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Abstract
Of the approximately 8,400 children born each year in the US
with cytomegalovirus (CMV)-induced birth defects, more
than one third exhibit hypoplasia and hypocalcification of

tooth enamel. Our prior studies indicated that CMV severely
delayed, but did not completely interrupt, early mouse mandibular first molar morphogenesis in vitro. The aim of the
present study was to examine the effects of CMV infection
on progressive tooth differentiation and amelogenesis.
Since initial CMV infection in human fetuses can occur at different developmental times, we varied the stage of initial
viral infection (that is, Cap stage, Early Bell stage and Bell
stage), as well as the duration of infection. CMV infection of
embryonic mouse mandibular first molars in vitro induces
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tooth dysmorphogenesis and enamel defects in a developmental stage- and duration-dependent manner. Cap stageand Early Bell stage-infected molars exhibit enamel agenesis
and Bell stage-infected molars exhibit enamel hypoplasia.
This viral-induced pathology is coincident with stage-dependent changes in Amelx, Enam and Dspp gene expression,
distribution of amelogenin, enamelin and DSP proteins, cell
proliferation localization and dedifferentiation of secretory
ameloblasts. Importantly, our data indicate that specific levels of Amelx and Dspp gene expression define whether
mouse CMV induces enamel agenesis or hypoplasia.
Copyright © 2010 S. Karger AG, Basel

Introduction

Congenital cytomegalovirus (CMV) infection is a major cause of birth defects [for reviews, see Pass, 2005,
2007; Schleiss, 2006; Schleiss and Choo, 2006; Tsutsui,
2009; www.cdc.gov/cmv]. It is estimated that approximately 2% of live born infants are congenitally infected
with active CMV, with about 10% of this group having
newborn symptoms [Syridou et al., 2005]. Approximately 80% of symptomatic newborns exhibit sequelae, including mental retardation, hearing loss and blindness,
and 8–15% of infants who are asymptomatic at birth will
later develop complications. Congenital CMV infection
also causes tooth defects; approximately 36% of infants
with CMV-induced birth defects and 5% of CMV-infected asymptomatic infants will exhibit enamel hypoplasia
and hypocalcification [Stagno et al., 1982, 1983, 1984; Stehel and Sanchez, 2005]. Thus, about 1 in 1,400 live births
in the US will exhibit CMV-induced amelogenesis imperfecta (AI), nearly 6 times more common than all genetic
AI combined (approx. 1/8,000) [for review, see Witkop,
1988]. In many cases, the enamel is absent and affected
teeth tend to wear down rapidly or to fracture. Although
these distinct defects of amelogenesis are mostly reported
in primary teeth, enamel defects may also be expected in
the permanent dentition, since active CMV infection persists in many infants for 6–18 months postnatal. Thus, it
can be estimated that approximately 3,000 children with
CMV-induced AI are born each year in the US, with a
prevalence to age 12 of more than 30,000. This is a significant oral health problem in that children have incisal
and cuspal attrition, as well as rampant dental caries, and
may require orthodontic therapy due to caries-induced
loss of primary teeth [Stagno et al., 1982, 1983].
Tooth development is a continuous process during
which the oral epithelium, a derivative of surface ecto222
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derm, thickens and buds into the underlying neural crestderived ectomesenchyme, and then grows and folds to
form several crown shapes of varying complexity. During
development, instructive and reciprocal epithelial-mesenchymal interactions result in the differentiation of ectomesenchymal cells into odontoblasts and epithelial
cells into ameloblasts, which deposit dentin and enamel
matrixes, respectively [for reviews, see Thesleff, 2003;
Tummers and Thesleff, 2009]. The dental epithelium governs tooth development prior to the bud stage [Mina and
Kollar, 1987; Lumsden, 1988] and the dental papilla regulates tooth shape and ameloblast differentiation in the
Cap and Bell stages [Kollar and Baird, 1969, 1970]. Epithelial-derived pre-ameloblasts induce adjacent dental
neural crest-derived ectomesenchymal cells to elongate
into odontoblasts and secrete the matrix that forms predentin and dentin. This in turn induces the pre-ameloblasts to polarize and differentiate into ameloblasts.
Presently, little is known about the mechanism underlying human CMV (hCMV)-induced AI. The strict species specificity of hCMV and the inability of CMV to
cross the placenta of mice and rats have hindered the
study of this virus [for reviews, see Pass, 2005, 2007; Kern,
2006]. Since mouse CMV (mCMV) has many features in
common with hCMV and has been widely employed for
studying the postnatal pathogenesis associated with
acute, latent and recurrent infections [Krmpotic et al.,
2003], we employed the well-established embryonic
mouse tooth organ culture system to study the effects of
mCMV infection on early tooth morphogenesis [Jaskoll
et al., 2008a]. Our prior studies demonstrated that mCMV
dysregulation of key signaling pathways disrupted early
stages of tooth morphogenesis and histodifferentiation in
vitro [Jaskoll et al., 2008a]. However, what remained unclear was whether mCMV infection of embryonic mouse
mandibular first molars in vitro results in enamel defects
similar to those seen in congenitally infected children.
The aim of the present study was to examine the effects of mCMV infection on progressive tooth differentiation and amelogenesis in cultured embryonic mandibular mouse first molars. Since initial CMV infection in
human fetuses can occur at different developmental
times (for example, early fetal period, late fetal period,
perinatal period), we varied the stage of initial viral infection (that is, Cap stage, Early Bell stage, Bell stage) as well
as the duration of infection. We postulated that the later
the tooth-developmental stage of initial mCMV infection, as well as the shorter the duration, the less abnormal
the anatomic phenotypes, and that these differences will
be correlated with notable stage-dependent differences in
Jaskoll /Abichaker /Htet /Bringas /Morita /
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transcript and protein expression. In this paper, we delineate progressive tooth development from Cap stage to
Crown formation and demonstrate that mCMV infection
in vitro induces tooth dysmorphogenesis and enamel defects in a developmental stage- and duration-dependent
manner, and models the pathology seen in children. This
viral-induced pathology is coincident with stage-dependent changes in amelogenin (Amelx), enamelin (Enam)
and dentin sialophosphoprotein (Dspp) transcript expression, dentin sialoprotein, enamelin and amelogenin
protein distribution, localization of cell proliferation, and
dedifferentiation of secretory ameloblasts.

Materials and Methods
Embryonic Culture System and mCMV Infection
Female C57BL6 mice (Charles River, Wilmington, Mass.,
USA) were mated overnight as previously described [Melnick et
al., 2006; Jaskoll et al., 2008a]; plug day = day 0 of gestation.
Timed-pregnant females were sacrificed on gestation day 15 (E15)
by carbon dioxide narcosis and cervical dislocation. All procedures were performed in accordance with the Institutional Animal Care and Use Committee of USC in accordance with the Panel on Euthanasia of the American Veterinary Medical Association. Embryos were dissected in cold phosphate-buffered saline,
and staged according to Theiler [1989]. Mandibular first molar
regions were dissected and cultured for up to 19 days using a modified Trowell method essentially as previously described [Bringas
et al., 1987; Jaskoll et al., 2008a]. The medium was BGJb (Gibco
Invitrogen, Carlsbad, Calif., USA) supplemented with 50 mM
ascorbic acid, 50 units/ml streptomycin and penicillin and 10%
fetal calf serum. Fetal calf serum was added to the medium since
it has been shown to promote epithelial differentiation and amelogenesis [Young et al., 1995; Tompkins et al., 2005]. Cultures were
maintained at 37 ° C in atmospheric conditions of 95% air and 5%
CO2. The medium was adjusted to pH 7.4 and changed daily.
For mCMV infection, we cultured E15 Cap stage mandibular
first molars and incubated them for 24 h with 250,000 plaqueforming units/ml of lacZ-tagged mCMV RM427+ [Saederup et al.,
1999] on culture day 0 (Cap stage), day 5 (Early Bell stage) or day
9 (Bell stage) and then in virus-free control medium for a total
culture period of 15 (E15 + 15), 17 (E15 + 17) or 19 (E15 + 19) days.
Controls consisted of E15 molars cultured in virus-free control
medium for 12, 15, 17 or 19 days. We have previously demonstrated that after the initial 24-hour mCMV infection, the virus continues to replicate in the dental papilla mesenchyme for the entire
culture period and that active mCMV infection is necessary to
initiate and sustain progressive tooth pathogenesis [Jaskoll et al.,
2008a]. We employed this experimental design to analyze variation in both initial stage and duration of infection in cultured E15
molars rather than in molars of different gestational ages (E15,
E16 and E17) in order to reduce variation. Explants were collected
and processed for whole-mount morphology, histology or immunohistochemistry as previously described [Jaskoll et al., 2008a].
For each experimental protocol, 3–10 tooth organs/treatment/day
were analyzed for each assay.

