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MOUSE SUBMANDIBULAR GLAND MORPHOGENESIS:
A PARADIGM FOR EMBRYONIC SIGNAL PROCESSING

Michael Melnick*
Tina Jaskoll

Laboratory for Developmental Genetics, DEN-4266, MC-0641, University of Southern Californio, 925 W. 34th Sirest, Los Angeles, CA 90089-0641, USA; *corresponding author, mmel-

nick@hsc.use.edu

ABSTRACT. Signal processing is the sine qua non of embryogenesis. At its core, any single signal transduction pathway may
be understood as classic Information Theory, adapted as an open system such that, because of networking, the “receiver” is
presented with more information than was initially signaled by the “source”. Over 40 years ago, Waddington presented his
“Epigenetic Landscape” as a metaphor for the hierarchical nature of embryogenesis. Mathematically, Waddington's land-
scape may be modeled as a neural net. The “black box” of the neural net is an interacting network of signal transduction
pathways (using hormones, growth factors, cytokines, neurotransmitters, and others) which inform the Boolean logic gates.
An emerging theme in developmental biology is that defined sets of epigenetic circuits are used in multiple places, at mul-
tiple times, for similar and sometimes different purposes during organogenesis. As we show here, submandibular gland
embryonic and fetal development is a splendid paradigm of these epigenetic circuits and their phenotypic outcomes, such

as branching and lumen formation.

Key words. Embryonic, submandibular gland, signal transduction.

(1) Introduction

With great flare for the dramatic, the 2nd century Greco-
Roman physician, Galen (Claudius Galenus), made a
number of prescient cbservations about embryogenesis
in his bock On The Natural Faculties:

“For that which was previously semen {known
now as the fertilized egg], when it begins to pro-
create and to shape the animal, becomes, so to
say, a special nature. For in the same way that
Phidias possessed the faculties of his art even
before touching his material, and then activated
these in connection with this material...so it is
with the semen: its faculties it possessed from the
beginning, while its activities it does not receive
from its material, but it manifests them in connec-
tion therewith.” (p. 131)

“(Erasistratus] imagines that animals grow like
webs, ropes, sacks, or baskets, each of which has,
woven on its end or margin, other material similar to
that of which it was originally composed. But this
most sapient sir, is not growth, but genesis!...Growth
belongs to that which has already been completed in
respect to its form, whereas the process by which
that which is still becoming attains its form is termed
not growth but genesis. That which is, grows, while
that which is not, becomes.” (pp. [37-139)}

Thus were planted the seeds of modern developmental
biology.

Nearly 1800 years later, with the benefit of more
than 100 years of masterful experimentation in embryol-
ogy and genetics, C.H. Waddington (1957) presented his
“Epigenetic Landscape” (Fig. 1) as a metaphor for the
hierarchical nature of embryogenesis, an antidote, if you
will, to a kind of genetic determinism which seeks to
reduce emergent developmental phenomena to
nucleotide sequences (¢f. Strohman, 1997). Math-
ematically, Waddington's landscape may be modeled as a
cellular neural network which uses binary bits (0,1) for
data storage and processing and Boolean logic for pro-
gram execution (if x is | ANDyis 0 ANDzis 1). The under-
lying jumble of guy wires, giving shape to the canopy, is
the “black box”, an interacting network of signal transduc-
tion pathways (using hormones, growth factors, cytokines,
neurotransmitters, and others) which inform the Boolean
logic gates (AND, OR, NOT). Even if this is too simplistic,
it is quite heuristic. Nonetheless, biologic systems are in
fact non-linear, and a more accurate biocybernetic model
would include a fuzzy neural network {Kosko, 1992).

It has been mathematically demonstrated that
merely 40 genes could produce entirely specific cell lin-
eages for about one million differentiated states (Gierer,
1973). Certainly this is not a reality. Nevertheless, an
emerging theme in developmental biology is that
defined sets of epigenetic circuits are used in multiple
places, at multiple times, for similar and sometimes dif-
ferent purposes during organogenesis. As we will show
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Figure 2. Msx-2 null mouse SMG. (A) Newborn
Msx2+/+ SMG. (B) Newborn Msx2-/- SMG.
Msx2 null mouse SMG morphology is similar to
that seen in the wild-type mouse. Bar = 50 um.

mammary gland, lung, pancreas, and kidney
(see review, Wessells, 1977). Branching
organs achieve tree-like (e.g., lung) or bush-
like (e.g., SMG) morphology through a pro-
gram of repetitive, self-similar furcations
that serve as branch points for new epithe-
lial outgrowths (Mandelbrot, 1983: Spooner
et al., 1989). SMG branching is dependent on

epithelial-mesenchymal interactions (EMI),

lE_i)ﬂure.- 1. Waddington’s ”Epilgeneﬁc Landscape” (Waddington, 1957). (A) “The path  with the mesenchyme being permissive or
s

owed by the ball, as it rolls down towards the spectator, corresponds to the devel-
opmental zistory of a particular [organ]. There is first an alternative, towards the
right or the left. Along the former path, a second alterndtive is offered; along the
path fo the left, the main channel continues leftwards, but there is an alternative path
which, however, can only be reached over a threshold.” (B) Interacting network of
signal transduction pathways. “The pegs in the ground represent genes; the strings
leading from them the [pathways initiated by gene expression]. The modeling of hge
epigenetic landscape, which slopes down from above one’s head towards the dis-
tance, is controlled by the pull of these numerous guy-robes [pathways] which are

instructive (Wessells, 1977; Nakanishi et al.,
1987; Cutler and Gremski, 1991). Several
recent studies suggest a critical role for
Msx-2, a homeobox-containing transcrip-
tion factor, in these cell-cell inductive inter-
actions (Jowett et al., 1993: Liu et al., 1994;
Mina et al., 1995). Msx-2 mRNA is expressed

ultimately anchored to the genes.”

here, submandibular gland (SMG) embryonic and fetal
development is a paradigmatic model of these epigenet-
ic circuits and their phenotypic outcomes.

