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The functional matrix hypothesis revisited. 1. The role

of mechanotransduction

Melvin L. Moss, DDS, PhD
New York, NY.

The periodic incorporation of advances in the biomedical, bioengineering, and computer
sciences allow the creation of increasingly more comprehensive revisions of the functionai
matrix hypothesis. Inclusion of two topics, (1} the mechanisms of cellular mechanotransduction,
and (2) biclogic network theory, permit this fatest revision; presented here in two interrelated
articles. In this first article, the several possible types of intracellular processes of
mechanetransduction are described. These translate the informational content of a periosteal
functional matrix stimulus into a skeletal unit {bonej cell signal. The carrelation between the
strengths of the endogenous electrical fields produced by muscle skeletal muscle activity, and
those to which bone cells maximally respond are stressed. Further, a physical chain of
macromalecuiar levers, connecting the extracellular matrix to the bone cell genome is
described, suggesting another means of epigenetic regulation of the bone cell genome,
including fts phenotypic expression. (Am J Crthod Dentefac Orthop 1997;112:8-11.}

Introduction. This series of four articles s a
cohesive and constructive perspective ol “where we
dre now afier all the dust has settled.” But, there is
apother important and 1 think key feature and that
15 a discussion ol functional matrix-type studies (by
different names, perhaps) in other biologic disciplines
that otherwise we probably would be quite unaware of.
This in itself 1§ a most noteworthy coniribution,
because most of vs, in both the basic and clinical
orthodontic sciences. are really not awarc ol ad-
vances in other relevant ficlds, We can learn! Then,
at the end, thero is a look at the luture, and this goes
conceptually bevond anything we presume to under-
stand today. In all, Dir. Moss’s assessment of his own
work as a revision is, [ think, more of a scholarly
claboration, bascd on o broad quiltword of biologic
understanding, now gleancd from a variety of other
specialties.

There surely 15 room in our distinguished jour-
nal, which has a solid reputation for recognizing
halance, for an introspective dissection of a biclogic
concept that has prolound clhinical meaning. When
that concept is cvalualed in the light of parallei
biologic theory, uncovered [rom other diverse flelds,
it presents a perspective for orthodontic scholars
available nowhere clse.

There are countless Moss relerences on the

Fram the Department of Anaramy and Cell Biology, College of Physiclans
ard Surgeons. and School of Dentul and Orel Surgeny, Columbia Unber-
sity.

Reprinl reguests to: Frofo Frmeritus Melvin T Moss, Department of
Aratomy and Cell Biology, Columbis University, 630 W 148th St, New
York, WO 10032, connl s moes Geoucers]eiviloolumbia,cdu

Copyright 82 1997 by the Amedean Association ot Orthodonlists.

URBS-5405:97 5300 ~ 0 8ITORG2

8

Tunctional matrix over the years., This is the one
that will be referred to for decades to come, and
the one gradoate students now will discuss in their
SCIMINATS.

One point [ would have liked Dr. Moss to have
addressed in greater depth in the final pages is how
the lunctional matrix is involved in s own growth
and development on how it is controlled. That is,
how much genome and how do the provocative
ideas of complexity and self-organization play into
this?

Donald Enlow

rI‘his article s presented as a series of
mterrclated articles, of which this is the first. The
second article contains both a comprehensive sum-
mary of this latest revision of the FMIE as well as the
reference list for both articles.

DEVELOPMENT OF THE FUNCTIONAL MATRIX
HYPOTHESIS {FMH)

A decade’s study of the regulatory roles of
intrinsic (genomic) and extrinsic (epigenetic) lactors
in cephalic growth cvolved into the functional ma-
trix hypothesis (FMUEDLY This initial version, as aug-
mented,” and stressing epigenctlic primacy (as de-
fined in Moss” and Eicrring®), became peer-accepted
as one cxplanatory paradigm,

Periodically, incorporation of advances in the
biomedical, hioengineering, and computer scicnees
have created more comprehensively explanatory
FMH versions.™® And recent work on two topics,
cellular transduction of informational signals and
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biologic cellular network theory, permit the presen-
tation of this lutest revision.” ¥

THE CONCEPTUAL AND ANATOMIC BASES OF
THE REVISED FMH

A comprehensible revision of the FME should
indicate (a) thosc portions that are retained, ox-
tended or discarded, and (b} which prior delicien-
cics are now resolved.

Although the principal FME concepts arc cither
generally known or easily availabte,™"" ™ three are
of particular resonance for this revision,

‘The developmental origin of all cranial skeletal
elements (e.g., skeletal units) and all their subseguent
changes in size and shape (c.g., form) and location, as
well as thelr mainienance in being, are abways, without
exception, secondary, compensatory, and mechanically
obligatory responses 10 the temporally and operation-
ally prior demands of theit related cephalic nonskel-
ctal cells, tissues, oreans, and operational volumes
(e.p., the functional matrices).

More precisely, the FMH claims that epigenetic,
extraskeletal facrors and processes are the prior,
proximale, extrinsic, and primary cause of all adap-
tive, sccondary responses of skeletal tissues and
organy.” It follows that the responses of the skeletal
unit (bone and cartilage) cells and tissues are not
directly regulated by informationy] content of the
intrinsic skeletal cell genome per se. Rather, this
additional, extrinsic, epigenctic information 18 cre-
ated by functional malrnix operations.

The FMH postulates two types of functional
matrices: periosteal and capstlar.’™" The former,
typificd by skeletal muscles, regulates the histologi-
cally ohscrvable active growth processes of skeletal
tissue adaptation.

This new version deals only with the responses to
periosteal matrices. It now includes the moleeular and
cellular processes underlving the triad of active skele-
tal growth processes: deposition, resorplion, and main-
tenance. Histologic studies of actively adapting osse-
ous tissues demonstrate that (1) adjacent adaptational
tissue surfaces simultancously show deposition, re-
sorption, and mamtenance; (2) aduptalion is a Ussue
process. Deposilion and maintenance are functions of
relatively large groups {(cohorts, compartments) of
homologous ostcoblasts, never single cells; and (3) a
sharp demarcation casts between adjacent cohorts of
active, depository, and quicscent (resting) osteoblasis.

Constraints of the FMH

Initially, the FMH'” provided only guafitaive
narrative descriptions of the biologic dyramics of
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cephalic growth, at the pross anatomic level, and it
had iwo explanatory constraints: methodologic and
hicrarchical,

1. Methodologic constraini. Macroscopic mea-
surements, which use the technigues of point
mechanics and arbitrary refercnce frames, c.g.,
rocatgenographic cephalometry, permitted only
method-specific descriptions that cannot be strue-
turally detailed. This constraint was removed by
the continuum mechanics technigues of the finite
element method (FEM)®%28 and of the related
muero and boundary clement methods.”?

This penultimate FEM revision added objective,
reference-frame-invariant, linc-grained, and com-
ceptually integrated descriptions of the quantitative
aspects of localized cephalic growth Ainematicy 1o
the earlier gualitative (phenomenologic) descrip-
tions of growth dynamics 3%

2. Hierarchical constraini. However, even that
version’s descriptions did not extend “downward™ 1o
processes al the cellular, subeellular, or molecular
structural domains, or extend “upwards” to the
multicellutar processes by which bone tissues re-
spond to lower level signals. All prior FMH versions
were “suspended” or “sandwiched” as it were, be-
tween these two hierarchical levels.

Explicitly, the FMIT could not describe cither
how extrinsic, epigenetic FM stimuli are transduced
into regulatory signals by individual bone cells, or
how individual cells communicate to produce coor-
dinated multiceflular responses.

At the fower cellular or rnolecular levels, another
problem exists. Almost unilormly, experimental and
theoretical studies of bone adaptation consider only
the unicellular, unimolecular, or unigenomic levels.
Accordingly, their resulis and derivative hypotheses
generally are not extensible 1o higher muolticellular,
tissue, levels,

Consequently, in prior FMH versions, significant
disjunctions cxist between the descriptions at each
of the scveral levels of bone organization, Such a
hiatus is implicit in hierarchical theory in which the
altributes of successively higher levels are not simply
the sum of lower level attribuics. Rather, at cach
higher level, new and more complex structural and
opcrational aUributes arise thal cannot be pre-
dicted, even Irom a complete knowledge of those of
the lower levels®; c.g., the sum of all lower at-
tributes (hiophysical, biochemical, genomic) of a
bone cell cannot predict the higher atrributes of a
bone fissue.

At prescnt, no unitary hypothesis provides a
comprehensive. coherent and integrated description
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ol all the processes and mechanisms involved in
bone growth, remaodcling, adaptation, and mainte-
nance at all structural levels. This newest FMH
version, presented horemn, transcends some hicrar-
chical constraints and permits scamlcss descriptions
at, and between, the several levels of bone structurc
and operation-from the genomic to the organ level.
It does so by the inclusion of two complementary
coneepts: (1) that mechanotransduction occurs in
singlc bone cells, and (2) that bone cells are com-
putational clements that function muliicellularly as
a connected collular nerwork.