CMV-Induced Enamel Defects

Histological Analysis
Tooth organs were fixed for 4 h in Carnoy’s fixative at 4 ° C or
overnight in 10% neutral-buffered formalin (NBF) at room temperature, embedded in paraffin, serially sectioned on the mesialdistal axis of the tooth germ at 8 m and stained with hematoxylin and eosin as previously described [Jaskoll et al., 2008a]. For
semi-thin sections, control and mCMV-infected molars cultured
for 19 days were fixed overnight in 10% NBF, dehydrated through
graded alcohols, and embedded in JB-4 Embedding Medium
(Polysciences Inc., Warrington, Pa., USA) as previously described
[Davis et al., 1985]. Serial sections were cut at 6 m with a Sorvall
JB-4 microtome and stained with 0.03% toluidine blue. All sections were analyzed using a Zeiss Axioplan microscope and a digital camera.
Quantitative RT-PCR
For analysis of gene expression, quantitative RT-PCR (qRTPCR) was conducted as previously described [Melnick et al.,
2009]. Control E15 + 15 and mCMV-infected E15 molars infected
on days 0 and 9 of culture were pooled (3–4 molars per independent sample). We performed qRT-PCR on 3 independent samples
per treatment group. RNA was extracted and 1 g RNA was reverse transcribed into first-strand cDNA using ReactionReadyTM
First Strand cDNA Synthesis Kit: C-01 for reverse transcription
(Superarray Biosciences, Frederick, Md., USA). The primer sets
used were prevalidated to give single amplicons and purchased
from Superarray Biosciences: Amelx (No. PPM29897A); catenin (No. PPM03384A); Cebpa (No. PPM04674A); Dspp (No.
PPM40292A); Egfr (No. PPM03714A); Enam (No. PPM25461A);
Fn1 (No. PPM04224A); Nfkb1 (No. PPM02930A); Rela (No.
PPM04224E); Relb (No. PPM03202A). Primers were used at concentration of 0.4  M. The cycling parameters were: 95 ° C, 15 min;
40 cycles of 95 ° C, 15 s; 55 ° C, 30–40 s, and 72 ° C, 30 s. Specificity
of the reactions was determined by subsequent melting curve
analysis. RT-PCR of RNA (not reverse transcribed) were used as
negative controls. GAPDH was used to control for equal cDNA
inputs and the levels of PCR product were expressed as a function
of GAPDH. The relative fold changes of gene expression between
the gene of interest and GAPDH, or between the controls and
mCMV infected, were calculated by the 2–CT method. Significant differences between mCMV-infected and control teeth were
determined by Student’s t test, with  = 0.01 and the null hypothesis of R = 1. The calculated expression ratios (R) were log or arcsin transformed prior to analysis.
Probabilistic Neural Network Analysis
We used probabilistic neural network (PNN) analyses to determine the contribution of each individual gene to the discrimination between experimental groups with 100% sensitivity and
specificity. As such, PNN analyses identify the relative importance (0–1, with 0 being of no relative importance and 1 being
relatively most important) of specific gene expression changes
that discriminate between phenotypes. It is the contextual change
in expression, not the direction of change that is important in defining the molecular phenotype. The foundational algorithm we
used is based upon the work of Specht and colleagues [Specht,
1988; Specht and Shapiro, 1991; Chen, 1996]. The proprietary software designed by Ward Systems Group (Frederick, Md., USA) formulates Specht’s procedure around a genetic algorithm [Goldberg, 1989]. A genetic algorithm is a computational method mod-
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eled on biologic evolutionary processes that can be used to find
the optimum solution to a problem that may have many solutions
[Holland, 1975]. These algorithms have been found to be very
powerful in solving optimization problems that appear to be difficult or unsolvable by traditional methods. They use a minimum
of information about the problem and they only require a quantitative estimation of the quality of a possible solution. This makes
genetic algorithms easy to use and applicable to most optimization problems.
Protein Immunolocalization
NBF- or Carnoy’s-fixed, paraffin-embedded mCMV-infected
molars cultured for 15 days and control molars cultured for 12 or
15 days were serially sectioned at 8 m and immunolocalization
performed using polyclonal anti-amelogenin (FL-191), anti-dentin sialoprotein (M300; Santa Cruz Biotechnology, Santa Cruz,
Calif., USA) and anti-enamelin (courtesy of Jan Hu, University of
Michigan) antibodies and the STAT-Q Rabbit/Mouse PeroxidaseDAB staining kit (Innovex Biosciences, Pinole, Calif., USA). Controls consisted of sections incubated in phosphate-buffered saline
alone. Three to five teeth per treatment group per antibody were
analyzed. The data were analyzed using a Zeiss Axioplan microscope and a digital camera.
Cell Proliferation Assay
Cell proliferation in control molars cultured for 12 or 15 days
and mCMV-infected molars cultured for 15 days was determined
by the cell-specific localization of proliferating cell nuclear antigen (PCNA) using the Zymed mouse PCNA kit (Invitrogen Corp.,
Carlsbad, Calif., USA) and counterstained with hematoxylin as
previously described [Jaskoll et al., 2008a]. In this experiment, the
cytoplasm appears purple and PCNA-positive nuclei appear dark
brown. We compared the cell-specific distribution of PCNA-positive nuclei in Cap stage-infected and Bell stage-infected molars
to control E15 + 12 and/or E15 + 15 molars. For quantitation, we
determined the cell proliferation indexes for 3 regions: (1) the dental papilla mesenchyme (DPM) (PCNA-positive DPM cells/total
DPM cells/mm2); (2) stellate reticulum (SR) (PCNA-positive SR
cells/total SR cells/mm2); (3) cervical loop (CL) (PCNA-positive
CL epithelial cells/total CL epithelial cells mm2). The DPM, SR
and/or CL cell proliferation indexes were determined in 3 areas
per section, 3 sections per tooth and 3 teeth per group. For each
region, we then calculated the mean ratios per tooth and mean
ratios per group. Since percent data is not normally distributed,
the data was arcsin transformed before the mean ratios of mCMVinfected and controls were compared by t test. The cell proliferation indexes are presented as the fold change in mCMV-infected/
controls.

Results

To determine if mCMV-induced enamel defects are
stage dependent, we infected E15 Cap stage mandibular
first molars with mCMV at the Cap stage (day 0 of culture), Early Bell stage (day 5 of culture) or Bell stage (day 9
of culture) (fig. 1b–d, insets), and cultured them for a total
of 17 (fig. 1) or 19 (fig. 2) days. Exposure of embryonic
224
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mouse molars to mCMV infection disrupted tooth morphogenesis, dentinogenesis and amelogenesis in a stageand duration-dependent manner; the earlier the initial
stage and the longer the duration of infection, the more
severely abnormal the phenotype and enamel defect.
On day 17 of culture, uninfected (control) E15 Cap
stage mandibular first molars have undergone normal
morphogenesis and differentiation (fig. 1a, e). Dentin
mineralization and formation of enamel has proceeded
apically from the mesial cusp tip along the mesial side of
the cusp and the dentino-enamel junction (DEJ) is readily visualized. Lobular cuspal morphology is evident coronally and root formation is seen apically, with the cervical loop extension of the inner and outer enamel epithelia
bilayer forming Hertwig’s epithelial root sheath (HERS).
By contrast, mCMV infection disrupts tooth morphogenesis, dentinogenesis and amelogenesis in a stage-dependent manner (compare fig. 1b–d, f–h to fig. 1a, e). Cap
stage-infected molars are the most severely dysmorphic
(compare fig. 1b, f to fig. 1c, d, g, h) and Bell stage-infected molars are the best developed (compare fig. 1d, h to
fig. 1b, c, f, g). All mCMV-infected molars are substantially smaller compared to controls, as evidenced by the
marked decrease in volume of DPM, reduced cusp tip to
cervical loop length, and HERS absence or hypoplasia
(compare fig. 1b–d to fig. 1a). Cap and Early Bell stageinfected molars appear more developmentally delayed
and dysmorphic compared to controls than Bell stageinfected molars, as revealed by the lack of dentin mineralization and the absence of enamel matrix in these molars (compare fig. 1b, c, f, g to fig. 1a, e). Although the Bell
stage-infected molars are the best developed, their phenotype is abnormal compared to controls (compare
fig. 1d, h to fig. 1a, e). The infected Bell stage molars are
characterized by marked decreases in mineralized dentin
matrix, enamel formation, cusp size and root (HERS) formation (compare fig. 1d, h to fig. 1a, e). Although enamel
matrix is seen in Bell stage-infected molars, there is limited, discontinuous enamel formation, a substantial decrease in enamel thickness, and uneven enamel matrix
mineralization (compare fig. 1h to fig. 1e). In addition,
the DPM in all mCMV-infected molars, regardless of
stage of initial infection, appear as two distinct cell populations rather than one: round and ovoid cells within a
fibromyxoid stroma, and basophilic, cytomegalic infected (some with inclusion bodies) and affected cells (fig. 1b,
c, f, g). These cytomegalic infected and affected cells are
more widespread in Cap stage-infected molars than in
Early Bell stage molars (compare fig. 1b to fig. 1c) and in
Early Bell stage than in Bell stage-infected molars (comJaskoll /Abichaker /Htet /Bringas /Morita /
Sedghizadeh /Melnick

