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Summary

The signalling peptide encoded by the sonic hedgehog geneto express Ptcl A candidate inhibitor in diastema
is restricted to localised thickenings of oral epithelium, mesenchyme is the glycosylphosphatidylinositol-linked
which mark the first morphological evidence of tooth ~membrane glycoprotein GaslGaslis normally expressed
development, and is known to play a crucial role during the throughout mandibular arch mesenchyme; however, in the
initiation of odontogenesis. We show that at these stages in absence of epithelium this expression was downregulated
the murine mandibular arch in the absence of epithelium, specifically in the diastema where ectopic Shh protein was
the Shh targetsPtcland Glil are upregulated in diastema identified. Although Shh signalling has no effect upon
mesenchyme, an edentulous region between the sites ofGasl expression in mandibular arch mesenchyme,
molar and incisor tooth formation. This ectopic expression overexpression ofGaslresults in downregulation of ectopic
is not associated withShh transcription but with Shh Ptcl Therefore, control of the position of tooth initiation in
protein, undetectable in the presence of epithelium. These the mandibular arch involves a combination of Shh
findings suggest that, in diastema mesenchyme, restriction signalling at sites where teeth are required and antagonism
of Shh activity is dependent upon the overlying epithelium. in regions destined to remain edentulous.

This inhibitory activity was demonstrated by the ability of

transplanted diastema epithelium to downregulatePtcl in Key words:Shh Gas1, Tooth development, Diastema, Mandibular
tooth explants, and for isolated diastema mesenchyme arch

Introduction studies indicate that, in the resting state, Ptcl inhibits the

Products of the hedgehog gene family are a group of secret@gtiVity of Smo, and binding of Hedgehog proteins to Picl
peptides that have an intimate role in growth, patterning anig'eases this inhibition, allowing signal transduction (Chen and
morphogenesis of many regions in the developing embrygtruhl, 1996; Quirk et al., 1997; Chen and Struhl, 1998).
(Ingham and McMahon, 200T)rosophila hedgehoghh) was Hedgehog ;lgna_llmg is m_edlated prlnc_lpglly within vertel_ara_te
the first member to be identified and characterised (Lee et afells by Gli-family zinc-finger transcription factors (Ruiz i
1992: Mohler and Vani, 1992: Tabata et al., 1992; Tashiro elf\'ltaba, 1999), of which in the mouse there are three: Glil, Gli2
al., 1993). In the mouse, three homologues have been isolatéd Gli3 (Hui et al., 1994). Gli proteins control cell fate,
sonic hedgehogShh (Echelard et al., 1993; Chang et al., 9rowth and patterning in vertebrates, having both activating
1994), Indian hedgehothh) (Echelard et al., 1993) and desert and inhibitory roles (Grindley et al., 1997; Lee et al., 1997;
hedgehog Dhh) (Echelard et al., 1993; Bitgood and Platt et al., 1997). More recently, further novel components
McMahon, 1995; Bitgood et al., 1996). Shh function isin the hedgehog signalling pathway have been isolated.
essential for normal embryonic developm@tih’-mice have Hedgehog-interacting proteirHiipl, also known adHipl)
defects in the neural tube, central nervous system and limp@codes a membrane glycoprotein capable of binding all
These mice have primary failure of division associated wittihammalian hedgehog proteins and attenuating the signal
the primordial eye and forebrain structures, producindChuang and McMahon, 1999), ar@asl (growth arrest-
holoprosencephaly and severe craniofacial anomalies (Chiasgecific gene) encodes a glycosylphosphatidylinositol-linked
et al., 1996). membrane glycoprotein demonstrated to have an antagonistic
Patched 1 (Ptcl; Ptchl — Mouse Genome Informatics) argffect on Shh signalling in the somites (Lee et al., 2001).
smoothened (Smo) are transmembrane proteins thought toTeeth in mammals form on the first branchial arch
form a receptor complex for hedgehog ligands (Stone et alderivatives, the maxillary and mandibular processes and the
1996; Marigo et al., 1996). The mechanism of this interactiofrontonasal process. Early tooth development is characterised
is poorly understood (Kalderon, 2000; Ingham and McMahonby reciprocal interactions between the oral epithelium and the
2001; Nybakken and Perrimon, 2002); however, genetianderlying neural crest-derived ectomesenchyme of the first
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branchial arch (Peters and Balling, 1999; Tucker and Sharpend, if necessary, treated with 2 units/ml Dispase (GibcoBRL) in order
1999; Jernvall and Thesleff, 2000). In the mouse embryo &b separate the epithelial and mesenchymal components. Mandibular
around embryonic day (E) 11.5, individual thickenings in theProcesses or isolated mesenchyme were cultured as previously
branchial arch epithelium mark the first morphological signgléscribed (Ferguson et al,, 1998). For Shh blocking experiments,
of tooth development. These thickenings undergo localisegh!ture medium was supplemented with SE1, a monoclonal antibody
proliferation to form an epithelial bud that, together with IocaIagamSt the biologically active amino-terminal signalling fragment of

