contortion, and the cavities for articula- 
tion, especially the glenoid fossa and acetabulum, are malformed and surrounded 
frequently by several small exostoses. 

FORE LIMB. The measurements of lengths and widths of the fore limb bones are 
shown in table 2, and photographs of typical examples are shown in figures 24-28. 
The clavicle (items 22 and 23, table 2) shows a reduction of 15.4% in length for the 
dachs over that of the normal, but differences in width are negligible. Of all the bones 
of the body the scapula shows the greatest differences and greatest variability in the 
measurements taken (figs. 24-26). In the dachs it is small, twisted and contorted. 
The glenoid fossa is broad and shallow and the spine thickened and curved. The 
supra- and infraspinous fossae are also narrowed and shallow. The acromion and 
metacromion in some cases appear relatively normal and in others much reduced. 
The entire bone shows evidence of twisting and contortion. 

By measurement the scapula is both shorter (34.3%) and particularly narrower 
(45.0%), and even in the hybrid length is significantly less than in the normal. I t  is 
the only bone of the fore limb to show a significant reduction in width. 

In the humerus, radius, and ulna the lengths are significantly reduced in the dachs, 
and, as shown in figures 27 and 28, there are obvious evidences of rotation bending 
and contortion. Although the proximal humerus of the dachs rabbit may appear rela- 
tively enlarged as is considered typical of chondrodystrophies, in this case it appears 
to be an illusion resulting from the relative shortening. In  one or two cases thickening 
of the ulna is apparent, as in 3H95, but this we believe is a secondary result asso- 
ciated with the bowing of the limb, and will be discussed later. 

The metacarpals (items 32 and 33, table 2) likewise show the same significant 
differences in length but not in width. 
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TABLE 3 
Aserage measurements of lonK bones of hind limb 
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1 .94  
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4 .05  
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Measurement 
S.D. 

,__ 

0.23 
0.15 

0.08 
0.20 

0.29 
0.08 

0.30 
0.08 

0.31 
0.04 

0.13 
0.02 

Iliac wing 
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35 nidth 

36 width body of pubis 
37 width infra ramus 

38 length 
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40 length 
41 prox. width 

42 length 
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3rd metatarsal 
41 length 
45 width 

0 5  coxa 

Femur 

Tibia 
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HIKD LIMB. In  the coxa (see items 34-37, table 3) the differences in both length 
and width in the dachs are closely similar to those in the scapula. Actual distortion of 
the pelvis, except for the acetabular area is less obvious than in the scapula (figs. 
29-31). Both length and width are significantly less in the dachs than in the normal, 
which may well be a manifestation either of the general reduction in size of the entire 
bone complex (as for example in 3H95, fig. 31), or it could be a result of deficient 
muscular development secondarily arising from the abnormal acetabulum and re- 
sulting in crippling and lack of use of the limb. These possibilities can be determined 
only by studying the development of young. 

As in the fore limb, the long bones all show significant reduction in length (items 
38, 40, 42 and 44, table 3). Width of femur as taken from the minor and third tro- 
chanters is significantly less. Widths of the other long bones are not significantly 
different. This results from the change in shape of the proximal femur associated with 
the above mentioned dislocation (3H95, fig. 32). The distal articular area of the 
femur and proximal tibia also appear enlarged as portrayed in figures 32 and 33. 
Although this again may be the same illusion referred to in the fore limb, close exami- 
nation of the condyles and fossae in some cases reveals obvious signs of trauma and 
thus it seems altogether likely that in such cases a t  least there is a real but slight 
enlargement. This might be explained as a secondary result of the abnormal pressures 
occasioned by the earlier dislocation of the femur. However, close scrutiny also re- 
veals the same tendencies to rotation, bending and contortion observed in the fore 
limb. 

The fact that the hyperplasia in the region of the metaphyses which results from 
disproportionate growth, usual in other species, is not generally indicated here in 
any of the long bones may be a result of the advanced age of these skeletons (WAR- 
KANY, 1954), or it may be due to our method of skeleton preparation by dermestid 
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FIGURES 6-14-Lateral, posterior, and ventral views of the skull. 
FIGURES 6, 9, 12. Heterozygous. 
FIGURES 7, 10, 13. Homozygous dachs with fused basioccipital and basisphenoid. 
FIGURES 8, 1 1 ,  14. Homozygous dachs with normal basioccipital and attached dens. 
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FIGURES 29-33-Views of bones of the hind limb. 
FIGURES 29, 30, 31. The pelves of the same three animals of figures 6-14 antl 15-23. 
FIGURE 32. Femurs of the Same group of animals as in figures 24-28 in same order. 
FIGURE 33. Tibiae and fibulae of the same group of animals as in figures 24-28 in same order. 