Fig. 1. mCMV-induced stage-dependent differenc-

es in tooth pathology and enamel defects on day 17
of culture. a, e CONT: E15 mandibular first molars
cultured in control medium. b, f CMV CAP: E15
mandibular first molars infected with mCMV at
the Cap stage. b Upper inset: Cap stage molar.
c, g CMV E. BELL = E15 mandibular first molars
infected with mCMV at the Early Bell stage. c Inset:
Early Bell stage molar. d, h CMV BELL: E15 molars
infected with mCMV at the Bell stage. d Inset: Bell
stage molar. e–h Representative higher magnifications of control (e), Cap stage-infected (f), Early Bell
stage-infected (g) and Bell stage-infected (h) molars.
a, e Control molars exhibit normal morphogenesis
and cusp formation, characterized by polarized ameloblasts (A) and odontoblasts (O), the presence of
predentin (PD), dentin (D) and enamel (E) matrixes, and the formation of HERS (a, double black arrows). DPM = Dental papilla mesenchyme. b–d,
f–h mCMV infection induces smaller, developmentally delayed and dysmorphic molars compared
to controls. Cap stage-infected molars (b, f) are the
most severely dysmorphic and developmentally delayed. They are characterized by short, shallow cusps,
disorganized, nonpolarized ameloblasts (f, red arrowheads), undifferentiated odontoblasts, a marked
decrease in predentin matrix, the absence of dentin
and enamel matrixes, a short, abnormal cervical loop
(b, black arrowhead), and disorganized, multilayered
stellate reticulum (S). Note the widespread distribution of basophilic, cytomegalic cells (*), some with
inclusion bodies (b, lower inset), throughout dental
papilla mesenchyme. Early Bell stage-infected molars (c, g) are smaller and severely dysmorphic as
compared to controls but are better developed than
Cap stage-infected molars. Compared to Cap stageinfected molars, they exhibit improved cusp formation, elongated ameloblasts, polarized odontoblasts,
more predentin matrix, a better-developed cervical
loop (c, blue arrowhead) and a more limited distribution of abnormal infected and affected DPM cells (c,
double black arrowheads). Bell stage-infected molars
(d, h) are the least dysmorphic. Compared to Cap
stage-infected and Early Bell stage-infected molars,
they exhibit greater cusp formation, mineralized
dentin and enamel matrixes, and HERS formation.
Compared to controls, Bell stage-infected molars
have shorter cusps, shorter polarized ameloblasts
and odontoblasts, a marked decrease in mineralized
dentin matrix, and reduced HERS formation (d,
black arrow). Although enamel is present, there is
limited, discontinuous formation, reduced thickness, and uneven matrix mineralization. Note the
marked decrease in abnormal affected and infected
DPM cells (d, double black arrowheads) compared to
infected Cap stage (b) and Early Bell stage (c) molars.
b–d Scale bar = 40 m; b top inset: scale bar =
30 m; bottom inset: scale bar = 20 m; c, d top insets: scale bar = 160 m. e–h Scale bar = 25 m. The
scale bar in h is applicable for all figures in this plate.
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pare fig. 1c to fig. 1d). Note that in Cap stage-infected molars, the striking degree of infection obliterates the normal morphology and cellular architecture of the parenchyma and stroma (fig. 1b, f).
On day 19 of culture, tooth development continues to
exhibit stage-dependent differences in mCMV-induced
pathology (fig. 2). In control molars (fig. 2a–d), polarized
odontoblasts with associated predentin and mineralized
dentin are seen, and the elongated ameloblasts are polarized. Tome’s processes can be seen at the secretory ends
of ameloblasts inserting into the newly deposited enamel
(fig. 2d), and tubules traversing through the dentin are
also found (data not shown). Dental papilla cells reside in
a fibromyxoid stroma and appear as round to ovoid with
scant nucleoli and granular cytoplasm. The stratum intermedium is composed of 1–2 layers of cuboidal cells
(fig. 2b), stellate reticulum cells reside in a myxoid stroma
and appear as angulated or stellate cells with scant clear
cytoplasm (fig. 2a, b), and a well-formed, elongated HERS
is found (data not shown).
With mCMV infection, phenotypic changes, alterations in the integrity of epithelial and mesenchymal
structures, and the presence of viral infection (viral inclusion bodies) are more profound on day 19 than on day
17 of culture (compare fig. 2e–p to fig. 1b–d, f–h). As noted above, stage-dependent differences in pathology are
seen: molars infected at earlier stages are more dysmorphic than those infected at later stages (that is Cap stage

vs. Early Bell or Bell stage; Early Bell stage vs. Bell stage;
compare fig. 2e–p to fig. 2a–d, fig. 2e–h to fig. 2i–p,
fig. 2i–l to fig. 2m–p). Coronal morphology is disorganized and dentin mineralization is either absent (fig. 2e–
h) or appears attenuated, incongruent and irregularly
scalloped in many areas (fig. 2i–p); HERS is either absent
(fig. 2e, g, i, k) or severely dysmorphic (fig. 2m, o). On
higher magnification, it is evident that in all virally infected molars, ameloblasts, odontoblasts and DPM have
lost their characteristic morphology, with odontoblasts
and DPM being more severely affected (compare fig. 2f–
h, j–l, n–p to fig. 2b–d). In Cap stage- and Early Bell stageinfected molars (fig. 2f–h, j–l), disorganized ameloblasts
appear as blunted (often multilayered) cuboidal/low columnar cells and no enamel matrix is seen. In contrast, in
Bell stage-infected molars (fig. 2n–p), ameloblasts are
composed of low cuboidal or short, elongated (but not
polarized) cells and appear to have a wavy structure, with
enamel matrix being present. Although enamel formation is seen in infected Bell stage molars, notable enamel
defects are seen compared to control (compare fig. 2m–p
to fig. 2a–d). There is a marked decrease in amount of
enamel matrix and length of DEJ, and Tomes’ processes
cannot be visualized as in controls. The enamel depth
dramatically differs from control teeth, being attenuated,
irregular and less abundant. In addition, the stratum intermedium and stellate reticulum are abnormal in all
mCMV-infected molars, being composed of multilayers