. Shh (Shh-N) (Ericson et al., 1996), at 33%ml (Cobourne et al.,
condensations of ectomesenchyme, form the tooth germy 01); for controls, identical concentrations of 2H3, an unrelated

Tooth germs progress through a well-characterised path @htinody directed against neurofilaments, were used (Dodd et al.,
differentiation, in which the ectomesenchyme gives rise tqogsg). Alternatively, agarose beads soaked in either 5E1, 2H3 (both
the tooth pulp and dentine-producing odontoblasts, and th& 130ug/ml) or Shh protein (1.25ig/ul rat Shh; Ontogeny) were
epithelium differentiates into enamel-secreting ameloblasts. applied to the tissue. After the required period of culture, explants
During the initiation process, expressionStthis localised were _pre_pared for whole-mount or radio_active-sectiqn_ in situ
to the epithelial thickenings of future teeth (Bitgood andhybridisation (Ferguson etal., 1998). For cartilage analysis in explant
McMahon, 1995; Hardcastle et al., 1998), and there is in vitréultures, mandibles were harvested from a line of transgenic mice
evidence to suggest that Shh acts as a mitogen, induci§g9ineered with a Ped (ll) collagen promoter driving a chondrocyte-
proliferation as these thickenings form a tooth bud (HardcastigPeciic B-galactosidase reporter (Riill)-lacZ, a gift of B. De
etal., 1998; Sarkar et al., 2000 Cobourne et al., 2001). Inde romt_)ruggh_e) (Zhou et_a_l., 1995). Following culture, cartilage was
D ! . L e T ¥ : sualised with X-gal staining (Sanes et al., 1986).
inhibition of Shh signalling in mandibular explants from E10.5
results in a failure of bud formation and an arrest of toothiransplant experiments
development (Sarkar et al., 2000; Cobourne et al., 2001For recombination experiments, mandibular diastema or tongue
Further, conditional knockout @&hhin the developing tooth epithelium was harvested from ROSA-26 mice (exhibiting ubiquitous
germ from E12.5 leads to a reduction in overall size of thexpression ofB-galactosidase) (Zambrowicz et al., 1997) and
developing tooth bud (Dassule et al., 2000). Given thigansplanted onto developing incisor tooth germs of intact mandibular
localised and crucial role of Shh signalling during ear|yexplants derived from CD-1 mice. This allows transplant localisation
odontogenesis, it is clearly important to restrict the sites dgf!lowing staining with X-gal (Sanes et al., 1986). For transplantation
activity along the developing oral axis specifically to the site f isolated diastema mesenchyme, tissue was taken from a mouse line

. . . . exhibiting ubiquitous expression of green fluorescent protein (GFP)
of tooth development. This is well illustrated in the developing,,qer the control of 8-actin promoter (GFP-mice) (Hadjantonakis

mouse, as mice have lost their antemolar dentition during; 5| 1998) and transplanted into intact tongues derived from CD-1
evolution, and the incisor regions are separated from molgfice. This allows transplant visualisation under fluorescence.
regions by a diastema or non-tooth-forming edentulous region. S

We have used the developing mandible as a model t situ hybridisation
investigate the relationship between downstream mediatohole-mount digoxigenin-labelled and double-labelled (digoxigenin-
of the Shh pathway and non-transcriptional regulation ofluorescein) whole-mount in situ hybridisation was carried out
hedgehog signalling during the initiation of odontogenesis. waccording to Shamim et al. (Shamim et al., 1998). Radioactive section
find that following removal of the oral epithelium, the " situ hybridisation using®S-UTP radiolabelled riboprobes was