Again note relative size; rotation antl distortion of the long bones and also the defective acetabulae 
and heads of the femurs (see text). 
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beetles in which there is opportunity for loss of persistent cartilage. It is being investi- 
gated further in histological and developmental studies now in progress. On the 
other hand, other investigators have compared length and width in relation to each 
other and by this means our material also exhibits a greater width. Hence hyper- 
plasia would seem to be more apparent than real. 

DISCUSSION 

The homozygous dachs manifests certain of the typical characteristics of chondro- 
dystrophy but there are certain unique differences. Diminished size and shortening 
of the limbs appear to be consistent but variable in their expression. Hyperplasia of 
cartilage in the region of the metaphysis and any profound enlargement of the head 
seem to be absent except as they may be secondary manifestations or are mildly ex- 
pressed by individual bone measurements. The depression at the nasion appears to 
have migrated posteriorly and is accompanied by depression and shift of the orbit and 
optic foramen. Associated with these are highly localized disproportionate differences 
which are unlike those noted in any other inherited chondrodystrophy thus far 
described. 

. . . . . . . . . . . .. . ~. . - 
Chondrodystrophies described in the literature seem to fall into two categories: 

those which are lethal when homozygous (whether dominant or recessive) and those 
which are not. In those most thoroughly studied, the effects of the gene upon the 
morphological development of both limb and skull are extreme, and death occurs 
prepartum or very early postpartum. In the second group the effects are less severe, 
and apparently become grossly manifest much later, even considerably after birth, 
and there is a greater variety of expression. Some of them are sufficiently compatible 
with normal life that they have by selective breeding become characteristics of 
recognized and established breeds of animals. In the basset hound and dachshund 
the legs appear to be the only parts affected. In the bulldog the legs, although short, 
are relatively unaffected, but the base of the skull and tail show a marked degree of 
chondrodystrophy (STOCKARD 1941). In  the Ancon sheep the skull is only mildly 
affected and the limbs are not only short but the effect is localized distally (CHANG 
I n n n \  

With respect to these the dachs rabbit appears to be intermediate between the 
Ancon sheep and bulldog insofar as localization of effects is concerned. I ts  major 
and most obvious effect and its generalized reduction in size is accentuated in the 
limbs, particularly proximally in the girdles and distally in the feet. The major 
effects upon the axial skeleton anteriorly not only include the skull but also the first 
two vertebrae. 

Since the usual hyperplasia in the regions of the metaphyses tends to be absent, 
width does not appear to be secondary to defective development of columnar cartilage 
as interpreted by PEARCE and BROWN (1945a) and WARKANY (1954) for other 
chondrodystrophies. In fact, the homozygous dachs (DaDa) is characterized by 
notable differences in both lengths and widths which tend to be strongly localized 
and relatively independent of each other. 

For example, the relatively unaffected length of the basioccipital is accompanied 
by a reduction in width, a characteristic which is rarely mentioned in other species. 
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CHANG (1949) noted that the occipital condyles of the Ancon sheep tended to become 
approximated, but in the dachs the width of the entire bone is reduced, and associated 
with it is a corresponding change in width of the atlas but not in the axis. 

These are followed by significant reductions in size of the succeeding vertebrae, 
in which the lengths of vertebrae tend to be significantly affected anteriorly (cervical 
and thoracic) and the widths posteriorly (in the lumbar region). The most significant 
differences in both length and width of skeletal units are localized in the limbs, and 
it is of interest to note that by comparison with the vertebrae the long bones are all 
significantly reduced in length. With respect to width, however, the significant effects 
occur only proximally. Thus not only are the patterns for length and width in general 
dissimilar but likewise the pattern of the axial skeleton from anterior to posterior is 
not comparable regionally with that of the limb proximo-distally for either length 
or width of skeletal unit. 

However, when widths of axial units are compared with lengths of appendicular 
units there is a striking similarity of pattern in that both manifest two regions of 
significant reduction of growth (widths of basioccipital and vertebrae 1 and 2 and 
the lumbar vertebrae os. lengths of girdles and metacarpals) separated by regions 
manifesting relatively lesser differences (width of cervical and thoracic vertebrae 
and length of the long bones of the limbs). Thus the pattern of longitudinal growth 
in the limb (proximo-distally) appears to reflect the transverse growth (anteriorly to 
posteriorly) in the axial skeleton. 

