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P R N N _Jl 3 ' ADENOSINE MONOPHOSPHATE
AND CYCLIC 3'5*' GUANOSINE MONOPHOSPHATE UPON SUTURAL
EXPANSION BY AN ORTHOPEDIC FORCE

Abstract

by

JEFFREY ALAN BENSON

ILocal control mechanisms that mediate the growth and remod-
eling in skeletal tissue of the craniofacial apparatus, and thereby
their response to externally applied orthopedic forces, are com-
plex and at present not fully understood. One control pathway,
however, that has received growing attention has been the action
of the cyclic nucleotides. Results of previous research with
bone tissue have demonstrated that both c¢AMP and cGMP are impor-
tant mediators in the alveolar remodeling response to orthodontical-
ly induced tooth movements. However, the specific nature of the
effects that externally applied orthopedic forces have on the
growth and remodeling of bones in the cranicfacial complex is
still unclear.

The present study was performed to examine the effects of
an orthopedic stimulus upon cyclic nucleotide levels of the in-
volved bones and how these levels relate to growth and remodeling

changes that occur at the various sutures. To study this effect,
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an expansile force was applied across the sagittal suture in young
growing rats and corresponding cyclic nucleotide levels were exper-
imentally altered by the use of theophylline, a phosphodiesterase
inhibitor.

The sample consisted of 22 female Sprague Dawley rats
which were divided into four groups, yith one group acting as a
contrel. The remaining three experimental groups consisted of:

1. T group - animals force fed theophylline (1 mg/100g body
weight - 4 times/day);

2. 8§ group - expansion spring implanted across sagittal
suture to provide an orthopedic stimulus;

3. T + S group - animals received theophylline as well as
the implanted spring.

Cranial implants were placed in all animals to measure
dimensional changes of the calvaria over the experimental period.
In addition, one animal from each group was injected with a vital
dye for subsequent histological evaluation.

Following a 21 day experimental period, animals were decap-
itated and the bone around the sagittal suture removed and analyzed
in four categories.

A. Sutural expansion and surface area were determined from
cranial implant measurements to assess sutural response to
different experimental variables.

B. Levels of cAMP and cGMP were individually gquantitated by
by specific radioimmunoassay procedures to evaluate varia-
ble dependent changes in concentration.

C. BAnalysis of non-collagen sample protein content to pro-

vide a standard unit by which to compare the levels of
cAMP/CGMP .
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Histological evaluation of remodeling changes that oc-
curred at the suture during the experimental period.

The most significant findings of the present study were:

Orthopedic forces have a definite effect on intracellular
cyclic nucleotide levels in sutural areas of the involved
bones, resulting in a significant rise in cAMP and de-
crease in cGMP;

Theophylline, when used alone, resulted in a similar in-
crease although of lower magnitude in cAMP levels compared
to that of the mechanical stimuli with an additive effect
when both were combined;

Cyclic GMP decreased 50% and remained constant relative to
the control regardless of the variable(s) involved;

A positive association was demonstrated between the amount
of expansion observed and the level of cAMP present in the
bone around the suture.

Sutural expansion forces resulted in extensive remodeling
changes primarily at the sagittal suture with very little
expansile effects on the rest of the craniofacial complex
as a whole.
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INTRODUCTION

Growth, particularly that of the cranicfacial complex, has
received a great deal of attention in the field of orthodontics,
primarily because of its importance in treatment outcome. Ever
since the advent of cephalometric radiography, which made the ser-
ial examination of the craniofacial structure in growing children
possible, there has been a flourishing of studies in the orthodon-
tic literature dealing with this subject. A great deal of effort
has been put forth by researchers attempting to determine the para-
meters of growth, such as where (Brash, 1924), how {Sicher, 1955)
and why growth occurs {(Moss, 1960; Scott, 1958). These parameters
have been investigated both from the normal aspect through study-
ing growing individuals and the abnormal through redirecting ex-
isting patterns and observing resultant deviations (Sarmat, 1955).

Much of the success of orthodontic treatment relies on the
determinants of these parameters and to what degree they can be
manipulated through treatment. Deformation of bone as a result of
alterations in growth patterns has been practiced for various rea-
sons in different societies for centuries. Perez~Martinez (1960)
illustrated a variety of cranial deformities induced by the Colom-
bian Indians. Morphological changes in these skulls were produced
as a result of binding the head with strips of cloth and thereby

applying external forces to the growing cranium in order to alter



existing growth and remodeling processes. Likewise, in orthodon-
tics, externally applied orthopedic forces (e.g., headgear, chin-
cup, etc.) are otten utilized to alter bone relationships in the
growing craniofacial complex. Orthopedic forces, when applied to
these various bones, have been shown to affect growth and remodel-
ing at their various sutures (Meldrum, 1975; Haas, 1961).

Investigators have established rather conclusively that
orthopedic forces can alter growth and remodeling in the cranio-
facial complex, but the sequential events triggered by this force
and leading to the observed change in form at the cellular level
is not fully understood. Many local control mechanisme governing
growth determinants have been suggested, but what actually occurs
to activate the biological machinery within the variocus bone cells
or controls their direction remains obscure. Some light was shed
into this area, however, when Sutherland and Rall (1960) alluded to
the role of adenosine 3', 5'-cyclic monophosphate (cAMP) in medi-
ating the effects of extracellular stimuli upon their target cells.
Since this advance, cyclic AMP has been demonstrated as a "second
messenger” in many important hormonal and drug interactions which
have significent effects on many tissues, including bone.

Soon after the identification of cAMP, another important
cyclic nucleotide was found. This nucleotide, cyclic GMP, was
thought to be another intracellular second messenger which antag-
onized the effects of cAMP. An early mechanism of action of cGMP,

although very similar to that of cAMP, seemed to have totally oppo-



site cellular effects; the so-called yin-yang hypothesis
(Lehninger, 1975). More recent investigaticns, however, have shown
that this strict reciprocal interplay between cAMP and cGMP is not
true. Furthermore, it is now thought that the levels of the cyclic
nucleotides, as well as their stimulation, are cell and tissue
specific.

Bone tissue investigations by Davidovitch (1980a, b),
Burrows (1978), and Roden {1975), among others, have shown that
orthodentically applied mechanical forces can affect intracellular
cyclic nucleotide levels. In addition, these investigators have
provided evidence that indicates cAMP and cGMP may have some func-
tion in the mediation of alveolar bone remodeling. The reole that
levels of these nucleotides have in the scenarioc of sutural growth,
however, has never been conclusively shown.

This present investigation attempts to alter growth and
remodeling by artificially inducing changes, at the cellular level,
of both cAMP and cGMP. These induced changes were brought about by
the use of theophylline, a drug known to be a powerful inhibitor of
the phosphodiesterase enzyme that breaks down both cAMP and cGMP,
once they have been formed. These drug induced effects were exam-
ined in the cranial sutures, across which an expansile force had
been placed, of growing Sprague Dawley rats. Sutural growth was
analyzed by: (1) direct measurement between cranial implants and
{(2) ground histological sections. Cyclic nucleotides were
measured utilizing a radioimmune assay technique specific for

each nucleotide.



BACKGROUND REVIEW

Theories dealing with the growth and development of the
craniofacial complex have fluctuated from a totally genetic
aspect (Brodie, 1923}, to more recentltheories involving a much
greater environmental aspect. As emphasized by Moss and Salentyn
({1964) the craniofacial complex performs a variety of vital func-
tions such as respiration, olfaction, vision, and ingestion. All
such functions are carried out by what they term "functional cran-
ial components." Each of these components consists of a skeletal
unit that supports and/or protects its specifically related func-
tional matrix. Moss proposed the existence of two general types of
functional matrices: a periosteal matrix consisting of the vascu-
lar, neural and muscular tissues, and a capsular matrix composed of
bony enclosed soft tissue compartments such as the brain and orbit.
These matrices differ in their growth roles. Periosteal matrices
act on the skeletal units directly by influencing deposition and
resorption, thereby altering thelr size and morphology. Capsular
matrices act through growth and a resultant increase in volume, to
cause a passive outward movement of the surrounding skeletal units.

Growth thus involves both enlargement and remodeling. It
has been established that the bones of the craniefacial complex

do not merely increase in size, but also change in shape as



growth progresses (Enlow, 1975). According to Enlow both the
endosteal and the periosteal membrane surfaces of any of the bones
of the head and face are fairly evenly divided between regional
fields of deposition and resorption. These fields allow for spec-—
ific remodeling changes as the individual bones enlarge.

The growth of the brain precedes general body and facial
growth, and thus will establish early the template for lateral and
anterioposterior dimensions of the cranium, and in turn, the facial
skeleton (Enlow 1975). As with Moss® capsular matrix, the bones of
the calvaria are passively translated outward as the brain grows.
This expansion creates tension in the sutural membranes which imme-
diately respond by deposition of new bone along the sutural edges
{Enlow, 1975). As these bones are enlarging along their circumfer-
ence, the diploic spaces are also widening by a process of cortical
drift. 'This movement apart of the cortical plates comes about as
a result of the actions of periosteal deposition and endosteal re-
sorption. Overall, remodeling (e.g. resorption/deposition) is not
as complex in the flat bones that make up the calvaria due to their
relatively simple morphology, although reversals of deposition and
resorption do occur at the sutures, thus allowing for a flattening
in the changing curvature of the skull concomitant with growth
(Enlow, 1975).

On the cellular level, the processes of bone deposition
and resorption are mediated by osteoblastic and osteoclastic cells

respectively contained in the periosteal/endosteal membranes. The



intercellular substances of bone consist of two fundamentally dif-
ferent components. One is organic and the other is inorganic.
Studies on caiciried bone have shown that by dry weight around
70~77% of bone substance is inorganic and the balance organic (Ham,
1974). In addition to the collagen, the organic matrix also con-
tains some sulfated mucopclysaccharides and glycoproteins.

Observations by Pugliarella, et al. {(cited by Herring, 1964}
conducted on bovine bone indicates that the bone matrix is not homeo-
geneous, but varies in degree of mineralization with progressive
age. The collagen content which is initially high during the less
calcified, immature pericd, decreases with the stage of mineraliza-
tion. Herring (1964) found the collagen content to vary from 31.99%
dry weight in osteoid tissue {(e.g. uncalcified bone matrix) to
23.63% in a fully calcified specimen. Likewise, non-collagen pro-
teins varied from 12.87% to 1.52% dry weight, respectively {Herring,
1964) .

In bone deposition, precursors of the matrix molecules
(e.g. procollagen) are secreted by the osteoblast and when attacked
by ostecblastic extracellular enzymes {e.g. peptidase) will coa-
lesce to form the bone matrix (Ham, 1974). This matrix, which ini-
tially is termed osteoid, will become progressively impregnated by
hydroxyapatite (CalO(PO4)6(OH)2) crystals as the matrix becomes
calcified.

The mechanism of calcification in this matrix is very com-
plex and not fully understood. According to Ham (1974), changes

occur in both the matrix itself and in the ostecblastic induced



local environment prior to calcification. The blood and tissue

. . ++ .
fluids are normally saturated with Ca and PO, ions, but re-

4
searchers have demonstrated further increases in these ions in the
local environment of bone deposition, resulting in a precipitation
of calcium phosphate salts. This is thought to be due to the alka-
line phosphatase enzymes which are secreted abundantly by the os-
teoblasts, and result in the splitting of pre-existing organic phos-
phate compounds (e.g. hexosephosphate or glycerophosphate) that
might be present in the locality, but are ordinarily not ionized.
When these PO4 ions are liberated under influence of the phos-
phatase, the local concentration of phosphate ions is increased

to the point where calcium phosphate will precipitate into the
matrix surrcunding the cells.

Additionally, the organic matrix is thought to have a
physical or chemical proclivity for becoming calcified under con-
ditions where other tissues would remain uncalcified. This has
been demonstrated by the fact that the matrix will calcify regard-
less of the presence of viable osteoblasts (Ham, 1975). Changes
in composition, such as the mucopolysaccharides seen between the
osteoid and calcified tissue have been suggested to have an effect
in opening up spaces between the tropocollagen fibrils and to pro-
vide an active nucleus for the precipitation of the inorganic
salts (Ham, 1974). In addition to changes in composition, the ma-

trix also undergoes changes in physical properties with development.

Ham (1975) demonstrated that as much as 10% of the collagen in



young bone matrix is water soluble at room temperature, but as the
matrix matures the amount of soluble collagen decreases signifi-
cantly in conjunction with an increase in collagen cross—linking.

On the other hand, bone resorption, which involves the
removal of both mineral and organic intercellular substance, has
been shown to be mediated by the osteoclast. The fact osteoclasts
are found only in association with calcified tissue and never os-
teoid tissue, indicates that they act primarily by dissolving the
mineral, and secondarily, by depolarizing the organic constituent.
Ham (1974) suggests that the osteoclasts function by providing a
sufficiently local acid environment in close assoclation with the
bone, which causes the bone salts to act as a buffer. 1In buffering
an acid, the calcium phosphate becomes a much more soluble salt
{e.qg. CaHPO4 is much more soluble than Ca3(PO4)2) and is eroded
away. Concomitant with the demineralization, enzymes secreted by
the osteoclast (e.g. B glucuronidase) would degrade the organic
matrix (Ham, 1974).

The control of bone deposition/resorption and, thereby,
growth and remodeling are under a variety of local and systemic
controls. One systemic control that has received a great deal of
study has been the effects of hormones, particularly parathyroid
hormone and calcitonin.

Parathyroid hormone has been shown to cause an increase in
the number and activity of osteoclasts, as well as an increase in

the level of blood calcium. This increase in serum calcium levels



has been attributed to a significant increase in ostecclastic bone
resorption. Ham (1974) has suggested that parathyroid hormone {PTH)
will induce the undifferentiated osteogenic cells present in the
periosteum to become osteoclasts preferentially and, thereby, would
account for the increased number present., Furthermore, the forma-
tion and function of bone forming cells is impaired, because para-
thyroid hormone will prevent the cells that are not directed into
becoming osteoblasts from forming more new bone to compensate for
that which is lost. Therefore, it seems that PTH affects all the
cells of the bone cell series in one way or another, with the net
effect being resorption.

Conversely, calcitonin, which is secreted in response to a
rise in serum calcium, acts to lower these levels in a way that is
more or less the reverse of the mechanism of PTH. It functions
by diminishing resorptive processes and perhaps also by stimulat-
ing osteoblastic activity. Kalleo, Garant and Minkon {cited by
Ham, 1974) have described an inactivation of osteoclasts in culture
when calcitonin was present (e.g. disappearance of the ruffled bor-
der which is thought to be responsible for acid production). In
addition, research by other investigators (Herring, 1964) has indi-
cated that calcitonin actually increases the rate of new bone for-
mation as well as decreasing the formation and activation of osteo-
clasts. Like PTH, calcitonin appears to affect all bone cells in
one way or another, resulting in deposition {e.g. specific hormone

receptors).
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A basic understanding has been gained in the cause and
effect of growth and remodeling, but when it comes to evaluating
the determinants ot osteoblastic/osteoclastic function and their
subsequent activation/deactivation, knowledge is sparse. Which
mechanisms control the biochemical machinery within the bone cell
and thereby the direction and timing of bone metabolism is not yet
understood. 1In the last 20 years there has been a flourishing of
research in the area of local control mechanisms involved in growth
and remodeling. With this research, many local factors have been
alluded to as possible affectors and determinants of growth. of
these, the cyclic nucleotides, and most notably cyclic 37, 5'-
adenosine monophosphate, have received a great deal of interest.

