
Introduction

The etiology and pathogenesis of idiopathic scoliosis are
still obscure. The development of a pathologic curvature
may be attributed to multifactorial abnormalities in
genetics [6, 10, 39], skeletal development [8], and mus-
cular dysfunction [9, 14, 29], metabolic and chemical
issues [13, 30], or the central nervous system [2, 4, 5, 7,
28, 31, 38, 41–43]. Experiments on various quadruped
animal models have suggested possible anatomic or
functional influences for the etiology of idiopathic sco-
liosis [2, 4, 5, 8, 15, 17, 32, 34], but many of them may be
phenomena rather than be caused etiologically.

We have shown that pinealectomy in chickens con-
sistently produces scoliosis with similar anatomic char-
acteristics to those of human idiopathic scoliosis [18–22,
25]. Serum melatonin levels in the pinealectomized
chickens at 10:00 p.m. in complete darkness, except for a
brief 4-s exposure to 0.2 foot candle of light from a 7.5-
watt red lamp, was statistically significantly less com-
pared with controls; 5.0±2.7 pg/ml in pinealectomized
chickens, 2839.0±1989.1 pg/ml in controls (P<0.01)
[23]. In addition, intramuscular implantation of the
pineal gland [18] and intraperitoneal injection of mela-
tonin [19] prevented the development of scoliosis in
pinealectomized chickens. These findings suggest that a
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Abstract The pathological mecha-
nism of curve progression in idio-
pathic scoliosis is still obscure. In
this study we investigated the path-
ological mechanism of idiopathic
scoliosis in experimentally induced
scoliosis in rats. A total 30 rats were
divided into three groups: ten bipe-
dal rats with a sham operation,
which served as the control; ten
quadrupedal rats with pinealectomy;
and ten bipedal rats with pinealec-
tomy. Scoliosis developed only in
pinealectomized bipedal rats and not
in pinealectomized quadrupedal
rats. Cervicothoracic lordosis devel-
oped in bipedal rats with or without
pinealectomy. These deformities of
lordoscoliosis in pinealectomized
bipedal rats were similar to human
idiopathic scoliosis. Lordosis or lor-
dotic tendency was sufficient to
cause the spine to rotate to the side.

Rotational instability of the spine
with rotation of lordotic segment
appears to produce a characteristic
scoliotic deformity as a secondary
phenomenon. Our findings suggest
that lordosis may develop in bipedal
rats, but pinealectomy is required for
the development of lordoscoliosis.
Balanced muscle tone controlled by
the postural reflex is important to
maintain normal posture with a
straight spine in the bipedal condi-
tion. The disturbance of equilibrium
and other postural mechanisms sec-
ondary to a deficiency of melatonin
after pinealectomy may promote
development of lordoscoliosis with
vertebral rotation especially in the
bipedal posture.
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deficiency of melatonin may contribute to the develop-
ment of experimental scoliosis [18, 19].

From a previous series of experimental studies, we
have proposed that a deficiency of melatonin may con-
tribute to the etiology of experimental scoliosis in chick-
ens [20] and rats [24, 25] and the bipedal condition may
also be an important factor for its development. O’Kelly
et al. [27] tried to produce scoliosis following pinealec-
tomy in quadrupedal models (rats and hamsters), but
significant spinal curvature was not observed. Simulta-
neously, we demonstrated that experimentally induced
scoliosis in pinealectomized rats occurred only in bipedal,
not quadrupedal rats. Our results suggested a critical
influence of a postural mechanism in scoliosis develop-
ment [24]. While the mechanism underlying the produc-
tion of scoliosis following pinealectomy is still unknown,
it remains to be seen whether the methodology produces
the same result in rats. The results would provide infor-
mation as to the underlying etiologicmechanisms andalso
shed light on its applicability to the human situation.