: performed as described by Wilkinson (Wilkinson, 1992). Antisense
endogenous source 8hh bothPtclandGlil are upregulated riboprobes were generated from mouse cDNA clones that were gifts

in the dlgstema of Isolated mgndlbular mesenchyme. Thﬁom several laboratorieShh(Echelard et a) 1993);Ptc1(Goodrich
u_pregulatlon was assomate_d Wlth_Shh protein detected atggy| 1996);Hhip1 (Chuang and McMahon, 19993i1 (Hui et al,
distance from the tooth-forming regions. Converseébslwas  1994): Barx1 (Tissier-Seta et al 1995);Gas1(Lee and Fan, 2001);
specifically downregulated in isolated diastema mesenchymgh (Echelard et al., 1993).

in regions corresponding to ectopgtcl Electroporation of _ )

Gasl inhibited ectopic Ptcl expression in the diastema, Immunohistochemistry

suggesting thabBaslplays a role in limiting the activity of Shh Immunohistochemistry was carried out according to Gritli-Linde et

signalling along the early tooth-forming axis of the mandibula@! (Gritii-Linde et al, 2001). Primary antibody (Shh rabbit polyclonal

arch. Interestingly, neither ectopRicl expression nor Shh IgGti,n;/rllgtergbrggn%?:%cnlgraa\Ltligrce;ié)tﬁflngtg %Sr?gz%;‘)’a;ng‘?/tiiﬁt;‘ijs:g'cv%ha

_proteln was detectable |n_the Q|astema of mandibular Processizg (Vector Laboratories). Slides were counterstained with

in the presence of epl_thehym. Moreover, the ab|[|ty OfHaematoxyIin (Vector Laboratories),

transplanted diastema epithelium to inhBiit1in developing

tooth germs, and for isolated diastema mesenchyme to expre3sctroporation

Ptcl, suggests that in the developing mandible, althougirhe full-length sequence ofsasl (Chen-Ming Fan, Carnegie

Shh protein is present within non-odontogenic diasteménstitution of Washington) was cloned into the expression vector

mesenchyme, signalling activity by this protein is inhibited bypcDNA3. The avian expression vector lEARRES-mGFP (McLarren

the epithelium. et al., 2003) expresses a myristylated EGFP whose fluorescence
can be detected through thick tissue. PdRES-mGFP was co-
electroporated with pcDNA3-Gas1 to visualise targeting efficiency. A

i DNA solution containing 3ug/pl of pcDNA3-Gasl, pcB-IRES-
Materials and methods mGFP and Fast Green (Sigma; 1/10,000) was injected into the
Explant cultures diastema mesenchyme using a micropipette. Two tungsten electrodes

For explant cultures, CD-1 pregnant mice were sacrificed witf{0.1 mm) were inserted into the mesenchyme surrounding the
cervical dislocation. Timed matings were set up such that noon of thdiastema area. DNA was then transferred into the cells using an
day on which vaginal plugs were detected was considered as EOBectro-Square-Porator™ ECM 830 (Genetronics), applying 2-3
Mandibles were dissected from embryos under a stereomicroscopets of 5 pulses: 50 V/50 ms duration, 100 ms intervals. A control



experiment was performed usingu8/ul of pcAB-IRES-mGFP ti
assess any effect of electroporation or GFP expressioRtai
expression. All explants were cultured for 24 hours before fu
processing.

Results

Shh-responsive genes are dependent upon
mandibular epithelium

Shh has been demonstrated as the inductive sign&tddy
Glil and Hhipl in the mandibular process (Dassule
McMahon, 1998; Hardcastle et al.,, 1998; Cobourne
Sharpe, 2002). An investigation was carried out to detel
the effect upon these downstream genes of removing th
epithelium, the endogenous sourcesbh E11.5 mandibulé
processes were cultured for 24 hours in both the presen
absence of epithelium, and assayed using whole-mount
hybridisation. At E11.5, normal expression 8hh was
restricted to the epithelium of the developing incisor
molar teeth (Fig. 1A, small arrows). The edentulous dias
between these tooth-bearing regions, showed no expr
of Shh(Fig. 1A, large arrow). In the presence of epitheli
the normal expression &ftcl, Glil andHhipl was found t
be restricted to regions of the developing teeth in a di
pattern within odontogenic epithelium and mesenchyme
1C,E,G; arrowed). Removal of the epithelium from E:
mandibular explants, followed by 24 hours of cult
demonstrated an absenceStthfrom the mesenchyme (F
1B). This was expected, as the epithelium is the sourshh
transcription. However, in the case Bfcl and Glil, the
expression domains of these genes changed drama
Removal of epithelium resulted in localised, bilat
expression in isolated regions of mandibular
mesenchyme (Fig. 1D,F; arrowed). By contralshipl
expression was lost in isolated mesenchyme after 24
(Fig. 1H).