It is useful to present the database and derivalive
theorics. supportive of the inclusion of these two
concepls individoally in a series of two coordinated
articles: the first on mechanotransduction and the
second on conmected cellular networks.

Mechanotransduction

All vital cells are “irritable” or perturbed by and
respond 1o alterations in their external environment,
Mechanosensing processes enable a cell to sense
and to respond to oxtrinsic loadings, a widespread
biologic attribute,*** by using the processes of
mechanoreception and  of mechanorransduction.
The former transmils an extracellular physical stim-
ulus inta a receptar cell; the latter transduces or
transforms the stimulug’s encrgetic andior informa-
tional content into an imracellular signal. Mechano-
transduction™ is one type of cellular sipnal transdue-
tion. " There are several mechanotransductive
processes, for example, moechanoelectrical and
mechanochemical. Whichever are used, bone adap-
tation requires the subscquent infercellular trans-
mission of the trunsduced signals.

Osseous Mechanotransduction

Static*” and dynamic™ loadings arc continuously
applicd o bone tissues, tending to deform both
extraccllular matrix and bone cells. When an appro-
priate stimulus parameter exceeds threshold values,
the loaded tissue responds by the triad of bone ccl
adaplation processes. Both ostcocevtes and osteo-
blusts are competent for intraccllular stimulus re-
ceplion and transduction and for subscquent inter-
cellular signal transmission, Osteoblasts directly
regulaic bone deposition and mamicnance and in-
directly regulate osteoclastic resorption. <"

Osscous mechanotransduction 1s unigue in four
ways: (1) Most other mechanosensory cells arc
cvtologically specialized, but bone cclls are not: {2)
one bone-loading stimulus can evoke three adapta-
rional responses, whereas nonosscous processes
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generally evoke one; (3) osseous signal transmission
is ancural, whereas all other mechanosensational
signals use some afferent ncural pathways™*; and,
{(4) the evoked bonc adaptational responses are
confined within each “bone vrgan™ independently,
¢.g., within a femur, so there is no necessary “inter-
bone” or organismal involvement,

This process translates the information content
ol a periosteal functional matrix stmuluy Mo a
skeletal unit cell signal, for example, it moves infor-
mation hierarchically downward to the osteocyics,
There are two, possibly complemcentary, skeletal
cellnlar mechanotransduclive processes: ionic and
mechanical.

fonic or electrical processes. This involves some
process(es) of jonic transport through the bone cell
(osteocytic) plasma membrane. There is a subse-
quent intereellular transmission of the created ionic
or clectrical signals that, in turn, are computed by
the operation of an osseous connected cellular
network (CCN)J, as described in the second article in
this scries. That network™ output regulates the
multiccllular bone cell tesponscs.!'#2

Although no consensual apreement cxists, osteo-
cytic, ionic-mechanotransduction may involve sev-
cral, possibly parallel, cellular processes,

Strefch-activated channels. Several types of defor-
mation may occur in strained bone tssue. One of
these involves the plasma membrane stretch-acti-
vated (§-A) ion channels, a structure found in bone
cells,* 0 in many other cell types,™ and significantly
in fibroblasts.”™ When activated in strained ostco-
cytes, they permit passage of a certain sized 10n or
set of ions, including K=, Ca?™, Na ", and (5 - 4065831

Such ionic flow may, in turn, iniliate intraccllular
electrical events, for example, bone cell $-A chan-
nels may modulate membrane potential as well as
Ca®' on flux.™™ Other bone cell mechanically
stimulatory processes have been supgested.™

Rough cstimates of osteocytic mechanorcceptor
strain sensitivity have been made,'™* and the calcu-
lated values cover the morphogenetically significant
strain range of 1000 0 3000 pe in the literatare #5

Electrical processes. These include several, non-
exclusive mechanotransductive processes (¢.g., clec-
tromechanical and clectrokinetic), involving the
plasma membrane and extracellular fluids. Electric
ficld strength may also be a significant parameter.”

1. Flectromechanical. As in most cells, the osteo-
cytic plasma membrane conlains voltage-acti-
vated on channcls, and transmembrane ion
fow may be a significant osseous mechano-
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transductive process. %002 T s also possi-

ble that such ionic flows generate osteocytic

action potentials capable ol lransmission
through gap junctions.®

Electrokinetic, Bound and unbound clectric

charges cxist in bone tissuc, many associated

with the bone fluid(s) in the several osseous
spaces or compartments**f° It is gencrally
apreedd that electrical effects 1 {luid-filled
hone are not piczoclectric, but rather of clee-
trokingtic, that is, streaming potential (SP)
origin.*#*% The 8P iy a measure of the
strain-gencrated  potential (SGP) of con-
vecled clectric charges in the fluid flow of
deformed bone. The usually observed SPG of
=2 mV¥V can initigle both ostcogencsis and

osleocylic action porentials, 5%

3. Lleciric field strength. Bone responds 10 exog-
enous clectrical ficlds.® Although the extrin-
sic clectrical  parameter s unclear, field
strength may play an important role.®™ A
significant parallel exists hetween the param-
clers of these exogenous electrical fields®®e?
and the endogenous fields produced by mus-
cle activity, Bone responds to exogenous elec-
trical ficlds in an effective range of 1 to 10
wViem, strengths that are “ . .on the order of

those endogenously produced in bone Hssue

during normal  (muscle)  activin”™™ (italics
mine).

b3

Mechanical processes. Although it i3 probable
that the intracellular, transductive process discussed
luter does nef initiate action potentials, it is an
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alternative means by which periosteal functional
matrix activity may rogulate hierarchically lower
level bone cell genomic functions.

The mechanical properties of the extraceltular
matrix influence cell behavior.™ Loaded mineral-
ized hone matrix lissue is deformed or strained.
Recent data indicate that a series of extracellular
macromolecular mechanical levers exist, capable of
transmitling informaltion from the strained matrix to
the bane cell nuclear membrune.

The basis of this mechanism is the physical
coptinuity of the transmembrane molecule integrin.
This molecule is connected extracellularly with the
macromolecular collagen of the organic matrix and
intracellularly with the cytoskekeletal actin, The
molecules of the latter, m turn, arc connected to the
nuclear membrane, at which site the action of the
mechanical lever chain previously noted initiates a
subscquent series of inlranuclear processes regula-
tory of genemic activity.”™ (See Shapiro et al.,™ for
vimentin, and Green® for a general discussion of
biophysical transductions.)

It is sugecsted that such a cytoskeletal lever
chain, connccting 1o the nuclear membrane, can
provide a physical stimulus able 1o activate the
osteocytic penome,” possibly by first stimulaling the
activity  of  such  components as the clos
gCIlCSIJO,}"_‘.,TN Esle]

It is by such an interconnected physical chain of
molecular levers that periosteal [unctional matrix
uctivity may regulate the genomic activity of its
strained skeletal unit bone cells, including their
phenotypic expression.
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The functional matrix hypothesis revisited. 2. The role

of an osseous connected cellular network

Meivin L. Moss, DDS, PhD
New York, NY

Intercellular gap jurctions permit bene cells to interceliularly transmit, and subsequentty process,
periosteal functional matrix information, after its initial intracellular mechanotransduction. In
addition, gap unctions, as electrical synapses, underlie the organization of bong tissue as a
connecied cellular network, and the fact that all bone adaptation preccesses are multicefiular. The
structural and operational characteristics of such biclogic netwaorks are outlined and their specific
bone cell attributes described. Specifically, bone is “tuned” e the precise frequencies of skeletal
muscle activity, The inclusion of the concepts and databases that are refated to the intraceilutar and
intarcellular bane cell mechanisms and processes of mechanofransduct:on and the organization of
bone as a hictogic connected cellular network permit revision of the functional matrix hypothesis,
which offers an explanatory chain, extending from the epigenetic event of muscle contraction
higrarchically downward 1o the regulation of the bone cell genome. (Am J Grthad Dentofac Grthap

189¥.112:221-8.)

T]C first ariicle 1 this series considered
the implications for the functionsl matrix hypothesis
(FMH) of the ability of bone cells o carry nul
intracelular mechanosensation and  (ransduciion
and mtercellular communication. In this article, we
will consider the implications for the FMH of the
inclusion of connectionist network theory.