Materials and methods

Experimental groups

All experiments were conducted according to the insti-
tutional guidelines, with the protocol approved by the
Committee on the Use of Live Animals Research, Nihon
University School of Medicine. Thirty male Sprague-
Dawley rats, weighing between 45 and 50 g, were
obtained from the Laboratory Animal Unit, Nihon
University, where they were housed in separate cages in
an air-conditioned room with controlled lighting (lights
off from 7:00 p.m. to 7:00 a.m.). While bipedal rats, after
removing forelimbs and tail, were typically housed in
special high cages with raised food and water, so that they
can keep a standing posture most of the time; both food
and water were gradually elevated in the cage as the bi-
pedal rats were growing. The quadrupedal rats with tails
were housed in standard cages, which actually discour-
aged bipedal posture. They were fed laboratory food and
given free access to water. Quadrupedal rats had food and
water at a constant 7.0 cm from the floor, throughout the
study. The rats were divided into three groups: ten bipedal
rats received a sham operation (group 1), pinealectomy
was performed on ten quadrupedal rats (group 2) and
pinealectomy was performed on ten bipedal rats (group
3). They were euthanased at 3 months after surgery.

General surgical procedure

During the daytime, the bipedal condition was achieved
by resection of the forelimbs and the tail at 3 weeks of
age and pinealectomy was performed at 3 weeks of age

under general anesthesia using sodium pentobarbital
intraperitoneal injections (40 mg per kilogram of body
weight). Before 3 weeks of age, deaths in pinealectom-
ized or bipedal rats were the result of mother’s canni-
balism; therefore, the surgeries were carried out after the
rats were weaned. The forelimbs were tied with cotton
transfixation ligatures at the humeroscapular level and
the tail at its base. The upper extremities below the
shoulder and tail were then removed.

A head holder with ear bars and an adjustable tooth
bar were used to immobilize the rats in a prone posi-
tion during pinealectomy. Under the microscope, a
sagittal incision was made from between the eyes to the
base of the skull and the skin flaps were reflected by
retractors. The underlying fascia and muscles over the
bone were mobilized. The parietal and innerparietal
bones were drilled with a dental burr to make an oval
hole approximately 3.5·2.5 mm. After removal of the
bone, the confluence of the superior sagittal and
transverse sinuses could be visualized. A specially
constructed needle (22 gauge) was inserted through the
venous sinuses. Then the pineal gland was gently re-
moved via suction. Bleeding was controlled using Gel-
foam. The sham operation consisted of insertion and
withdrawal of the needle without application of suc-
tion. At the termination of the experiment, micro-
scopical visual inspection verified the complete removal
of both the superficial part and the deep part of the
pineal gland. The skin flaps were pulled together and
sutured.

Measurement of scoliosis and lordosis or kyphosis

Three months after surgery, anteroposterior and lateral
views of spinal radiographs were taken with the rats
under ether anesthesia and any scoliosis and lordosis or
kyphosis from the second cervical to seventh thoracic
spine were measured using Cobb’s method and re-
corded. In taking the radiographs in the anteroposterior
view, the rats were placed in a head-up position, with the
head stabilized by the head holder and lying on a sup-
port inclined 60� from the horizontal plane of the table
to prevent functional lateral scoliosis; this method has
produced the most consistent and reproducible mea-
surement. The lateral view of spinal radiographs in the
rats was taken in the neutral position without traction or
correction.

Data analysis

Data are presented as mean ± standard error of mean
(SEM). Two-factor analysis of variance (ANOVA) was
used to examine the individual effects and interaction
between interventions. These statistical analyses were
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done using the Stat View II program run on a
MacIntosh computer.