Fig. 2. mCMV induces stage-dependent tooth defects on day 19
of culture. Semi-thin plastic sections of control and mCMV-infected molars. a–d Control molars (representative higher magnifications shown in b–d). e–h CMV CAP: Cap stage-infected molars (representative higher magnifications shown in f–h). i–l CMV
E. BELL: Early Bell stage-infected molars (representative higher
magnifications shown in j–l). m–p CMV BELL: Bell stage-infected molars (representative higher magnifications shown in n–p).
On day 19, control molars (a–d) exhibit polarized odontoblasts
(O) with associated predentin (PD) and mineralized dentin (D)
matrixes, elongated, polarized ameloblasts (A) and associated
enamel (E) matrix, and a well-developed HERS. At the secretory
ends of differentiated ameloblasts, Tome’s processes (d, red arrowheads) insert into the newly deposited enamel and tubules traverse through the dentin (data not shown). DPM cells are round
to ovoid with scant nucleoli and granular cytoplasm. The stellate
reticulum (S) consists of angulated or stellate cells with scant clear
cytoplasm. Cap stage-infected molars (e–h) are the most severely
abnormal. They have a multilayer of primarily cuboidal ameloblasts (white arrowhead), pleiomorphic, undifferentiated odontoblasts, predentin (but not dentin) matrix, abnormal CL/absent
HERS (e, black arrowhead), and abnormal stellate reticulum cy-

tology. Basophilic, cytomegalic cells are seen in throughout dental papilla (e, red star) and stellate reticulum (f, *), with many of
the cells exhibiting viral inclusion bodies (f–h, blue arrowhead).
Early Bell stage-infected molars (i–l) are slightly better developed
than Cap stage-infected molars, with taller cusps and the presence of predentin and mineralized dentin matrixes being seen.
Ameloblasts are composed of a multilayer of cuboidal epithelia
(white arrowhead) and HERS remains absent (black arrowhead).
Basophilic, cytomegalic cells are seen in dental papilla (i, red star)
and stellate reticulum (l, double red arrows), many exhibiting viral inclusion bodies ( j–k, blue arrowhead). Bell stage-infected molars (m–p) are the best developed but are abnormal compared to
control. Compared to controls, Bell stage-infected molars exhibit
abnormal DPM (m, red star), shorter elongated ameloblasts (blue
arrows), less mineralized dentin and predentin matrixes, enamel
hypoplasia and a shorter CL/HERS (m, double black arrowheads).
Fewer viral inclusion bodies (blue arrowhead) are seen in DPM
and stellate reticulum than in Cap stage- and Early Bell stageinfected molars. a, e, i, m Scale bar = 50 m. b, c, f, g, j, k, n, o
Scale bar = 40 m. d, h, l, p Scale bar = 27 m. The scale bar in
p is applicable for all figures in this plate.
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Fig. 3. Comparative Amelx, Enam, Dspp and -catenin expression

in control, Cap stage-infected and Bell stage-infected molars.
a–c Ameloblast morphology in control molars (a), Cap stage-infected (b) and Bell stage-infected (c) molars cultured for 15 days.
In control (a) and Bell stage-infected (c) molars, elongated, polarized ameloblasts (arrowhead) are found. In contrast, Cap stageinfected molars (b) exhibit elongated polarized (arrowhead) and
nonpolarized (arrows) ameloblasts. A = Ameloblasts; D = dentin;
E = enamel; PD = predentin. Scale bar = 20 m. d qRT-PCR-derived mean relative expression ratios in Cap stage- or Bell stageinfected molars compared to control molars. Differences in relative expression levels between infected Cap and Bell stage molars
were calculated by t test. Brackets indicate comparisons. ** p !
0.001; * p ! 0.01. + not significant. e PNN analysis was used to determine the contribution of each gene to the blind classification
of molars as either Cap stage- or Bell stage-infected. PNN analysis
identifies the relative importance (0–1, with 0 being of no relative
importance and 1 being relatively most important) of specific
gene expression changes that distinguish between Cap stage- and
Bell stage-infected molars with 100% specificity and sensitivity.
Amelx and Dspp transcript levels are relatively most important in
correctly classifying molars as either Cap stage- or Bell stage-infected; Enam and -cat transcript levels are relatively unimportant.

of basophilic and cytomegalic infected and affected cells
(fig. 2f–h, j–l, n–p). Taken together, these findings indicate that mCMV infection results in abnormal dentinogenesis, amelogenesis and root formation, the severity of
which is dependent on the developmental stage of initial
infection, as well as the duration of infection.
mCMV Induces Significant Stage-Dependent Changes
in Transcript Expression
Having noted the variant pathology of Cap stage- and
Bell stage-infected molars after 17 and 19 days in culture
(fig. 1, 2), it is critical to point out the natural history of
the progressive viral-induced pathogenesis, particularly
that of Cap stage-infected molars. To wit, the ameloblasts
of infected Cap stage molars cultured for 15 days are elongated and mostly polarized (fig. 3b). By 17 days in culture,
as noted above (fig. 1b, f), the ameloblasts are disorganized and nonpolarized, and the odontoblasts appear un228

Cells Tissues Organs 2010;192:221–239

Mean relative expression ratio

100

CMV CAP

CMV BELL

**
**

80
+

60

*

40
20
0

d

Amelx

Enam

Dspp

 -cat

0.45
0.40
0.35
0.30
0.25
0.20
0.15
0.10
0.05
0

e

Amelx
0.438

Enam
0.044

Dspp
0.444

 -cat
0.074

differentiated. Thus, we chose to investigate the molecular pathology in mCMV-infected molars cultured for 15
days (E15 + 15; fig. 3b, c), that is, just prior to the histopathologic changes 48–96 h hence (compare fig. 3b, c to
fig. 1f, h and fig. 2h, p). We chose infected Cap and Bell
stage molars since the most abnormal tooth phenotype is
evident in Cap stage-infected molars and the least abnormal phenotype in Bell stage-infected molars on days 17
and 19 of culture (fig. 1, 2).
To delineate the molecular basis for progressive
mCMV-induced tooth pathology, we determined if
mCMV induced stage-dependent changes in the expression of 10 molecules known to be important for tooth
development, dentinogenesis and amelogenesis [Zhou
and Snead, 2000; Thesleff, 2003; White et al., 2007; Hu et
al., 2007, 2008; Hu and Simmer, 2007; Yamashiro et al.,
2007; Gibson, 2008; Liu et al., 2008; Tummers and
Thesleff, 2009] and/or shown to be involved in mCMVJaskoll /Abichaker /Htet /Bringas /Morita /
Sedghizadeh /Melnick

Table 1. mCMV modulation of tooth gene expression

Gene

Dspp
Enam
Amelx
Cebpa
Nfkb1
Rela
Relb
Bcat
Egfr
Fn1

Cap stage infected
R



0.28
0.50
0.75
1.08
0.90
0.91
1.24
0.63
0.64
0.68

0.24
0.14
0.07
0.13
0.18
0.06
0.07
0.18
0.32
0.15

p
<0.001
<0.001
<0.001
NS
NS
<0.01
<0.001
<0.001
<0.001
<0.001

Bell stage infected
R



0.62
0.53
0.98
0.89
0.67
1.13
0.96
0.89
0.62
0.61

0.41
0.19
0.10
0.24
0.22
0.13
0.24
0.16
0.18
0.20

p
<0.01
<0.001
NS
NS
<0.001
NS
NS
NS
<0.001
<0.001

R = Mean relative expression ratio = mCMV/control (comparisons: n = 9);  = gene expression noise (0 ] 1) = SR /R (where
SR = standard deviation of R); NS = not significantly different
from control (no change in expression).

induced pathology of oral structures [Melnick et al.,
2006; Jaskoll et al., 2008a, b]. We compared transcript expression in control (fig. 3a), Cap stage-infected (fig. 3b)
and Bell stage-infected (fig. 3c) molars cultured for 15
days using qRT-PCR.
The results of these qRT-PCR-derived measurements
are shown in table 1. For each transcript, the relative expression ratio (R) was calculated as the mean increase or
decrease in gene expression in mCMV-infected teeth
compared to uninfected control teeth. The variation of R
is calculated as gene expression noise ();  is statistically equivalent to the coefficient of variation and ranges
from 0 to 1 [ = gene expression noise = SR /R (where
SR = standard deviation of R)]. The value of  reflects
fluctuations in promoter-binding efficiency, specific
transcription factor abundance, variation in posttranscriptional modifications, and a host of other stochastic
events that comprise intrinsic and extrinsic noise [Raser
and O’Shea, 2005]. In the absence of prohibitively large
sample sizes, as  approaches 1 it becomes extremely difficult to detect small, but potentially important, true expression differences, should they exist. Nevertheless, it is
highly unlikely that substantial differences that characterize mCMV-infected tooth organs will be masked by
noise. In this regard, tests of significance were determined by Student’s t test, with  = 0.01 and the null hypothesis of R = 1. The calculated expression ratios (R)
were log or arcsin transformed prior to analysis.