BONE AS AN OSSEOUS CONNECTED CELLULAR
NETWORK (CCN)

All bone cells, except osteoclasts, are extensively
intesconnested by gap junctions™*! that form an
osseous CONF42 In these junclions, connexin 43 is
the major protein.”™ Each osteocyte, enclosed within
its mineralized lacuna, has many (n L&Y eyvio-
plasmic {canalicular} processes, =15 pm long and
arraved three-dimensionally, that imtereconnect with
similar processes of up to 12 neighboring cells.
These processes He within mineralized bone mairx
channels (canaliculi). The smail space between the
cell process plusma membrane and the canalicular
wall is filled macromolecular complexes.

Gap junctinons are found where the plasma mem-
brancs of a pair of markedly overlapping canalicular
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processes meel.”™ I compact bone, the canaliculi
cross “cement lines,” and thev form extensive com-
nunications bhetween osteons and interstitial re-
gions” Crap junctions also conncet superficial os-
teocytes 1o periosteal and endosteal osteoblasts, All
osteoblasts are similarly interconnected laterally.
Vertically, gap junctions connect periosteal osteo-
blasts with preosteoblastic cells, and these, in turn,
are  similarly intcrcormccrcd % Effectively, cach

CON 35 & true syneytium.™™1% Bone cells are elee-
trically active.” FEUSI0L jn g very rcal sense, boue
tissue is “hard-wired.”” %%

In addition to permitting the intercellular trans-
mission of lwns and small motecules, gap junctions
exhibit both electrical and fluorescent dye transmis-
sion®™ (GGap junctions are elecirical synapses, in
-;'om.radm111(:1.1011 oy interneuronal, chemical svn-
apses, and, significantly, they permit bidirectional
signal traflic, e.g., biochemical, ionic.

Mechanotransductively activated bone celis, ey
Osteneyics, can inilidle membrane action potentials
capable of transmission through interconnecting gap

junctions. The primaey ol ionic sipnals rather than

secomlary messcngers is suggesied here, breause,
although bone cell transduction may slso produce
small biochemical molecules that can pass through
gap junctions, the time-course of mechanosensory
processes is believed 1o be too rapid for the involve-
ment of secondary messengers. -2 (See Carvatho cf
al."® for an opposite view.} A CON is operationally
analogous w an “artificial nevral network,” in which

221
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massively parallel or parallel-distributed signal pro-
cessing oceurs. " Tt computationally processes, in a
multiprocessor network mode, the intereellular stgaals
created by an cleetrical type of mechanotransduction
of periosteal functional matrix stieudi. Subscquently
the computed network output informational signals
move hicrarchically “upward” to regulate the skeletal
unit adaptational responses Of the osteablasts.

Fortunately, the bascs of conneclionist theory
are sufficicntly securc to permit modeling of a
biolagically realistic osseous CON U8 T cansists
of 2 number of relatively simple, densely intercon-
nected processing elements (hone cells), with many
mare interconnections than cells, It is vseful that
bone cells form a network because individual recep-
tors cannot code unambigonously-only a popuiation
of cells can do s0.1%

In network theory, these cells are organized into
“lavers™ an mitial input, a linal output, and one or
more intermediate or “hidden” layers. Tmportantly,
such networks necd not be numerically complex o
be operationally complex.'!! The operational pro-
cesses are identical, in principle, {or all bone cells in
all layers, Regardless of the actual physiclogical
stipulatory process, cach ccll in any tayer may simul-
laneously receive several “weighted™ inputs (stimu-
11). A weight is somc quantitatve attribute. 1n the
imtial laver. these represent the loadings. Within
cach cell independently, . .. all the weighted inputs
are then summed.”'? This sum is then compared,
within the cell, againsl some liminal or threshold
value. If this value is exceeded, an iniracellular
sigmal s generated, 1., successfitl mechanolruns-
duction occurs. This signal (s then transmitted iden-
sieally to all the “hidden™ layer cells (adjacent osteo-
cytes) to which each initial laver cell is conncected by
gap junctions (and there are many styles of connee-
tivity). Next, similar processes of weighted signal
summation, comparison, and transmission occur in
these intermediate layers until the final layer celis
(osteoblasts) are reached. The outputs of these
anatomically superficial cells determines the site,
rule, direction, magnitude, and duration of the
specilic adaptive response, 1.8, deposition, resorp-
tion, and/or mainienance, of each cohort of osleo-
blasts.!*?

Information is not siored discretely in a CCN, as
it is in & conventional, single CPU computer., Rather
itis distributed across all or part of the network, and
several types of information may be stored simulta-
neously. The Instantaneous state of a CON ix a
property of the state of all its cells and of all their
connections. Accordingly, the informational repre-
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sentation of CON s redundant, assuring that the
network is fault or crror wolerant, i.e, one or several
inoperative cells causes littlc or no noticeable loss in
network operations,'-* a matter of uscful clinical
significance.

The CCNs show oscillation, i.c., iterative recip-
rocal signaling (feedback) between layers, This at-
tribute enables them to adjustively self-organize.
This bebavior is related to the fact that biologic
CCNs are not preprogrammed; rather they learn by
unsupervised ar epigenetic “training,”' 't a4 process
probably involving structural or conformational
changes in the cytoskeleton™ The phenomena of
both network “training” and “learning™ are related
to the suggested clieets of the oscillatory nature of
their strain history.-~ Accordingly, the structurally
more complex network atiribuics and behavior of a
CON gradually or cpigenctically self-organize and
cmerge during operation. These network attributes
arc not reducible, i.e., they arc neither apparent nor
predictable from a prior knowledge of the attributes
of individual cells.

Gap junctions, permitting bidirectional flow of
information, arc the cviological basis for the oscil-
latory behavior of a CON. All the ostcoblasts of 4
cohort cngaged in an identical adaptation process
are mterconmectled by open gap junctions, The pres-
cnce of sharp histological discontinuitics hetween
cohorts of phenotypieally different osteoblasts iy
related to their ability 1o close gap junctions at the
boundarics between such cohorts, and so prevent
the flow of information."'™"" Informational net-
works also can transmit inhibitory signals, a signifi-
cant matter bevond present concerns. '

A skeletal CON displays the following atiributes:
(1) Developmentally, it is an unirained self-orga-
nized, self-adapting and epigenetically regulated sys-
temt. {2) Operationally, it 18 4 stable, dynamic system
thut exhibits oscillatory behavior permitting feed-
back. It operates in a noisy, nonstationary environ-
ment, and probably uses useful and neeessary inhib-
ttory inputs. {3) Strucrurally, an osseous CCON g
nonmadular, L., the variations in 118 organization
permit diserete processing of differential signals. Tt is
this attribute that permits the triad of histologic
responses to a unitary loading event.

Certain simplifications cxist 1n this agticle, as in
most of the bone literature, It is assumed thal bone
cells are organized in only two dimensions, bonc
loadings oceur only at diserete loct, and gradients of
strain are not considercd. However, blologic reality
is otherwise, In a loaded three-dimensional bone
volume, gradicnts of delormation must exist, and
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cach ostcocvle probably senses uniquely dillerent
strain propertics. Further, it s probable that cach
asteocyte s potentially able to transmil three differ-
ent adaptational signals, in three different direc-
tions- -some stimulatory and some hibitory. How-
cver, these processes have not vel been adeguately
modeled. The role of periostead funciional matrices:
new insight.

The morphogenctic primacy of periosteal func-
tional matrices on their skelctal units is consensually
accepted. As o muscular demand alters, e.g., myec-
tomy. myotomy, nedrectomy, exercise, hypertrophy,
hyperplasia, alrophy, augmentation, or reposiiion-
g, Lhe triad of active bone growth processes cor-
respondingly adapts the form of its specifically re-
lated skeletal uni.

Presently excluding the stimalatnion of neural
aflerents 11 muscle, tendon, and periosteum, extrin-
sic physical boadings tend to deform bone tissue and
to invoke skeletal unit (bone) adaptation responsive
processes. A classic example 1s the regulation of
coronoid process form by the temporalis muscle, ™
The tension in the tendon of this contracted muscle,
tragsmiticd through intcrtwined periosteal fibers
ingerted into subjucent bone, deforms the loaded
skeletal "

Although somce periosteal ostecoblasts may be
directly stimulated,"! extant data suge=st vslecocytic
primacy in mechanosensory processes.'? Anatomi-
cally, bone ccils are compelent mechanoreceprors.
Their three-dimensional array of extensive canalic-
ular cell processes is architecturally well-suited to
sense deformation of the mineralized martrix.'”