Results

The bipedal rats without tails were encouraged to stand
and to walk in an upright manner, which they learned
rapidly. Rats, nocturnal in their activities, were best
observed in the twilight. During these hours, the bipedal
rats spent nearly all of their time walking in an erect
position. The absence of forelimbs and tails did not ap-
pear to impair their activities and even when resting, they
squatted with chest and abdomen off the floor. Some-
times the bipedal rats rested against the wall during
sleeping. Thus, they were compelled to bear full weight
on their hind limbs and this is a clear difference in the
function of the spinal muscles between bipedal and
quadrupedal rats. Adaptations followed this demand
and true bipedalism became a habit. The bipedal rats
walked nearly erect, spreading their feet and toes apart.
Their trunks were flexed slightly forward in the midtho-
racic region, but readily straightened when stretching for
high-placed food or when they sniffed their surround-
ings. No difficulties in drinking, feeding and defending
themselves were observed. On the contrary, the quadru-
pedal rats with their tail were able to stand with hind-
limbs but could not walk with erect posture. Their tails
interfered with walking with erect posture. The bipedal
rats spent more time than quadrupedal rats in an upright
position during feeding, walking, and sleeping.

The weight of rats at 3 months after surgery averaged
270.5 g (range 230–350 g). We detected no significant
differences in themeanweight of rats in any of the groups;
271.8±15.3 g for quadrupedal rats, 268.5±26.1 g for
bipedal rats. This slight difference may be explained by
the fact that the forelimbs amputation was done at
3 weeks old. Scoliosis did not develop in any of the bi-
pedal rats that underwent the sham operation (Fig. 1),
nor in any of the quadrupedal rats (Fig. 2). However,
scoliosis developed in all of the pinealectomized bipedal
rats (Fig. 3). There were two types of scoliosis, thoracic
and thoracolumbar scoliosis, which were similar to those
found in human idiopathic scoliosis, particularly the
vertebral rotation and associated rib hump. The scoliosis
curvature in bipedal rats after pinealectomy ranged from
25 to 47� (37.5±6.5� on average).

Cervicothoracic lordosis developed in all of the bi-
pedal rats with (Fig. 3) or without pinealectomy
(Fig. 1). The cervicothoracic lordosis measured between
the second cervical to seventh thoracic spine in bipedal
rats with pinealectomy was )51.8±15� (range )35 to
)77�) and )45.9±6� (range )33 to )43�) without pine-
alectomy. In contrast, the lordosis in quadrupedal
pinealectomized rats was )25±6.4� (range )18 to )35�).
When the mean levels were analyzed by ANOVA, the

mean levels differed significantly between bipedal rats
and quadrupedal rats. Sagittal radiography revealed
hyperlordosis at the cervicothoracic spine in bipedal
rats, whereas the spines in the quadrupedal rats showed
physiological cervicothoracic lordosis and thoracolum-
bar kyphosis (Table 1).

In the axial plane, spinous processes were deviated
toward the concave side and vertebral bodies were ro-
tated toward the convex side. These deformities of lor-
dosis at the thoracic and thoracolumbar spine levels with
vertebral rotation in rats were similar to human idio-
pathic scoliosis. The convexity of the curve was directed
to either side with no consistent preference. No rat
developed limb paralysis or showed difficulty in walking
or running. Aside from the forelimb amputations,
growth appeared to be otherwise normal.

Fig. 1 Sham operation in bipedal rat. Anteroposterior view of
spinal radiograph revealed straight spine (left) and lateral view
revealed thoracic hyperlordosis, )43� between C2 and T7 (right)

Fig. 2 Pinealectomized in quadrupedal rat. Anteroposterior view
of spinal radiograph revealed straight spine (left) and lateral view
revealed physiological thoracic lordosis, )15�between C2 and T7
(right)
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Discussion

Despite the existence of numerous animal models of
idiopathic scoliosis, its cause in humans remains ob-
scure. Idiopathic scoliosis is a three-dimensional defor-
mity of the spine combining lateral curvature with
vertebral body rotation according to Adams [1]. The
essential lesion, however, lies in the sagittal plane in the
nature of the lordosis. Heuer and Sommerville [35] ex-
tended this idea and proposed that the lordosis resulted
from overgrowth of the anterior vertebral column rela-
tive to the posterior elements. Roaf [29] describing the
anatomy of the scoliotic deformity, emphasized that a
lordotic region lies at the apex of the curvature.