These dramatic changes in the expression domaiRg i
prompted an investigation into the dynamics of this sy:
Timed culture of E11.5 isolated mandibular arch mesenc
and analysis by whole-mount in situ hybridisation reve
that Ptc1 upregulation was preceded by downregulatio
expression. Downregulation began in the molar regions
approximately 12 hours (Fig. 1I; arroweds7), and wa
maximal in both incisor and molar regions after aroun
hours (Fig. 1Jn=8). Localised upregulation was identifie
around 20 hours of culture (Fig. 1Kp=6), becomini
established after approximately 22 hours (Fig. i+8). By
contrast, Shh transcription was never detected in isol:
mandibular mesenchyme using either whole-mount or r
labelled (data not shown) in situ hybridisation at any
period following loss of epithelium.

Ectopic expression of  Ptcl is restricted to diastema

mesenchyme

In the absence of epithelium, localised upregulatioRtoll
and Glil was restricted to the proximal regions of
mandibular axis, in either the molar or diastema-forr
regions of mesenchyme. Following epithelial remc
isolated mesenchymal explants undergo considerable ¢
from their original shape during a 24 hour culture period,
for this reason, direct comparison with normal explants
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Ptc1 (-) epi

P .
Hip1 (+) epi

16 hours

Ptc1 (-) epi |

12 hours gPtc1 (-) epi

20 hours QPtci (-) epi 22 hours

Ptc1 () epi

Fig. 1.Expression of Shh pathway genes in the murine mandibular
process. E11.5 mandibular explants cultured for 24 hours in the
presence (A,C,E,G) or absence (B,D,F,H) of epithelium Si#)jin
incisor and molar epithelium (arrowed); large arrow indicates
diastema. (B) Loss @hhin mandibular arch mesenchyme. @g1

in the incisor and molar regions (arrowed). (D) Upregulatioftot

in isolated mesenchyme (arrowed). &)1 in the incisor and molar
regions (arrowed). (F) Upregulation @fil in isolated mesenchyme
(arrowed). (GHhiplin the incisor and molar regions (arrowed).

(H) Loss ofHhiplin isolated mesenchyme. (I-L) Timed culture in the
absence of epithelium. (1) DownregulationRit1, principally in the
molar regions (arrowed), after 12 hours. (J) Los8tofin both the
incisor and molar regions after 16 hours. (K) Upregulationtof

after 20 hours. (L) Ectopietclexpression established after 22 hours.
All figures show whole-mount in situ hybridisation. Scale bar in A:
600um for A-L.
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inconclusive in definitively establishing the region of ectopic
expression. The exact location of ectopicl was therefore
identified using molecular markers. The experiments wer
repeated and expressionBdrx1was analysed in conjunction
with Ptcl Barx1lis a homeobox-containing gene known to be
restricted specifically to molar-forming mandibular arch
mesenchyme (Tissier-Seta et al., 1995); at E11.5 thi
expression is fixed, even in the absence of epithelium (Fig. 2/ C D
(Ferguson et al., 2000). Double-labelling of mesenchyme = -mmm_===mm——" - "
explants with bottPtc1andBarx1confirmed that ectopietcl ~ Ptc(-) epi Barx1(-) epi

expression extended more distally than the molar-restricte

Barx1 domain (Fig. 2B; arrow). This suggested that ectopic Y ani e

Ptcl was present in the diastema, but did not exclude th o R—
possibility that it extended throughout both regions. Howevel E
analysis of adjacent sections using radio-labelled in sit
hybridisation demonstrated that theelandBarx1-expressing
regions were distinct along the proximodistal axis (Fig. 2C,D)
Together, these findings suggested ®atl upregulation was
occurring in isolated diastema mesenchyme after 24 hours
culture, in a region distinct from the proximal molar-forming G
mesenchyme.