(I1) Branching Merphogenesis of SMG

Branching morphogenesis is a fundamental embryolog-
ic process in many developing organs: salivary gland,

in organs dependent on EMI (eg., tooth,

mandible, limb), and this expression is
observed only in the presence of EMI. Our recent stud-
ies are consistent with these findings (Melnick and
Jaskoll, 1997: |askoll et al., 1998a). First, Msx-2 mRNA
transcripts and protein are expressed in developing
SMG epithelium at sites relevant to EMI. Second, trans-
genic mice that overexpress the Msx-2 transgene exhib-
it larger, more branched SMGs compared with their
wild-type (control) littermates, Nevertheless, Msx-2 is
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not absolutely essential to successful
SMG EMIs and branching. OQur investiga-
tion of Msx-2 null mice obtained from
Richard Maas' laboratory reveals normal
SMG branching morphogenesis (Fig. 2).

(A) SMG DEVELOPMENTAL
STAGING

SMG morphogenesis is best conceptual-
ized in stages. In the Initial Bud Stage,
proliferation of primitive oral cavity
epithelium adjacent to the developing
tongue on gestational day 11.5-12 pro-
duces a thickened epithelium (Fig. 3A)
which grows down into a mesenchymal
condensation to form the initial SMG
bud (Figs. 3B, 3C). With continued
downgrowth and cell proliferation, the
SMG primordium becomes a solid,
elongated epithelial stalk terminating in
a bulb (Fig. 3D). In the Pseudoglandular
Stage, the solid cord of epithelia elon-
gates and grows by repeated end-bud
branching into the surrounding mes-
enchyme (Fig. 4A). As this stage pro-
gresses, the mesenchymal cells become
less packed, separated by an expanding
extracellular matrix of collagens,
fibronectin, and other characteristic
proteins (Hardman and Spooner, 1992;
Macauley et al., 1997).

By the Canalicular Stage, the number
of epithelial lobes has increased, the
presumptive ducts begin to exhibit dis-
tinct lumina lined by cuboidal epithelial ~ Figure 3. Embr

cells, and the mesenchyme becomes bl : : I i

: mesenchymal (m) condensation. (B,C) Continued epithelial thickening (double arrows)
ever more loosely packed (Fig. 4B). In  gnd downward growth of the embryonic SMG epiiﬁeliol bud into the mesenchyme are
the Terminal Bud Stage, distinct, well- seen. (D) By the Late Initial Bud Stage, the SMG primordium a pears as an elongated,
developed lumina are seen in presump-  solid epithelial stalk with a terminal end bulb. Note that the sublingual gland|s) is Eegin-
tive ducts and terminal end buds (pre- ning to develop. (A-C) Bar = 35 um; (D) bar = 50 um.
sumptive acini) (Fig. 4C). Later in this
stage, lumina are bounded by a single layer of TABLE 1
low cuboidal cells with mesenchyme near their —
basal surfaces (Fig. 4D). The continuity between SMG Cell Division and Death
terminal end-bud lumina and ductal lumina is

onic SMG Initial Bud Stage. (A) The epithelium (e) on the floor of the
oral cavity proliferates to form a thickened epithelium (arrow) which grows down into @

common but not complete. Within the lumina, Proliferation Apoptosis

one may frequently visualize amorphous mater- Stage Epithelial Mesenchymal Epithelial Mesenchymal
ial; this material may contain “secretory pro-

teins” previously identified in pre-natal SMGs Initial Bud + - - -

by Ball and co-workers (Ball et al., 1991; Moreira Pseudoglandular + - - -

et al., 1991), as well as debris from apoptotic Canalicular it - + +
cells. Terminal Bud it - + +

Cell proliferation and apoptosis have been
investigated (Jaskoll and Melnick, 1999) and are (from Jaskoll and Melnick, 1999)
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Figure 4. Later stages of embryonic SMG development. (A) In the Pseudoglandular Stage, the
compact, solid cord of epithelia (e) elongates and branches to form the presumptive ducts (d)
and terminal end buds (t). (B) In the Canalicular Stage, the presumptive cﬁscts continue to elon-

ate and branch; a substantial increase in the number of terminal end buds (1) is also seen. The
gucts begin fo exhibit distinct lumena; at sites of lumena, a multilayer of cuboidal cells (arrows)
lines the ducts. (C) In the Early Terminal Bud Stage, clusters of terminal end buds exhibit dis-
tinct lumena surrounded by a multilayer of cuboidal cells (double arrows); the ductal and ter-
minal bud lumena are becoming contiguous. (D) By the Late Terminal Bud Stage, the ductal and
larger terminal bud lumena are lineg by a single layer of cuboidal epithelial cells (arrow-
heads). Bar = 50 pum.

Canalicular Stage; it is never seen in
the epithelial cells adjacent to
mesenchyme and extracellular
matrix (see below). Third, as the
mesenchyme becomes more loose-
ly packed, apoptosis is seen in
these cells as well.

Finally, at birth, the SMG is
comprised of a network of large and
small ducts which terminate in
lumen-containing, presumptive
acini that express two unique
species of embryonic mucin on their
cell surfaces (Jaskoll et al., 1998b).

(B) EmBRYONIC SMG MUCIN
EXPRESSION

Mucin is the primary histodifferenti-
ation product of submandibular
epithelia; it has been extensively
characterized in post-natal and
adult submandibular glands (Denny
et al., 1996, 1997). However, little
was known about mucin expression
in embryonic submandibular
glands. Recently, in our laboratory,
embryonic submandibular glands
were analyzed and compared with
neonatal and adult glands by
Northern blot analysis, RNase pro-
tection assay, in situ hybridization,
Western blot analysis, and
immunohistochemistry (Jaskoll et
al., 1998b). Mucin transcripts are
localized to the branching epithelia
in the Pseudoglandular Stage and older
SMGs, with an increase in the
hybridization signal being seen in
late-embryonic terminal bud and
neonatal pro-acinar epithelial cells;
a significant 26% increase in tran-
script level is detected between
Pseudoglandular and late Terminal Bud
stages. By contrast, mucin protein is
not immunodetected until the
Terminal Bud Stage; mucin protein is
primarily immunolocalized to
embryonic terminal bud and neo-

summarized by stage in Table 1. There are several obser-
vations to note. First, epithelial cell proliferation is found
in all stages, even after well-defined lumen formation in
the Terminal Bud Stage. Second, epithelial apoptosis
begins with the onset of lumen formation in the

natal pro-acinar epithelial cell membranes (Fig. 5).
Exogenous corticosteroid (CORT) exposure in
utero has been shown to enhance embryonic SMG
branching morphogenesis (Jaskoll et al., 1994).
Exogenous CORT exposure in utero also induces
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enhanced SMG mucin mRNA and pro-
tein expression (Fig. 5). The CORT-
stimulated level of mRNA expression
and pattern of protein distribution is
similar to that seen on the next gesta-
tional day in controls. Further, in vitro
experiments using serumless, chemi-
cally defined media demonstrate that
CORT is essential for proper embryonic
mucin expression (Fig. 6)