Although no one mechanical parameter reliably
predicts all bone adaprational or remodeling re-
sponses,'#? sprin probably plays the primary role'™ '
and is a compelent stimulus,! The sigmificant strain
attribute may vary with specific conditions,"™ These
include: (aj loading category-bone responds best 1o
dynarnic rather static loading™; (b) frequency-ostco-
cyvtes may be physiologically “tuncd” to the {requencies
of musele fuaction, ™ tunings being analogous to
those of specialized nonosseous sensory cells, ™ c.g.,
auditory hair cells; and (¢) magnitude-relatively small
microstraing (pe) (about W mmimm), and sirain
magnitudes of 2000 = 1000 pe, are morphogenctically
competent, i1

Albthough it is reasonably presumed that mech-
gnosensory processes, of both the jonic and imechan-
wal type, involve the plasina membrane of the
usteocytic soma or canalicular processes, the recep-
tive, and subscquent transductive, processes arc
neither well understood nor consensually agreed on.
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Skeletal muscle contraction is a typical perios-
teal functional matrix loading event, /91812013515
and frequency is one of its eritical parameters.
Although the fundamemntal frequeocy of contracling
muscle is about 2 Tz, other strain-related harmaonics
al 15 to 40 Flz oxist,

These highor-order freguencies,  significantly
refaicd 1o bone  adaprational  responses,  are
* ..present within the [muscic contraction] strain
cnergy spectra regardless of animal or activity and
implicate the dvnamicy of muscle contraction as the

source of this erergy band” (italics mine) 512350 Of

particular significance to the TMIT is the close
sindlarity of muscle stimuius frequencies to bone
tissue response frequencies.

MEGCHANOTRANSDUCTION: A TENTATIVE
SYNTHESIS

The previously mentioned dita suggest that the
ability of periostesl functional matrices o regutate
the adaptive responses of their skeletal units by ionic
mechanotransdictive processes 1s related to several
factors. These are that (a) normal muscle function
strains atiached bone ussue intermitiently; (b) the
dymamics of skedetal muscle contraction i rather
nicely with the energetic requircrments for bone ceil
responsivencss: () the range of specific straia-
frequency harmonics of muscle dvnamics are also
those found to be morphogenctically comperent
{i.e., osteoregulatory); (d)} normal skelelal muscle
Activity produces intracsscous eiceirie fields on the
order of extrinsic fields found to be similarly mor-
phogenctic; and, {¢) bone cells may be stimulated by
two mechanisms-directly by strain-activated plasma
membrane channels and indirectly by electrokinen-
tic phenornena.

These factors strongly suggest a rather precise
matching ol significnnt operational characternistics
between a contracting skeletal musele stimulus and
the ability of loaded bone cells w transcuce this into
signals capable of regulating their adaptive re-
sponses. [ a phrase, bone appears to be closely
“tuncd” to skeletal muscle, e, skeletal units are
tuncd to 1heir periosteal functional matrices,

When both the {onic membranc and the me-
chanical (molccular lever) Lransductive proccsses
are conceptually and operationally combined with
the data of both clectric flield effects and of contrac-
tion [requency energetics, they provide 4 logicaily
suthctent blophysical hasis of support for the hy-
pothesis ol epigeneiic regulation of skeietal tissue
,‘ldap[an{jn)i,JZ.’-:H')-IH,.'N’.._IZ‘),IST

In reality, it is probable that the jonic {clectrical)
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and mechanical {(molecular lever) transductive pro-
cesses in osteocytes are neither exhaustive nor mu-
tually exclusive. While vsing diffening intermediate
membrane mechanisms or processes, they share a
common final common pathway, i.c., they eventually
produce signals regulatory of osteoblastic activity.
Clertainly in the 1onic processes, and possibly in the
molecular [ever system mechamsm, the transductive
process(es) also cause a transplasma membrane
ionic flow(s), creating a siynal(s) capable of inter-
cellular transmission 1o neighboring bone celis
through gap junctions,’”’ and then subsequent bio-
logic computation in an osscous CCN.

CONCLUSION

Where the original FMH version offered only serbal

descriptions of periosteal matrix function and skeletal unii
response, the addition to the M of the concepts of
mechanotransduction and of computational bone biology
offers an explanatory chain extending from the epigenetic
event of skeletal muscle contraction, hierarchically down-
ward. through the cellular and molecular Jevels to the
hope cell genome. and then upward again, through histo-
logic levels 1o the event of gross hone form adaptational
changes. Analyzing size and shape changes hy reference-
framne-invariant, finiic element methods produces a more
comprehensive and intggrated description of the totatity
of the processes of cpigenetic regulation of bone form
than previously possibile.
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The functional matrix hypothesis revisited.

3. The genomic thesis

Melvin L. Moss, DDS, PhD
New York, N Y.

Although the initial versions of the functional matrix hypothesis {FMH) theoretically posited the
ontegenetic primacy of “function ” it is only in recent years that advances in the morphogenetic,
engineering, and computer sciences provided an integrated experimental and numerical data base
that permitted recent significant revisions of the FMH—evisions that strongly support the primary
role of function in craniofacial growth and developmenit, Acknowledging that the currently dominant
scigntific paradigm suggests that genomic, instead of epigenetic {functional) factors, regulate
(cause, contral) such growth, an analysis of this continuing controversy was deemed useful.
Accordingly the method of dialectical analysis, is employed, stating a thesis, an antithesis, and a
resolving synthesis based primarily on an extensive review of the pertinent current literature. This
article extensively reviews the genomic hypothesis and offers a critique intended to remove some of
the unintentional conceptual obscurantism that has recently come to surround it. (Am J Orthod

Dentofac Orthop 1997;112:338-42 )

“The whole plan ot growth, the whaole series of opera-
tions to be carried out, the crder and site of synthesis
and their co-ordination are all written down in the
nucleic acid message.”'

“Within the fertilized 2gg lies the information necessary
to generate a diversity of cell types in the precise
pattern of tissues and organs that comprises the verte-
brate body.™

Thc initial version of the functional mairix
hypothesis (FMH},* # claiming epigenetic control of
morphogenests, wis hased on macroscopic (gross)
ceperimental, comparative, and clinical data. Re-
cently revised, ™" it now extends hicrarchicaily ftom
gross Lo microscopic {cellular and moleculary levels
and 1deniifics some epigenctic mechanisms capabic
of regulating genomic cxpression. This warranted
revisiting our earlier analysis of the perennial
genomiciepigenctic controversy.

The epigenetic position of the FMIT may scem
guixotic when molecular genetics is the premier
ontogenctic rescarch paradigm. Tndeed, most clini-
cians and experimentalisis!! Y —there are  excep-
tions'-—subseribe to the two epigraphs above, stated
more succinetly as “gencs make us, body and mind.”®

From 1he Department af Anatomy and Ce.: Hology, College of Physicians
aned Surgeoms, and School of Dencal und Oral Sorgery. Codumbia Unibver-
silv,
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Nevertheless, a continuing countercurrent of
dissent claims morphogenesis iy regulated (con-
trulled, directed) by epigenetic mechanisms and
processes.t *! In addition, several new disciplines
cxplicitly invoke epigenesis.?

The epigenetie/genomic problem is a dichotomy,
and dialectics is one analytical method for its reso-
lution. The method consists of the prescatation ol
two Opposing views, a thesis and an aotithesis, and
ol a resobving synthesis, Such a dialectic anatysis is
presented here in two interrelated arlicles that
respectively consider (1) the genomic thesizs and (2)
an epigenctic antithesis and 4 resobving synthesis.
Because a comprehensive review of this problem
would be encyclopedic, only selected relovant as-
pects ol ontogeny (morphogenesis)y and phylogeny
{evolution} are considered here.

An Odontogenic Example of the
Genomic/Epigenetic Dichotomy

Qdontogenesis provides a comprchensibic ex-
ample. The widespread diagnostic use of vertebrate
dental coronal morphology in zoological systemat-
ics, vertebrate palecontology, physical anthropology.
and forensic odontolopy suggests to many a rigid
genomic control of odontogenesis, as reflected in
the temporally scquential, and spatially restricted,
expression of the genomically regutated production
of specific molecules as cxhibited, for example, in
murine malar development.®

Nevertheless, data exist strongly supportive of
cpigenetic reguiation of odontogenesis. For exam-

of Functional
Jaw Orthopedics
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ple, Chiclid fish arc polyphyodont (have continu-
ously replacing denral sets) and can ¢xhibit pro-
nounced dental phenotypic plasticity.™ When the
fish arc fed on hard-shelled mollusks, the replacing
teeih are large and molariform, but when sofy
food is fed, those teeth are gracile, conical, and
nonmolariform, Experimenially in aquaria, the two
phenotypic states may be repeatedly and arbitrarily
alternated in succeeding denta! generations by alter-
nately changing the diet’s cansistency, Because cach
dental replacement cyele involves identical odonto-
genic stages. it 18 postulated that (1) mechanical
forces, related to differential diet “hardness,” gen-
crate epigenetic signals, mechanotransductively pro-
cessed by dental papilla cells™; and (2) these
signals control at least the temporal and spatial
expression of genomic products related to the de-
velopment of diffcrential tooth form, such as size
and shape."™*

If the epigenetic/eenomic dichotomy of odonto-
genctic regulation is unreselved, how much morc so
the complex topic of cephalic morphogencsis where,
parcnthetically, mechanical loadings also play a
significani regulatory role.'?