Although the patterns are different, the same sort of relationship is also manifest 
in the heterozygotes (Dada). Here it becomes apparent that the length of parts of 
heterozygotes is increased locally above that of either homozygote in those regions 
in which the differences between homozygotes are relatively small, as is the case of 
length of vertebrae; whereas when differences are relatively larger, as in width of 
vertebrae, the heterozygotes tend to be intermediate. In the limbs where differences 
in widths of homozygotes are small, the measurements of heterozygotes tend to be 
greater, although not significantly so, but lengths are intermediate and significantly 
different. Thus, although the pattern of regional effect of the dachs gene upon either 
axial or appendicular skeleton is not exactly the same as in other species, the simi- 
larity of pattern in both directions implies a generalized effect which becomes accen- 
tuated either a t  a critical time, as suggested by STOCK~RD (1921, 1941), or perhaps 
more precisely in those units which normally grow the most rapidly (LANDAUER 
1931), possibly in both. Since in one region of the dachs a t  least, in the atlas, axis 
and occiput, we have evidence of both very early (migratory tendencies of the dens) 
and very late (failure of secondary centers of ossification to unite with the arch even 
in adult) retardation, it would seem that the effects of the dachs gene are more nearly 
in harmony with LANDAUER'S interpretation. I t  would seem difficult to explain them 
solely on the basis of a single tissue difference, either a defect in columnar cartilage 
(PEARCE and BROWN 1945a; WARKANY 1954) or endochondral 'us. periosteal ossifica- 
tion (COWDRY 1946; CREW 1923; KNOTZKE 1929). 

At the same time with respect to the depression in the frontal bones (instead of 
the nasion) the changes in position and shape of the orbit, optic foramen and external 
auditory meatus and carriage of the ears, these all appear comparable to changes 
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reported in other chondrodystrophies. The differences in their manifestation can be 
explained by the secondary response of the skull units involved to the change in 
locale a t  which the retardation is focused, i.e. in the sphenoid rather than the entire 
endochondral complex. Here again in this region the breadth of the mandibular 
ramus, zygomatic process, and meatus of the heterozygote visibly matches the over- 
growth in other regions (length of vertebrae and skull and snout length, table 1) 
noted above. These hybrid differences when larger than either parent are referred to 
by geneticists as manifestations of overdominance (CROW, et aZ. 1952). However, 
variation in its expression from one region to another, insofar as we know, is unique 
in this case and merits further study, 

Whether the regional differences here observed are an effect of the dachs gene 
upon the areas growing most rapidly a t  one critical time which persists, or whether 
they are due to the interaction of this gene with regional factors inherent within the 
race needs further investigation. Such regional differences are known to occur in the 
rabbit (CRART and SAWIN 1955) independently of both the Da and the ac (lethal 
achondroplasia, BROWN and PEARCE 1945; PEARCE and BROWN 1945a, 194513) genes. 

Evidence of regional action of other chrondrodystrophies is apparent in the Creeper 
fowl as observed by LANDAUER in which the hind limb is influenced the most and in 
man where KKOTZKE found the vertebrae of the lumbar region of chondrodystrophies 
broader than normal. In the dachs it is significant that the greater influences are in 
the fore limb and, with regard to width of vertebrae, in the posterior thoracic region. 
Thus it appears that in the rabbit we have regional growth differences which in one 
case are racial and in the other are due to these specific genes for chondrodystrophy. 
The use of both of these in hybridization studies would appear to offer valuable tools 
for study of normal and abnormal growth processes. both for the specific gene activity 
in the etiology of chondrodystrophy and for various types of growth pattern induced 
by modifying factors, and for the phenomenon of overdominance. 

SUMMARY AND CONCLUSIONS 

Evidence obtained from mean body weights from birth to 180 days and quantita- 
tive study of 16 adult skeletons of homozygous dachs, heterozygotes and normals 
within the parental New Zealand White race shows that the dachs gene (Da) is 
responsible (1) for a significant generalized reduction in the size of the body in the 
homozygote and to a lesser degree in the heterozygote, and (2) for significant localized 
effects upon the endochrondral bones of the skull, the limb girdles, the atlas and axis, 
and to a lesser extent in the other vertebrae and long bones. Accompanying them 
are obvious quantitative reductions in the posterior skull and qualitative changes in 
the position of the dens, and in shape and rotation of the long bones and their articu- 
lations which are considered to be secondary and adaptive. Depression of the nasion, 
contour of the skull, and relative increase in width of the long bones, particularly 
that associated with hyperplasia in the region of the metaphysis (characteristics of 
typical chondrodystrophies of other species) are either absent or shifted in their rela- 
tive position. The significant differences in the patterns of longitudinal and transverse 
growth of the various skeletal units, as compared between dachs and normal and 
particularly between homozygote and heterozygote (including overdominance) con- 
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stitute irregularities of considerable interest in the final interpretation of the basic 
gene influence. I t  would seem difficult to explain them solely on the basis of a defect 
in columnar cartilage or endochondral TS. periosteal ossification, interpretations 
offered for other chondrodystrophies, and an alternative hypothesis in terms of 
regional growth is suggested. As indicated by the shift in position of the dens, which 
must be determined relatively early embryologically, and the failure of fusion of 
accessory centers of ossification of the atlas in adults, an extended or persistent dura- 
tion of effect of this gene is implied. 
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