Northern blot and Western blot
analyses were conducted to determine
possible age-specific qualitative differ-
ences in SMG mucin transcripts and pro-
tein, respectively. Embryos (E17) and
neonates (|l day) exhibit two unique
mucin transcripts (1.20 kb and 0.85 kb)
which are approximately 19% greater or
smaller in size than the single (1.01 kb)
adult transcript; two embryonic protein
isoforms (M, ~ 110 kDa and 152 kDa) are
immunodetected compared with a single
adult protein (M, ~ 136 kDa), with the
larger (~ 152 kDa) embryonic isoform
persisting in neonatal glands. These
results indicate that embryo-specific
SMG mucin transcript and protein are
expressed by embryonic and neonatal
submandibular gland epithelia prior to
overt histodifferentiation of SMG acini.

Figure 5. Spatiotemporal distribution of mucin protein in embryonic and newborn SMGs.

Finally, the precise function of (A) E17 SMG. (B) E17 CORT-treated SMG. (C) E18 SMG. (D) E18 CORT-reated SMG.
embryonic SMG mucin is unknown. (E) E19 SMG. (F) Newborn SMG. Mucin protein is primarily immunolocalized in the cell
Given that: (1) salivary gland morpho- membranes of terminal bud and pro-acinar epithelial cells. There is a marked increase

genesis has conclusively been shown to
be regulated by epithelial-mesenchy-

in immunodetectable mucin protein with gestational age. In the neonate (F), mucin pro-
tein exhibits a more restricted immunolocalization in pro-acinar cells. Exogenous CORT
treatment substantially increases immunodetectable mucin protein. The CORT-induced

mal interactions (see review, Cutler and  pattern of immunolocalization and intensity of immunostain is similar to that seen on the
Gremski, 1991); (2) embryonic mucin next gestational day in sham-injected controls [i.e., E17 CORT (B) ~ E18 (C), E18 CORT
protein is immunolocalized to epithe- (D) ~ EI9 (E)]. CORT induction of SMG morphogenesis also results in a substantial

lial cell membranes (Jaskoll et al.,
1998b); and (3) substantial qualitative
differences exist between embryonic and adult SMG
mucin mRNA and protein (Jaskoll et al., 1998b), we pos-
tulate that embryonic SMG mucin plays a morpho-
genetic role during cell-cell interactions. Supporting
evidence is provided by two studies which show that
membrane-bound proteins with a mucin-like domain
play functional roles in cell-cell adhesion and interac-
tions (Lasky et al., 1992; Lin et al., 1997). Specifically, the
proto-oncogene Cmyb, which encodes a transmem-
brane DNA-binding protein with a mucin-like domain,
is required for protein interactions with other cell-sur-
face proteins during mouse fetal liver erythropoiesis
and myelopoiesis (Lin et al., 1997). Further, a mem-

increase in lumena size (*). Bar = 50 pum.

brane-bound mucin-like glycoprotein (GlyCAM) has
been shown to be the specific receptor which interacts
with and binds extracellular L-selectin during lympho-
cyte differentiation (Lasky et al., 1992). The high-affinity
binding of L-selectin is probably due to the extensive
glycosylation modifications of GlyCAM and the extra-
cellular presentation of the carbohydrates in the
mucin-like structure. Functional studies will sort out
the precise embryonic role for SMG mucin.

(I11) Signal Transduction Pathways

Communication within and between cell populations
during development is typically mediated by hormones,

11(2):199-215 (2000)
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Figure 6. Qur in vitro experiments suggest that CORT is essential for normal mucin protein expression. With
CORT supplementation (B), mucin protein is immunolocalized in terminal end-bud epithelia (arrows) and is
absent from ductal (d) epithelia, as it is in vivo (Fig. 5). By contrast, control (A) explants exhibit mucin protein
in all epithelia, including ductal epithelia. Bar = 50 um.

growth factors, cytokines, and the like in such a way as to
translate endocrine, autocrine, and paracrine signals
into specific gene responses regulating cell division,
apoptosis, form, and histodifferentiation. The signal
transduction pathways comprise a complex network of
mutually dependent organizing mechanisms responsible
for progressive differentiation of a multicellular organ
such as the SMG.

Plasminogen

(A) GROWTH FAC-
TORS, CYTOKINES,
AND COGNATE
RECEPTORS

The control of cell
division is mediated
by polypeptide lig-
ands which tricger
membrane-associat-
ed signal-transdu-
cing cascades by
binding to their cog-
nate transmem-
brane receptors (Fig.
7). Ligands binding
to receptors with
intracellular  tyro-
sine kinase activity
include epidermal growth factor (EGF), transforming
growth factor-alpha (TGF-a), platelet-derived growth fac-
tor (PDGF), and insulin-like growth factor (IGF); those
binding to receptors with intracellular serine/threonine
kinase activity include the transforming growth factor-
beta (TGF-B) family. The details of these pathways are
beyond the scope of this paper but may be found in
Alberts et al. (1994) and in links from the Web site of the

activated
TGF-B
.o

1GF- 1l
/ P IGF-HR
IGF- IR 6P
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Figure 7. Growth factor signal transduction pathways: EGF (Epidermal Growth Factor), EGF-R (EGF Receptor), IGF-Il (Insulin-like Growth
Factor ll), IGF-R (IGF Receptor), TGF- (Tranforming Growth Factor B), TGF-BR (TGF-B Receptor). Further details are found in the text.
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Society for Developmental Biology
(www.sdb.org). Known growth factor,
cytokine, and cognate receptor
expression in embryonic SMGs are
listed in Table 2. EGF, HGF (hepato-