CMV-Induced Enamel Defects

mCMV induces many highly significant stage-dependent changes in the expression of genes essential for
dentinogenesis and amelogenesis [amelogenin (Amelx),
enamelin (Enam), dentin sialophosphoprotein (Dspp)], as
well as in genes important for tooth development and altered in mCMV-infected embryonic oral structures. As
shown in table 1, there are similarities, as well as differences, in transcript expression changes between infected
Cap stage and Bell stage molars. Compared to controls,
Cap stage-infected molars exhibit significant differences
in 8 of the 10 genes, whereas Bell stage-infected molars
show significant differences in 5 genes. Of genes essential
for dentinogenesis and amelogenesis, both Cap stageand Bell stage-infected molars show significant decreases
in the expression of Enam [Cap stage: 50% (p ! 0.001);
Bell stage: 47% (p ! 0.001)] and Dspp [Cap stage: 72%
(p ! 0.001); Bell stage: 38% (p ! 0.01)]. Interestingly, only
Cap stage-infected molars have a significant 25%
(p ! 0.001) decrease in Amelx expression, with normal
levels of Amelx transcripts being found in Bell stage-infected molars.
In addition, stage-dependent differences in -catenin
transcript expression are evident. Since the canonical
Wnt/-catenin signaling is important for cusp morphogenesis, tooth shape and root formation [Yamashiro et al.,
2007; Liu et al., 2008; Nemoto et al., 2009] and mCMVinfected Cap stage molars are characterized by more severely abnormal crown and root phenotypes than seen in
infected Bell stage molars (fig. 1), it was reasonable to postulate that mCMV would induce greater changes in catenin transcript expression in Cap stage-infected molars than in Bell stage-infected molars. Our observation
of a significant decrease of approximately 37% (p ! 0.001)
in -catenin expression in Cap stage-infected molars but
normal levels in Bell stage-infected molars supports this
hypothesis.
Further, we also found common significant changes in
the levels of specific transcripts at both stages of initial
viral infection. Cap stage- and Bell stage-infected molars
exhibit similar significant declines of approximately 35%
(p ! 0.001) in Fn1 and Egfr gene expression. Given that
fibronectin (FN) mediates odontoblast polarization and
ameloblast differentiation [Fukumoto and Yamada,
2005], EGFR is important for tooth morphogenesis and
root formation [Hu et al., 1992; Fujiwara et al., 2009], and
FN activation of signaling pathways is mediated via EGFR
[Matsuo et al., 2006], the absence of stage-dependent
changes in Fn1 and Egfr expression suggests that the FN
and EGFR pathways participate during early and later
stages of mCMV-induced tooth pathology.
Cells Tissues Organs 2010;192:221–239
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Transcript Changes and Stage-Dependent Abnormal
Phenotypes
The stage-dependent phenotypic differences in tooth
morphology and enamel pathology in Cap stage- and Bell
stage-infected molars are very distinct (fig. 1, 2), with
enamel agenesis and hypoplasia being seen in infected
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Cap stage and Bell stage molars, respectively. Given the
above, we predicted sharp mathematical discrimination
of the expression of genes important for enamel formation and tooth shape (Amelx, Enam, Dspp and -catenin)
among the 2 different initial stages of viral exposure.
Comparisons between infected Cap stage and Bell stage

b

c

d

e

f

g

h

i

j

k

l

Amelogenin

Enamelin

a

230

Cells Tissues Organs 2010;192:221–239

Jaskoll /Abichaker /Htet /Bringas /Morita /
Sedghizadeh /Melnick

molars demonstrate that Bell stage-infected molars are
1.3-fold higher (p ! 0.001) in Amelx expression, 2.2-fold
higher (p ! 0.01) in Dspp expression and 1.4-fold higher
(p ! 0.001) in -catenin expression, but not significantly
different in Enam expression, as compared to Cap stageinfected molars (fig. 3b). These results suggest that higher levels of Amelx, Dspp and -catenin transcripts account for the better tooth morphology and enamel formation in Bell stage-infected molars as compared to Cap
stage-infected molars.
We then used PNN analysis to characterize the molecular pathology with respect to the relationship of individual gene expression changes to stage of initial infection. An optimized (neural network) gene expression
model was derived, resulting in a molecular signature
that is able to blindly distinguish (without bias) between
Cap stage- and Bell stage-infected phenotypes with 100%
sensitivity and specificity. As shown in figure 3e, PNN
analysis revealed that changes in Amelx and Dspp transcript expression levels are relatively most important in
correctly classifying the gene expression signature as infected Cap stage molars or infected Bell stage molars.
That is, our observation of enamel hypoplasia or enamel
agenesis in infected Bell or Cap stage molars, respectively, is clearly defined by specific differences in Amelx and
Dspp gene expression. As discussed later, this has important implications for understanding the stage-dependent
differences in histopathology observed above (fig. 1, 2)
and below (fig. 5).

mCMV Induces Stage-Dependent Changes in Dentin
Sialoprotein, Amelogenin and Enamelin Protein
Localization
Since mCMV infection clearly compromises amelogenesis and amelogenesis is dependent on sequential interactions between odontoblasts and ameloblasts, we investigated whether mCMV altered the cell-specific distribution of amelogenin and enamelin proteins, the
predominant proteins found in developing enamel matrix [Fincham et al., 1991], as well as dentin sialoprotein
(DSP), one of the two principal dentin proteins cleaved
from DSPP [MacDougall et al., 1997], in a stage-dependent manner. These three proteins have been shown to be
important for enamel formation [White et al., 2007; Hu
et al., 2005, 2007, 2008; Gibson, 2008; Suzuki et al., 2009].
Given our data indicate that mCMV-infected molars are
developmentally delayed compared to controls, we compared the distribution of DSP, enamelin and amelogenin
proteins in Cap stage- and Bell stage-infected molars cultured for 15 days to control molars cultured for 12 (E15 +
12) and 15 (E15 + 15) days (fig. 4).
Analysis of DSP distribution in control E15 + 12 and
E15 + 15 molars demonstrates DSP localization predominantly in the polarized, secretory odontoblasts and adjacent DPM, as well as in the polarized ameloblasts (fig. 4a,
b), with increased immunostaining seen on day 15 (compare fig. 4b to fig. 4a). In E15 + 15 controls, DSP is also
seen in dentinal tubules, mineralized matrix, and at the
DEJ (fig. 4b). These results are similar to those previous-

Fig. 4. mCMV induces stage-dependent changes in the distribution of DSP, enamelin and amelogenin proteins. a–d DSP localization. e–h Enamelin localization. i–l Amelogenin localization.
a–d In E15 + 12 (a) and E15 + 15 (b) controls, DSP is strongly lo-

calized in polarized, secretory odontoblasts (double arrows) and
adjacent DPM (*), and in polarized ameloblasts (a). In E15 + 15
controls, DSP is also found in dentinal tubules (b, arrowhead),
mineralized matrix, and at the DEJ. E = Enamel. In Cap stageinfected molars (c), weak DSP immunostaining is seen in the polarized ameloblasts, stratum intermedium and stellate reticulum,
as well as in abnormal odontoblasts and throughout DPM. In Bell
stage-infected molars (d), DSP immunostaining is found primarily in odontoblasts, adjacent DPM (*), dentinal tubules and mineralized matrix, and to a lesser extent in polarized ameloblasts.
e–h. In E15 + 12 (e) and E15 + 15 (f) controls, enamelin is seen
primarily in secretory ameloblasts and forming enamel; weak immunostaining is also seen in polarized odontoblasts and dentinal
tubules in the DEJ region (double arrowheads). Infected Cap stage
(g) and Bell stage (h) molars are characterized by markedly de-

creased enamelin immunostaining in polarized ameloblasts,
odontoblasts and dentinal tubules as compared to both E15 + 12
and E15 + 15 controls. i–l In E15 + 12 controls (i), strong amelogenin immunostaining is seen in secretory ameloblasts and polarized odontoblasts (double arrows), and weakly in adjacent predentin and DPM. In E15 + 15 controls ( j), strong amelogenin immunostaining is seen in polarized, secretory ameloblasts and on
the DEJ; weak staining is seen in predentin, dentin and enamel
matrixes. In Cap stage-infected molars (k), mCMV induces a
marked decrease in amelogenin immunostaining in ameloblasts
and misexpression of amelogenin protein in odontoblasts, DPM
cells in the crown area (white *), the extracellular matrix surrounding individual cytomegalic stromal cells (arrowhead), and
stellate reticulum. In Bell stage-infected molars (l), immunostaining is localized in ameloblasts, particularly in granular-like structures in the distal parts of secretory ameloblasts, and diffusely
in DPM in crown region (white *). a–d, g–l Scale bar = 30 m.
e, f Scale bar = 40 m. The scale bar in l is applicable for all figures
in this plate.
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Fig. 5. mCMV-induced stage-dependent qualitative and quantitative spatial changes in PCNA localization. a–d The cell-specific
localization of PCNA-positive nuclei in E15 + 12 control molars
(a), E15 + 15 control molars (b), Cap stage-infected molars (c) and
Bell stage-infected molars (d). In E15 + 12 controls (a), extension
of the CL inner enamel epithelium (IEE) and outer enamel epithelium (OEE) forms the early HERS. PCNA-positive nuclei are seen
primarily in IEE and OEE and, to a lesser extent, in surrounding
mesenchymal cells and stellate reticulum. Red bracket indicates
the apical end of CL/HERS. In E15 + 15 molars (b), PCNA-positive
nuclei are seen in the fused IEE and OEE bilayer of HERS (double
red arrows), in surrounding mesenchyme and stellate reticulum.
E = Enamel. In Cap stage-infected molars cultured for 15 days (c),
there is a substantial difference in the spatial localization of
PCNA-positive nuclei; they are found in the cytomegalic infected
and affected DPM cells but are relatively absent in the severely
abnormal, hypoplastic CL (black bracket). In Bell stage-infected
molars cultured for 15 days (d), PCNA-positive nuclei are found
in the multilayered IEE and OEE of the CL (blue bracket), as well