We have found that pinealectomy in chickens con-
sistently produces scoliosis, which has anatomic char-
acteristics similar to that of human idiopathic scoliosis
[18–20, 22]. The scoliosis produced has considerable
deformation within the body and neural arch of a ver-
tebra, most pronounced at the apex of the curve. The
body was compressed from above downward on the
concave side leading to a wedge-shaped deformity. The
posterior elements of a scoliotic vertebra showed much
more complicated deformations. On the concave side of
the curve, these deformations were marked at the apex

and the peri-apical segments: the pedicles and laminas
were thick and wide and the spinous processes were
deviated toward the concavity. On the convex side of the
apex the pedicles were thin and the laminas and articular
processes were small and highly compressed [21]. Here
there was also clear evidence of asymmetric vertebral
growth with anterior body height being greater than
posteriorly. This anatomy supported a lordosis or lor-
dotic tendency. Eventually the spinal deformity in
pinealectomized chickens developed rotational lordos-
coliosis, similar to human idiopathic scoliosis.

Bipedal rats were first produced by Goff [12] and
followed by others [24, 30, 33, 40, 42, 43]. According to
their reports the bipedal rats spent nearly all of their
time walking in an erect position, spreading their feet
and toes apart. Their bodies were flexed forward in the
mid-thoracic region but readily straightened when they
stretched for high-placed food or when they sniffed their
surroundings, a characteristic behavior. They showed
anatomical and behavioral changes in accordance with
Wolff’s law. Goff and Landmesser [12] explained that
this condition was produced by the bending of the
proximal portion of the tibia and fibula and that the
femur was proportionately longer in relation to the tibia.
In our previous study, we found that the bipedal’s bones
were larger and heavier than normal relative to animal
weight. Regarding the effect of bipedalism, Smith and
Saville [33] have reported that at comparable body
weight bipedal rats have a denser femur with a greater
breaking force than quadrupedal rats, and also that the
weight of muscle associated with the femur is greater in
bipedal rats. In this study there was no significant dif-
ference in body weight between bipedal and quadrupe-
dal rats.

Recently, Bailey et al. [3] reported that bipedal rats
with their tail do not assume a more erect posture and
spend no more time in an upright position compared
with quadrupedal rats. Their tails interfered with walk-
ing with erect posture. In their study bipedal rats were
not raised in an environment that encouraged bipedal
activity. The diet was kept at floor level, and water was
delivered through drip bottle placed 2 inches above the
floor of the cage. It is common practice in bipedal
studies to encourage bipedal activity by progressively
raising the food and water as bipedal rats grow. This
encouragement may be necessary cofactor in establish-
ing bipedal behavior in bipedal rats. It seems that the
new posture of standing and walking upright position
plays the major role for development of lordosis.

Scoliosis developed only in pinealectomized rats with
bipedal gait, not in quadrupedal animals. We postulate
that the bipedal condition, as in chickens or humans,
plays an important role in the development of scoliosis
[24]. Rodriguez et al. [30] have shown that spinal
development in bipedal rats results in a prominent tho-
racolumbar kyphosis. In this study, cervicothoracic

Fig. 3 Pinealectomized in bipedal rat. Anteroposterior view of
spinal radiograph revealed thoracic scoliosis, 29� (left) and lateral
view revealed thoracic hyperlordosis, )48� between C2 and T7
(right)

Table 1 Mearurements for cervicothoracic lordosis and thoracol-
umbar kyphosis in experimental rats

Spinal curvature in degrees

C2–T7 T7–S1

Quadrupedal pinealectomized rat )25.0±6.4 34.1±4.1
Sham operation in bipedal rat )45.9±6.0* 43.9±5.9
Bipedal pinealectomized rat )51.8±15.0* 50.9±11.4