TABLE 2

Expression of Growth Factors, Cziokines,

and Their Cognate Receptors in

mbryonic SMGs

cyte growth factor), IGF, IL-6 (inter- SMG Stage
leukin 6), and PDGF are mitogenic; Growth Factor/Cytokine/Receptor  Initial Pseudo- Terminal
the TGF-Bs are mitostatic. The tumor Bud glandular _ Canalicular Bud
necrosis factor (TNF) pathway is EGF (mRNA, protein) - - ep ep
multifunctional, both mitogenic (via EGF-R (profein) ep ep ep ep
up-regulation of IL-6) and to a lesser HGF (mRNA) ep/mes ep/mes
extent, apoptotic. c-met [HGF ‘recepfor] {mRNA]) ep ep
IGF-If {protein) ep/mes ep ep/mes ep/mes
(B) SIGNALING NETWORKS IGF-IR {protein) ep ep ep ep
_ ' ' ) IGF-IIR {protein} ep/mes ep/mes ep/mes ep/mes
It is clear that a wide variety of sig- IL-6 {protein) - - ep ep
naling molecules and their receptors IL-6R {protein) - - ep ep
is expressed in the developing SMG. PDGF-A (mRNA)} ep
Ligand-receptor binding is the first PDGF-Ra (mRNA) mes
step in pathways of signal process- TGF-a (protein) ep/mes ep ep ep
ing that effect specific gene expres- TGF-B1 (mRNA, prote!n) ep/mes ep ep ep
sion and phenotypic change. TGF-B2 (mRNA, prote!n) ep/mes ep ep ep
Typically, signaling pathways are TGF-B3 (mRNA., protein) ep/mes ep/mes mes mes
studied as though information pro- 12?3‘” (profe«_n) ep/mes P P ep
_ ) e -B-RIl {protein) ep/mes ep ep ep
cessing were linear. However, it is TNF (protein) _ ep ep ep
becoming .increasingly apparent that TNF-R1 {protein) - ep ep ep
pathways interact with one another, TNF-R2 (protein) - ep ep ep
and the final biologic response is
Symbols:  ep = epithlelium; mes = mesenchyme; — = not present; blank = unknown.

shaped by this interaction (Bhalla
and lyengar, 1999). This results in
signaling networks of great complexity
and non-linearity.

Signal processing utilizes two
primary mechanisms: (1) protein-
protein interactions and enzymatic
reactions such as protein phospho-
rylation and dephosphorylation; and (2) protein degra-
dation or production of intracellular messengers (Alberts
et al, 1994). Bhalla and Iyengar {1999) have modeled
these mechanisms as:

A+B2C+D
kb

where the interactions are completely specified by rate
constants (k, and kf) and by the initial concentration of
each reactant (A, B, C, D), and can be represented by dif-
ferential equations of the form

d|AV/dt = kg|C)[D] - k{A](B]

References: EGF/EGF-R {Gresik et al,, 1997; Kashimata and Gresik, 1997; Jaskoll and Melnick, 1999).
HGF/c-met {Sonnenberg et al., 1993).
IGF-It/IGF-IR/IGF-IR {Jaskoll and Melnick, 1999).
IL-6/1L-6R {Jaskoll and Melnick, 1999; Melnick ef al., 2000).
PDGF-A/PDGF-Ra {Orr-Urtreger and Lonai, 1992).
TGF-« {Jaskoll and Melnick, 1999).
TGF-Bs/TGF-p-Rs {Hardman et al., 1994; Jaskoll et al., 1994; Jaskoll and Melnick,
1999). TNF/TNF-RI/TNF-RIl {Jaskoll and Melnick, 1999).

They have used this to model the interactions of two
EGF-R signaling pathways. The work is elegant, complex,
and well worth the effort to understand it. To get a sense
of how such networks are operating, we direct your atten-
tion to Fig. 7.

SMG branching morphogenesis is characterized by
epithelial cell division, and Fig. 7 diagrams a number of
important pathways that control growth of the SMG pri-
mordia. Experiments with mouse embryo cells in vitro
indicate that there is an interdependence between recep-
tors IGF-IR and EGF-R; IGF-IR function requires the pre-
vious activation of EGF-R, and EGF-R requires a func-
tional IGF-IR (Coppola et al., 1994). The explanation for
this may be that both share the Ras signal transduction
pathway (Fig. 7).

Some of the other known factors that make this
complex network non-linear and adaptive include the
following: (1) IGF-IIR binds IGF-1I with a very significant-
ly greater affinity than IGF-IR (Jones and Clemmons,

11(2):199-215 (2000)
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1995); (2) although ligand binding of the IGF-IR is not a required for the cell cycle to be maintained at a normal
sine qua non for cell cycle progression, it is probably rate (LeRoith et al., 1995); (3) since IGF-1l and M6P-bear-
ing molecules (e.g., latent TGF-B) compet-
itively bind to their cognate IGF-1IR sites
because of steric hindrance or conforma-
tional change, any imbalance in ligand(s)
and receptor concentration is likely to
alter associated biological functions,
such as IGF-Il degradation, IGF-II/IGF-IR
binding, and TGF-B binding and activa-
tion (Vignon and Rochefort, 1992); (4)
TGF-B decreases the mRNA expression of
both uPA and tPA plasminogen activators
and may stimulate PA-inhibitor produc-
tion (Keski-Oja et al., 1988; Agrawal and
Brauer, 1996); (5) plasmin-dependent
activation of TGF-B is modulated by sur-
face localization of uPA by its receptor
(Odekon et al., 1994); and (6) parallel
pathways in TGF-B signaling result in
additional “crosstalk” with the EGF, FGF
(fibroblast growth factor), and HGF path-
ways (Engel et al., 1998; Visser and
Themmen, 1998). This, then, is a dynamic
network that uses a continuous logic to
learn its rules from changing conditions
(Melnick et al., 1998).