as in the expanded population of remaining SR cells persisting
between IEE and OEE (*); very few PCNA-positive nuclei are seen
in DPM. In both infected Cap stage and Bell stage molars, a
marked increase in PCNA-positive nuclei in the disorganized,
multilayered SR cells is seen. Scale bar = 30 m. e mCMV induced
stage-dependent differences in cell proliferation indexes. Cell
proliferation indexes in DPM and SR of infected Cap stage or Bell
stage molars were compared to E15 + 12 and E15 + 15 controls;
cell proliferation indexes in CL regions of infected Cap stage and
Bell stage molars were only compared to E15 + 12 controls. * Significant differences in cell proliferation indexes: (1) DPM: Cap
stage-infected vs. CONT E15 + 12: 5.8-foldd (p ! 0.0001); Cap
stage-infected vs. CONT E15 + 15: 6.2-foldd (p ! 0.005). (2) SR:
Cap stage-infected vs. CONT E15 + 12: 1.6-foldd (p ! 0.0001); Cap
stage-infected vs. CONT E15 + 15: 2-foldd (p ! 0.01); Bell stageinfected vs. CONT E15 + 12: 1.5-foldd (p ! 0.0005); Bell stageinfected vs. CONT E15 + 15: 1.9-foldd (p ! 0.05). (3) CL: Bell stageinfected vs. CONT E15 + 12: 1.7-foldd (p ! 0.02) The scale bar in
d is applicable for all figures in this plate.

ly reported [MacDougall et al., 1998; Goldberg et al.,
2006; Hao et al, 2009; Yuan et al., 2009]. mCMV-infected
molars exhibit a clear reduction in DSP staining intensity,
as well as notable stage-dependent changes in cell-specific localization (compare fig. 4c to fig. 4a, b, d and fig. 4d
to fig. 4a, b). In Cap stage-infected molars (fig. 4c), DSP
is weakly localized in the polarized ameloblasts, in adjacent stratum intermedium and stellate reticulum, in polarized odontoblasts and throughout DPM. Since Bell

stage-infected molars exhibit mineralized dentin matrix
and enamel formation, we expected a staining pattern
somewhere between E15 + 12 and E15 + 15 controls. This
is exactly what we found: DSP immunostaining is primarily found in elongated odontoblasts, dentinal tubules
and mineralized matrix, and more weakly expressed in
polarized ameloblasts (compare fig. 4d to fig. 4a, b). Our
observation of greater differences in DSP immunostaining in Cap stage-infected molars than in Bell stage-infect-
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ed molars is consistent with the more severely dysmorphic DPM morphology and cellular architecture seen in
Cap stage-infected molars (fig. 1, 2).
Enamelin, the largest enamel protein, is strongly localized in secretory ameloblasts (mostly in the secretory
end) and forming enamel in E15 + 12 and E15 + 15 controls (fig. 4e, f); it is also weakly seen in odontoblasts and
dentinal tubules in the DEJ region (fig. 4e, f). These results are consistent with previous reports [Hu et al., 2001;
Nagano et al., 2003; Goldberg et al., 2005]. Importantly,
mCMV induced changes in enamelin localization in a
stage-dependent manner (fig. 4g, h). Cap stage- and Bell
stage-infected molars exhibit notable decreases in immunolocalized enamelin in secretory ameloblasts and in
odontoblasts, as compared to E15 + 12 and E15 + 15 controls (compare fig. 4g, h to fig. 4e, f). Enamelin is also seen
in dentinal tubules in infected Bell stage (but not Cap
stage) molars (compare fig. 4h to fig. 4g). Further, although the pattern of enamelin immunostaining in
odontoblasts and dentinal tubules in Bell stage-infected
molars is similar to controls, Bell stage-infected molars
show a substantial reduction in immunostaining (compare fig. 4h to fig. 4e, f).
Amelogenin, the primary protein component of enamel, is strongly localized in polarized ameloblasts and
young, polarized odontoblasts, and more weakly in adjacent mesenchyme and predentin in control E15 + 12 molars (fig. 4i). In E15 + 15 control molars, strong staining
is detected in polarized ameloblasts, associated with
granular-like structures in the distal parts of the secretory ameloblasts and on the DEJ, weak staining is detected in enamel and dentin matrixes, and no staining is seen
in mature odontoblasts (fig. 4j). These results are similar
to those previously reported [Nakamura et al., 1994;
Zeichner-David et al., 1997; Papagerakis et al., 2003,
2005]. mCMV induces stage-dependent changes in amelogenin protein localization (compare fig. 4k, l to fig. 4a,
i, j). Compared to controls, infected Cap stage molars
show reduced amelogenin immunostaining in polarized
ameloblasts (compare fig. 4k to fig. 4i, j). Of particular
note is the misexpression of amelogenin proteins, with
amelogenins being localized in odontoblasts, DPM in the
crown region and SR, as well as in the extracellular matrix surrounding apically-located cytomegalic DPM cells
(fig. 4k). In infected Bell stage molars, amelogenin immunostaining is seen in elongated ameloblasts, and more
weakly, in odontoblasts and adjacent DPM (fig. 4l), a
distribution pattern somewhere between E15 + 12 and
E15 + 15 controls (compare fig. 4l to fig. 4i, j).

mCMV Infection Induces Stage-Dependent Changes
in Cell Proliferation
Since previous studies have demonstrated that mCMV
infection of embryonic oral organs altered the spatial localization of proliferating cells [Melnick et al., 2006; Jaskoll et al., 2008a], we investigated whether mCMV induces stage-dependent changes in the cell-specific localization of proliferating cells in embryonic mandibular
first molars in vitro. We compared the cell-specific distribution of PCNA, a marker of cells in early G1 and S
phases of the cell cycle, in mCMV-infected Cap stage and
Bell stage molars cultured for 15 days to control molars
cultured for 12 (E15 + 12) and 15 (E15 + 15) days (fig. 5a–
d). In E15 + 12 controls, PCNA-positive nuclei are primarily seen in the cervical loop extension of the inner
and outer enamel epithelia which forms HERS and, to a
lesser extent, in surrounding DPM and in SR cells (fig. 5a).
In E15 + 15 controls, PCNA-positive nuclei are found in
the well-formed HERS, in surrounding DPM and in SR
cells (fig. 5b).
Since viral-induced spatial differences in cell proliferation are predicted, we compared the cell-specific distribution of PCNA-positive nuclei and the cell proliferation indexes in 3 different regions: (1) DPM (PCNApositive DPM cells/total DPM cells/mm2); (2) SR
(PCNA-positive SR cells/total SR cells/mm2); (3) CL
(PCNA-positive CL epithelial cells/total CL epithelial
cells/mm2). Notable stage-dependent qualitative (compare fig. 5c, d to fig. 5a, b and fig. 5d to fig. 5c) and quantitative (fig. 5e) changes are seen. Cap stage-infected molars exhibit a highly significant increase of approximately 6-fold in PCNA-positive nuclei in DPM [mCMV vs.
control E15 + 12 (p ! 0.0001); mCMV vs. control E15 +
15 (p ! 0.005)] (compare fig. 5c to fig. 5a, b; fig. 5e); no
significant differences in DPM cell proliferation are
found between Bell stage-infected molars and controls
(compare fig. 5d to fig. 5a, b; fig. 5e). For SR, mCMV infection induced similar significant increases of approximately 1.5–2-fold (p ! 0.05) in cell proliferation in Cap
stage- and Bell stage-infected molars (fig. 5c–e). Given
that the SR of mCMV-infected Cap and Bell stage molars
consists of multilayers of basophilic, cytomegalic infected and affected cells (fig. 1, 2), our data suggest that significantly increased cell proliferation on day 15 results in
increased populations of abnormal SR cells seen on days
17 (fig. 1b, d) and 19 (fig. 2e–h, m–p) of culture.
In mCMV-infected molars, root development is markedly delayed and dysmorphic on day 15 of culture as compared to controls in a stage-dependent manner (compare
fig. 5c, d to fig. 5a, b). Normally, after completion of crown
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formation, the root (HERS) initially develops as an extension of cervical loop inner and outer enamel epithelia
(fig. 5a), with depletion of the core of SR cells within the
cervical loop being required for HERS formation (fig. 5b)
[Thomas, 1995; Tummers and Thesleff, 2003, 2008]. However, HERS formation is not seen in mCMV-infected molars. Rather, infected Cap stage molars exhibit severely
hypoplastic CL (fig. 5c); infected Bell stage molar CL are
abnormal, composed of multilayered inner and outer
enamel epithelia separated by an expanded population of
disorganized SR cells (fig. 5d). Since a more developmentally advanced, elongated HERS is seen in E15 + 15 than in
E15 + 12 controls (compare fig. 5b to fig. 5a), we compared
the distribution of PCNA-positive nuclei and proliferation
indexes in the CL region of mCMV-infected molars to the
younger day 12 controls. With mCMV infection, notable
stage-dependent differences in the CL region are seen
(compare fig. 5c, d to fig. 5a, b; fig. 5e). In Cap stage-infected molars, few PCNA-positive nuclei are found in its severely hypoplastic CL (fig. 5c). This absence of cell proliferation in Cap stage-infected molar indicates that, even
with additional days in culture, CL elongation to form
HERS will not occur; thus, this virally induced abnormality is not merely due to developmental delay but rather to
mCMV-induced histopathology. In contrast, Bell stage-infected CL exhibit PCNA-positive nuclei in the multilayered inner and outer enamel epithelia, as well as in the
disorganized population of stellate reticulum cells which
persist between the inner and outer epithelial layers
(fig. 5d). We found a significant 1.7-fold increase
(p ! 0.02) in the CL cell proliferation index in Bell stageinfected molars as compared to controls (fig. 5e). Since cessation of cell proliferation and disappearance of SR cells in
the CL is a key event regulating the timing and onset of
HERS formation [Fujiwara et al., 2009], our data suggest
that active cell proliferation in stellate reticulum cells in
Bell stage-infected molars likely delays HERS formation.