The intracellular concentration of these cyclic nucleotides
has been shown to fluctuate concomitant with various cell processes
(e.g. resorption). In addition, researchers {Chen, 1978; Davido-
vitch, 1980) have shown that various external stimuli known to pro-
duce a specific cellular change (e.g. PTH, calcitonin) also affect

levels of these cyclic nucleotides.

Cyclic Nucleotides and Skeletal Remodeling

The skeleton is a complex mineralized connective tissue
organ system that provides many functions, including maintenance
of both mineral and acid-base homeostasis. Its growth and remodel-
ing are governed by highly specialized cells (e.g. osteoclasts,
osteoblasts and osteocytes), all of which are regulated by hormonal

as well as non-hormonal factors. Although controversial, it is
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currently held that these cells represent mitotically imnactive
derivatives of separafe cell lines (Peck, et al., 1979).

Osteoblasts become osteocytes as they engulf themselves
with newly formed bone. These osteocytes, however, will remain in
communication with their neighbors and with surface osteoblasts by
way of cytoplasmic processes that traverse bony cannaliculi. Thus,
these vast interconnections provide a network having enormous Sur-
face area that is thought to act in the rapid transfer of ions and
as buffer between bone and the extracellular fluids. In addition
to this mediation of ion transfer, osteocytes are also capable of
both bone deposition and resorption (e.g. osteocytic osteolysis)
in response to external regulatory factors.

Hormones, locally acting chemical mediators, and mechanical
forces, have all been shown to affect the various biochemical ac-
tivities as well as the number of these specialized cells and,
thereby, resorption or deposition (Peck et al., 1273).

Direct stimulators of bone resorption are known to include
parathyroid hormone, prostaglandins, the bioclogically active meta-
bolites of Vitamin D, and osteoclast activating factor, whereas
calcitonin, insulin and growth hormone (e.g. somatomedin mediated)
have been demonstrated to stimulate osteoblastic activity (Peck
and Klahr, 1979). Coinciding with these events, changes in the
levels of the cyclic nucleotides have also been noted. Evidence
accumulated thus far has provided a strong indicatien that the

cyclic nucleotides act as mediators (e.g. second messengers) in
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the external stimulation of biochemical processes, and therefore,
control bone remodeling.

Most of the evidence points to cAMP as the second messenger
in bone resorption. Although evidence is sometimes conflicting,
most stimulators of bone resorption prove to also increase cAMP
levels. Time-course studies reveal that the rise in cAMP precedes
the resorptive response in a cause-effect relationship (Peck and
Klahr, 1979). These effects, however, must be examined in relation
to cell type. Bone is a heterogeneous tissue consisting of both
osteoclasts and osteoblasts, each with a different function. Stimu-
lators of resorption such as parathyroid hormone have been shown to
activate adenyl cyclase in both cell types (Jilka and Cohn, 1981).
This concomitant rise in cAMP was then hypothesized to place the
cells into a "resorption mode" by activation of the osteoclasts and
inhibition of the osteoblasts. These effects cannot be solely iso-
lated to cAMP, however, without possible consideration of the ef-

++
fects of Ca and cGMP along with other probable factors.

History of the Cyclic Nucleotides

With the flourishing of research in local control mechan-
isms, cyclic AMP, and to a lesser extent cyclic GMP, have been im-
plicated as second messengers in a variety of important cellular
mechanisms (Bliziotes et al., 1982; Draper et al., 1980).

Cyclic 3', 5'-adenosine monophosphate was first discovered
by Sutherland and Rall (1960) in connection with their study of

adrenergic induced glucose release in hepatic cells. This mole-



Figure 1.-- Schematic of cyclic nucleotide
metabolism. Top- Adenosine Triphosphate is
converted into cyclic 3'5' adenosine mono-
phosphate by an adenyl cyclase enzyme. Subsq-
vent degradation of this cAMP involves a phosph-
odiesterase —catalized hydrolysis of the cyclic
phosphate ring yielding 5' AMP. Bottom- A
gimilar metabolism as described for cyclic AMP
has been demoustrated for cyclic 3'5'guanosine
monophosphate
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Figure 1lb.-- Example pathway of cyclic AMP
action. This schematic represents the ini-
tial sequence in a cAMP mediated-hormone
induced transformation of glycogen into
glucosge in muscle tissue. First (a) the
cAMP that has been formed from ATP in the
cell cytoplasm activates a protein kinase.
The kinase in turn activates a second
kinase (b) that is capable of transforming
phosphorylase b into phosphorphorylase a.
When this takes place {c¢), the transformed
phosphorylase then starts the sequence (d)
that converts glycogen into glucose
(Pastan, 1972).
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cule, although 1,000 times less abundant than ATP, has been found
in virtually every cell, both normal and patholigical. The “second
messenger”" mechanism which was proposed by Sutherland, et al. (1960)
involved an adenylate cyclase enzyme which was incorporated within
the cell membrane (Figure 1lb). This enzyme, normally low in activ-
ity, became activated by local perturpations in the membrane caused
by external stimuli (e.g. first messengers). Once activated, this
enzyme then converted intracellular ATP into cyclic AMP. The cAMP,
thus formed, diffused through the cytoplasm and attached to the
regulatory subunit of a protein kinase enzyme. Once bound to this
enzyme, it would cause dissociation of the regulatory subunit and
subsequent activation of the remaining catalytic portion of the
kinase enzyme. This protein kinase enzyme would then further acti-
vate a second phosphorylase kinase enzyme which is thought to have
a broad spectrum {Miyamoto, et al., 1969) and catalyze the phos-
phorylation of a variety of molecules involved in cellular meta-
pbolism, thereby creating a cascade effect in response to the first
messenger (e.g. hormone, mechanical stress, etc.) {Lehninger, 1975).
A similar mechanism of action has been worked out for cyc-
lic GMP. The natural occurrence of cGMP was first recognized by
Ashman and co-workers in 1963 from rat urine {cited by Goldberq,
et al., 1973). A clue to its biological role, however, did not
become evident until almost 7 years later when it was noted that
acetycholine-induced cardiac depression could be associated with

a rapid tissue cGMP accumulation. This cholinergic action on the
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heart was opposite to that promoted by epinephrine, which coin-
cidently elevated myocardial cAMP concentrations. At present,
cyclic aMr ana cyclic wmy appear to be the only naturally occurring
3', 5'-cyclic nucleotides (Goldberg, et al., 1973). Like caAMP,
cGMP has been found in virtually every tissue examined, although
the concentration varies over a wide range. It has generally been
shown that tissue levels range between 10-8 and 10—7 meles/kg and
are usually found at 1/10 to 1/100 of the levels of cAMP (Goldberg
et al., 1973).

The mechanism of action by which cyclic GMP initiates its
biclogical effects is very similar to that proposed for cyclic AMP.
It is synthesized by both membrane-bound and cytoplasmic (e.g. sol-
uble fraction) guanylate cyclase, and once formed will activate a
cGMP-dependent protein kinase (separate regulatory/catalytic sub-
units have not, however, been demonstrated in the cGMP specific
protein kinase). Levels of these protein kinases vary widely
with the tissue and cross over has been noted at high levels of
either cyclic nucleotide (Goldberg, et al., 1973).

Although support for Goldberg's (1973} "dualism" hypothesis
in which cAMP and cGMP were associated with promoting antadgonistic
biological events has been discredited by recent investigations,
evidence still indicates that cGMP and cAMP are not induced by the
same affectors, and that steady state levels of the two cyclic
nucleotides are probably regulated by different biological factors.

However, an apparent discrepancy may appear at high cGMP concen-—
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trations, mild cAMP-like effects have been noted in several tis-
sues (Braun, et al., 1969). A possible explanation for this may be
found in the probable feedback inhibition that normally maintains
the cyclic nucleotides within certain physiclogical limits.

Since cAMP and ¢GMP are such powerful regulators of cell
function, the cell must be able to control their concentration
levels precisely. This can be done either by regulating synthesis
or nuclectide elimination. Elimination can take two forms. Scome
of the cyclic nucleotides are pumped out of the cell (Pastan, 1972)
where they no longer exert an effect. A majority, however, are de-
graded by one or more phosphodiesterase enzymes. The activity of
these enzymes seems to fluctuate with the level of their respective
cyclie nucleotides, thus assuring a rapid return of the second mes-
senger to basal levels upon dissociation of the first messenger
from its membrane receptor (Rodan, et al., 1975) .

In addition to the metabolic effects within the cell, the
levels of cGMP and cAMP have been observed to affect the expression
of genetic information, although by which method is still unclear
{Pastan, 1972). It has been shown in bacterial studies and in cer-
tain disease states, that in non-replicating cells, which are
actively secreting cellular preducts (e.g. enzymes), the ratioc of
CcAMP to cGMP is high. Conversely in rapidly proliferating cells,
as seen in psoreasis, which is an epidermal disorder involving
greatly expanded cell division, there is a low cAMP to cGMP ratio

{Lehninger, 1975}.
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Pastan (1972) has provided evidence that cells in cul-
tures will not undexgo virus-induced malignant transformation when
grown in the presence of cyclic AMP. Likewise, cells which have
previously undergone transformation will tend to return toward nor-
mal in many aspects when placed in the presence of cAMP (Pastan,
1972). Evidence has also indicated that cyclic GMP may have some

effect in stimulation of DNA synthesis.

Mechanical Effects on Cyclic Nucleotides

Throughout history, orthodontic treatment has been based
on the principle that teeth will move and bones will remodel as a
result of applied forces. These forces act by creating resorptive/
depository changes within the bone. Due to the proven effect of
bone seeking hormones, such as parathyroid hormone, in affecting
similar bone remodeling through probable CcAMP/cGMP mediated path-
ways, these cyclic nucleotides have also received a great deal of
attention as possible mediators of the mechanical effect on remod-
eling.

pavidovitch, et al. (1975) demonstrated that cyclic nucleo-
tide levels do, in fact, change as a result of mechanical stresses,.
They found by examination of the alveolar bone surrounding a tooth
that had previously undergone orthodontic movement, that cAMP lev-
els initially decreased, then increased 3-4 fold at 1-2 days. It
was felt that the initial drop was probably due to pressure-induced
necrosis, but that the following increase was fairly indicative of

a cAMP mediated second messenger function.
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Similar results were found by Roden, et al. (1975), in
which a compressive force of 60 gm/cc2, applied to the epiphysis
of chick embryo tibiae, resulted in a decrease in both cAMP and
cGMP, with the drop in cGMP being larger than that in cAMP. This
effect was more pronounced in the absence of theophylline, a potent
phosphodiesterase inhibitor, indicating that phosphodiesterase en-
zymes were responsible for the effect. It has been shown that Ca++
will fluctuate along with the cyclic nucleotide levels, thus impli-
cating a possible Ca++ dependent phosphodiesterase (Peck, et al.,
1981). Further research by Roden (1975}, using the tibiae epi-
physis, implied a possible cell specific cAMP/cGMP mechanism in
bone cells under mechanical stimuli. To study this effect, Roden
separated the epiphysis into a distal segment rich in proliferating
cells, a middle section of enlarging, non-dividing cells and a
proximal segment containing bone forming cells. This separation
unmasked differences among the cells obtained from the three tissue
segments. When hydrostatically stressed in culture, the cells from
the distal segment demonstrated an increase in cGMP, whereas in the
middle segment both cAMP and cGMP were elevated and in cells from
the proximal segment the cGMP concentration dropped.

It has been shown rather conclusively, by these and other
investigators (Somjen, et al., 1980) that mechanical stress is con-
verted to biochemical effects via a cyclic nucleotide mediated
pathway. How this biochemical effect is actually initiated is

controversial. However, the presence of a membrane receptor,
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sensitive to mechanical deformation, is doubtful. An interesting
hypothesis has been worked out by Harrell, et al. (1977) . Accord-
ing to this hypothesis, the cyclic nucleotide mechanism is mediated
through denovo prostaglandin synthesis. Mechanical tension acting
upon the cell is hypothesized to cause a distortion in the mem-
brane. These distortions will lend to conformational changes ex-—
posing phospholipids to the action of phospholipase. Free aracha-
donic acid would then be made available for prostaglandin synthe-
tase. The prostaglandins formed would then elicit increases in
cAMP by inhibition of the phosphodiesterase enzyme. Prostaglandin
would also cause changes in Ca++ membrane permeability. &As the
cAMP levels rise, a concomitant rise in Ca++ would inhibit adenyl
cyclase and activate the Ca++ dependent phosphodiesterase enzyme
(Harrell, et al., 1977). These two combined would result in a drop
in cAMP levels. This hypothesis is supported by the fact that
prostaglandin (PGEz) elicits the same response. In addition, in-
domethacin, a potent inhibitor of prostaglandin synthesis, has been
shown to inhibit the cAMP response of mechanical stimuli (Harrell,
et al., 1977).

Somjen, et al. (1980}, in a similar study, alsoc found phys-
ical force to be prostaglandin-influenced, with cyclic nucleotides
secondary. In addition, Somjen found that thymidine incorporation
into DNA was significantly increased in response to physical forces
but that this effect was likewise inhibited by indomethacin.

Therefore, it is possible that prostaglandins mediate some effect
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of mechanical stress upon DNA synthesis.

Other external stimuli beside mechanical stress have also
been shown to affect increases in cyclic nucleotides and thereby
bone remodeling. One of the more notable, electric current, has
received a considerable amount of investigation. Davidovitch,
et al. (1980a, 1980b) has shown that 15 microamperes of d.c. cur-
rent, when applied to alveolar bone of a cat, can effect increases
in both cAMP and cGMP in the surrounding bone, along with concomi-
tant bone apposition near the cathode, and bone resorption near the
anode. In addition, Davidovitch found that the levels of cAMP and
cGMP fluctuated, and not always in concert with one another. A
possible mechanism for the observed effect has been suggested to
involve an electrically induced alteration of membrane potential
allowinyg for the influx of ions, including Ca++.

Other studies by Davidovitch (1980a, b) where electric
current has been combined with mechanical stress have indicated
an additive effect between the two stimuli. According to Davido-
vitch, this observed effect may result from either a more intense
reaction within the cells, or more likely a wider activation of
bone cells. Either way, Davidovitch provided evidence that bone
remodeling occurs at a faster rate when the two stimuli are com-
bined.

Along these same lines, Burrows, et al. (1978) showed a
similar additive effect when mechanical stress in the form of

orthodontic tooth movement was performed in conjunction with val-
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ium administration, a drug which reportedly acts as a phosphodies-
terase inhibitor. In this study, Burrows presented evidence that
a significant increase in tooth movement occurred with a phospho-
diesterase-inhibited cAMP increase. This added support for the
premise that cAMP did, in fact, mediate at least some of the ef-
fects of mechanical stress on hone.

As with the hormonal effects, cAMP probably doesn't rep-
resent the entire picture. One must also include the less studied
factors such as Ca++ and cGMP in order to grasp a fuller under-

standing (Peck, et al., 1981).