The Genomic Thesis

The genomic thesis holds that the genome, from
the moment of fertilization, contains all the infor-
mation necessary o regulate (cause, control, dircet)
(1) the imranuclear formation and transeription of
mRNA and (2) importantly, without the later addi-
tion of any other information, to regulate also all of
the intracellular and intercellular processes of sub-
scquent, and structurally more complex, cell, tissue,
organ, and organismal morphogenesis™™*: suc-
cinctly, “all {phenotype) features are ultimaltely de-
termined by the DNA sequence of the genome.””

In this thesis, morphogenesis is but the prede-
termined reading-out of an intrinsic and inherited
genomic organismal blueprint™#*~%* 32 where, in
addition to molecular synthesis, the genome also
regulates the geometric attributes of cell, tissue,
organ, and organismal size, shape, and location. For
cxample, “specific patterns of pene  regulation
(causc, control, regulate, determine) the moecha-
nisms by which o fertilized egg divides and
progresses through the various decision points to
vield eroups of cells that are first determined to
become and then actually diflerentiale o become
specialized tissues of the right dimension and in the
proper location.™

The genomic thesis originated with classical
{chromosomal) Mendelian genetics.* Combincd

Moss 338

with the empirical data of animal breeders, it earlicr
provided a theoretical basis for certain human eu-
genic theories proposing reproductive inhibition for
individuals with “undesirable and genetically {chro-
mosomally) regulated” medical and social condi-
tions: a policy that cventually reached historical
genocidal depths 3657

Latcr, the blending of the classical chromosomal
and vertebraic palcontological disciplines created
the neo-Tyarwinian synthesis, a currently accepied
paradigm of phylogenctic regulation.™

Recently, molecular {gene) genetics extended
the claims of the thesis to the regulation of all aspoots
of ontogeny (i.c., of “growth and development™).
The mega-human genome project,”™ 9™ called “the
ultimale triumph of genetics,™* explicitly intends to:
(1) describe the complete human genome; {2) dem-
onstrate genomic controls of all develuopmental pro-
cesses, al all structural levels, from the subceliular o
the organismal; and, (3) in a societal context, possi-
bly lead o some type of ncocugenics.

Maiy human activitics now are claimed to be
genomically regulated: e.g., psychological behav-
ior®; personaliny™: alecohol and drug abuse®™; chro-
nobiologica) eyclic behaviors®™; smoking, obesity,
alcoholism, drug abuse, {ood-binging—indeed any
attention-deficiency disorder,® among many others.
The further suggestion of genomie control of intel-
ligence gencrates prodigious, hiomedical contro-
versy in the social sciences and polilies.” And note
the frequent popular press reports of the “discov-
ery” of yet another “genc™ that “controls”™ yel an-
other developmental, physiological, psychological,
or sociological cvenl, process, or state.

The Biologic Bases for the Genomic Thesis

While comprehensively  considered  else-
where #5554 bricf roview s usclul. The somatic
cells of an individual metazoan inherit two classes of
molecular information: (1) an identical diploid
DNA and (2) the maternal cytoplasmic constituenis
of the egg: c.p., mitochondria, cytoskeleton, mem-
brancs. Only approximately 10% of the genome
scems related (0 phenotypic ontopenesis, whereas
the human genome has approximartely 100,000
genes, “well over 90% ... docs not encode precur-
sors 10 MRNAs or any other RNA.™ With regard
to individual phenotypic structural atiributes, while
all somatic cells commonly share approximaiciy
3000 different polypeptide chains, cach specific cell
type is characterized only by approximately 100
specific proteins. And i s claimed (hat “these
quantilative (protein} dillcrences are related 1o dif-
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ferences n cell size, shape and internal architec-
ture. " '

The encoding 10% of the DNA exists in iwo
tamilies: the vastly preponderant “housekecping”
genes and the nonabundant “structural” genes. The
former regulate the normal molecular synthesis of
agents involved in (1} the common energetic (met-
abolic, respiratory) activities of all cells and, (2) the
specific activities of special cell types (e.g., neurons,
nsteoblasts, ameloblasts ete.),

These penes also regulate the synthesis of the
specific molecuiar gene products, whose presence,
absenice, or abnormal melecular configuration are
associated with the (human) pathologic conditions
said 1o have a unilary genetic cause—ihe so-called
Mendelian disorders and the “single-gene disorders
with nonclassic inheritance,™? such as Marfan syn-
drome, achondroplasia, osteogencsis imperfecia,
and Duchenne muscular dystrophy, among many
others.™ Tor some, such “disorders provide the
model on which the program of medical genctics is
built.”™™ In such conditions the absence of a normal
type, or the presence of a structurally abnormal
type. of a specific blochemical or molecular struc-
tural entity 1s sullicient to initiate ihe cascade of
subsequent  abnormal  developmenial  pathways,
eventuating in a specific pathological state.

A physical analogy s the construction of a
building wail wherce cither the proportions of the
concrele are incorrect or an insufficient number of
metal reinforcing rods are used. In both cascs,
cventual structural collapse is possible. Substitution
ol imercellular proteoglycans, and of collagen
fibrils, provides & corresponding skeletal tissue anal-
ogy. Here, alterations in the genomically regulated
processes of molecular synthesis can produce an
eventual “structural collapse™ at the hierarchically
higher level of a macroscopic bone. Anticipating 4n
antithesis, note here that the claim of genomic
control of the molecular syniheses underlying the
formation of such clemental (mofccular) skeletal
lissue “building blocks” does not substantiate the
turther claim that the genome regulates the growth
and development (the size, shape, location and histo-
logical compesition) of the gross anatomical bone.

The Genomic Thasis in Orofacial Biology

Therc is extensive support for the genomic thesis
in the orofacial biology litcrature, with most genetic
studies of cephalic or erapial morphogenesis explic-
itly or implicitly assuming genomic regulation of
each anatomical structure,**7

A characteristic article! claims that prenatal

Americars Tl of Orthodontivs and Dontofacie! Crthapedicy
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craniofacial development is controlled by two inter-
related, temporally sequential, processes: (1) initial
regulatory (homeobox) gene activity and (2) subse-
quent activity of 1wo regulatory molecular groups:
growth factor Tamilics and steroid/thyroid/retinoic
acid super-family. For example, “homeohox genes
coordinate the development of complex craniofacial
structures” and in “both normal and abnormal de-
velopmem, much of the regulation of the develop-
ment of virtually all of the skeletal and connective
tissuc of the face is dependent on a cascade of
overlapping aclivity of homeobox genes.'”

It is claimed that regulatory molecules can (1)
“alter the manner in which homeobox genes coor-
dinate cell migration and subscquent cell interac-
tions that regulate growth™ and (23 be involved in
the “genctic variations causing, or contribuling to,
the abnormal development of velatively common
craniofacial malformations ... perhaps modifying
Hox genc activity,™

Specific orthodontic implications of the genomic
thesis include claims that “poorly coordination-
ordinated control of form and size of structures, or
groups of structures (c.g., teeth and jaws) by regu-
lator genes should do much o explain the very
frequent mismatches found in malocclusions and
other dentofacial deformities.” And “single regula-
oty (homeobox) genes can controf the development
of compicx structures . . . indicating that single vences
can delermine the morphology of at least some
complex structures,” including “how characteristic
noses or jaws are inherited from gencration to
ecneration.”?

Critical Definitions

Clarification of this dichotomy is assisted by
defining the present use of four terms: epigenetics,
higrarchy, emergence, and causation.

Epigenetics. Several millennia ago epigenesis de-
scribed the process(es) by which increasing struc-
tutal complexity gradually arose {rom an originally
unstruciored mass, for example the stages of in vivo
chick development or the eradual appearance of a
patiern during weaving on a loom.™™ Over time,
many alternate, often differing, definitions  ap-
peared.?>™ Larlicr, they were macroscopic in scale
and considercd only the extrinsic, extraorganismal
cnvironment, such as food, light, tcmperature, and
radiations.™ Ninctecnth century physiology added
the intrinsic, intraorganismal milicu inierietsr,™ such
as harmoncs, blood gascs, nutrients, and fons.

Epigenetics, as defined heve, includes (1) all of
the extrinsic (extraorganismal} factors impinging on
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vital struciures, including importantly mechanical
loadings and electroelectric states and (2) all of the
intrinsic {intraorganismal) biophysical, biomechani-
cal, biochemical, and bioclectric microcnvironpmen-
lal events oceurring on, in, and between individuyal
cells, extraccllular materials, and cells and extracel-
lular substances.