Discussion

Tooth formation is dependent upon a coordinated series of cell-cell interactions between oral epithelium and
neural crest-derived ectomesenchyme [for reviews, see
Thesleff, 2003, 2006; Hu et al., 2007; Tummers and
Thesleff, 2009]. Initially, odontoblasts differentiate from
the ectomesenchyme and secrete predentin matrix adjacent to the epithelial-derived basal lamina. The epithelial
cells then begin to elongate as differentiating ameloblasts.
With the degradation of the basal lamina, the dentin ma234
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trix mineralizes; sequentially, the ameloblasts deposit
enamel matrix on the surface of the mineralizing dentin.
Perturbation of this secretory process results in enamel
agenesis or hypoplasia [for review, see Hu et al., 2007]. It
is clear that in vitro mCMV infection of developing teeth
compromises normal differentiation of both odontoblasts and ameloblasts, resulting in either agenesis or hypoplasia of enamel (fig. 1, 2). This in vitro mouse model
provides important insight into the pathology seen in human teeth [Stagno et al., 1982]. Still, as with all in vitro
models, the results presented here must be verified in
vivo. Since mCMV does not cross the placenta of mice
and rats, the verification continues to be a challenge
[Pass, 2005, 2007; Kern, 2006].
It is well established that the phenotype of tooth pathology is dependent on the teratogen’s time of initial exposure
or duration of exposure [Partanen et al., 2004; Peltonen et
al., 2006]. Thus, we postulated that the later the tooth developmental stage at initial mCMV infection, as well as the
shorter the duration of the infection, the less abnormal the
tooth phenotype will be. Our results clearly demonstrate
the time (stage and duration) dependency of mCMV-induced tooth pathogenesis (fig. 1–5; table 1). Only mCMVinfected Bell stage molars, and not Cap stage- or Early Bell
stage-infected molars, have enamel matrix formation, albeit hypoplastic and dysmorphic (fig. 1, 2). This mCMVinduced AI is coincident with stage-dependent differences
in Amelx, Enam and Dspp transcript expression, localization of DSP, enamelin and amelogenin proteins, localization of cell proliferation and dedifferentiation of polarized
ameloblasts, as one observes the time series from 15
(fig. 3–5) to 17 (fig. 1) to 19 (fig. 2) days in culture. Interestingly, although the ameloblast morphology seen in
mCMV-infected Cap and Bell stage molars on day 15
(fig. 3) would not predict the substantial phenotypic differences seen between Cap stage- and Bell stage-infected
molars on days 17 (fig. 1) and 19 (fig. 2) of culture, the major differences detected in molecular profiles (table 1;
fig. 3d) foreshadows the differences seen 2–4 days later.
Dedifferentiation is the progression of cells from a
more differentiated state to a less differentiated state, that
is, a loss of specialization [Chen et al., 2004; Katoh et al.,
2004]. After 15 days in culture, E15 tooth explants that
were infected at Cap or Bell stages all exhibit ameloblasts
with apically polarized nuclei and basally localized amelogenin and enamelin proteins (fig. 3, 4). Infected Cap
stage ameloblasts somewhat resemble those seen in controls cultured for only 12 days, and infected Bell stage
ameloblasts appear similar to controls somewhere between 12 and 15 days in culture. The presence of enamel
Jaskoll /Abichaker /Htet /Bringas /Morita /
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matrix in Bell stage-infected molars suggests that the secretory ameloblasts have been there for a longer period of
time. By 19 days in culture, the Cap stage- and Early Bell
stage-infected molars display ameloblasts with a cuboidal
morphology characteristic of their prior undifferentiated
state (fig. 2e–l); the Bell stage-infected molars display ameloblasts still elongated, but no longer polarized (fig. 2m–
p). It would appear, then, that the extent of phenotype
reversal is proportional to the length of time the ameloblasts were functionally differentiated. This is consistent
with what has been previously well documented for dedifferentiation [Katoh et al., 2004].
Dedifferentiation is very much a regulated process involving the downregulation of developmental genes and
the degradation of their extant mRNAs [Katoh et al.,
2004]. Beyond this reverse of differentiation, there are
gene and protein expression changes that are specific for
dedifferentiation, including genes that may regulate both
processes. It has been proposed that development harbors checkpoints that insure a return path to the undifferentiated state in the context of perturbation (for example mCMV infection); the checkpoint conditions developmental progression on the accumulation of a
protein that is essential for dedifferentiation [Katoh et
al., 2004]. Given the significant stage-dependent differences in levels of Dspp, Enam and Amelx transcripts in
mCMV-infected molars (table 1; fig. 3) as well as marked
stage-dependent changes in DSP, enamelin and amelogenin protein distribution (fig. 4), it is reasonable to speculate that DSP, enamelin and amelogenin play important
roles in both differentiation and dedifferentiation of ameloblasts.
Since mCMV infection clearly compromised tooth
morphogenesis and amelogenesis in a stage-dependent
manner, we focused on the expression of putative ameloblast (Enam, Amelx) and odontoblast (Dspp) markers
known to play key roles during enamel formation and
mineralization [Zhou and Snead, 2000; Paine et al., 2005;
White et al., 2007; Hu et al., 2007, 2008; Gibson, 2008],
as well as genes important for odontogenesis and previously shown to be involved in mCMV-induced pathogenesis [Melnick et al., 2006; Yamashiro et al., 2007; Jaskoll et al., 2008a, b; Liu et al., 2008; Tummers and Thesleff,
2009]. Since common signaling pathways are utilized at
different stages of tooth development [for reviews, see
Thesleff, 2003; Tummers and Thesleff, 2009], we postulated that specific pathways altered at early stages would
also be affected at later stages. Moreover, since the stagedependent phenotypic differences are distinct, we also
postulated sharp mathematical discrimination of gene