Hormonal Regulation of Skeletal cAMP Metabolism

Investigations involving both intact bones and isolated
cell cultures have alluded to many effectors of increased cAMP
levels, either through increased synthesis, decreased breakdown,
or both. Some of the better studied affectors of synthesis in-
clude: parathyroid hormone (PTH), Prostaglandins (E and F series),
calcitonin, epinephrine, osteoclast activating factor (OAF), cal-
cium, mechanical and electrical stimulation. While at the same
time, various phosphodiesterase inhibitors such as theophyliline,
and methylisobutylxanthine have been used to amplify the nucleo-
tide changes by these various stimulators of skeletal cyclic AMP
formation. In addition, thyroid hormones (L-Thyroxine and L-
Triiodothyronine; Marcus, 1975) and glucocortocoids (Chen, and
Feldman, 1978) have also been shown to inhibit skeletal phospho-

diesterase activity.
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Parathyroid Hormone

Parathyroid hormone, which is secreted by the parathyroid
gland in response to plasma hypocalcemia, is generally accepted
as a major physioclogical stimulator of bone resorption. This hor-
mone represents one of the first cyclic AMP dependent mechanisms
worked out in skeletal tissue. Evidence accumulated thus far indi-
cates that parathyroid hormone, at least at high concentrations, is
capable of increasing cyclic AMP production in ostecblasts, osteo-
clasts and osteocytes (Smith and Johnson, 1975; Peck, et al., 1978).
Tts direct effects, however, are to enhance osteoclastic activity,
osteocytic osteolysis and to inhibit bone formation {Jilka and
Cohn, 1981). These effects may become modified by such factors as
nucleotide concentration, duration or on local environmental PpH.

Jaffe (1933), presented evidence that chronic exposure of
animals, particularly the young, to parathyroid hormone can be
associated with activation of osteoblasts and increased bone forma-
tion. Furthermore, Herrmann-Erlee, et al. (1976) have reported an
increased osteoid formation in cultured embryonic bones treated
with low concentrations of parathyroid hormone. Likewise, low
doses of synthetic human parathyroid hormone (hPTH 1-34) have also
been shown to accelerate bone formation in patients with post-
menopausal osteoporosis (Peck, and Klahr, 1279).

Martin, et al. (1980) have shown a significant increase in
cAMP production with an increase in surrounding hydrogen icn con-

centration (e.g. low pH) as is seen in metabolic acidosis. Pre-
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sumably the increased H+ ions are in some way altering the normal
cellular ion balance, thereby potentiating the effects of the para-
thyroid hormone.

Generally, in isolated bone cell systems, which respond
more rapidly to parathyroid hormones than intact bone, PTH will
cause cyclic AMP to rise within several minutes, peak to as much
as 30-40 fold with a phosphodiesterase inhibitor within 30 minutes,
and then gradually decline (Peck and Klahr, 1979). Structure-
function studies have revealed close similarities between the capa-
city of parathyroid hormone to augment cyclic AMP formation and the
capacity to elicit biochemical responses.

At first, it was thought that a rise in cyclic AMP coin-
cided directly with an increase in bone resorption. This hypothe~
sis appears valid for the most part, but there is evidence that in-
creased cAMP levels will elicit entirely different and sometimes
opposing effects in different cell types. Bone is a heterogeneous
tissue made up of several types of cells. Studies on isolated bone
cell populations (Wong and Cohn, 1975; Luber, et al., 1976; Jilka
and Cohn, 1981), enriched with either osteoblast-like cells or
osteoclast-like cells, exposed to PTH, showed cell type specific
biochemical responses concomitant with cyclic AMP rise, Evidence
indicates that PTH increased cAMP levels in both populations, thus
moving them into a “"resorptive mode” (e.g. activation of osteo-
clasts and inhibition of osteoblasts). The net overall function

was the same, but resulted through opposing cyclic AMP mechanisms.
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Draper, et al. (1980) showed evidence of a differential
responsiveness to parathyroid hormone as bone ages. Although
cyclic AMP levels remain fairly constant, the bone responsiveness

appears to decrease with age.

Prostaglandins

Prostaglandins, both of the E and F series, have been
found to stimulate osteoclastic bone resorption directly by a cal-
citonin inhibited process, and at high concentrations will suppress
bone formation (Peck and Klahr, 1979). In addition, prostaglandins
(particularly E2) are potent stimulators of skeletal cyclic AMP
(Marcus and Orner, 1977). Aspirin, an inhibitor of prostaglandin
synthesis, was found in one in vitro study (Powles, et al., 1972)
to block parathyroid hormone-induced bone resorption, thus creating
a possibility that prostaglandins mediate the effects of PTH. This
assumption proved false, however, when indomethacin, another potent
inhibitor of protaglandin synthesis, failed to blunt the cyclic
effect of parathyroid hormone at a physiological concentration
(e.g. inhibition was seen at high concentrations) (Marcus, et al.,
1976) . Although disproven in the case of parathyroid hormone,
prostaglandins are still thought to have a mediating function in
the effects of other cyclic AMP stimulators such as the osteoclas-
tic activating factor and mechanical stress (Luben et al., 1979).

Marcus, et al. (1976) have shown that the effects of pros-

taglandins and parathyroid hormone are additive and that they
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probably induce their cellular effect through different receptors.
Preliminary evidence also suggests that prostaglandins, unlike
parathyroid hormone, increase cAMP preferentially in the osteoclast-
like cells rather than the osteoblast-like cells, an observation
which coincides with the fact that prostaglandins are only mild

inhibitors of bone formation (Peck and Klahr, 1979).

Calcium

Calcium is known to have many vital functions in a variety
of tissues (Peck and Klahr, 1979). The extracellular concentration
of Ca++ has been shown to determine, at least in part, the magni-
tude of cAMP response to various stimulation of adenyl cyclase ac-
tivity in bone. Peck, et al. (1981) provided evidence that cyclic
AMP responses to both parathyroid hormone and prostaglandin EZ' but
not the basal cAMP levels were augmented as extracellular Ca++ was
increased. Peck also determined that verapamil, an inhibitor of
calcium cellular penetration, blunted these responses. In fact,
research has indicated that parathyroid hormone is inactive in the
absence of extracellular calcium (Peck and Klahr, 1979).

A methoxy derivative of verapamil, D600, that blocks volt-
age sensitive entry of Ca++ into the cells has also been shown to
inhibit the prostaglandin-effected stimulation of bone resorption,
but not its ability to increase cAMP levels in the bone cells
(Peck et al., 1981). Whether Ca++ mediates the effects of parathy-
roid hormone upon cAMP by direct stimulation of adenyl cyclase has

never been shown. Increasing evidence, however, now points to
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Ca++ as not only ancther possible second messenger in itself, but
also as a modulator in cyclic nucleotide metabolism (Peck and
Klahr, 1979).

Since the finding by Chase and Aurbach (cited by Marcus,
et al., 1979), that parathyroid hormone resulted in an increased
cellular accumulation of cAMP, there pas been a general assumption
that at least some of the effects of PTH on bone are mediated by
cyclic AMP. Recent investigations have been somewhat contradictory,
with other possible routes for mediation of parathyroid hormone ac-
tion proposed: a more notable example being the calcium uptake by
the bone cells (Peck and Klahr, 1979). This hypothesis of Ca++ as
a modulator of bone resorption may be further strengthened when one
looks at studies involving osteoblast activating factor. This
lymphokine, which is liberated from lymphocytes, has the ability
to stimulate ostecclast mediated bone resorption.

In a study by Dziak, et al. (1980), the osteoclastic
activating factor was shown to increase calcium uptake and con-
comitant bone resorption in fetal rat cells without affecting cyc-
lic AMP levels. Dziak proposed that the osteoclastic activating
factor achieved its effect by altering membrane permeability to
Ca++ and thus proposed that cAMP may not be the primary or even a
necessary mediator of bone resorption.

A contradiction was found in a similar investigation by
Luben, et al. (1979) with osteoclastic activating factor (oaF} in

mouse cranial bones which indicated that OAF did, in fact, elevate
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cAMP. Luben did suggest, however, that "cAMP accumulation and re-
sorption could be disassociated under some conditions," but that
generally osteoclastic activating factor exerts its effect by means
of cyclic AMP mechanisms.

A calcium dependent regulator (calmodulin), which stimu-
lates phosphodiesterase enzyme has been found in tissues other than
bone by a number of investigators. . In these investigations, a low
molecular weight, acidic, calcium dependent regulator protein {CDR)
was found which, when complexed with calcium, could activate a
variety of enzymes (Wang, et al., 1973; Lin, et al., 1274} . This
CDR molecule was shown to be an activator of both cyclic AMP phos-
phodiesterase (Wong, et al., 1973) and also adenyl cyclase (Bros-
trom, et al., 1976).

The importance of Ca++ cannot be disputed, but the second
messenger function of Ca++ has never conclusively been shown, Be-
cause of the evidence favoring cAMP as a second messenger, it seems
most likely that the Ca++ interacts within the cAMP regulatory
system in governing cell response under physiological conditions

(Peck, et al., 1981).

Calcitonin
Calcitonin, which is a peptide elaborated by the thyroid
parafollecular cells, was shown to be a direct inhibitor of osteo-
clast-mediated bone resorption. Investigations have demonstrated
that this hormone will antagonize the stimulatory effects of para-

thyroid hormone, prostaglandins and vitamin D metabolites, while
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not directly influencing bone formation (Aliapoulios, et al., 1966).
Calcitonin appears to increase cAMP levels preferentially
in populations enriched with osteoclast-like cells. Several stud-
ies, however, indicate that osteoblasts are calcitonin resistant
(Jilka and Cohn, 198l). Like parathyroid hormone, calcitonin has
the ability to activate adenyl cyclase and thereby increase cyclic
AMP., Peak responses are for the most part far lower than those
produced by either PTH or prostaglandin (Peck and Klahr, 1978}.
A slight contradiction might be seen in the osteoclast cyclic AMP
responses of parathyroid hormone and calcitonin. It has been sug-
gested that this discrepancy may be due tec a compartmentalization

of the cAMP or a concentration effect (Peck and Klahr, 1978).

vitamin D and Steroid Hormones

The physiologically active form of vitamin D, 1, 25
(OH)2D3, has been found to mimic many of the effects of parathyroid
hormone. Raisz, et al. (1978) have shown that, like parathyroid
hormone, vitamin D3 will stimulate bone resorption directly and
at the same time inhibit bone formation. However, this metabolite
will differ in its reduced capacity to increase skeletal cAMP for-
mation (Peck and Klahr, 1978). Moreover, the metabolites of vita-
min D will not influence the effect of calcitonin on skeletal
cyclic AMP levels.

Several reports have suggested that vitamin D may, in fact,

augment the effects of parathyroid hormone (Peck, et al., 1981)

upon producing cyclic AMP. Crowell, et al. (1981) showed that 1,
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25 (OH)2D3 in hypocalcemic animals increased serum Ca++ levels and
also augmented the parathyroid hormone response, while this meta-
bolite had a negative effect on the PTH response in hypercalcemic
animals. Crowell hypothesized that vitamin D3 somehow was respon-
sible for the generation of bone cells responsive to parathyroid
hormone and that these cells were lacking in vitamin D deficient
bones. Whereas, the reduced response in the hypercalcemic animals
was due to a vitamin D desentization of cell membrane receptors to
PTH. BAnother plausible explanation may involve Ca++ mediation of
the parathyroid hormone response as previously described (Peck and
Klahr, 19279}.

Vitamin D3 has also been shown to augment the effects of
somatostatin (Silve, et al., 1981). This tetradecapeptide has been
characterized as a growth hormone release-inhibiting factor in the
hypothalamus. Silve has shown that somatostatin will induce a
Ca++ dependent stimulation of cAMP and that interaction with vita-
min D3 will enhance this effect.

Estrogen, testosterone, progesterone and glucocorticoids
have all been shown to inhibit parathyroid hormone mediated bone
resorption in vitro (Peck and Klahr, 1979). Contradictory to
this finding, Chen and Feldman (1978), presented evidence that
the glucocorticoids acting through specific membrane receptors
potentiated PTH mediated cAMP response. Chen proposed that this

effect was due to glucocorticeoid inhibition of cAMP phosphodies-

terase. In another study by Chen (1978), he also presents evi-



33

dence that several of the glucocorticoids have a direct inhibitory

effect on bone RNA and protein synthesis.

Ezclic GMP

Ccyclic 3', 5'-guanosine monophosphate has been shown to
serve as a second messenger in a variety of tissues, but interest
in this area has been greatly overshaﬁowed by cyclid aMP. Unfor-
tunately, studies with cGMP in skeletal tissue are limited, and
most of what is known about this cyclic nucleotide has come from
studies of soft tissue. Generally speaking, affectors of cGMP pro-
duce cellular effects which are somewhat opposed to those of the
cAMP affectors, although no strict cAMP/cGMP relationship has been
demonstrated.

Goldberg, et al. (1973) have found that the administration
of epinephrine or glucagon to rats had no effect upon hepatic cGMP,
but greatly elevated cAMP levels, thexreby strengthening the premise
that the two cyclic nucleotides were probably regulated by differ-
ent bioclogical factors.

Acetycholine has long been known to affect cGMP levels.
Studies by Goldberg, et al. (1973) have shown that acetycholine
perfusion of rat hearts produced an elevation of myocardial cGMP
coincident with cardiac depression, while at the same time a
slight drop in cAMP was noted. The addition of atropine, an anti-
cholinergic drug, was found to further potentiate both cGMP accumu-

lation and cardiac depression. Similar results have also been
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noted in studies with other tissues including neural tissue
(Goldberg, et al., 1973).

'ne aaninistration of oxytocin, serotonin and prostaglandin
F2 have been shown by Goldberg, et al. {1973) to promote cGMP accu-
mulation in rat uterus with no subsequent cAMP change. In a simi-
lar study, Schultz, et al. (1972) showed that histamine also caused
an increase in cGMP concentrations in intestinal smooth muscle con-
comitant with intestinal mobility. Compounds which enhance cGMP
generation have been shown to inhibit intestinal mobility (Goldberg,
et al., 1973).

clucocorticoids have been shown to have both negative and
positive inhibitory effects on cGMP levels in various tissues (Gold-
berg, et al., 1973). These apparent cell specific reactions to
glucocorticoids have been postulated to be due to a direct eiffect
of guanylate cyclase.

The process of cell division has not yet been proven to be
under hormonal control, but a number of recent studies have impli-
cated cGMP as partial affectors of cell division (Goldberg, et al.,
1973). This stems from the fact that mitogenic agents such as con-
canavalin A, which are used to induce lymphocyte proliferation,
will also increase cGMP levels 5 to 50 fold with little alteration
of cAMP (Hadden, et al., 1972). It has been postulated from this
evidence that cyclic GMP may represent a membrane-to-nucleus sig-
nal. Preliminary evidence has shown that cGMP at concentrations

of 10_9M can stimulate both RNA synthesis and histone acetylation
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in isolated lymphocyte nucleus', two events which occur early in
the process of cell division (Goldberg, et al., 1973).

In skeletal tissues, the strong antagonistic cAMP/cGMP
relationship is not as evident. Research has shown that humoral
agents and mechanical factors can influence skeletal cGMP. Roden,
et al. (1976) showed acute decreases in cGMP content of chick
embryo tibial epiphysis in response to a physiological compres-
sive force. Roden suggested that increased phosphodiesterase
activity may be responsible for this effect since cAMP levels also
fell and theophylline blunted both of these effects.