Hierarchy. Biological structures are hicrarchically
organized, with structural and functional complexity
increasing “upward™ from the ever-expanding family
of subatomic particles o protons, electrons, atoms,
molecules, subceltular organclles, and on to cclls,
tissues, organs, and organisms.*® While a genomic
thesis claims that each higher level is achieved by the
predetermined activity of the genomic inlormaiion,
an epigenctic antithesis suggests that hierarchical
complexity results from the functioning of ¢pi-
genetic processes and mechanisms,® as described
in the disciplines of developmental mechanics,®-#0
scll-organization,® complexity, and chuos, 589091
among others.—topics considered {urther in the
following epigenetic antithesis.

Lmergence. This phepomenon oceurs in all nat-
ural hierarchics. Tt consists of the appearance, at
gach successively higher and structurally andior
operationally more complex level, of new attributes
or propertics, not present in the lower levels, whose
existence or lunciions could nol o any way bo
predicted. even from a complete knowledge of all ol
the attributes and propertics of any or all of the
preceding lower organizational levels "4

For example, full knowtedge of all the attributes
and properties of an osteocyle does nol permit
prediction of the atiributes and properties of any
tvpe of bhone tssue. And full knowledee of all
atiributes and properties of all consiitucnt bone
tissue types docs not permit prediction of the form
(siz¢ and shape), growth, or functions of & macro-
scopic “hone.”

Emergence is not genomically controfled. 1n-
stead, the thtegraled activities of all the attributes in
a given hicrarchical level self-organize o produce
the next higher level of complexity. [n every real
sense, hiologic structures “build” themselves: Lthat is,
bones do not grow, they are grown, EHpigenctic
processes and mechanisms arc regulatory (causal) of
hicrarchical otganization and of emergence and
sclf-organization.™

Caitsarion. From this vast topic,”” we consider
only how the attributes ol a given biologic structural
level “cause™ {control, regulate, deterpune) the at-
tributes of the next igher level, For example, what
causey usteogenesis on the ectolacial surface the lelt

Uiy
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mandibular angular process of a given 14-vear-old
male? The genomic thesis bolds that this process
wis predetermined; e, that individual’s ostecoblastic
genome contained, at the moment of fertilization,
all the information necessary to regulate wherc,
when, for how long, n what direction, in what
amouni. and at what rales, bone formation and
remodeling will occur in that individual, given the
absence of discase and the presence of the usual and
necessary extrinsic (environmenral) {actors, such as
adequate nutrition, and the customary nermal phys-
iclogical states, such as arc presumed to exist in
physiology’s hypothetical normal human.

The antithesis {and the FMH) suggests that
epigenctic stimuli, created by operations of related
functional matrices and their skeletal unit adaptive
responses, create the “new” information sequen-
tially, as mandibular ontogencsis proceeds.™™ All
ontogenesis exhibits developmental “cascades,” with
muliiple branching points where decisions are made
belween altermate developmental pathways., Such
decisions are not predetermined by encoded genetic
information, but instcad arc responscs o some
epigenctic stimulus(iy. Hicrarchy, emergence, and
causation are topics of the greatest significance in
any critique of the genomic hypothesis, because the
scope and content of molecular genetics is precisely
that; it deals with only the molecular leve! of sirue-
tural organization. The genomic hypothesis pro-
poses no pathways {rom molecules o merphogenc-
sis. ™ Customarily, in craniofacial literature, the
cxdstence of two “facts” s stated: (1) that al the
moleeular Jlevel. a particular gene (or group of
gencs} cxists and {2) that at some higher, macro-
scopic level, some clinical state of normal growth
and development or of malformation and/or mal-
function is obscrved. Without positing any specific
mechanisms or processes at cach intervening hicr-
archical level of the developmental cascade, it is
simply stated that fact 1 is the cause of Tzet 2. For
example, “it is demonstrated that synpolvdactyly, an
inherited human abnormality of the hands and feet,
is caused [ilalics mine] by expansions of a polyala-
ming  stretch  In the amino-terminal region  of
HOXD13.7%7

In the genomic thesis morphogenesis is reduced
to molccular synuhesis,

The Classification of Gausation™

There ure four principal causes of ontogenesis:
material (with what?}, formal (by what rules?),
cficient (how?), and final {(why?). These may be
cateporized as cither intrinsic {material and format)
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and extrinsic {ellicient); final cause (teleology} is not
considercd further. Of importance, both maicrial
and formal causes are classified as prior causes, L.e.,
existing before the creation ol some specific staie or
structure. Efficicnt cause is proximate; i.c.. its oper-
ation immediately causes the creation of a new staie
or attribute. Material and formal causcs arc intrinsic
because they reside within vital siuciare (either
intracellularly or intereellularly ), efficicnt causes are
extrinsic—they represent the ontire spectrum of
cpigenetic processes, mechanisms, and events capa-
ble of being imposed on vital structures.

In biology, material cause is represented by all
the levels of cellular and intercellular materials,
without reference Lo any specific structural (anatoi-
ical) arrangement. Formal cause is the genomic
code, i.e., a series of “rules” or “laws.” Those act at
the at the molecular level to regolate the initial
creation of the constiluents of material cause. Effi-
cicnt causes) are the epigenctic factors, as defined
abovie, whose actions immediaiely regulate the next
developmental branching point.

A metaphor s helpful. Consider the use of a
commputer o prepare this manuseripi. The material
causc is the hardware: the computers, printers,

American Jowmal af Ovihadontics and Dentafacio! Onhopedies
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disks, and papers. The formal cause 13 (he sofiware;
a specific word processing program, both its appar-
eni, user-friend form and, in reality, its ullimaic
expression in machine language code, No combina-
tion of hardwarc and software could ever write an
article. Extrinsic, epigenctic input is required, i.c.,
the composition and input of the texi itsell. Both
intrinsic causes must be present hefore (prior to) the
textual input, whercas the extrinsic, cpigenetic typ-
ing is immediately (L.c., proximately) followed by
cregiion, on the hard disk, of the text itself.

Both prior (intrinsic) and proximate (extrinsic)
Causes arc necessary causcs; neither alone is d
suflicient cause for the creation of this manuscript.
Only the two integrated together furnish the neces-
sary and sufficicnt cause.

In ontogenesis, genomlic (intrinsic, prior) and
epigenetic {extringic, proximate) factors dre each a
necessary cause, bul neither alone is a sufficient
ciuse. Only the interaction of both provides both
the necessary and suficlent cause of morphogene-
sis. s This conclusion foreshadows the resolving
synthesis of this dichotomy, presented in the com-
panion article, which also contains the comprehen-
sive bibliography.
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The functional matrix hypothesis revisited. 4. The
epigenetic antithesis and the resolving synthesis

SPECIAL ARTICLES

Melvin L. Moss, DDS, PhD
New Yorl, N Y

In two interrelated articles, the current revision of the functional matrix hypothesis extends to a
recensideration of the relative roles of genomic and of epigenetic processes and mechanisms in the
regulation (cantrol, causation) of craniofacial growth and development. The dialectical method was
chosen to analyze this matter, because it explicitly provides for the fuller presentation of a genomic
thesis, an epigenetic antithesis, and a resoiving synthesis. The later two are presented hers, where
the synthesis suggests that baoth genomic and epigenstic factors are necessary causes, that neither
alone is also a sufficient cause, and that only the two, interacting together, furnish both the
necessary and sufficient cause(s) of ontogenesis. This article also provides a comprehensive
bibliography that introduces the several new, and still evolving, disciplines that may provide
aiternative viewpoints capable of resolving this continuing controversy; repetition of the present
theoretical bases for the arguments on both sides of these guestions seems nonpraductive. In their
ptace, it is suggested that the group of disciplines, broadiy termed Complexity, would most likely
amply repay deeper consideration and application in the study of ontogenesis. (Am J Grihad
Dentofac Orthop 1997;112:410-7.)