As Bhalla and lyengar (1999) demon-
strate, it is critical that we recognize that
these networks exhibit emergent proper-
ties such as integration of signals across
multiple time scales, generation of distinct
outputs depending on input strength and
duration, and self-sustaining (autocatalyt-
ic) feedback loops. What is meant by
“emergent” is that the whole is greater than
the sum of its parts. Thus, growth promo-
tion in the SMG Pseudoglandular Stage is not
located in the property of any single mole-

Figure 8. Salivary gland morphology in TGF-B2,
TGF-B3, EGF-R, and TACE null mice. (A) E18.5
TGF-B2 +/+ SMG. (B) E18.5 TGF-B2 -/~ SMG.
(C) Newborn TGF-B3 +/+ SMG. (D) Newborn
TGF-B3 -/- SMG. (E) Newborn EGF-R +/+
SMG. (F) Newborn EGF-R -/- SMG. (G) E17.5
TACE +/+ SMGs. (H) E17.5 TACE -/- SMGs.
TGF-B2 (B) and TGF-33 (D) null mouse SMGs
are similar to the wild-type glands (A,C). By con-
trast, EGF-R null mouse SMGs (F) exhibit a sub-
stantial decrease in epithelial branch number
compared with wild-type glands (E). A decrease
in epithelial branch number is also seen in TACE
null mouse SMGs (H) compared with wild-type
glands (G), dlthough to a lesser degree than
seen in EGF-R null mice. Bar = 50 pum.

206 Cril Rev Oral Biol Med 11(2):199-215 (2000)
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Figure 9. Corticosteroid signal transduction pathway. Lipophilic

lucocorticoid (CORT) translocates across the plasma mem-
Erane to the cytoplasm and binds to the glucocorticoid receptor
(GR). Activation of GR releases the hsp?0-dominated complex
to which it is bound. CORT/GR translocates to the nucleus,
homodimerizes, and binds to a DNA glucocorticoid response
element (GRE) in the regulatory region of target genes to up- or
down-regulate transcription.

cule but is a collective property of networks of interacting
molecules (see Kauffman, 1993, for a detailed explication).

(C) TRANSGENIC CLUES

There is ample justification to view TGF-s as important reg-
ulators of embryonic SMG morphogenesis in vitro and in vivo
(Hardman et al., 1994; Jaskoll et al., 1994; Jaskoll and Melnick,
1999). However, investigation of perinatal and neonatal
TGF-B2 and TGF-$3 null mice (Jaskoll and Melnick, 1999)
found no detectable differences between TGF-B2 -/- or TGF-
B3 -/- and their wild-type partners (Figs. 8A-8D). This sug-
gests that normal in vivo SMG morphogenesis can occur in
the absence of functional TGF-B pathways, the developing
gland apparently recruiting alternative mitostatic pathways.

Regarding mitogenesis, the EGF-R pathway would
appear from in vitro and in vivo studies to be an important
regulator of SMG branching morphogenesis (Kashimata
and Gresik, 1997). Investigation of EGF-R null mice
(Miettinen et al., 1995) supports this: EGF-R -/- mice have a
50% reduction in terminal buds and a substantial increase
in extracellular matrix (Figs. 8E, 8F) as compared with EGF-
R +/+ (Jaskoll and Melnick, 1999). Further evidence comes
from TACE null mice (Peschon et al., 1998). One of the func-
tions of this metalloproteinase-disintegrin is the prote-
olytic processing of TGF-a to its active form. Evaluation of
TACE null mice SMGs reveals a dramatic reduction in ter-
minal bud branching and an increase of extracellular
matrix as compared with their wild-type partners (Figs. 8G,
8H). This is not entirely surprising, since TGF-a is an
important EGF-R ligand, particularly in pre-Canalicular
stages (Table 2). Taken together, these null mice (EGF-R
and TACE) provide solid indication that the EGF-R path-
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Figure 10. CORT-induced up-regulation of SMG cell proliferation
in vivo correlates with the level of Cdk4 (cyclin-dependent kinase
4) mRNA transcript; Cdk4 is essential for G, S progression
through the cell cycle. RNase protection assays demonsirate a
2.5-fold increase in Cdk4 mRNA levels with gestational age (E15
to E17) during normal embryonic development. CORT induces a
significant four-fold increase on E15 and a significant 1.75-fold
increase on E17 in Cdk4 mRNA levels compared with controls.

way is not essential for SMG initiation, but is essential for
normal branching number (euplasia). This confirms find-
ings from in vitro studies (Kashimata and Gresik, 1997).

(D) GLUCOCORTICOID
AND SMG BRANCHING MORPHOGENESIS
Glucocorticoid (CORT) is important to embryonic SMG
branching morphogenesis (Jaskoll et al, 1994).
Radioimmunoassays first detect CORT in amounts > 2
pg/gland on day 15 of gestation (E15); Western analysis first
detects the 96-kDA CORT-receptor (GR) on El4 (0.14
fmol/gland). By E18, SMG CORT has increased more than 50-
fold, and SMG GR has increased nearly 11-fold. The SMG GR
is functional, as defined by its ability to bind a DNA CORT
response element (GRE), on all gestational ages evaluated
(14 to 18). Steroid hormone signal transduction (Fig. 9) is dif-
ferent from that of growth factors (Fig. 7). CORT is lipophilic
and crosses the cell membrane, where it binds to cytoplas-
mic GR. Activated ligand-bound receptor is translocated to
the nucleus, dimerizes with other ligand-bound receptors,
and binds to GREs in the regulatory region of target genes.
In essence, the CORT/GR complex serves as a transcription
factor, up- and down-regulating gene expression.
Exogenous CORT administration on E12 significant-
ly increases embryonic SMG growth in utero and acceler-
ates the rate of SMG morphogenesis by about half a ges-
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Figure 11. Exogenous CORT supplementation induces SMG branching morphogenesis
in vitro. E13 SMG primordia, which initially possess 3-5 epithelial lobes (inset), were cul-
tured for 3 days under chemically defined conditions in the absence (A) or presence (B)

of CORT supplementation. CORT-treated explants exhibit a significant increase in the
number of epithelial lobes compared with control. Bar = 100 pm.