In studies conducted on thyroparathyroidectomized rats,
Goldberg (1973) found that infusion of calcitonin produced an imme-
diate elevation in urinary excretion of cGMP. In similar experi-
ments conducted with parathyroid hormone infusion, an increase in
CcGMP was likewise seen, but did not occur until 3-5 hours following
infusion and seemed closely related to elevations in urinary cal-
cium. From this evidence, it was suggested that calcitonin pro-
duced a direct stimulation of skeletal cGMP, whereas the delayed
increase seen with PTH was thought to be due to a secondary action
of Ca++. This is consistent with observations that Ca++ stimulates
cyclic GMP levels and is required for the maintenance of endogenous
tissue cGMP levels, as well as the responsiveness of tissues to
hormones mediated through this nucleotide (Peck and Klahr, 1979).

A contradiction to this was presented by Davidovitch, et

al. {1977) in which parathyroid extract, when administered to
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cats, caused an increase in total bound alveolar bone cyclic GMP.
Through immunohistochemical technigues, Davidovitch was able to
localize this cGMP increase to the osteoblasts, osteocytes and
periodontal cells, but not the osteoclasts. In subsequent stud-
ies by Davidovitch (1980a, b, c), he showed similar results when
cat alveolar bone was subjected to migcrocurrents and/or mechanical
stress. Along with this Davidovitch also found fluctuations in
cAMP/cGMP with time. Although the fluctuations were roughly recip-

rocal a direct antagonism was not evident.

Phosphodiesterase Inhibition

Phosphodiesterase, which degrades cyclic nucleotides,
serves a vital function in the biochemical regqulation of cell
metabolism. This enzyme was first found to destroy cyclic AMP
in the cell, and prior to the discovery that cyclic GMP was a
naturally occuring compound, it was also noted by various inves-
tigators that cGMP could serve as substrate for this phosphodies-
terase enzyme, but at only one-third the rate of reaction (Peck
and Klahr, 1979).

Since the earlier investigations with the enzyme, evidence
has accumulated indicating that different phosphodiesterases exist
which are specific or more selective for either cAMP or cGMP.

This was demonstrated in a study by Brooker, et al. (1968), which
showed that cGMP did not affect the rate of cAMP hydrolysis. From
this evidence, it was reasoned that if a single nucleotide were

responsible for the hydrolysis of both nucleotides, cGMP would have
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been expected to act as a competitive inhibitor of cAMP degrada-
tion. Likewise, Butcher and Sutherland (1962) found that imidazole,
a compound known to produce activation of caMp phosphodiesterase,
competitively inhibited cGMP hydrolysis without altering the rate
of cAMP degradation.

Similar studies by Goldberg, et al. {1973) revealed that
cAMP could inhibit the hydrolysis of cGMP competitively. This then
provided evidence for the existence of two species of enzyme, one
highly specific for cAMP that did not degrade cGMP, and another
more selective for cGMP but which could also degrade cAMP. Beavo,
et al. (1970) found and partially purified phosphodiesterase from
beef heart tissue that hydrolized both nucleotides, but degraded
cGMP preferentially. Further characterization of the phosphodies-
terase enzyme indicate that a high molecular weight protein
(cad00,000) was active in degradation of both, but preferentially
cGMP, while a low molecular weight (c¢a200,000) protein seem to de-
grade cAMP exclusively (Lin, et al., 1974).

Early investigation by Marcus (cited by Goldberg, et al.,
1973) identified particular and soluble cAMP phosphodiesterases
functioning in bone, each of which is kinetically separatable into
high Km and low Km forms exhibiting pH, cation and temperature re-
quirements that resemble those of phosphodiesterase from other
tissues.

Another intriguing regulatory influence was uncovered by

Kakiuchi and co-workers (cited by Goldberg, et al., 1973). They
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found that a fraction of the phosphodiesterase activity from rat
cerebral cortex, when supplemented with a non-dialzable, heat
Stable, puvopsivusco cwsaes uwesvoting factor (PAF) (e.g. calmodulin)
could be stimulated by Ca++ in such a way that the enzyme becomes
more specific for cGMP. A heat stable calcium dependent protein
was likewise described in research by Levin and Weiss (1978). They
separated the various phosphodiesterase enzymes, isolated from rat
brain by acryl gel electrophoresis, and determined the presence of
four isczyme peaks, each demonstrating different characteristics.
Out of the four isozyme peaks, one isozyme was not significantly
affected by any phosphodiesterase inhibitor tried, and only one
could be activated to any significant degree by the calcium depen-
dent reqgulator protein. Theophylline was shown to inhibit both
inactive/active forms of this enzyme.

Many inhibitors of the phosphodiesterase enzyme have been
found. Research into the affectors of this enzyme by Levin and
Weiss (1979) suggest that these inhibitors can influence the
isozymes of phosphodiesterase by several distinct mechanism,
namely by: (a) competitive inhibition with the cyclic nucleotide
at its catalytic site; (b) action on the substrate site non-
competitively; (c) action at an allosteric site to affect enzyme-
substrate affinity:; or (d) action on endogenous cofactors of the
enzyme (e.g. Ca++).

Studies by Norman and Drummond (1979) have shown that
neuroleptic drugs (e.g. major psychosedatives and anti-psycotics)

which are proven inhibitors of phosphodiesterase activity will
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bind to the calcium dependent protein molecule affecting its abil-
ity to activate the phosphodiesterase enzyme. It has alsoc been
shown that this same calcium dependent protein may activate adenyl
cyclase, ‘Thus, it has been suggested that these drugs effect
nucleotide levels both by decreasing synthesis and increasing
degradation.

On the other hand, theophylline, which is a xanthine with
a structure similar to the purines of the cyclic nucleotides, has
been hypotehsized to affect its action by competitive inhibition
at the catalylatic site (Levin and Weiss, 1979).

The administration of theophylline by Levin and Weiss
(1978) to parathyroidectomized rats caused an elevation in serum
calcium similar to that resulting from the administration of a
moderate dose of parathyroid hormone. They further showed that
this effect of theophylline was mediated by cAMP by virtue of the
fact that isoproterencl, which also enhances cAMP snythesis, pro-
duced similar elevations. In another study, Wells and Lloyd (1968)
showed that theophylline inhibited the fall in serum Ca++ elicited
by the administration of thyrocalcitonin, but did not affect nor-
mal basal serum Ca++ levels in intact rats, From this it can be
suggested that theophylline acts primarily on those isozymes that
undergo activation/deactivation in accordance with cyclic nucleo-
tide eliciting stimuli.

Evidence from a study by Jilka and Cohn (1981) conducted

on the phosphodiesterase activity in isolated bone cell popula-
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Figure 2.-~ Comparison of Molecular structures
between the cyclic nucleotides and theophylline.
This schematic demonstrates the similarities
between the purine rings of cAMP/cGMP and theo-
phylline and mav account for the competitive
inhibition seen with the phosphodiesterase enzyme.
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and cell type. Theophylline appears to affect those phos-
phodiesterase isozymes that are affected by stimuli directed at
changiny cycise nuclevciue levels and not at the isozymes which

function to maintain the basal level of nucleotides.

Craniofacial Morphogeneses in the Rat

In a growth study on rats, Cleall, et al. (1968) examined
the growth of various bones between birth and 66 days of age (e.g.
early adulthood). From results using vital dyes, he found that
most of the normal growth enlargement in the rat's skull occurred
in the nasal and maxillary region (e.g. face) with only moderate
growth occurring in the neurocranial region.

The frontal bone was found to increase in thickness by
equal extents of bone deposition on both the inner and outer
tables at a fairly low, uniform rate. As this occurred, the con-
tained cancellous space expanded by resorption and remodeling (e.qg.
cortical drift). The frontoparietal suture was noted to grow at
a more moderate rate as compared to the frontonasal suture.

In the parietal bones, increases likewise occcurred on both
the inner and outser tables, with the inner being slightly greater.
An important observation indicated that while some incremental
growth occurred along the full length of the bone on the outer
table, the greater extent occurred at the lateral margins result-
ing in a flattening of the bone with continued growth. Likewise,
the frontoparietal suture and the interparietal-parietal suture

also grew at a relatively moderate rate.
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tions enriched with either osteoclastic or ostecblastic cells,
indicate that the phosphodiesterase activity in osteoclasts is
twice that in osteoblasts, both inhibited by methylxanthine.
This difference in activity may account for the higher cAMP
levels found in parathyroid hormone stimulated osteoblasts.

In summary, it can be seen that multiple forms of
phosphodiesterase enzyme exist, and that they vary with tissue
and cell type. Theophylline appears to affect those phos-
phodiesterase isozymes that are affected by stimuli directed at
changing cyclic nucleotide levels and not at the isozymes which

function to maintain the basal level of nucleotides.

Craniofacial Morphogeneses in the Rat

In a growth study on rats, Cleall, et al. (1968) examined
the growth of various bones between birth and 66 days of age (e.g.
early adulthood). From results using vital dyes, he found that
most of the normal growth enlargement in the rat's skull occurred
in the nasal and maxillary region (e.g. face) with only moderate
growth occurring in the neurocranial region.

The frontal bone was found to increase in thickness by
equal extents of bone deposition on both the inner and outer
tables at a fairly low, uniform rate. As this occurred, the con-
tained cancellous space expanded by resorption and remodeling (e.g.
cortical drift). The frontoparietal suture was noted to grow at
a more moderate rate as compared to the frontonasal suture.

In the parietal bones, increases likewise occurred on both
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the inner and outer tables, with the inner being slightly greater.
An important observation indicated that while some incremental
growth uciuriew aiviy wue Luls aength of the bone on the outer
table, the greater extent occurred at the lateral margins result-
ing in a flattening of the bone with continued growth. Likewise,
the frontoparietal suture and the intgrparietal-parietal suture

also grew at a relatively moderate rate.
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Figure 3.-- Cranial Anatamy of the Rat;
Dorsal view.
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STATEMENT OF THESIS

Bone tissue investigations by Davidovitch (1980a, 1980b),
Roden (1975), Burrows (1978) and others demonstrated that external
stimuli such as electric current, mechanical force and various
chemical mediators (e.g. hormones, prostaglandins, etc.) have a
significant effect on intracellular cyclic nucleotide concentra-
tions. Furthermore, Davidovitch and Burrows provided strong evi-
dence indicating that the levels of cyclic nucleotides play an
important role in alveolar bone remodeling in response to the
application of orthodontic forces.

The effects of an orthopedic force (e.g. Headgear), when
applied to the bones of the craniofacial complex upon cyclic
nucleotide levels and subsequent sutural growth and remodeling
changes, are still unclear.

The objective of the present investigation is to evaluate
the effects that externally applied forces have upon the cyclic
nuclectide levels of the involved bones, and how these levels re-
late to growth and remodeling changes that occur at the sutures.
To study this effect an expansile force was applied across the
sagittal suture in young growing rats and responding cyclic
nucleotide levels measured. In addition, effects of orthopedic
expansion upon cyclic nucleotide concentration were further poten-

tiated by the use of theophylline, a potent phosphodiesterase
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inhibitor, in an attempt to extend these growth and remodeling
processes. Levels of cyclic AMP and cyclic GMP in both the experi-
mental ana CONTIOL danlldls were guanitated by a radicimmune assay
procedure specific for each particular cyclic nucleotide. Resul-
tant growth and remodeling changes that occurred in the sutural
areas were examined directly by implant measurement and evaluated
histologically in attempts to relate the levels of cyclic nucleo-

tides to a corresponding bone change.



METHODS AND MATERIALS

Animals

Twenty two female Sprague Dawley rats were utilized for
this study. The animals were approximately 28 days old at the
beginning of the experimental period. They were fed on a diet of
Purina Rat Chow (Ralston Purina Co., St. Louis, MO) and tap water
ad libitum. Initial weights at the beginning of the experimental
period ranged from 63 to 93 g (Table I).

The rat was chosen as the experimental model in this
research for several reascns. It was chosen not only because of
size, cost and availability, but more importantly due to the fact
that it undergoes a large amount of rapid early postnatal cranial
growth and development. During the time between birth and approx-
imately 66 days of age, the general body growth curve is relative-
ly straight and steep indicating rapid growth (Cleall, 1968). The
experimental period, thus, was selected to occur between the ages
of 28 days and 49 days of life in order to optimize any exXperi-
mentally induced growth changes.

The rats were received at approximately 21 days of age.
They were then allowed to become acclimated to their new environ-
ment during one week in order to overcome any trauma inflicted
during transport. At the end of this period, it was assumed

that the animals were sufficiently recovered to physically with-

49
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TABLE I

INITINL ULEIGHTS
OF ANIMALS (grams)

GROUP ANTMAL T w%?éﬁ%?ﬁm)

72.0
70.5
CONTROL 73.0
76.0
81.0

CONTROL

o W N

67.5
68.0
THEOPHYLLINE 66.0
75.0
63.0

GROUP

]
LY I - T N

69.5
81.0
SPRING 74.0
70.5
79.0
81.5

GROUP

W

63.0
73.0
70.0
81.5
76.0
93.0

THEOPHYLLINE

GROUP SPRING

o U B W N e
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stand the necessary surgery.

Experimental Design

The animal sample was divided into four groups (Table I).
The first two groups (e.g. control and T group) contained five ani-
mals each while the last twe groups {(e.g. 5 and T + 8), due to
increased risk, each contained six animals. At the time of sur-
gery, three stainless steel implants were placed in a triangular
pattern in the cranium of all animals. One implant was placed in
each of the two parietal bones and one in the frontal bone. Inter-
implant distances were measured to the nearest 0,1 mm with a Bowley
gauge both pre- and post-experimentally. This arrangement provided
a method by which to measure lateral and anteroposterior expansion
across both the sagital and the frontoparietal sutures. As the
rat is a long snouted animal, it is logical to expect a consider-
able amount of growth to take place in the anteroposterior direc-
tion (Cleall, 19268). In addition to the implants, animals in the
S and T + S8 groups also received a stainless steel expansion
spring that was designed to deliver a known and constant amocunt of
force across the sagittal suture. This force was expected to act
as a lateral growth stimulant in both of these groups.

Following the surgery, one animal from each group was
chosen randomly and injected intraperitonally with the wital dye
Calcein Green. The purpose of the dye was to label the calcifica-
tion front at day zero and allow measurement of the amount of new

appositional growth that occurred in each group during the exper-
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mental period.

The animals were allowed to recover completely in indivi-
dual cages to avoid possible adverse interferences from other mem-
bers of their respective groups. Once the animals had completely
recovered from the effects of anesthesia, they were then placed
together with their group. The animals for groups S and T + S,
respectively, were chosen at random from all those animals which
had received the expansion spring. This was done in order to
overcome any possible discrepancies between the surgery performed
on the first animal and the surgery performed on the last as sur-
gical technique improved with experience.

Following surgery, a period of two days was allowed to
provide the animals time to overcome the insults of surgery,
vital dyes or any post-operative infection which might occur.
After this time, beginning on Day 3 of the experimental period,
the animals in groups T and T + S were started on a daily drug
regiment. This involved "force feeding" a 1 mg/l00 g body weight
dose of Theophylline ligquid (Theolair? Riker Laboratcries, Inc.,
Northridge, CA) to the animals four times a day. This regiment
was repeated daily up until the experimental period ended.