diastema

Ptcl and Glil are induced by ectopic Shh signalling
in the diastema

The presence of ectopietcl and Glil transcription in the 3
diastema of isolated mandibular mesenchyme in the absenfClEiQE
of Shhwas suggestive of a localised source of Shh signallin ]
within this region. However, it is possible that these gene g
might also be the targets of additional hedgehog famil\j&
members or alternative signalling pathways within the
mandibular arch. Isolated E11.5 mandibular arch mesenchyn ‘-
was therefore cultured in the presence of the Shh-blockin
antibody 5E1, or control 2H3 antibodies. 5E1 is capable cjg
blocking Shh signalling in several regions of the developing
embryo, including mandibular explants, whereas 2H3 has r
effect (Cobourne et al., 2001). After 24 hours in the presenc
of 2H3, ectopidPtclandGlil was detected in the mesenchyme
of the diastema region (Fig. 2E,@+7), whereas in cultures
exposed to 5E1, no expression was detected (Fig. PE®]; .
n=8, respectively). This provided strong indirect evidence the EiNSAS
Shh signalling was responsible for inducing expression of these
genes in diastema mesenchyme in the absence&hbf Fig. 2. EctopicPtclexpression is localised to diastema mesenchyme.
transcription. (A-D) E11.5 mandibular mesenchyme cultured for 24 hours.

The deposition of Meckel's cartilage in the middle of the(A) Barxlmarks the molar regions. (B) Double-labelled
first branchial arch has been shown to be under control of tﬁ%go_xngen!n-fluoresce[n) in situ hybridisation mafs1 (blue
epithelium. The epithelium inhibits chondrogenesis; if it is>i2ning) diastema regions as distinct frBarx1-expressing (red

d | h f il f staining) molar regions. (C) Adjacent sections throBtii-
removed, large amorphous masses or cartiiage are Toury pressing domain (upper) demonstrate an abserigar ot (lower).

instead of a narrow rod (Kollar and Mina, 1991). Thep) adjacent sections througdarxl-expressing molar region
pOSSIbI|Ity therefore eX|Sted that ectOpIC |hh S|gna”|ng from(upper) demonstrate an absenc@mﬂ(k)wer). (E_H) Ectopic

such regions might be responsible for the obseRted and  expression oPtc1andGlil in the diastema is due to Shh signalling.
Glil induction seen in isolated mandibular mesenchyme. ThE11.5 mandibular mesenchyme cultured for 24 hours in the presence
morphology of Meckel's cartilage was investigated at E11.5¢f 2H3 control antibody (E,G; normBlcl, Glil expression,

in both the presence and absence of epithelium, usirigspectively) or SE1 Shh-blocking antibody (F,H; losPwfl, Glil
Proa1(ll)-lacZ transgenic mice (Zhou et al., 1995). Although®€xPression, respectively). (1,J) E11.5 mandibular explants cultured

Meckel's cartilage was found to extend further distally inffom Praxl(ll)-lacZ transgenic mice demonstratilagZ expression
Meckel's cartilage. (1) In the presence of epithelium Meckel's

mandlble_s cultured for 24 _hours in the absence Qf eD'th_e“unLcPartilage extends as two symmetrical rods. (J) In the absence of
no eclopic Masses Of. cartilage were dete_cted (F'Q-@'g)r pithelium Meckel’s cartilage extends further distally (arrowed), but
Therefore it was unlikely that the consistent, bilateral ang\s ectopic cartilages are visible after 24 hours. (Khb)jexpression
symmetrical upregulation dPtcl and Glil observed in the s absent at E11.5 in the mandibular arch in both the presence (K)
diastema region was due to lhh signalling from ectopiand absence (L) of epithelium after 24 hours. Scale bars: in A, 600
cartilage. This was further confirmed by an absencéhlof pm for A,B,E-L; in C, 600 um for C,D.