expression among the 2 different stages of initial viral
infection.
Enamelin and amelogenin, the major protein components of enamel matrix [Fincham et al., 1991], were chosen because (1) they play essential roles in enamel formation, (2) mutations in AMELX and ENAM cause X-linked
AI and autosomal dominant AI, respectively, and (3) amelogenin and enamelin null mice have abnormal teeth
with disorganized, hypoplastic enamel [for reviews, see
Hu et al., 2007, 2008; Gibson, 2008]. We also chose DSPP,
the major noncollagenous protein in dentin matrix, since
initiation of enamel matrix formation at the DEJ is associated with DSPP expression [Hu et al., 2005], mutations
in DSPP cause various types of dental disorders [dentinogenesis imperfecta (DGI) type II, DGI type III, and dentin dysplasia type II] [for reviews, see Kim and Simmer,
2007; McKnight et al., 2008] and Dspp null mice are characterized by abnormal teeth similar to human DGI type
III [Sreenath et al., 2003]. DSPP, one of the most abundant
proteins in dentin matrix, is immediately processed into
two dentin matrix proteins, DSP and dentin phosphoprotein [MacDougall et al., 1997]. Both DSP and dentin
phosphoprotein have been shown to play important roles
during dentin and enamel formation [Paine et al., 2005;
White et al., 2007; Suzuki et al., 2009; Yuan et al., 2009].
In this study, we demonstrate that mCMV infection in
vitro significantly changed Dspp, Enam and Amelx gene
expression in a stage-dependent manner (table 1; fig. 3b)
and our protein localization studies (fig. 4) confirmed
these results. Importantly, our observation that mCMV
altered the cell-specific localization of DSP, enamelin and
amelogenin proteins clearly shows the location of these
molecules as they participate in normal versus abnormal
enamel formation. Thus, these protein localization results provide further evidence of their pathophysiologic
relevance for CMV-induced AI.
Amelogenins are the most abundant secreted proteins
in developing enamel matrix, comprising up to 90% of
the proteins present [Fincham et al., 1991]. Since amelogenin transcripts were initially found only in ameloblasts
by in situ hybridization [Nakamura et al., 1994; Karg et
al., 1997; Bleicher et al., 1999; Hu et al., 2001], and enamel hypoplasia and abnormal mineralization are seen in
Amelx null mice [Gibson et al., 2001], it was reasonably
thought that amelogenins solely regulate enamel matrix
formation and mineralization. However, amelogenin
transcripts and proteins have also been found in odontoblasts, pulp cells and cementoblasts in developing teeth
[Oida et al., 2002; Veis, 2003; Papagerakis et al., 2003,
2005], as well as in tissues not related to odontogenesis
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(for example, brain cells, hematopoietic cells and chondrogenic/osteogenic cells) [for review, see Deutsch et al.,
2006]. In vitro and in vivo studies have clearly demonstrated that amelogenins have signaling properties [Hoang et al., 2002; Veis, 2003; Tompkins et al., 2005, 2006;
Zeichner-David et al., 2006; Ye et al., 2006; Matsuzawa et
al., 2009; Warotayanont et al., 2009].
Alternative splicing of the primary mRNA transcript
results in several long- and short-spliced isoforms of amelogenin [Simmer et al., 1994; Hu et al., 1997]. Iacob and
Veis [2006] demonstrated that ameloblasts, odontoblasts
and stratum intermedium cells each have distinct spatial
and temporal patterns of amelogenin isoforms. Of particular note is the M59/[A-4] (LRAP) isoform, for which
there is a putative receptor [Tompkins et al., 2005, 2006].
The [A-4] isoform is secreted by maturing mouse odontoblasts before the onset of dentin mineralization and inhibits ameloblast maturation; it is proposed that this permits a sufficiently thick layer of dentin to be produced,
blocking any further epithelial-mesenchymal signaling
[Tompkins et al., 2005]. When cultured E16 tooth germs
are exposed to exogenous [A-4] protein, there is normal
dentin matrix formation but disrupted ameloblast maturation, ranging from multiple cuboidal cells to elongated
cells with indeterminate polarization [Tompkins et al.,
2005]. It is proposed that the diffusion of [A-4] into the
epithelial cell layer may provide a gradient opposite to
that in control cultures.
Even though dedifferentiation of polarized ameloblasts as one observes the time series of Cap stage-infected molars from 15 (fig. 3, 4) to 17 (fig. 1) to 19 (fig. 2) days
in culture is associated with a reduction in Amelx transcript expression (table 1) and misexpression of amelogenin protein in DPM (fig. 4), it remains reasonable to
hypothesize that upregulation of [A-4] in the context of
overall amelogenin protein decline may be driving the
dedifferentiation in a manner similar to that seen in the
study by Tompkins et al. [2005]. It is a recognized principle of concentration-dependent signaling that if the
amount or duration of the signal is too great, development is diverted from its normal course [Freeman and
Gurdon, 2002]. Even a mere 3-fold increase in ligand concentration or time of exposure will dramatically alter cell
fate. Furthermore, the decrease in Dspp and Enam transcript expression, as well as in immunolocalized DSP and
enamelin proteins, in both infected Cap stage and Bell
stage molars suggests that their downregulation also participates in dedifferentiation of ameloblasts and enamel
pathogenesis.
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The least abnormal tooth phenotype is seen in Bell
stage-infected molars, with enamel hypoplasia (and not
agenesis) being seen. This less severe pathology is associated with Amelx and -catenin transcript expression levels similar to those seen in controls, as well as the significantly higher Dspp expression compared to Cap stageinfected molars. Given that canonical Wnt/-catenin
signaling regulates tooth shape and root formation
[Yamashiro et al., 2007; Liu et al., 2008; Nemoto et al.,
2009], the significantly higher -catenin expression in
Bell stage-infected molars as compared to Cap stage-infected molars likely mediates the improved tooth morphology and root formation. Furthermore, since amelogenins activate the canonical Wnt/-catenin pathway
[Matsuzawa et al., 2009; Warotayanont et al., 2009] and
Wnt/-catenin signaling regulates Dspp transcript expression [Yamashiro et al., 2007], the significantly higher
Dspp expression in Bell stage-infected molars may be due,
in part, to the significantly approximately 25–30% higher
(p ! 0.001) Amelx and -catenin transcript expression.
Moreover, PNN analysis revealed that specific differences in Amelx and Dspp gene expression is relatively most
important for distinguishing between the infected Cap
stage and Bell stage enamel defect (that is, enamel agenesis vs. hypoplasia). Our results further indicate that the
significant upregulation of Amelx gene expression to normal levels, as well as the significantly higher Dspp expression, in Bell stage-infected molars likely accounts for
enamel formation (albeit abnormal).
Finally, our qRT-PCR-derived results also indicate
that common key pathways are utilized at different stages of mCMV-induced pathogenesis. Given that FN and
EGFR are important for normal tooth morphogenesis
[Hu et al., 1997; Fukumoto et al., 2005], FN activation of
signaling pathways is mediated through EGFR [Matsuo
et al., 2006], and mCMV-induced downregulation of Egfr
and Fn1 expression is not stage dependent (table 1), the
similar significant reductions in Fn1 and Egfr expression
in Cap stage- and Bell stage-infected molars suggest that
the FN and EGFR pathways are involved during early and
later stages of viral-induced tooth pathology. Also, given
that EGFR signaling is important for the onset and timing of HERS formation [Fujiwara et al., 2009] and Wnt/catenin signaling is important for root formation [Nemoto et al., 2009], the significant decrease in Egfr transcripts,
but stage-dependent reduction in -catenin expression,
likely accounts for HERS agenesis or hypoplasia in infected Cap stage or Bell stage molars, respectively.
In conclusion, we have demonstrated for the first time
that mCMV induces tooth pathology and enamel defects
Jaskoll /Abichaker /Htet /Bringas /Morita /
Sedghizadeh /Melnick

in a stage- and duration-dependent manner: the earlier the
initial stage and the longer the duration of infection, the
more severely abnormal the phenotype. This viral-induced
pathology is coincidental with stage-dependent changes in
Amelx, Enam and Dspp expression, amelogenin, enamelin
and DSP protein distribution, cell proliferation localization, and dedifferentiation of secretory ameloblasts. Our
observation of disorganized and blunted cuboidal ameloblasts in Cap stage- and Early Bell stage-infected molars
indicates that the absence of enamel formation is not merely due to developmental delay, but rather to mCMV-induced ameloblast histopathology. Finally, our data indicate that whether mCMV induces enamel agenesis or hy-

poplasia is defined by the specific levels of Amelx and Dspp
gene expression. Further studies are needed to delineate
the proteomic changes related to mCMV infection of
mouse tooth organs. Together, these studies will reveal
drug targets that will ameliorate enamel defects in the permanent dentitions of about 3,000 children born each year
with CMV-induced amelogenesis imperfecta.
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