All animals were weighed approximately every three days
during the experimental period. The reason for this was twofold.
First, it allowed a method to measure physical development of the
various animals, and secondly, it allowed for modifications in the

drug dosage as the animals grew.
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Figure 4.-~ Schematic of the implant triangle.
Cranial jmplant markers placed in the frontal
bone and in each of the parietal bones were
used to estimate calvaria growth change over
the experimental period. The anteroposterior
dimension and total area were determined trig-
onometrically using the indicated formulas.
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At the end of the 21 day experimental period, all animals
were sacrificed. The parietal bones and a portion of the frontal
bone was removed from each of the 22 animals, The bone samples
from the animal in each group that had received the vital dye fol-
lowing the initial surgery, were separated out and placed in 70%
alcohol. These samples were then utilized in the histological
evaluation. The bone samples from the remaining 17 animals were
frozen in liquid nitrogen, pulverized and evaluated for cAMP, cGMP

and protein content by the appropriate methods,

Appliance Construction

The expansion springs were a modification of the springs
described by G. Hinrichsen and E. Storey (1968). The basic appli-
ance was fabricated from 0.0l4 round 18:8 Rustenitic stainless
steel wire (Unitek Corporation, Monrovia, CA). It consisted of
two arms, each 7 mm in length, serarated by a helical loop (Plate
I, II). This helix was constructed of four loops of wire formed
around the 0.050 barrel of a Tweed loop forming plier (Unitek
Corporation).

In order to prevent the arms of the spring from slipping
into the bone, a helix was placed at the end of each arm. 1In
addition, these helices alsc provided a convenient handle by which
to manipulate the spring into place during surgery. Following
their fabrication, the springs were heat treated in a Rocky Moun-

tain Welder to relieve any internal stress created during construc-
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Plate I.
lateral View of Expahsion Spring in Place on Dry:
Skull.

Plate II.
Dorsal View of Expansion Spring in Place on Dry
Skull.
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tion, and thereby assuring tolerance stability.

All springs were designed to deliver the same force over
the same distance. Spring dimensions were kept as constant as
possible and the tension was calibrated with a precision force
gauge (Haldex, Halmstad, Sweden). The appliance was
designed and adjusted to deliver 60 gms of force at an arm separ-
ation of 5 mm. This was adjusted at the time of spring construc-
tion and checked immediately prior to surgical insertion.

To assure congruent placement of the appliance in each
animal, an acrylic template (Orthoacryl?m Stratford-Cockson Co.,
College Park, GA) was constructed (Plate III) with two holes,
exactly 5 mm apart, and with the location of the sagittal suture
marked. The distance of 5 mm was used to avoid penetration into
the midsagittal sinus. During surgery, this template was lined up
with the suture and the holes drilled with the assurance that each
hole would be 2.5 mm from the suture and exactly 5 mm apart.
Retention of the appliance was obtained by bending the end of each
arm below the helix out at about a 60o angle. Migration of the
spring through the bone does not occur to any significant degree
(Hinrichsen and Storey, 1968), with the only macroscopic change
being a slight thickening of the bone and connective tissue at the

site of entry of the spring arms into the bone.

Anesthesia

Anesthesia prior to surgery was induced by intramuscular



59

Plate III.
View of the TMS Drill, Implant Marker and Acrylic
Template used in placing the implants.

Plate IV.
Dorsal View Showing the position of the Implant
markers on the Dry Skull.
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injection of 0.2 ml of a solution containing 10% Acepromazine
Maleatel (Ayerst Laboratories Inc., New York, NY) and 20% keta-
mine hydrochloride (Ketaset? Bristol Labs, Syracuse, NY). The
acepromazine was used in combination with ketaset to trangquilize
the animal. During surgery, local infiltration injections of

2% xylocaine hydrochloride with Epinephrine 1:100,000 (Astra
Pharmaceutical Products, Inc., Worcester, MA) were given adjacent

to the area of incision.

Surgical Procedure

Following the induction of anesthesia, the animals were
weighed and the weight recorded. The area on top of the head,
from the middle of the neck to right in front of the eyes, was
shaved. Copious amounts of Povdone-iodine (Betadine? The Purdue
Frederick Co., Yonker, NY) was then applied to the area of the
incision and blotted dry with a sterile 2 x 2 gauze. The inci-
sion was made with a pair of sharp surgical scissors, in the mid-
line, from just behind the ears to a line between the eyes. The
tissue was then dissected back from the midline with a scapula
and held with a hemostat on each side of the incision. The perio-

strum was scraped away in the areas in which the holes were to be

lPhenothiazines have been shown to inhibit the activation
of phosphodiesterase in nerve tissue by Levin and Weiss (1976).
Possible interference in the final results, however, are highly
unlikely due to its single low does administration at the begin-
ning of the experimental period.
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drilled to prevent fouling of the drill. COnce the area was clear
of periostreum, holes were drilled into the cranium with a 0.020 in.
TMS driia twnreaamateT nenry schein, Inc,, Port Washington, NY),

in a slow speed dental handpiece. Penetration was restricted to

1l mm by a plastic shim.

In these animals which were to receive the expansion
spring, the acrylic template was placed on the skull with the
holes in the middle of the parietal bones and the template lined
up with the suture. The exact site for the spring holes was
marked with a 1/4 round bar revolving at slow speed in the dental
handpiece. The template was removed and the spring holes made with
the TMS drill. In all animals, three holes were drilled for the
placement of the implant markers. One hole was drilled in each of
the two parietal bones and one in the frontal bone. In those ani-
mals which were to receive the spring, the implant holes in the
parietal bone were placed anterolateral to the spring hole to
avoid possible interference with the spring. Once made, distance
measurements between the implant holes were taken to the near-
est 0.1 mn with a Bowley gauge (Beerendonk Speitz, OIS Orthodontic,
Wilmington, DE) and recorded. Implants, which consisted of 0.021
in. TMS pins (Minim Link? Henry Schein Inc., Port Washington, NY)
were then screwed into each of the three hcoles by hand and the
excess cut off with a pair of heavy ligature cutting pliers. The
reason for using TMS pins over the typical titanium implants was

twofold. First, because they could be screwed in, they provided
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Plate V.
Surgical View of Implant Placement Prior to
Cutting Off Excess.

Plate VI.
Surgical View of Expansion Spring in Place on the
Skull.
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excellent retention in wvery thin bone, and secondly due to the
fragility of the rat skull at this early age, it lessened the
chance of tracture. Once the pins had been placed, springs
were inserted in the animals from the experimental groups S and
T + 8. The springs were placed with the helical portion located
between the pinnae and the arms projecting anteriorly (Plate IV).
This was done to lessen possible appliance interference by the
animal. One arm was placed in the bone and the other arm was
rotated and compressed with a pair of hemostats and inserted in
its hole. Due to the natural retention created in the appliance,
it then snapped firmly into place against the skull.

The area was lightly dusted with an antibiotic (Neosul II?
Carson Chemical Inc., New Castle, IN) to prevent post-operative in~
fection and sutured closed with 4-0 silk suture (Ethicon Inc.,
Henry Schein, Port Washington, N¥). Once the incision was com-
pletely closed, the area was swabbed with Betadine again to reduce
the possibility of infection. The animal was permitted to recover
completely in an individual cage prior to placement back with its

group mates.

Vital Dye
In order to make a histological evaluation of the experi-
mental effects upon bone development, one animal was chosen ran-
domly from each group. This animal received a 0.2 mg intraperiton-

eal injection of the vital dye Calcein Green (Decalf? Amino methyl
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Fluorsein; ICN Pharmaceuticals, Inc., Life Science Group, Cleve-
land, OH) immediately following surgery. This animal was then
treated in the same manner as the rest of the members in its

group until sacrifice.

Drug Administration

Theophylline was the drug of choice for this experiment,
due to its known potent inhikition of the phosphodiesterase en-
zymes responsible for the breakdown of the cyclic nucleotides, par-
ticularly cAMP and cGMP. It was administered to the animals in
liquid form because of ease of handling and also due to the fact
that the drug itself, apart from the sweetened liquid, is extremely
bitter tasting making force feeding more difficult.

The drug was fed to the animals utilizing a 5 ml glass
luer~lock syringe {Interchangable, Union Broach Co., Inc.) with a
modified 21 gauge blunt needle bent at a 45° angle.

The animal's head was stabilized during feeding in a card-
board tube harness (Plate VII). Perforation of the animal's esopha-
gus was avoided by the application of a small polished bead of sol-
der at the end of the needle. The theophylline ligquid, which comes
in a stock concentration of 80 mg/l5 ml was diluted to the appropri-
ate concentration with distilled water. This concentration varied
as the mean weight of the animals changed. Feeding, itself, consis-
ted of administration of between 0.5-0.8 ml of diluted theophylline

liguid over a period of 30-80 sec., with the actual amount depend-
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Plate VII.
Force Feeding of the Experimental Animal
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ing upon body weight of the individual animal. This dose, which
amounted to 10 mg/kg, was repeated four times a day and the dosage
adjusted as the animal's body weight increased. At approximately
14 days into the experimental period, however, a noticeable varia-
tion became evident in the body weights between the animals re-
ceiving the drug and those that did not. At this time, it was felt
that the drug was affecting the animals' feeding habits and the ad-
ministration of the drug reduced to 3 times a day without changing
the dose. In addition, administration of syrup without thecphyl-

line was begun in the non-drug experimental groups.

Sacrifice and Preparation of Bone Samples

At the end of the twenty one day experimental period, all
the animals were sacrificed utilizing a guillotine. Immediately
following decapitation, the head was irmersed for approximately 10
seconds in an ice bath to bring the temperature down. The skin
covering the cranium was then quickly removed by making an 'L'
shaped cut extending from the right ear to the right eye and then
across the midline to the left eye. The scalp was reflected back
to expose the top of the skull. The calveria was sectioned using
a separating disc (Dedecol,a Dental Development and Mfg. Corp.,
Brocklyn, NY) in a slow speed dental handpiece. Cuts were made
behind the orbits and just posterior to the lambdeid suture.
These cuts were then connected by parallel cuts along the inser-
tions of the temporalis muscle on both sides of the skull. The

rectangular segment of calvaria was then teased off and immediately
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immersed in ligquid nitrogen to freeze the sample. This whole pro-
cedure was kept under two minutes in duration to preserve as much
of the integraity ol the sample as possible.

Once frozen, the sample was taken out of the liquid nitro-
gen and the interimplant distances measured with a Bowley gauge.
At the same time, the expansion spring, if still in place, was re-
moved and remaining fibrous tissue scraped away with a scapula.
Care was taken during these procedures to keep the sample frozen
by periodic immersion in the liquid nitrogen. The sample was
then pulverized for approximately three minutes in a small liquid
nitrogen-cooled mortar and pestile and the powdered bone, which
was kept frozen by the continual addition of liguid nitrogen,
placed in a pre-cooled 13 mm x 100 mm Pyrex test tube (#9820,
Corning Glass Works, Corning, NY). The sample was lyophilized for
12 hours (Virtis, Uni-Trap Meodel 10-100, Vistis Co., Gardiner, NY),
tightly sealed and stored at -200 C until utilization in the assay
procedure.

The procedure for those animals that were to be utilized
for the histological evaluation was similar to the above described,
except that upon sample removal, freezing was omitted. Instead,
after the implant measuremsnts were made and the fibrous tissue
removed, the sample was immersed in 70% ethyl alcohol and stored

at 5-8° cC.



71

Extraction and Assay of Cyclic Nucleotides

The lyophilized bone samples were weighed to the nearest
0.0001 gm using a microbalance and transferred to NalgeneR poly-
carboxylate centrifuge tubes (Nalge Co., Rochester, NY¥). The
extraction of cyclic nucleotides was performed at 0-4° ¢ by a
method similar to that of Oleinick, Daniel, and Brewer (1981).

The samples were homogenized in enough cold 1M perchloric
acid (e.g. 1.0-2.5 ml) to make an approximate sample concentra-
tion of 50 mg/ml (W/V). A previous pilot study had shown a rela-
tively straight line relationship for extraction concentrations
between 10-100 mg/ml, thus assuring complete extraction at this
concentration (Figure 5, Table II}). The samples were then centri-
fuged at 20,000 g for 15 minutes in the cold. Following decanta-
tion of the supernate, the acid-insoluble pellet was stored at
5-8° C until the material could be assayed for protein content
by the method of Lowry (1951). 'The perchloric acid supernate was
then neutralized with a saturated potassium carbonate solution and
the precipitated potassium perchlorate collected by a second cen-
trifugation for 15 minutes at 20,000 g. Extraction efficiency of
this procedure was checked by the addition of tritiated recovery
nucleotides to bone extracts immediately following homogenization
with perchloric acid. Upon evaluation of the final supernate,
CBAMP and ¢GMP recoveries of 97.7% and 98.6%, respectively, were
realized following counting in a scintilation spectrometer

(IntertechniqueR S1.30) (Table IIX},
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The resultant supernate was stored at 5 - 8° and assayed
directly for cAMP and cGMP by a radioimmunoassay procedure. A
high degree of sensitivity was obtained in this assay by utilizing
the acetylation procedure employed in the appropriate kits pur-
chased from the New England Nuclear Corp. {(kit #NEX-132 and NEX-133,
New England Nuclear, Boston, MA}.

The basic principle of radioimmunoassay depends upon a com-
petition between radiocactive and non-radicactive antigen for a
fixed number of antibody binding sites. Thereby, increasing
amounts of non-radicactive antigen (e.g. standard or unknown) in
relation to a known amount of radioactive antigen when allowed to
react with a constant amount of antibody, will decrease the amount
of radiocactive antigen bound to the antibody (Figure 6). This
relationship can be expressed in the form of a standard curve and
the unknown amounts of unlabeled antigen determined by interpola-
tion. The kits, which utilize radioactive 1125 for the antigen
markers (e.g. succinyl tyrosine (1251) methyl-ester derivative of
cAMP) , were adopted from the procedures of Steiner et al. (1974).

Research by Steiner and others have demonstrated that
cyclic nucleotides substituted at the 2' - 0 - position had a
higher offinity for the antibody and thus displaced the (1251)
labeled derivative better than the unsubstituted cyclic nucleo-
tide. This substitution, which resulted in a 100 fold increase in
the sensitivity of the assay, was achieved in this study by sample

acetylation with acetic anhydrid (e.g. 2' - 0 ' acetyl cAMP).
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Figure 5.-- Cyclic nucleotide extraction efficiency.
A graphical representation of data found in Table
IT on the concentration(pmole/mg.bone) of cAMP/cGMP
extracted at sample concentrations ranging between
10 and 100mg.bone/ ml.1M perchloric acid.
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TABLE II

ANALYSIS OF NUCLEOTIDE EXTRACTION EFFICIENCY
(pmole/mg. bone)

SAMPLE co%f%n (puSteimg)  (pmole/mg)

1 100 0.133 0.0420
2 50 0.154 0.0368
3 25 0.150 0.0318
4 10 0.130 0.0383

TABLE 11, represents cyclic nucleotide extractions at
varying concentrations of IM perchloric acid. All samples
were obtained from the calvaria of the same animal.
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Figure 6.-- Schematic of radioimmunoassay
mechanics. The princole of this assay tech-
nique depends upon competition between radio-
active and non-radiocactive antigen for a fixed
number of antibody binding sites.
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Figure 7 .— Standard curve for assay of cAMP.
Values of cAMP for unknown samples were inter-
polated from a standard curve determined by
assaying known quanities of cAMP and plotting
concentration(pmole) vs. % binding of the labeled
antigen to the antihndy, Due to the rapid

decay rate of the I label, a standard curve
was determined with each sequence of unknown

samples
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Figure 8 .--Standard curve for assay of cGMP.
Values of cGMP for unknown samples were inter-
polated from a standard curve determined by
assaying known quanities of cGMP. Unknown samples
were diluted in such a way that the majority of
the values fell in the middle one-third of the
curve where the slope was the steepest and thus

the most accurate.
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Separation of bound from free antigen is achieved by the
use of a pre-reacted primary and secondary antibody complex. The
primary antibody, which was included in the kit, was prepared in
rabbits against a succinyl cAMP ~ albumin conjugate, while the sec-
ond antibody was prepared in sheep against rabbit-gobulin. After
incubation for 22-24 hours at 4° ¢ buffer was added, the tubes cen-
trifuged at 2000 g for 20 minutes, the supernatent carefully dis-
carded and the precipitate counted in a gamma counter (Liquimat?
Picker Nuclear). In these evaluations, 200 ul of the final ex-
tract (50 mg/ml) for cGMP and 20 ul for the cAMP proved sufficient
to provide measurable assay activity and allow for experimental
fluctuations.