Figure 12. Modeling lumen formation. (A) The Early Canalicular Stage branch and end
bud may be modeled (stylized) as a solid sphere-cylinder structure, with the seeminrgl.ry
vacant space around it as the extracellular matrix. (B) Cross-sections perpendicular to the
long axis of the cylinder and at the widest diameter of the sphere are modeled as a two-
dimensional, tessellated, hexagonal array, each element of which has a specific address (1,
2, 3...n). (C) p53 is associated with two functions, cell cycle arrest qncropoprosis. In the
Early Candlicular Stage, p53 protein is diffusely distributed throughout end bud epithelia.
However, peripheral epithelia adjacent fo extracellular mairix (arrows), and destined fo sur-
vive, exhibit litfle immunodetectable p53. p53 is also seen in blood cells (*). Bar = 25 pm.

tational day. This is coincident with a 25-
35% decline in TGF-B2 and TGF-g3
expression and almost a four-fold eleva-
tion of Cdk4 gene expression by E15 (Fig.
10). Further, E13 SMG primordia (early
Pseudoglandular Stage), cultured under
serumless, chemically defined condi-
tions, demonstrate a significant enhance-
ment of branching morphogenesis when
supplemented with CORT (Fig. 11).
Without CORT supplementation of these
explants, then, SMG branching is signifi-
cantly delayed. As noted above, CORT is
also required for the proper expression of
embryonic mucin (Fig. 6).

(IV) Modeling Lumen Formation

As we have seen, SMG organogenesis
begins as a localized proliferation of the
oral epithelium which constitutes the
leading edge of an invagination into the
underlying mesenchyme. This mass of
epithelial cells initially is a single stalk
with a single lobule or bud at its distal
end. The SMG primordium undergoes
branching by repeated furcation at the
distal ends of successive epithelial buds.
This process produces a bush-like struc-
ture at the Pseudoglandular Stage comprised
of a network of elongated epithelial
branches with epithelial buds at their ter-
mini. By the Terminal Bud Stage, these
branches and buds are hollowed out
(canalized/cavitated) to form the ductal
system and the presumptive acini,
respectively. The phenotypic change from
pseudoglandular to glandular-like mor-
phology, commencing in the Canalicular
Stage, is a transition from a three-dimen-
sional mass of cells to a two-dimensional
sheet of cells with apical-basal polarity
enclosing a lumen. At its simplest, lumen
formation may be thought of as the pro-
grammed death (apoptosis) of all cells
central to the peripheral layer in branch-
es and buds. A first approximation of the
histologic and molecular events would
suggest, however, that this is a rather
complicated process and that it can be
profitably modeled.

To be sure, models are, by necessi-
ty, highly simplified thought experiments.
Few have failed to recognize the inherent
difficulty of empirical verification, not
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least because models attempt to predict
one process on the basis of others by
reducing Waddington's (1957) “epigenet-
ic landscape” to coefficients in a set of
linear equations, a kind of artificial toy
world. Nonetheless, we endeavor here to
model lumen formation. Although this
somewhat charming “game” provides
only a rough picture of the canalizing
SMG, and may not necessarily be inter-
preted rigorously, it has certain merits
for one who wishes to have some mental
picture, however tenuous, for what one is
attempting to ponder. A

Stylized, the branch and its end bud
may be thought of as a sphere-cylinder
structure, here modeled as a child's plas-
tic ball atop a toilet-paper tube (Fig.
12A). At first, we imagine this structure
as solid with the seemingly vacant space
around it as the extracellular matrix
(ECM). We must, of course, look inside to
visualize what is about to occur. To do
this, we take cross-sections perpendicu-
lar to the long axis of the cylinder and at
the widest diameter of the sphere; the
morphology of all cross-sections appears
to be identical (Fig. 12B).

We model these cross-sections as a
cellular space consisting of a two-dimen- @

sional Euclidean space, together with a  Figure 13. Continued modeling of lumen formation. (A B,C) Lumen formation is initiated
neighborhood relation defined on this  with the death of the central cell (1). Each concentric cell !c?(er is processed consecutive-

space, i.e., a list of neighbors for each cell
(Fig. 12B). Time is marked as discrete

ly at each generation (t+1, t+2, ++3) according to the set o
Spatial distribution of p53 protein in Late Canalicular Stage SMG. “A” and “B” are the
in vivo end bud equivalents of hexagonal arrays in 13A and 13B, respectively. p53

rules defined in the text. (D)

“generations” (G = 1, 2, 3, 4). Each cell  immunostaining is most intense in the concentric cell layer next destined for apoptosis
has a finite list of states. Specific “rules” (arrowheads). Bar = 25 pum.

define the state of a given cell at time t +

| as a function of its own state and the states of its
neighbors at time t. von Neumann (1966) calls the list of
states, together with the rule governing the state transi-
tion of a cell, a transition function. Since cells normally
have between five and seven neighbors when packed in
two dimensions (Ransom, 1981), it is usually assumed
that cells tend, on average, to pack into a hexagonal
alignment in vivo (Williams and Bjerknes, 1972; Antonelli
etal., 1973).

The model presented here (Fig. 12B) is a two-
dimensional array comprised of tessellated regular hexa-
gons representing SMG epithelial cells at the start of the
Canalicular Stage. Each element (cell) has a specific coor-
dinate (1, 2, 3...n). Initially, all cells other than those at
the array boundary facing the ECM have six neighbors.
Each concentric cell layer is processed consecutively at
each generation according to a set of rules:

(1) Lumen formation is initiated with the death of
the central cell (1).

(2) In subsequent generations, each cell with the
fewest neighbors dies.

(3) All other cells survive for the next generation.

(4) All cells at the array boundary are privileged—
that is, they survive regardless of few neighbors.

Generations 1-4 are represented in Figs. 12 and 13.
Generation 5 (not shown) is the Terminal Bud Stage with
the stabilized luminal phenotype. This is a descriptive or
conceptual model which serves as a context into which
existing knowledge can be fit to provide an approxima-
tion to reality. The rules are informed by our observation
of scores of developing SMGs and hundreds of sections
(see, e.g., Fig. 13D). Underlying the generation of form are
important cognate cellular relations and changes, as well
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as gene and protein expression. To appreciate these, we
must detail the initial conditions of Fig. 12.