&

IT, 15 a fallacy that the genome, the of bone cell DNA {for cxample by moethyl-
tolality of DNA maolecules, is the main repository ation'"1"2}_ar ol chondrocytic DNA (for example
for developmental information; L.c. that there exists as reflected in differential regulation of biosyn-
# penetic program, or hlueprmj[, thf;;rcucally Capri- theticic pathways™"), are epigenetic mechanisms.
ble of creating an cntire organism. Similarly, the specific steps of the activation and
Biological Mechanisms and Processes Defined deactivation of appropriate portions of the bone cell
genome, associated with the trio of possible osteo-
blastic responses (0 loading {deposition, resorplion,
mechamisms in the control of craniofacial growth o mgimcnf?ncc- ot bor.le tissuc) are further examples
and development. Previously a genomic thesis was of cp}gcnc-llc mcchtl.mlsms mﬂl, control the EENLIIE.
outlined and several critical terms were defined.® In I.h‘]S SCIISE, L.hg o.r._lgma.l versions of the fux.lcllom.il
The dialectic process concludes here with an epige- matrix h}"[_?f{lhl)SlS (P'MH) clcsc.r!blcd only cpigenctic
netic antithesis and a resolving synthesis, following PLOCCSRSCS, N whcrcgs rcc(c.n_l revisions also described
two additional definitions: (1) A process s a serics epigenstic. me(fhm“"'m“'lm ]_he_ TIlI‘lI[}HmBI’lT:-]l cor
of actions ar operations thar lead toward a particu- rectness of carlier FNIII_d{:f{:rlp[mns is supported by
lar result. (2} A mechanism is the fundamental more recent research. !
physical or chemical process(ces) invoived in, or
responsible for, an action, reaction, or other natural
phenomenon.' That is, mechanisms underlie pro-
cesses. For example, loading a femur is an epige-
nctic process: the possible resultant modification(s)

This article contimaes the dialectical analysis of
the roles of genomic and cpigenctic processes and

The Epigenetic Antithesis

Some of the principal strengths of this antithesis
come from precise definitions of what o gene 18 and
15 not. For example: (&) “gene. The unit of heredity:
one or more nucleie acld sequences incorporaling
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information necessary for the generation of a par-
ticular peptide or RNA  product”™; and, (b)
“enough 15 koown about the genctic machin-
ery. .. [to know] .. . that this is virtally the oply
kind of information which polynuceotide molecules
arc inherently capable of containing: nothing there
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at all about which proteins will be expressed in
which cells at what time and in what quantities,”*

The genomic thesis is denied because it is both
reductionist and molecular; that is, descriptions of
the causation (control, regulation) ol all hicrarchi-
cafly higher and strocturally more complex morpho-
genetic processes are reduced to explanations of
mechanisms at the molecular (DNA) level, Tor
cxample, the genomic thesis of craniofacial ontogen-
esis passes directly from molecules 1o morphogene-
sis: directly from DNA molecules to adult gross
morphology, ignoring the role(s) of the many cpige-
netic processes and mechanisms competent to con-
trol (regulate, cause) the large number of jnterven-
mg, and increasingly more structurally complex,
developmental stages’™ ™™ particularly, and there are
additional similarly reductionist views of odontogen-
Csis_l':-':22.6[J.'1[]'a‘.fl.”18

The epigenetic antithesis, detailing both pro-
cesses and mechanisms, is integrative,™™ secking to
clarify the causal chain between genome and phe-
notype. s goal is Lo identify and describe compre-
hensively the series of initiating biological processes
and their related underlying (biochemical, biophys-
ical) responsive mechanisms that are cffective at
each hicrarchical level of increasing structural and
operational complexity.!?

This article reviews some of the clinically signif-
icant epigenetic processes and mechanisms, existing
dal several organizational (structural, functional} lev-
cls, that regulate (direct, control, cause) cephalic
and craniofacial (musculo-) skeletal morphogenesis.

Craniofacial Epigenetics

“Broadly speaking, epigenetics refers 1o the entire
serics of interactions among cells and cell products
which leads to morphogencsis and  differentiation.
Thus all cranial development s epigenetic, by defini-
Lion.” This view is supporied here, 1925010 degpite
contimed cxpressions of genomic regulation of cranio-
facial morphogenesis,'*'*

As previously noted,” epigenctic factors include
(1) all ol the extringic, extraorpanismal, macroenvi-
ronmental factors impinging on vital structures (for
example, food, hight, temperature), including me-
chanicul loadings and electromagnetic felds, and (2)
all of the intrinsic, intraorganismal, biophysical,
biomechanical, hiochemical, and bioelectric micro-
environmental events oceuring on, i, and between
individual cclls, extracelluiar materialg, and cells and
extraceltular substances.

In terms of clinical orthodontics, and ot 1the
EMH, all therapy is applied epigenetics, and all
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appliances {and most other therapies) act as pros-
thetic functional matrices. Clinical therapeutics in-
cludes a number of epipenetic processes, whose
prior operations evoke a number of corresponding
epigenctic mechanisms. These latter, in turn, under-
lie the ohserved processes of tissuc adaptations by
both skeleral units and functional matrices.

Epigenetic Processes and Mechanisms

In cramiofacial morphogenesis, more is known
presently about processes than about mechanisms.
Despite this, it is no longer sufficient (o note, for
example, that otherwise undescribed epigenetic pro-
cesses of “intrauterine environment” can regulate
{ctal mandibular growth.''? The future aim must be
Lo clucidate the molecular, genomic, mechanisms'!
whose activation underlies the adaptive growth pro-
cesses of the mandibular funetional cranial compo-
nents (that is, of the mandibular skeletal umts and
their related functional matrices).

Loading

Many dilferent epigenctic processes can evoke
mechanisms capable of modifyving DNAU'TP A
clinically sipnificant structural levels, physical load-
ing is unguestionably of the greatest importance.
“Among the numerous epigenctic factors influcne-
ing the vertebrate face is mechanical loading,”**® Tt
is usclful to consider the epigenclic process of foad-
ing and some of the epigenetic mechanisms this
process evokes.

Loading per se. T.ouds may be imposed at many
structural levels. While clinical observations usually
are macroscopic, the loadings act microscopically, at
maolecular andior cellular levels.'? Loadings are
able to regulate several alternative molecular (cel-
lular} synthetic pathways (mechanisms) of many
tissues, including hone!'*®; tor example, the mechan-
ital environment is important in maintaining the
ditterentiated phenotype of bane cells.!™ It should
be noted that loading may be dynamic (for example,
muscle contraction} or static (that is, gravily); and to
be effective, loads may increase, deerease, or remain
constant.

Mcchanical loading is known to influence gene
cxpression,' ™ Of clinical (and FME) interest,
extringic musculoskeletal loading can rapidly change
{1} both articular cartilage intereellular molecular
gyntheses’™ and mineralization'% and (2) osteo-
blastic (skeletal unit) gene expression.'#1%% Epige-
netic loading proecsses include pravitational varia-
tions that evoke unique mechanisms of molecular
synthesis.!®
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Extracelfular matrix deformation. Musculoskele-
tal tissue loading incvitably deforms an extraccliular
matrix (ECM) that is pot devclopmenially inert.
Rather, in several wayvs, ECM repulates the forma-
tion, development, and maintenance of its included
cells that synthesize the LCM.P2%'2 Further, ECM
can repgulate multicellular tissuc morphogenesist™®
und contribute Lo genomic regulation of its enclosed
cells

Cell-shape changes. Tissue loading can also alter
cell shape. This inevitably deforms intracellular con-
stitutents, in cluding the cytoskeleton, 4+ The
cpigenetic process ol changing cell shape invokes
the epigenetic mechanisms of mechanotransduction
of biophysical forces into genomic and morphoge-
nctically regulatory signals, 2313

Cell-shape change processes can also aclivate sev-
eral other epigenciic mechanisms, for cxamples,
stretch-activated ion channels in cartilage and other
mechanically initiated cell-signaling mechanisms, 1%
There is recent orthodontic interest n the cell-shape
change of nonskeletal cells.

Cell-shape change may lead 10 nuclear shape
deformation. This, in turn, 1§ a mechanism that can
dircetly cause (regulate) a conscguent alteration of
the mechanisms of genomic activity, !

Epigeneric cell signalling processes. Several load-
ing processes can regulate genomic expression. One,
previously described, begins with cellular mechano-
receplion and mechanotransduction of the loading
stimufus into an intcrecllular signal that undersocs
parallel processing within a connected cellular net-
work of hone cells,”!® The details of cell-signalling
are reviewed exiensively clsewhere, '™

Chains of intraceliular molecular levers. A second
epigenetic cellular process begins with deformation
of the ECM. This matrix has an epigenctic regula-
tory role in morphogenesis, by virtuc of integrin
molecules that physically interconnect the several
molecular components of the intracellular (cytoskel-
etal) and the cxtracelluiar environment (for carti-
lage), 1277512945138 Whijle the form (size and shape)
of the cvtoskeleton may be physically controlled by a
broad spectrum of loadings, '+ il responds iden-
Lically io all.'™"

The epigenetic mechanism evoked consists of a
physical array ol intracellular macromolecular
chaing, acting as levers, extending from the cell
membranc to multiple specilic sites on cach chro-
mosome.'** The molecular chain actls a8 an informa-
tion transfer sysiem belween the extracelinlar envi-
ronment and the genome, transmitting  signals
generated by deformations of the ECM directly to
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the intranuclear genome.®" Tndecd, such informa-
tional transicr beiween cells und ECM is dynamic,
reciprocal, and continaous. '