The possibility of extraneous activity from material other
than the desired cyclic nucleotides was checked by reacting sam-
ples with a 0.1 mg/ml phosphodiesterase enzyme preparation (0.21
units activity/mg; Sigma Chemical Co., St. Louis, MO) in & 1:2 sam-
ple to enzyme ratio and processing. In those samples so treated, a
91-100% destruction of activity was observed indicating a high as-
say integrity (Table IV)., In practice, cross-reactivity of either
cAMP or cGMP antiserum with other nucleotides was low enough as

not to interfere with assay results (see kit brochure).

Protein Assay

The protein content of the bone samples was measured util-
izing a variation of the Folin Protein assay developed by Lowry et

al. (1951). The determination of protein with the Folin Phenol rea-
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TABLE 11I. represents activity obtained from [H3]
recovery. Comparison between initlal activity
(standard) and the amount of activity recovered
({recovery) following nucleotide extraction permits
evaluation of extraction efficiency. This average
value was then factored into the nucleotide concent-
rations obtained from the unknown bone samples.

TABLE IV. represents an evaluation of extraneous

assay activity from sources other than the specific
cyclic nucleotide. In this procedure, a 100ul aliquot
of (1) known standard (2) unknown sample and (3) per-
chloric acid(e.g. extraction medium) were reacted
with 200ul of 0.lmg/ml phosphodiesterase enzyme prep-—
aration to eliminate assayable cyclic nucleotides

and permit evaluation of non-nucleotide interferences.
Comparison between the reacted and unreacted samples
thereby demonstrates the high specificity of the RIA.
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TABLE III

ANALYSIS OF NUCLEOTIDE RECOVERY EFFICIENCY
([H3J Counts/min.)

CYCLIC ACTIVI AVERAGE
NUCLEOTIDE | SAMPLE ‘cpu{Y (CPM) { 2 RECOVERY
STANDARD | 3745
3467.2
STANDARD| 3642
cAMP 97.7
RECOVERY| 3343
3388
RECOVERY| 3433
STANDARD | 5087
4690.8
STANDARD| 4937
cGMP 98.6
RECOVERY| 4574
4625
RECOVERY| 4676
TABLE IV
PHOSPHODIESTERASE DESTRUCTION
OF CYCLIC NUCLEOTIDE ACTIVITY
cAMP -4 cGMP 2
SAMPLE {5061 /mg.bn |DESTRUCTION| pmol/mg.bn|DESTRUCTION
STANDARD 0.5 0.5 .
ENZYME RXN | 0.165 96.7 0.013 97.
SAMPLE(S.) | 0.393 0.067
2 95.5 100
ENZYM RXN. | 0.0177 . +HHH
PCA BLANK 0.0165 - 0.0125
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gent (Fischer Scientific Co., Warrensville, OH) is based on the
principle that in alkaline solution a complex will form between
protein ana copper. Tnis complex, when reacted with a phospho-
molybetic-phosphotungstic reagent (e.g. Folin reagent)} will reduce
it forming a colored compound that can be measured photometrically.
This assay, which is primarily sensitive to the amino acid
tyrosine, was chosen because of its insensitivity to collagen (e.g.
4 tyrosine/1000 amino acid residues in Type I collagen). In addi-
tion, this determination provided a sensitive standardized method
by which to evaluate cell protein. Protein to be assayed was ex-
tracted from the acid-insoluble pellet from the perchloric acid
extraction previously described, using 5.0 ml of 0.4 N Sodium hy-
droxide per 50 mg sample for 48 hours in the cold with periodic
agitation to suspend the bone material. Due to the high collagen
contect of bone (e.g. 23 to 31% total dry weight) the extraction
procedure was performed with a weak base in the cold in order to
keep extraction of the collagen fraction to a minimum? At the end
of the 48 hour period, the samples were centrifuged at 20,000 g for
10 minutes. The supernate was then decanted and the base insoluble
pellet extracted a second time with another 5.0 ml of 0.4N NaCH to

assure complete extraction of all assayable protein.

2To eliminate further the possibility of collagen assay in-
terference, differential NaCl precipitation as described by Ehrlich
(1979) was performed on random protein extraction samples and the
results compared. No significant differences were found between the
precipitated samples and those assayed directly indicating the ab-
sence of significant extracted collagen.



Figure 9.-- Bovine serum albumin(Cohn fraction V)
standard curve for Folin non-collagen protein
determination was constructed by making various
dilutions of a 500ug./ml. standard BSA solution.
Due to the linearity between 0 and 50ug., unknown
samples were diluted so that the majority of
their values fell in this range.

8
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The extracted supernate was diluted 3~5 times with 0.4 N
NaOH and a 50 ul aliquote assayed against a bovine serum albumin
(Cohn Fraction V; Fisher Scientific, Warrensville, OH) protein
standard, prepared by dilution of a 500 ug/ml protein solution
(Figure 9). Due to the linearity of the Folin assay between 0 to
50 ug, all samples were diluted to within this range prior to assay.

Following a two hour development time, both samples and
standards were read for absorbance at 750 nm in a Beckman Model 25
Spectophotometer (Beckman Instruments Inc., Irvine, CA)}). Protein
content of the unknown samples was then determined utilizing the
following formula:

(0.D. unknown - 0.D. Blank) (ug Protein Standard)
(0.D. Standard - 0.D. Blank)

Y protein =

Histological Evaluation

In preparation for embedding, undecalcified cranial speci-
mens which had been stored in 70% ethyl alcohol since decapitation,
were dehydrated through a routine series of progressive alcohol
baths (e.g. 70%, 95% and 100% ethanol). Once dehydrated, the
specimens were cleared twice in xylene and imbedded in Bioplastic?
(Ward's Natural Science Establishment, Inc., Monterey, CA).

Sagittal 90 - 150 u undecalcified sections were cut utili-
zing a thin 200 u diamond disc in a high speed PrecisionR (Preci-
sion Corp., Racine, WI) microtome. These sections were dehydrated
through a series of alcohol washes and cleared in xylene. They

. R
were then mounted on glass slides using a UV inert mountant (Gurr
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Biomedical Specialties Inc., Santa Monica, CA) and examined by
fluorescence microscopy under blue light (450-490 nm) at 125X
magnification. The specimens were evaluated for gross differences
in the relationship of the vital dye lines. Amounts of bone growth
were measured with an eyepiece micrometer and areas of appositional
bone deposition were noted with particular attention to growth

around the sutural area.



RESULTS

General Response of Animals to Experimental Procedures

Visual examination of the animals approximately 3 to 15
days following surgery revealed that the area of incision, in some
of the experimental groups with spring implantation (e.g. S and
T + 8 groups), showed signs of mild post-operative infection. Aas
a possible cause, it was observed that the animals, particularly
among those with the implanted springs, were interfering with the
surgical wounds of their groupmates, even though the springs had
been placed under the scalp between the pinnae to minimize such
damage by the individual animals themselves. Fortunately, post-
operative infection proved only a minor problem, and all areas
healed without apparent complications with exception of Animal 1
in the T + S group. The post-operative infection in this animal
proved to be a problem and could not be resolved, despite isclation
and repeated application of Betadine. The expansion spring was
eventually sequestered on Day 16 of the experimental period, and
the tissues then healed without further interceptive treatment.

Animal health and physical development, as well as theo-
phylline dosage, were approximated by continually monitoring the
weight gain in the animals of the various groups (Figure 10}.
Toward the end of the second week, a significant differential in

weight gain per day was beginning to become evident between the

89
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control (5.96 gm/day) and the experimental animals (Figures 10 and
11). This effect was of concern, particularly in the group which
receivea pouti wie spriny and theophylline (e.g. T + 8). A possible
explanation for this result involves the external variables that
relate to the various groups. A moderate and almost uniformly
reduced growth rate was observed in the two experimental groups
(e.g. T and 8) which had only one experimental variable; either a
spring or drug but not both. However, in the experimental group,
which had two variables (e.g, both spring and drug), a synergistic
effect of the two variables could be seen in the greater reduction
in growth rate realized (Figure 11). These variables could con-
ceivably act as insults and affect the animals' appetite and there-
by their growth rate. The expansion appliance, which exerts a
lateral force on the skull, could easily have been a source of dis-
comfort to the animals and in turn have affected their feeding
habits. It may be suggested that the stretching action generated
on the periosteum by the spring could have made the entire cranial
complex sensitive, particularly to the force generated by the mus-
cles of mastication {e.g. the temporalsis muscle force vector is
similar to that of the spring).

Theophylline, on the other hand, could also stress the ani-
mal in several ways. First, theophylline is known to have a diur-
etic effect, and since the animals were maintained on high levels
of this drug, it is plausible that they may have been kept in a

somewhat dehydrated state. A second and probably more significant
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Figure 10.-- Summary of average group weight increase
over the experimental period. Animals were weighed
approximately every three days to guage physical
development and to re-adjust theophylline dosage.

Due to an apparent discrepency in weight gain which
became evident in the second week, theophyline dose
interval was reduced from 4 to 3 times/day on Day l4
(indicated by the arrow). Groups are denoted by
experimental variable; T=theophylline, S= expansion
spring.
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Figure 1ll.-- Histogram of Average Daily Weight Gain
This diagram summarizes the weight increases, by
group, depicted graphically in Figure 10.

(T= theophylline, S = expansion spring)
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effect of theophylline is that even moderate doses of this drug

can cause restlessness and agitation, both of which could affect
appetite. Either way, a modification was made in the drug regiment
at Day 14 of the experimental period, in which the dosing fre-
quency was reduced from 4 to 3 times per day. This change resulted
in a slight increase in daily growth rate of both theophylline var-
iable experimental groups (T and T + S) more toward that of the
controls.

The experimental period passed with few other complications.
Although drug administration proved to be a troublesome problem
initially, force feeding improved as the animals began to accept
the drug more readily. Of the 22 animals, only one death was noted
at Day 10 in an animal from the T group, and this was thought te
be the result of a punctured esophagus incurred in drug adminis-
tration.

Gross examination of the skull at the time of sacrifice
indicated that in many of the experimental animals with the spring,
there were varying degrees of fibrosis around the spring continuous
with both the scalp and bone, possibly related to the post-
operative infection present initially. The extent of such fibro-
sis, however, did not appear severe enough in any of the animals
to affect expansion of the spring., Some epiphytic bone prolifera-
tion occurred around the spring attachment points to the bone as
an attempt by the tissues to reinforce this area. In addition,

due to the increased bony surface accretion, the morphology was
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significantly more irregular than in those groups without the

springs.

Analysis of Sutural Expansion

The results of sutural expansion as depicted by direct
implant measurement will be presented in three parts: (1) average
lateral expansion; (2) average anteroposterior increase; and (3)
average change in the surface area defined by the implants. A sum-
mary of the changes in inter-implant measurements of the experimen-
tal period are summarized in Table V.

The average lateral expansion was determined by direct
measurement across the sagittal suture, between the implants in the
parietal bones (Figure 4). The average change in this lateral dis-
tance for each group between the pre- and post-experimental pericds
is graphically depicted in Figure 12. Results from this measure-
ment indicate a moderate increase in the transverse cranial dimen-
sion of the skull in the control animals (0.54 + 0.23 mm} with only
a slightly greater increase being noted in the animals from the T
group (0.90 + 0.34 mm}, which had received only theophylline. As
expected, however, the transverse dimensional change in the S and
T + 5 groups, in which the springs had been implanted, was propor-
tionally larger in relation to the controls. The results, indica-
tive of the active expansile force present, demonstrate a greater
than five-fold increase in this dimension of both the S and T + 8

groups (2.83 + 0.41 mm and 2.73 + 0.76 mm, respectively), with
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TABLE V

SUMMARY OF SUTURAL EXPANSION

LATERAL ANTEROPOSTERIOR AREA
GROUP (mm) (mm) (mm2)
— — — —%
X SD X SD X SD
CONTROL 0.54 0.23 0.71 0.29 3.33 1.52
T GROUP 0.90 0.34 0.84 0.28 5.69 1.72
S GROUP 2.83 0.41 0.60 0.37 9.50 4.39
T+S GROUP 2.73 0.76 1.38 0.78 ;13.61 4.03
i

TABLE V. represents the average and standard deviation(i) of sutural
expansion in each of the experimental groups.( T = theophylline, S =
expansion spring).



TABLE V1

ANALYTICAL STASTICS - Student t-test
Sutural Expansion (mm2]

MEASUREMENT| n, n, Xy X, 51 5, t ok
CONTROL TO

T GROUP 5 4 3.33 5.69 9.24 ) 8.88 1.146 0.25
CONTROL TO

S GROUP 5 6 3.33 9.50 9.24 ]96.36 1.340 ¢.10
ICONTROL TO

T+S GROUP 5 6 3.33 13.61 | 9.24 181.20 2.671 0.025
T GROUP TO

S GROUP 4 6 5.69 9.50 8.88 |96.39 0.824 0.25
T GROUP TO

T+S GROUP 4 6 5.69 13.61 8.88 |81.20 2.022 0.05
S GROUP TO

T+S GROUP 6 6 9.50 13.61 (96.39 |[81.20 0.748 0.25

86

¢~ = Level of significance
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the S group predominating slightly. Levels of significance (e.qg.
student t distribution) for expansile changes can be found in
Table VI.

In an attempt to determine any gross dimensional compen-
sations concomitant with the above described transverse expansion,
changes in anteropostericr dimensions were determined trigonometri-
cally from changes in pre- and post-experimental implant measures
{(Figure 4). These results, summarized in Table V, appear as the
shaded bars in Figure 12,

Examination of these results indicate a slightly larger
anteroposterior increase {0.71 + 0.29 mm) in relation to the
transverse change seen in the control animals. The anteroposterior
change in the T group was somewhat larger (0.84 + 0.28 mm) than
the control group, but was smaller in relation to the concomitant
transverse change noted in this same group. Animals from the S
group demonstrated a moderately reduced anteroposterior dimensional
increase (0.60 + 0.37 mm) in relation to the control, but as ex-
pected, a large differential was noted between the anteroposterior
and transverse dimensicns. Conversely, a large change in the A-P
cranial dimension was noted in the T + S group (1.38 + 0.78 mm) in
relation to the control. In fact, this anteroposterior change
amounted to almost 1/2 of the change seen in the transverse dimen-
sion of that same group.