*P<0.01
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lordosis developed in bipedal rats without pinealectomy.
This sagittal curve is the same as Yamada et al. [42]
reported, wherein there is a tendency for a gradual in-
crease in cervicothoracic lordosis and thoracic kyphosis
with decreased lumbar kyphosis in bipedal rats. The
presence of a lordotic region in the thoracic spine may
well be essential for the development of idiopathic sco-
liosis. The spine in rabbits is generally kyphotic in the
sagittal plane, but if it is tethered into lordosis, there
develops the typical lordoscoliosis with growth [8].
Lawton et al. [16] also reported that scoliosis regressed
when release of the lordotic segment was performed
deliberately in rabbits. Also the scoliotic curvature re-
solved with growth in the manner of the resolving
infantile idiopathic cases.

The spine’s sagittal profile changes during growth
and in normal children the thoracic kyphosis reduces in
size from the age of 8, reaching a minimum at about the
age of 12 [8, 26]. That this occurs at the same time in
both boys and girls suggests its independence from
growth velocity, because boys on average mature about
2 years later than girls. This age range coincides with the
age when the incidence of scoliosis in the community
rises sharply in both boys and girls. Also, this age
coincides with the age when the melatonin level precip-
itously drops by 80% from the highest nocturnal level at
the ages of 1–3 years [36].

Normal spine growth requires a precise and delicate
mechanical balance of equilibrium and postural tone.
Disturbances in primary structuring, support structures,
growth centers, position of the spine, and related neural
or muscular components could result in the development
of scoliosis. Our previous study suggested that a defi-
ciency of melatonin may be important for the symmetric
development of paraspinal muscles and straight spine
growth [18, 24]. Recently, Wan and Pang [37] demon-
strated, using autoradiography studies, that melatonin
binding sites in chickens were localized in the dorsal gray
matter of the spinal cord . They concluded that mela-
tonin plays a role in regulating the spinal cord function.
Also, Fraschini et al. [11] reported that the role of mel-
atonin in the control of sensorimotor performances, and
the cerebellar receptors might be correlated with the

control of human balance. Our theory is that asym-
metrical dysfunction of the paraspinal muscles may be
due to loss of proprioceptive innervation. This concept is
further supported by experiments in which injections of
5-hydroxytryptophan, a precursor of serotonin, which
acts as a modulator for postural muscle tone, appeared
to halt the progression of scoliosis in pinealectomized
chickens [22]. The question is whether thoracic scoliosis
in pinealectomized bipedal rats develop a right or left
convex curve. This may be different sites or volumes of
melatonin receptors in thalamus, brainstem, cerebellum,
and spinal cord between in rats and humans.

Idiopathic scoliosis is the result of either lateral
asymmetry of the spine or a primary rotational phe-
nomenon. The disturbances in equilibrium may ulti-
mately lead to the rotation, shifting and bending of parts
of the vertebrae. In lordoscoliosis, the primary under-
lying lesion appears to be a lordosis which rotates out to
the side, producing the secondary deformity, scoliosis.
Rotation of the vertebral bodies always occurs in the
direction of the convexity of scoliosis, confirming that it
is a lordosis which has rotated. A lordosis alone would
still theoretically be in equilibrium. Rotational instabil-
ity of the spine with rotation of the lordotic segment
may produce a scoliotic deformity as a secondary phe-
nomenon. The rotation deformity and reduced kyphosis
are the basic elements in progressive idiopathic scoliosis.
There is evidence that the production of scoliosis is in
part mechanical in nature. Balance exercised to the
thoracic column by the equal load brought from the two
sides through the ribs may be disturbed by many factors.

We postulate that balanced muscle tone controlled by
postural reflexes is important to maintain a straight
spine in the bipedal condition. Disturbances of equilib-
rium and posture secondary to a defect of melatonin
after pinealectomy may promote the development of
rotational lordoscoliosis especially in the bipedal pos-
ture.
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