The basal surfaces of the array boundary cells are
adjacent to that portion of the ECM termed the base-
ment membrane. This fibrillar protein meshwork is com-
posed of laminins, fibronectin, BM-1 proteoglycan, and
collagens I, IV, and V (Hardman and Spooner, 1992;
Macauley et al., 1997). Epithelial cell attachments to ECM
components are mediated by cell-surface receptors
called integrins. Integrins are composed of a and B
transmembrane subunits selected from among 16a and
8B subunits that heterodimerize to produce more than
20 different receptors which are ligand-specific (Clark
and Brugge, 1995). For example, a6Bl integrin binds
laminin-1 (Kadoya et al., 1995). Most cells require attach-
ment to the ECM substrate for proper growth, function,
and survival (anchorage dependence); the apoptosis
resulting from lack of anchorage is termed “anoikis”
(Ruoslahti, 1997). Integrin/ECM-ligand anchorage results
in chemical and perhaps mechanical (cytoskeletal) sig-
nals for survival; loss of ECM anchorage results in an
altered cell geometry, an interrupted survival signal, and
an apoptosis signal (Chen et al., 1997; Ruoslahti, 1997).
Thus, the boundary epithelial cells are a privileged class
in that they are programmed for survival from the outset.

The interior cells have no such protection. They are
attached only to their neighboring cells by weaker junc-
tions, termed adherens junctions. The core structure of
the adherens junction is the cadherin-catenin complex
(Kemler, 1993). E-cadherin (epithelial) is a Ca?*-depen-
dent transmembrane cell adhesion glycoprotein; it is
anchored in the cytoplasm to actin filament by a and B
catenin. Cell-cell attachment is mediated by homophilic
interaction between cadherin molecules on adjacent
cells (Takeichi, 1991). Although E-cadherin, B-catenin,
and actin are uniformly distributed throughout the
epithelia, relatively few organized adherens junctions are
observed by EM between either boundary and/or interior
SMG cells (Hieda et al., 1996). With few intimate contacts,
the interior cells are destined for disaster. With few
exceptions (blood cells mainly), “lone rangers” do not
survive (Ruoslahti, 1997).

A wide variety of growth factors, cytokines, and their
cognate receptors are expressed in this cellular array
{Table 2; Jaskoll and Melnick, 1999). A few are of particu-
lar interest. TNF is found throughout, but TNF-R1 and
TNF-R2 are localized to central cell elements destined for
initial apoptosis; IL-6 and IL-6R are also detectable.
Recall that TNF-RI and TNF-R2 binding promotes the
up-regulation of cytckines such as IL-6 (Ashkenazi and
Dixit, 1998). Up-regulation of the 1L-6/IL-6R pathway has
recently been shown to down-regulate adhesion mole-
cule expression (Oh et al., 1998). EGE, expressed for the
first time in the Canalicular Stage, is mainly in more cen-

tral cell elements as well, though EGF-R is present
throughout the epithelia. EGF appears to induce the
release of the E-cadherin/catenin complex from the
cytoskeleton (Kemler, 1993). Thus, the EGF and IL-6
pathways may serve to disrupt what few adherens junc-
tions might exist at a time coincident with apoptosis.
The strategy: Isolate the cells and drive them to suicide.

In this regard, perhaps the most interesting of all is
the presence and changing location of p53, a well-known
tumor suppressor {Evan and Littlewood, 1998) and regu-
lator of cell differentiation and development (Almog and
Rotter, 1997). This transcription factor is normally main-
tained in reserve at low levels through interaction with
the Mdm-2 protein that signals its degradation (Chen et
al., 1994; Evan and Littlewood, 1998). DNA damage-
induced phosphorylation of either p53 or Mdm-2 pre-
vents the two proteins from interacting, thus stabilizing
and activating p53. There are two primary cellular
responses to p53 activation, cell cycle arrest and apopto-
sis. Cell cycle arrest occurs in the G, - Sand G2 - M
transitions and is effected by up-regulation of p21, a
cyclin-dependent kinase (Cdk) inhibitor (Bunz et al.,
1998). While less clear, p53 appears to promote apopto-
sis by the modulation of specific target genes, including
the Bcl-2 antagonist Bax (Yin et al., 1997), IGF-IR (Prisco
et al., 1997), and the binding protein IGF-BP3 (Buckbinder
et al., 1995). p53 mRNA expression has been detected at
high levels in mouse SMG epithelium beginning at E14.5
(Pseudoglandular Stage); it is greatly reduced by E18.5 (Late
Terminal Bud Stage) (Schmid et al, 1991). Our studies
reveal that p53 has its most telling distribution in the
Canalicular Stage. At the outset, p53 protein is localized in
nearly all the epithelial cells, frequently being absent
from those at the array boundary (Fig. 12C). This may be
indicative of a response in cells made unhealthy by the
absence of anchorage (Ruoslahti, 1997), or it may simply
be indicative of normal embryonic control of cell division
(Campagne and Gill, 1998), or both. With the initiation of
apoptosis from the center to the periphery, p53 is con-
centrated to and marks the next consecutive concentric
layer of cells targeted for death (Fig. 13D). Perhaps this
pattern also explains the declining presence of IGF-IR in
these interior cells and the near-absence of its growth
promotion ligand, IGF-II {Jaskoll and Melnick, 1999).
Ligand-activated IGF-IR protects cells from apoptosis
(Resnicoff et al., 1995; Sell et al., 1995). p53 protein caus-
es a decrease in IGF-IR levels by repressing transcription
from the Igflr gene promoter; declining IGF-IR levels and
the near-absence of ligand are permissive for apoptosis
(Prisco et al., 1997).

Finally, there remain two key puzzles: (1) Why does
apoptosis radiate over time from the center to the periph-
ery? and (2) What is the stop signal for this canalization
“game”? Answers to these questions are entirely specula-
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tive, but the “black box” plea is hardly satisfying. Relying
upon Wainwright (1988), among others, let us instead
look to the mechanical properties of our stylized sphere
and cylinder with its cross-sectional hexagonal array
(Figs. 12, 13). Only this time, think of it as a specially
shaped balloon which you have filled with oil and water.
Biomaterials are fluid and as such have a wide range of
mechanical properties that are difficult to predict, not
least because these properties depend on the substruc-
ture of their constituent materials. Regardless, every force
applied to biomaterials will cause a deformation.
Deformability is related to the low viscosity of water and
lipid in the biomaterials. Our specially shaped balloon is
thus a hydrostatic-like system in which the rubber mem-
brane may be analogized to the boundary cells whose
basal surfaces face, and anchor for integrity to, the ECM.