An attempt was also made to combine the transverse and

anteroposterior dimensional changes into a third measure of the
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Figure 12.-~- Histogram of lateral and anteroposterior
calvarial expansion. This diagram depicts graphically
data found in Table V for both lateral and antero-
posterior growth changes which occurred over the
experimental period.{T = theophylline, § = expansiocn
spring)
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Figure 13.-- Histogram of area changes in the calvaria
This diagram depicts graphically the data found in
Table V for changes in area of the implant triangle
over the experimental period.{ T= thepphylline, S =
expansion spring)
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surface area of the implant triangle (Figure 13}. It was thought
that this measure, although relatively small, would better depict
the overall dimensional changes which occurred in the calvaria dur-
ing the experimental period than either the transverse or anterc-
posterior measurement. Area was determined trigonometrically from
interimplant measurements and is summarized in Table V with aver-
age area measurements graphically depicted in Figure 13. Overall
evaluation showed an almost step-like increase in surface area,

in which mechanical stress proved greater than the drug effect,

and an additive effect was noted when these two variables were com-
bined. Results indicate that a moderate increase in area occurred
in the animals from the T group (5.69 + 1.72 mmz) compared to the
control (3.33 + 1.52 mmz). A much greater increase in area was
demonstrated in the S and T + S groups with spring implantation
(2.50 mm2 and 13.61 mmz, respectively). This was greatest in the

T + S group in which both variables were combined.

Cyclic Nucleotide Analysis

Bnalysis of cyclic nucleotides involved the guanitation
of both cAMP and ¢GMP levels utilizing the radicimmunoassay proce-
dure of Steiner, et al. (1972). These values, expressed in
picamole (pmecle) units, were compared in terms of both dry bone
weight (mg) and protein weight (mg) of the sample from which the
nucleotides were extracted. Due to the heterogenous nature of bone

tissue and possible differences in the cellular elements (e.g.
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osteoclasts/osteoblasts, hemopoietic cells, etc.) present in the
various samples, a non-collagen protein determination was done.
Since the cyclic nucleotides are primarily intracellular com-
pounds, this determination of cellular protein (e.g. other than
collagen) provided a method by which the cyclic nucleotide concen-—
trations of the various samples could be standardized. Compariscn
of cyclic nucleotide concentrations and protein weights to total
dry bone weight is presented here only as confirmation for informa-
tion already established by the protein content.

Non-collagen protein content, as determined by the Folin
protein assay, was compared to total dry bone weight in all groups.
The results of this comparison, summarized in Table V, demonstrate
that the protein content of the bone samples from the various
groups was rather uniform. The protein content varied over a range
of only 1% from 21.4% to 22.4% of the total weight, and even though
a trend might be construed, all values were within one standard
deviation, making any difference of little significance.

Data for the cyclic nucleotide concentration in relation
to protein weight are summarized in Table VII. For comparison,
this data is also graphically represented in Figure 15. Ewvaluation
of these results demonstrates that the levels of cyclic AMP in-
creased to a varving degree in all three of the experimental groups
in relation to the control animals (0.77 + 0.1 pmole/mg). These
effects appeared to be variable-dependent in that the mechanical

stress generated by the spring had a slightly greater effect



TABLE VII

SUMMARY OF CYCLIC NUCLEOTIDE ANALYSIS

TP GMP AMP GMP RATIO .PROTETIM
GROUP pmol/mg.bone pmol?mg.bone pmol?mg.prot. pmol?mg.prot. cAMP/ cGMP Eﬁg?ﬂﬂnﬂr
X SD X sp(1o)| x SD X sp(oH | X SD X ST
CONTROL |0.164 0.014 |0.016 5.49 | 0.77 0.10 |0.076 2.09 [10.82 3.89 [0.214 0.012
T GROUP |0.302 0.107 j0.0087 1.55 }| 1.36 0.456/0.039 0.60 [34.18 6.95 |0.221 0.006
S GROUP |0.334 0.044 [0.0087 2.26 | 1.51 0.124}0.050 1.03 ]40.04 11.67(0.221 0,033
chtfp  |0.537 0.046 |0.0092 1.97 | 2.42 0.3740.042 1.17 [59.90 12.28/0.224 0.036
TABLE VII., Summarizes the average cyclic nucleotide levels determined for each group. These

results appear in terms of both drv bone welght and non-collagen protein weight with the relati-

ondhlp between these two stundard« 1ikewise Jdemeonstrated,

90T
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Figure 14.-- Histogram of cyclic nuclecotide concent -
ration: pmoles/mg.bone. This diagram depicts graphically
data found in Table VII for cAMP/cGMP concentrations

in relatjon to total dxy'weight of bone.( T= theophy-
lline, 5 = expansion spring)
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Figure 15.--Histogram of cyclic nucleotide concentration:
pmoles/mg.protein. This diagram depicts graphically
data found in Table VII for cAMP/cGMP concentrations

in relation to mg. protein.( T = theophylline, § =
expansion spring)
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TABLE VIII

ANALYTICAL STATISTICS- Student t-test
Cyclic AMP (pmole/mg.protein)

- = 2 2
MEASUREMENT n, n, xl xz Sl S2 t A
CONTROL TO ’
T GROUP 4 K 0.77 1.36 p.o3 0.415 5.485 .005
CONTROL TO
S GROUP 4 ) 0.77 1.51 f[o:03 0.062 5.035 .005
CONTROL TO
T+S GROUP 4 5 0.77 2.42 }0.03 0.559 4,265 .005
T GROUP TO
S GROUP 3 5 1.36 1.51 0.415 0.062 0.485 NS
T GROUP TO
T+S GROUP 3 5 1.36 2,42 |0.415 0.559 2.029 .05
S GROUP TO
T+S GROUP 5 5 1.51 2.42 0.062 0.559 2.582 .05

.= Level of sigificance

it




TABLE IX

ANALYTICAIL STATISTICS - Student t-test
Cyclic GMP (pmole/mg.protein)

MEASUREMENT n X %, sfao"y siaoh| ¢ A
2 1 2 P1 2

CONTROL TO

T GROUP 3 |0.076 ©0.039| 13.1 0.72 |1.697 | .10
CONTROL TO

S GROUP s |0.076 0.040 | 13.1 4.244 [1.893 | .10
CONTROL TO

T+S GROUP 5 lo.076 o0.042| 13.1 5.47 [1.714 | .10
T GROUP TO

$ GROUP 5 lo.039 o0.040| 0.72 4.24 [0.0782 | NS
T GROUP TO

T+S GROUP s lo.o39 o0.42 | o0.72 5.47 [0.208 |Ns
§ CROUP TO

T+S GROUP 5  [0.040 0.042) 4.26 5.47 [0.1434 | NS

. = Level of significance

1T
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Fiqure 16.--Histogram of cyclic nucleotide ratio. This
diagram depicts graphically data found in Table VII
for cAMP/cGMP ratio. ( T= theophylline, 5 = expansion
spring)
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(1.51 + 0.124 pmole/mg) upon cAMP levels than the phosphodiester-
ase inhibitor, theophylline (1l.36 + 0.456 pmole/mg), and alsoc that
a significant additive effect (£t = 2.581 and 2.029, respectively)
occurred when both variables were comibned (2.42 + 0.374 pmole/mg).
A similar positive variable-dependent cyclic nucleotide re-—
sponse was not seen, however, in the coinciding cyclic GMP data
(Table VII). Instead, examination of the results for cGMP, rep-
resented by the shaded bars in Figure 15, indicate that the levels
in the experimental animals (e.qg. T, S, and T + S groups) dropped
approximately 50% and then remained fairly constant (0.0087 to
0.0092 pmoles/mg) relative to the control animals (0.0164 pmoles/
mg) , regardless of the nature or number of variables involved (e.g.
negative variable response). Furthermore, due to the uniform pro-
tein content of the various bone samples, evaluation of the data
relating cyclic nucleotide concentration to bone weight reinforces
recognition of these aforementioned trends for both cAMP and cGMP.
In comparison, the ratio of cyclic GMP to cyclic AMP gen-
erally varies from 1/10 to 1/100 depending upon the tissue and
the conditions. The nucleotide ratios of the various groups are
summarized in Table VII. Ewvaluation of this data, which is de-
picted graphically in Figure 16, indicates that the ratio of
cGMP to cAMP in the control is approximately 1/10. However, this
ratio increased drastically in the experimental groups due to the
previcusly demonstrated decrease in cGMP and subsequent rise in

CAMP. Examination of the relationship among the three experimen-
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tal groups demonstrates a variable-dependent response much like
that seen in the cAMP response. This is not surprising since cGMP
levels cnangeo very saitiie, ana the ratio largely reflects the

changes in cAMP concentrations previously noted.

Sutural Expansion Vs. Nucleotide Concentration

An attempt was made to relate the concentration of either
cAMP or cGMP with concomitant expansion. In order to achieve this,
data on nucleotide levels were evaluated in two ways: (1)} in rela-
tion to increased lateral expansion; and (2) in relation to change
in surface area.

The relationship between lateral expansion and nucleotide
concentrations was examined by comparing the individual levels of
CAMP or ¢GMP in all 17 animals assayed with coinciding changes in
lateral skull dimensions, regardless of animal group. This data
(Table X) was then plotted graphically (Figure 17) with respect
to lateral expansion (x) vs. nucleotide concentration (y) in an
attempt to determine a trend for the pmole levels of both cAMP and
cGMP relative to the extent of expansion.

Evaluation of this data indicates that as expansion in-
creases, levels of cAMP rise gradually until reaching a peak at
about 2.0 to 2.5 mm of sutural expansion. Beyond this point the
levels of cAMP gradually decrease, Conversely, in evaluating the
relationship of cGMP with lateral expansion (Figure 17), the lev-

els of cGMP decreased rather rapidly with increases in expansion
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until a plateau was reached at approximately 1.0 to 1.5 mm of
expansion. From this point the concentration remained at low
levels through the remaining expansion range.

Association between surface area and cyclic nucleotide
levels was evaluated with the same method as described for the
lateral expansion relationship. Examination of this data (Figure
18}, demonstrates an effect similar to that seen previously with
respect to lateral expansion. Even though some points were scat-
tered, a rough trend was apparent and indicated that cAMP gradually
increased to a plateau at about 8 mm2 of surface area and then
tapered off gently as the change in area increased. In comparison,
the data for cGMP demonstrated a gradual decrease as area in-
creased., This slope reached a plateau and remained fairly level
as changes in area increased.

It must be kept in mind when examining these relationships
that they represent only a static portion of a kinetic process
which took 21 days to develop. They are in no way intended to
represent the condensation of this kinetic process. 1In other
words, these values represent only static relationships at Day 21
and cannot be taken as representative of events which occur at
any other time during the experimental period. The fact that
the various samples are probably at slightly different stages in
their cyclic nucleotide kinetics may account for the variability

seen in Figures 17 and 18.
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Figure 17.-- Correlation of lateral expansion and oyclic
nucleotide concentration. This diagram plots the lateral
expansion{mm) in each animal regardless of group against
both cAMP and cGMP concentrations{pmole). The solid

line represents cGMP and the broken line represents the
CAMP correlation. e = individual cAMP level,® = individual
cGMP level, @ = group cAMP average, and @ = group cGMP
average.
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Figure 18.~- Correlation of area and cyclic nucleotide
concentration. This diagrag plots the change in area

of the implant triangle (mm™) in each animal regardless
of group against both cAMP and cGMP concentration(pmole).
The sclid line represents cGMP and the broken line
represents the cAMP correlation. s = individual cAMP
concentration, & = individual cGMP concentration.
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Histological Evaluation

Histological examination utilized thin, undecalcified
ground sections prepared from a representative animal of each group.
These sections were viewed under blue light at 125X magnification
and evaluated on the basis of: (1) wmicroscopic appearance; (2)
amount of new appositional growth; (3} evidence of remodeling
changes; and (4) evaluation of the suture.

In evaluating the general appearance of sections from the
various groups, it was noted that in those animals in which springs
had been implanted, the bone was generally thicker and appeared
more irregular and cancellous, presumably as a result of compen-
sation for the increased force. This was especially evident in
the animal from the T + S group. Bone sections from this animal
were very atypical relative to the other groups. The bone was
much thicker (e.g. 630 u) and composed of a fine cancellous, non-
lamellar bone tissue. This "woven bone," which is indicative of
rapid bone growth, was not seen in any of the other animals, even
in the S group. This may suggest the occurrence of a secondary
infection or other pathological process in addition to the experi-
mental variables. Unfortunately this animal was sole representa-
tive of its group and comparisons could not be made.

Sections through the implant heoles indicate a thickening
of the bone in the vicinity of the hole. This build-up, which
occurred mainly on the endocranial surface, was seen in sections

from animals with and without springs. Presumably, the implants,
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which probably protruded inward, acted as an irritant to the
endosteal tissue, thereby stimulating localized bone opposition.
Gross examination of sections from animals in the control and T
groups revealed a more typical uniform histological pattern.
Samples were somewhat thinner (e.g. approximately 300 u) with a
well defined inner/outer cortical plate and diploe.

In the contrcl animals a continuous vital dye line with a
fairly uniform apposition of bone (e.g. 80 u} occurred on the
endocranial surface.3 Conversely, a slightly greater amount of
apposition occurred on the ectocranial surface (90-100 u} and
appeared greatest at the lateral edges (120 u). This provided
a flattening of the external contour in relation to the curva-
ture of the intermal wvital dye line (e.g. the initial bony
contour). A similar pattern was found in sections from the T
group animal, and no discernable difference between the groups
were evident.

Evaluation of the animal from the S group indicated a
relatively flat bone contour compared to the control. The
vital dye line, which marked the original calcification front,
was discontinuous (resorbed) in the middle one-third of the

section, indicating a greater amount of new bone remodeling in

3Measurements are approximate and were made from the
vital dye line to the outside surface using a calibrated micro-
scope micrometer. Measurements were made only in areas in
which the outside surface and dye lines were distinct. No at-
tempt was made to differentiate the location of the calcifica-
tion front or account for the amount of osteoid tissue in mea-
surement.
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the sutural area. Furthermore, a reversal in the rate of new
bone apposition was noted relative to the control and T animals
in which greater amounts of endocranial apposition {150 u) oc-
curred in relation to ectocranial opposition (48 u).

Examination of consecutive sections gave the impression
that the spring had resulted in a slight outward opening movement
of the parietal bones causing them to pivot somewhat about their
lateral edges. At the same time an inward, remodeling reaction
in the area surrounding the sagittal suture maintained and even
flattened the original bony contour.

A similar sequence apparently occured in the T + S animal,
only to a greater extent. Vital dye lines in this animal were
almost totally resorbed and were only found in the lateral edges
of the bone section. As in the S group, a much greater extent of
endocranial apposition (300 u) occurred in relation to ectocranial
apposition (180 u). As suggested previously, this may relate to
a remodeling reaction in response to outward parietal expansion.