Other  processes  and  mechanisms. (1) DNA
methylation is a polent cpigenctic event. It is in-
volved in many intracellular, extracellular, and in-
tercellular mechanisms ™ It can “introduce novel
features of cellular function far removed from the
classical Mendelian view of the gene, chromosome,
and inheritance . . . with information flowing back to
the DNA level and changing sene expression,”* 74132
the genome now being considered as a sophisticated
response system and a carrier of information,™ a
system activated by several epigenclic processes and
mechanisms.'*? (2) There are numerous examples of
vet other processes and mechanisms of epigenetic
regufation of the genome M 51815 (3} T addi-
tion, it huas been shown that (botanical) epigenclic
factors can imposc metastable inheritable changes
in the plant genome,'"" % g nontrivial matter nol
considered further here,

Epigenetic Regulation of Higher Structural Levels

In addition to the molecular and cellular pro-
cesses and mechanisms noted, over a century ago
the discipline of developmenial mechanics (entwick-
lingsmechanik)*** established that the epigenetic
process of extrinsic loadings play a major role in the
regulation of bone tissue and bone organ growth,
development, and morphology. '’ 164167

Al the tissuc level, thore are several causal,
strain-speciflic differences in bane Gissue microstruc-
ture, "% Closely similar cpigenctic mechanisms
and processes arc observed in the adaptational
responses of all connective tissucs, including carti-
lage, 1o loading, 194355172 172

Al the organ level, the ability of the processes of
motion and of articular function to regulate joint
morphology s well-known’ '™, and, of course,
physical activity processes regulate oganismal skel-
etal adapational respanses.'”™ Other epigenetic pro-
cesses atfecting bone tissue include local vascular
(actors.’®

Regulation  of  functional  marrices. Periosteal
[unciional matrices are under closely simitar epige-
netic control. Mechanical loads regulate skeletal
muscle {periosteal functional matrix) phenaotype'®;
and chronic musele stimulation can change its phe-
notype. B2 1% Numermons studies establish the ncu-
rotrophic role of neural innervation in muscle ge-
nome repelation. 18 1 remains only 1o noie the
truism that, {or muscle as for bone, mechanical
epigenctic factors, broadly termed function (or ex-
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creise) significantly control musculoskeletal growth,
development, 719190 und maintenance of struc-
tural and physiological attributes.’' 1%

A Resolving Synthesis

“It scemed that the next minute they would discover a
solution. Yel it was clear io both of them that the end wasy
stil far, far off, and that the hardest and most complicated
part was only just beginning.”"— Anton Chekov, The Lady
with the Dog.

As the epigraph indicates, it is certain that no
matter what arguments, theoretical constructs, and
supporting experimental data are presented here,
the prevailing tension between the penomic thesis
and cpigenclic antithesis will continue unabated.
Nevertheless, a resolving synthesis will at Jeast clar-
ilv the bases lor continued discourse.

The fundumental argumeni of this resolving
synithesis, bused on an analysis of casuation, was
presented earlier,’t and later amplified.” It argues
that morphogenesis 1s  regulated  (controlled,
caused) by the activity of both genomic and cpige-
netic processes and mechanisms. Both are necessary
catises; neither ulone are sufficient causes; and only
their integrated activitics provides the necessary and
sufficient causes of prowth and development.
Genomic factors are considered as inurinsic and
prior causes; cpigenctic factors are considercd as
extrinsic and proximate causes. The data supporting
this synthesis are provided here and above.®

It is acknowledged that the validity of this dia-
letic synthesis is sigpificantly dependent oa the
validity of its cpigenctic antithesis, In turn, a defen-
sible epigenetic antithesis should convincingly sug-
gest some processies) and/or mechanism(s) that can
regulate {direct, control, cause) morphogenesis, It is
argucd here that these are provided by the newly
emerging disciplines of complexity.

Complexity and self-organization

The theories ot ontogeny and phylogeny currently
are being significantly reinvigorated by the new and
evolving science(s) of complexity that intcgrale topics
from mathematics (for cxample, celiular automata,
fractals, strange attractors), biology (for cxumple, pe-
netic algorithms, artficial life simulations, neural net-
works, emergence, adaplive systems, connectivity), and
physics, while minimizing distinctions between them.
Complexity theory (CT) also integrates specifically
related topies in bioengineering and the compurer
seienees; [or example, chaos, imnformation, and hierar-
chical theories, fuzzy logic, as well us cyloftissueime-
chanics and molecular {nano)mechanics.!*#412
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Because epigenctic processes and mechanisms are
best explained as cxamples of CT, a clearcul demon-
stration of the role of CT in cruniofacial ontogeny, at
some point, 18 hoth necessary and possible. But in this
place only this brief, intvitive preview is possible.
Because fairiiess to both the novelty and conceptual
richness of CT requires 2 comprehensive presentation
to muke it generally intelligible, it will be substantively
reviewed subsequently.

CT provides descriptions of the behavior ol
complex biological systems thal exist as “ensembles”
of severul tissues and organs, and not as clusters of
individual cells and extracellular substances. Such
an cnscernble (identical to a functional cranial com-
ponent in the FMH) is termed here as a complex
adaptive system (CAS), structurally arraved as a
vilal continuum. This term is defined here as it 1s in
the several analytical linite clement methods (FEM)
recently introduced into orthodontics and physical
anthropology.*1? 22!

CT provides compact. statistical descriptions of
the cellective growth behavior of such CAS conti-
nuity. Duaring ontogeny, vital CAS exhibits the cre-
ation of robust, spontancous, and emergent order.

An algorithm [or control of such a CAS requires
that it is able to alter itsell in response Lo the
{epigenctic) information produced by the system it
is trying o control. In a CAS. minor ¢hanges in the
epigenetic input can cause huge flucluations in the
morphological output.

C1 as it uiilized information theary, assumed that
a CAS processes information (both genomic and ¢pi-
genelic) in a parailel, not a serigl, manner."” Where
most previous biological theories of development were
bascd on the methods of deterministic (genomically
predetermined), classical mechanics, information the-
ory, and CT, are probabilistic (epigenetically self-
organized and emergent), and are based on the meth-
ads of statistical mechanies. 1L s probable  that
ontogeny involves nonlinear processes and 18 not fully
predictable; that s, growth and development, to a
significant extent, exhibit both random behaviors and
frequent perturbations. To clarify this point, note that
previously most biological models were studied as if
they were lincar. Thal is, when their mathemaltical
formulas were graphed they tooked like straight lines.
Lincar systerns are predictable: the calculus shows the
changes in their state, and statistics {cspecially regress-
sion analysis) reduces their daga 10 o line. However,
CT makes it clear that most biological systems are
nonlincar and are not most correctly deseribed by
these mathematical wechniques; nonlinear formula-
HONK 4re Necessary.
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The highly ordered morphological properties of
adult complex biological systems (for cxample, func-
rional matrices and skeletal units) result from the
operation of a series of spontaneous and self-orga-
nized ontogenctic processes and mechanisms, ="
Such emergent self-orpanizing events can create
phenotypic variability under constant genetic and
other extraorganisam! epigenetic conditions.?*

The operation of complexity can be suggested as
(ollows. “Environmental factors thus play o decisive
rofe in all optogenetic processes, But it is the organism
itself that, as an inteprated system, dictates the nature
of cach and every developmenital response . .. the iv-
ing organism self-organizes on the basis of ity own
internal structuring, in continuous internction with the
cnvironment in which it finds itself.” !

CONCLUSIONS

Integration of pertinent advances in biomedical and
blocngineering permied an ongoing revision of the fune-
tional matrix hypothesis. The first two arlicles in thiy
series, by emphasizing the roles ol a number of biophys-
ical and biochemical factors in the regulation of morpho-
genesis, imphicitly argucd for the carrectness of the fun-
dumentally epigenetic thrust of the FMIHL However,
hecause the conceplual tension hetween hypolheses sug-
gesting the regulatory primaey of either genomic {genetic)
or of cpigenetic Tactors amd/or processes in morphogene-
sis continues unabated, it seemed useluf to recvaluate this
nantrivial matter, using the dialectical method of present-
ing a thesis, an antithesis, and a resolving synthesis as
ilhusirated in these two interrelated articles.

I'belicve that the most appropriate conclusion permitied
by the data bases at this time is 0 usc the comlemparary
managerial phrase .. ™ IS 4 wWin-win sioation.”  Again,
using a popular phrase, goenomic and cpigenclic processes
are “apples and pears” More correctly, they are cxamples of
totally differing types of causation  genomic formal canse
and epigenetic elficient cause, Individually both are neees-
sary causes, bul nelther are suflicient causes alone. Together
they provide hath the necesvary und suflicient eauses for the
control {regulation) of morphogenesis. Nevertheless, epige-
netic processes and events are the immediately proximare
causes of development, and as such they arc the primary
agencics. The fuller demonstration of exactly how cpigenctic
evenls caury out their roles will be considered clsewhere in
the eontext of 4 review of the implications of complexity
theory for the functional matrix hypothesis.
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