The boundary cell layer is in tension because it
encloses and compresses the internal fluid cell contents;
in turn, the compressed fluid cell volume produces ten-
sion upon the boundary cell layer. In the sphere, stress in
the boundary cell layer will be in all directions and the
same everywhere. In the cylinder, stress exerted by the
contents on the circumference will be twice that exerted
on the length, assuming the system is closed. Thus, com-
pression and tension will differ between components of
the branch/bud structure. Also, if we return to our view of
the cross-sectional hexagonal array (Fig. 12B), the com-
pression will be greatest at the center. Finally, compres-
sion and tension pressures will change over time as inter-
nal cells die and are replaced by an amorphous fluid.

Much work is now being done on the mechanical
control of gene expression and regulation {e.g., Torday et
al., 1998). Much of this work is related to the phenome-
non of anchorage dependence and the cause of anoikis
{Chen et al., 1997; Glanz, 1997; Huang et al., 1998). Results
suggest that changes in the balance of mechanical forces
between integrins and the cytoskeleton control down-
stream signaling cascades. Integrin, as noted above, is
the molecular bridge between the ECM and the actin
cytoskeleton. This system appears to integrate mechani-
cal signals associated with changes in cell shape (eg.,
stretch), with chemical signals elicited directly by integ-
rin binding, and thus modulate gene expression.
Further, ECM anchoring seems to promote cell stability
by resisting contractile forces transmitted across integ-
rins, thus mechanically stabilizing the nucleo-cytoskele-
tal lattice. Finally, the increased flexibility of the
cytoskeleton that has been observed in non-anchored,
rounding cells is thought to permit the occurrence of
intracellular structural re-arrangements that are lethal,
including the nuclear structural degeneration that char-
acterizes apoptosis.

And now the two puzzles: Query 1: Why does apop-
tosis radiate over time from the center to the periphery?

Answer: Compression force is greatest at the center —
mechanotransduction — EGF, TNF-R, and IL-6/IL-6R
up-regulation — loss of adherens junctions and contact
with neighbors — p53-mediated cell death. (This sce-
nario repeats itself in each subsequent concentric cell
layer in each subsequent generation, mechonotrans-
duction being initiated by inwardly directed compres-
sion force and outwardly directed tension force.) Query
2: What is the stop signal for this canalization “game?”
Answer: As we noted, boundary epithelial cells face the
ECM and are bound to it, thereby preserving their sur-
vival signals. When apoptosis claims the last interior
cells, there is a subtle change in boundary cell geome-
try and an important re-organization of intercellular
junctions. In addition to adherens junctions, desmo-
plakins I/ll (desmosomes) and ZO-1 (tight junctions)
appear (Hieda et al., 1996). This ensures survival, initi-
ates the morphogenesis of the apical-basal polarized
epithelial cell type which is crucial to its destined func-
tion (Rodriguez-Boulan and Nelson, 1989), and marks a
sudden discontinuity from prior gradually changing
conditions to one which terminates lumen formation.
In sum, answers to these two queries are the bookends
of a process which begins with a mass of only one cell
type (initial condition) and concludes with two, a sheet of
polarized epithelial cells and the ghosts of their erst-
while neighbors (equilibrium state). In between lie the
transient states modeled by the canalization “game”, a
convenient visualization of a dynamic system whose
rate of change is a function of time and of system para-
meters.

(V) Concluding Remarks:
Developmental Biocybernetics

There is information and there is information process-
ing. This essay contains information coded in letters at
one level and, at a higher level, in agreed-upon mean-
ings of words, syntax, and grammar. It will stay with me
unless [ send these codes to you by some means, elec-
tronic or otherwise. Thus, there is an important differ-
ence between information coded in DNA and transfer of
that information to sites elsewhere, between storing
Chopin’s music in your head and transferring its beauty
by piano to my auditory system with some fidelity.

Nearly four decades ago, Maruyama (1963) clearly out-
lined the developmental biologist’s nightmare:

“I1]t is not necessary for the genes to carry all
the information regarding the adult structure, but it
suffices for the genes to carry a set of rules to gen-
erate the information.

“The amount of information to describe the
resulting pattern is much more than the amount of
information to describe the generating rules and
the positions of the initial tissues. The pattern is
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Figure 14. Biocybernetics: adapting information theory. Details are found in the text.

generated by the rules and by the interaction between

the tissues. In this sense, the information to

describe the adult individual was not contained in
the initial tissues at the beginning but was generat-
ed by their interactions.

“{I]t is in most cases impossible to discover the
simple generating rules after the pattern has been
completed, except by trying all possible sets of rules.
When the rules are unknown, the amount of infor-
mation needed to discover the rules is much greater
than the amount of information needed to describe
the rules. This means that there is much more waste,
in terms of the amount of information, in tracing the
process backwards than in tracing it forward.”

Using the lumen problem above, we can see that
the best we can do is guess at the rules after observing
the event closely—a grand tautology. Nevertheless,
though the rules (program) may forever be obscure, we
can make considerable progress in understanding the
transfer of information by mechanical and chemical sig-
nal transduction if we place it in the context of an
adapted Information Theory (Fig. 14). Fifty years ago,
Shannon and Weaver (1949) presented a mathematical
theory of how information in the form of a message or
signal from a SOURCE transmitted to a RECEIVER is
influenced by the CHANNEL through which that signal
must pass. They concluded that, in a closed system in

which nothing comes in from the outside, there can
never be more information presented to the RECEIVER
than was initially signaled by the SOURCE. In fact, given
that there is almost always “noise” in the CHANNEL,
there is likely to be less information presented to the
RECEIVER unless compensated for by repeated signals
of the same type.

We can adapt this general scheme (Fig. 14) to
accommodate our current knowledge (Fig. 7; Table 2).
Several features of Fig. 14 are worth noting. First, and
most important, the system is necessarily open. It is
made so by intracellular networking, and so the
RECEIVER may be presented with more information
than was initially signaled by the SOURCE. Second,
“noise” in this context is comprised of the vagaries of
extracellular space. As such, the efficiency of the signal
transmission is reduced and a general redundancy of
signal is a given. Finally, as the complexity of the sys-
tem reveals itself in the years ahead, our ability to
make highly precise statements about its “real-world”
behavior will continue to diminish. This will be com-
pensated for by an increasing capacity to make a larger
number of fuzzy statements that are proximate to the
“real-world” and thus provide better understanding
{Kosko, 1993). Clever functional studies and closer col-
laboration with our mathematics colleagues will fill in
the blanks.
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