Hinrichsen and Storey (1968) demonstrated an increase in
sutural width concomitant with mechanically-induced lateral expan-
sion. In the present investigation, however, no significant con-
clusions could be demonstrated concerning sutural width. This is
not to suggest that differences were not present., The sections
did not allow an accurate study of changes in sutural width.
Largely, this was because well defined sections through the suture

in this small sampling were insufficient to draw a conclusion. 1In
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addition, due to the single injection of vital dye, it was impos-
sible to define the present calcification front and thereby the

amount of osteocid tissue present within the suture,



DiSCUSSION

Many investigations have shown the general importance of
the cyclic nucleotides in relaying the effect of external stimuli
to their molecular targets within the cell (Goldberg, et al., 1973;
Peck and Klahr, 1979). Evidence demonstrates, however, that this
effect is both tissue and cell specific and that particular con-
centrations or ratioc variances may have a diversity of actions for
different cell types.

The purpose of this investigation was to examine the ef-
fects of varying concentrations of cyclic AMP and cyclic GMP on
sutural growth and remodeling when subjected to an orthopedic
force. Findings showed that an expansile force applied across a
suture generated a significant increase in the cAMP concentraticon
along with a subsequent decrease in cGMP in the area around the
affected suture. The important role of cyclic nucleotides in
sutural growth was further demonstrated by a phosphodiesterase-
inhibited potentiation of cAMF and cGMP which, in the absence of
an orthopedic force, also resulted in an effect similar, but of
lower magnitude, to that demonstrated by the orthopedic appliance
{(e.g. expansion spring). Theophylline, which competitively in-
hibits cyclic nucleotide breakdown, was shown to increase cAMP
and decrease cGMP with a slight resultant sutural expansion rela-

tive to the control. Although this difference is only significant
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at the 0.25 level (student + distribution} and thereby only indica-
tive of a trend, a greater level of significance may have been ob-
tained had the sample size been larger. Furthermore, an additive
expansile effect was obtained (Figures 11 and 12) when theophylline
was used to potentiate the mechanically-induced change in cyclic
nucleotide levels seen with the expansion spring, thus supporting
the hypothesis that cAMP/cGMP play a mediating role in regulating
the sutural effect of orthopedic forces.

Results from the cyclic nucleotide analysis (Figure 15)
demonstrate that increases in cAMP occurred whenever either a
mechanical force or phosphodiesterase inhibitor was administered
separately, but that an additive increase cccurred when the two
variables were combined. This effect was similar to that demon-
strated by Burrows (1978} in his study on diazepam potentiated
alveolar bone remodeling responses to orthedontic forces. Diaze-
pam {(e.g. valium), which has been demonstrated to have moderate
inhibitory effects upon phosphodiesterase activity in brain tis-
sue (Levin and Weiss, 1975), resulted in a relatively greater
amount of orthodontic movement when administered in conjunction
with the mechanical force. Likewise in the present study, an ad-
ditive increase in cAMP was reflected by a coinciding increase in
the amount of expansion relative to that realized when either wvari-
able was examined separately.

This positive variable-dependent effect, however, was not

seen in the cGMP levels. Davidovitch (1980), in his study on al-
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veolar bone, demonstrated that a mechanically applied force on bone
resulted in an increase in both cGMP and cAMP levels. This effect
for cGMP was not observed, however, in the present study, although
this may be due to either (1) the time factor involved (e.g. levels
may have risen initially and thereafter fallen) or (2) the differ-
ent methods of cyclic nucleotide quanitation. Davidovitch's im-
munohistochemical technique measures only semi-quanitatively the
cyclic nucleotides which are bound to the kinase enzyme at the
time of fixing. Conversely, the level of cGMP was found to de-
crease 50% regardless of the variable. Further, the additive ef-
fect that was seen with cAMP did not occur in cGMP. The level,
once reduced, remained constant indicating a possible variable
saturation of the cGMP response. The guestion arises as to why
the levels of cGMP dropped, particularly in lien of the presence
of a phosphodiesterase inhibitor. Levin and Weiss (1979} demon-
strated the presence of several phosphodiesterase isozymes in
nerve tissue, only one of which was significantly affected by an
xanthine inhibitor. Furthermore, elimination of cGMP has been
shown to involve cellular excretion, as well as degradation
(Goldberg, et al., 1973). Therefore, it is possible that either
one of these mechanisms could account for the decrease in cGMP.
However, a lack of responsiveness to the external stimull (e.g.
theophylline and/or the mechanical force) tends to suggest that
an inhibition of guanylate cyclase occurred and may be the pri-

mary cause, even though the other two factors may also be exert-
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ing an effect. A negative feedback mechanism between cAMP and
cGMP has been demonstrated by White and Aurbach {cited by Gold-
bert, et al., 1973) in which high levels (0.4mM} of cAMP were
shown to produce as much as 50% inhibition in guanylate cyclase
activity. From this information, it is tempting to suggest a
mechanism similar to that put forth by Jilka and Cohn (1981) for
bone resorption, in that cGMP levels might function in some way
with or without cAMP to switch the cells into an "active mode,”
and once activated the amount of cellular activity would become
dependent upon the level of camP,

The non-collagen protein content of the various samples
was used as an approximate estimate of cellular mass in order to
standardize cyclic nucleotide measurements. A fairly uniform pro-
tein content was demonstrated in the present study and although no
attempt was made to determine the type or number of cells present,
it was felt that the changes in cyclic nucleotides observed were
due primarily to intracellular cAMP/cGMP fluctuations rather than
an increase in the total number of cells. The non-ccllagen content
of the bone matrix, which can be expected to be between 1-13% of
total dry weight (Ham, 1975), was demonstrated to be somewhat high-
er in this study (22%). This difference can be related to the fact
that hemopoietic tissue contained within the cancellous layer,
along with periosteal/endosteal tissue were also included in the
determination.

In attempting to relate the actual concentrations of cAMP
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and cGMP to millimeters of expansion (Figures 17 and 18), a rough
trend develops in which concentrations of cAMP are shown to have a
positive relationship with expansion up to a point. Beyond this
peak, however, there is a gradual decline in slope. The apparent
contradiction of this negative slope can best be explained by the
fact that this investigation represents only a single time point in
a kinetic function which cperated over a 21 day development period.
Data collected at this point are not meant to be representative of
other points during the experimental period although trends are
discernable. In a time-course study, Davidovitch (1980) showed
that cyclic nucleotides fluctuate with time and that following a
mechanical stimulus there is an initial rise in cAMP followed by
a gradual decline, Furthermore, the design of the expansion
spring was such that as the arms moved apart, the forces deliv-
ered decreased proportionally. Thus, it can be suggested that the
negative slope is not a contradiction, but actually represents a
decline in cAMP levels as the spring delivered force decreases. 1In
other words, the points to the right of the peak (e.g. negative
correlation) in Figure 17 merely represent concentrations of cAMP
that have already reached their peak prior to Day 21 and are pres-
ently declining as the applied force decreases.

Evaluation of the sutural expansion analysis (Figure 12)
indicates that lateral expansion reflects the variable dependent
response previously described for cAMP levels (with the possible

exception of the T + 8 group). This is similar to the correla-
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tions between cAMP and the amount of orthodontically induced alve-
olar remodeling demonstrated by Davidovitch, et al. (1980) and
Burrows, et al. {(1278). An apparent contradiction, however, ap-
pears in the T + S group in that despite significantly increased
cBMP levels relative to the other groups, its lateral expansion is,
in fact, less than that seen in the § group. This discrepancy can
be explained, however, when the anteroposterior dimensional changes
of each group are taken into account (Figure 12). Enlow (1975)

has pointed out that the internal dimensions of the neurocranium
are determined primarily by the expanding brain. Assuming that
brain mass is unaffected and its shape flexible within limits, an
increase in lateral width would therefore necessarily result in a
compensatory decrease in antercposterior growth. An example of
this can be demonstrated in a child in which one or more of the
coronal or sagittal sutures fuse prematurely prior to completion of
brain expansion. These prematurely closed sutures require compen-
sation at the remaining sutures resulting in variable degrees of
brachycephaly or dolichocephaly. Thus, anteroposterior dimension-
al changes, as determined in the present investigation, could be
expected to compensate to some extent as the lateral dimensions
increase. Such an effect was seen in the S group, but not in the
T + S group (Figure 12). This discrepancy can be better under-
stood once it has been pointed out that unless the lateral expan-
sion force is exactly perpendicular to the suture, a skewing effect

will occur in which some of the lateral force may be translated
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into an anteroposterior vector. An increase in both dimensions
relative to the control, as seen in the T group, however, demon-
strates the non-specific potentiation of the phosphodiesterase
inhibitor. By inhibiting this enzyme in a rapidly growing animal
a potentiation of all cAMP/cGMP mediated stimuli (e.g. hormones)
should be expected {(Weiss and Levin, 1978).

Evaluation of the surface area ¢f the implant triangle
gives a better indication of increases in expansion because this
measure did not depend solely on one vector but rather a combina-
tion of both anteroposterior and lateral changes. Measures asses-
sing changes in the implant area (Figure 13) correspond well to the
demonstrated variable-dependent response seen in the levels of cAMP.
Therefore, a definite and positive relationship can be seen between
expansion changes and levels of cAMP,

Histological evaluation of undecalcified sections of bone
was carried out to access the remodeling changes that occurred with
expansion. Due to the limited number of sections taken from each
group, however, only a bread conclusion can be drawn. Evidence
indicated that the expansion force resulted in an upward and out-
ward movement of the parietal bones with a subsequent downward
remodeling at the sagittal suture. Although actual cranial mea-
surements were not taken in this investigation, it may be suggested
that the animal's head, as a whole, did not become wider, but that
the expansion force generated by the spring was primarily compen-

sated for by an upward opening of the sagittal suture with very
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little net change in the rest of the cranium. This can best be
demonstrated when noting that the buttress of the zygomatiec arch
is immediately lateral to the parietal bones (Figure 3, Plate II)
and can offer significant resistance to a lateral force.

The results of this investigation show that cyclic nucleo-
tide levels, particularly that of cyclic AMP, may be important
mediators of the sutural response of orthopedic forces. Even
though general trends observed in this study indicate that sutural
expansion can be positively related with the increase in levels
of cAMP and a decrease in cGMP, a definitive test of the hypothesis
regarding the relationship between cAMP/cGMP and bone growth will
need the support of a time-course study in order to establish an
overall kinetic picture of cyclic nucleotides with time. ‘These
changes in cyclic nucleotide levels are not as simplistic as they
might seem from evidence presented in this investigation. Control
of cellular processes is a very complex procedure which, in addi-
tion to cAMP and cGMP, is also thought to involve other mediators
such as Ca++ (Peck, et al., 1981). Therefore, cellular events can-
not be described solely in terms of the cyclic nucleotides, but
must take intoc account the combination of interactions of all med-

iators.



Surunant  sAny CONCLUSIONS

Local control mechanisms that mediate the growth and re-
modeling in skeletal tissue of the craniofacial apparatus, and
thereby their response to externally applied orthopedic forces,
are complex and at present not fully understocd. One control
pathway, however, that has received growing attention in the last
20 years has been the action of the cyclic nucleotides (e.g. cAMP
and cGMP). Reserach has shown that cAMP and, to a lesser extent,
cGMP both have important mediating functions in the cellular re-
sponse to environmental stimuli in a wide variety of tissues and
cell types. In addition, the response of these cyclic nucleotides
have been shown to be both tissue and cell specific. Results of
previous studies demonstrated that c¢AMP and cGMP are important
mediators in the alveolar remodeling response to orthodontically
induced tooth movements. However, the specific nature of the
effects that externally applied forces have on the growth and
remodeling of bones in the craniofacial complex is still unclear.

The present study was performed to examine the effects of
an orthopedic stimulus upon cyclic nucleotide levels of the in-
volved bones, and how these levels relate to growth and remodeling
changes that occur at the sutures. To study this effect an expan-
sile force was applied across the sagittal suture in young growing

rats and corresponding cyclic nucleotide levels were experimental-
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ly altered by the use of theophylline, a phosphodiesterase inhib-
itor. The sample consisted of 22 female Sprague Dawley rats which
were divided into four groups, with one group acting as a control.
The remaining three experimental groups were as follows:

l. T group~animals were force fed theophylline (1 mg/100 g

body weight), a potent phosphodiesterase inhibitor;

2. S group-animals received a surgically implanted expansion
spring across the sagittal suture to act as a mechanical
stimulus;

3. T + S group-animals received theophylline four times a

day as well as the implanted spring.

Cranial implant markers were placed in the frontal bone and in each
parietal bone in all animals to measure dimensicnal changes in re-
gional surface area of the calvaria over the experimental period.
In addition, one animal from each group was injected with a vital
dye for subsequent histological evaluation.

At the end of a 21 day experimental period, the animals
were decapitated and the area around the sagittal suture removed.
The bone samples were analyzed and data collected in four categor-
ies:

1. Sutural expansion and increase in surface area of the
calvaria were determined from cranial implant measure-
ments in order to assess the sutural response to the
different experimental variables;

2. levels of cAMP and cGMP were individually guanitated by
specific radioimmune assay procedures to evaluate any
variable dependent changes in concentration;

3. Analysis of non-collagen protein content of the sample
was conducted to provide a standard unit by which to
compare the levels of cyclic nucleotide, and;

4. Histological observation to evaluate the remodeling
changes that occurred at the suture during the experi-
mental period.
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Analysis of sutural expansion demonstrated that a greater
amount of expansion can be obtained in response to a mechanical
stimulus when the expansion force is combined with a phosphodies-
terase inhibitor. 1In addition, it was shown that the phosphodies-
terase inhibitor alone also elicited a small, non-specific (e.g.
both lateral and anteroposterior) increase in calvarial growth
relative to the control, indicating active growth stimuli other
than the mechanical force (e.g. hormones).

values for cyclic nucleotide concentrations indicated that
levels of cAMP were increased in the presence of the phosphodies-—
terase inhibitor relative to the control. This increase was not
as great, however, as present when the mechanical stimulus was
applied. Also a significant additive effect was observed when
both of these variables were combined. The effects related well
with the coinciding expansion which occurred in these groups.
Cyclic GMP, on the other hand, did not follow the same positive
variable-dependent response as cAMP. Concentrations of this
nucleotide decreased approximately 50% and remained constant re-
gardless of the nature or number of variables involved.

Analysis of the non-protein content of the various bone
samples indicated a fairly uniform protein content in a range be-
tween 21.4 and 22.4% of the total dry weight.

Histological examination indicates that, in addition to
minor structural changes (e.g. bone thickening), the expansion
force across the sagittal suture produced an outward-upward bone

rotation at this suture with a subsequent increase in downward
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remodeling, resulting in a slightly flattened cranial contour. The
overall expansion effect on the head as a whole was thought to be
minimal due to the buttressing effect of the zygomatic arch.

The most significant findings of the present study were:

l. Orthopedic forces have a definite effect on the intracel-
lular cyclic nucleotide levels in the sutural areas of
the involved bones, resulting in a significant rise in
cAMP and a drop in the levels of cGMP;

2. Theophylline, a phosphodiesterase inhibitor, when used
alone, resulted in a similar increase although of lower
magnitude in cAMP levels in comparison to that seen with
the mechanical stimuli with a significant additive effect
when both variables were combined;

3. Concentrations of cGMP were found to decrease approxi-
mately 50% and remain stable relative to the control
values regardless of the variable(s) involved:;

4. A positive association was demonstrated between the
amount of expansion observed and the level of cBAMP
present in the bone around the suture; and

5. Sutural expansion forces resulted in extensive remodel-
ing changes primarily at the sagittal suture with very
little expansile effects on the rest of the craniofacial
complex as a whole.
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