Gli1(-) epl

Ihh (-) epui-
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transcription in Meckel's cartilage during these early stages dfud epithelium and in the surrounding mesenchyme, whereas

mandibular development (Fig. 2K,L). Shh expression remained localised to the epithelial cells
o ) situated at the tip of the tooth bud (Fig. 3E,F). By E14.5 at the
Shh protein distribution in the mandibular process early cap stage, Shh protein was present within the enamel knot

The indirect evidence to suggest a source of Shh beirgpithelium, internal enamel epithelium and mesenchyme of the
responsible for inducinBtclandGlil transcription in isolated dental papilla (Fig. 3G). At this stagghhtranscripts remained
mandibular diastema mesenchyme led to an attempt atghly localised to the epithelial cells of the enamel knot
localising the distribution of Shh protein within the mandibular(Fig. 3H). Therefore, during the very earliest stages of
axis during early tooth development. At E11.5 duringodontogenesis, Shh protein is able to move beySht
initiation, Shh was detected throughout the epitheliakxpressing cells within the odontogenic epithelium to cells
thickenings of the future teeth but was absent from thevithin the mesenchymal component that express downstream
underlying mesenchyme. Interestingly, this protein generallynediators of Shh signalling. Thus, early tooth germs appear to
had a wider distribution in the epithelium than thatStth  be a viable source of Shh protein, detectable within adjacent
transcripts (Fig. 3A,B). During the early bud stage, Shh wamesenchyme.

detectable in an expanded region of bud epithelium and also inHaving established that Shh protein was detectable in the
mesenchymal cells situated around the bud tip; how&r, mesenchyme surrounding early tooth buds, an attempt was
transcription was again more localised, detected only in a smatiade to localise a source of Shh responsible for ectopic
group of epithelial cells situated at the tip of the tooth bud (Figexpression ofPtcl and Glil seen in isolated mandibular
3C,D). By E13.5 at the late bud stage, Shh protein distributiomesenchyme. In E11.5 mandibles cultured for 24 hours with
had increased, being strongly detected in the outer regions thfe epithelium intact, Shh was present in the epithelium of
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Fig. 3. Shh protein is detectable in epithelium and mesenchyme of the developing tooth germ in a wider distribution than epitlotdidl-restri
Shh (A,C,E,G) Immunohistochemistry; (B,D,F,H) section in situ hybridisation. (A,B) E11.5 epithelial thickening. (C,D) E12uda(ky,F)
E13.5 late bud. (G,H) E14.5 cap. Shh protein is undetectable in the diastema in the presence of epithelium. (1,J) EldsScoiarreibifor

24 hours. (l) Section through the early molar epithelial thickenings (arrows indicate Shh protein in odontogenic epitheliantiori through
the diastema demonstrating a lack of detectable Shh protein. (K,L) Immunohistochemistry. Timed-culture of E11.5-isolatgddrmandib
mesenchyme demonstrating the dynamics of Shh detection in the diastema. (K) Shh is first detectable after approximate(i,)26Himisrs
strongly detected in the diastema after 24 hours. Shh immunohistochemistry does not cross-react with 1hh. (M,N) E16.5 ntarjiteula

(M) Ihh; (N) adjacent section stained for Shh demonstrating no cross-reaction with Thh. mc, Meckel’s cartilage; t, toeguersSah, 50

pm for A-F; in G, 15Qum for G,H; in I, 600um for 1,J; in K, 600um for K,L; in M, 500um for M,N.



2880 Development 131 (12) Research article

early tooth thickenings, but no protein was detected in theignalling was required to maintaBhhtranscription in the
diastema (Fig. 3l1,Jn=6). By contrast, in E11.5 mandibular dental epithelium during the initiation of tooth development.
mesenchyme isolated from the epithelium, regions of Shh Together, these experiments suggest that Shh protein within
immunoreactivity were seen after approximately 20 hours ofiastema mesenchyme might be rendered biologically inactive
culture, with strong localised expression occurring followingby the overlying epithelium. However, as Shh protein was not
24 hours (Fig. 3K,L;n=3, n=4, respectively). Although detectable by immunohistochemistry in the presence of
transcription ofhh was not detected at E11.5 in the mandibularepithelium it was important to rule out the possibility of local
process, the possibility existed of cross-reactivity between lhtransport or selective accumulation of Shh in the diastema
and Shh antibodies within this system. In order to eliminatéollowing removal of the epithelium. Therefore, E11.5
this, the condylar regions of E16.5 murine mandibles werdiastema mesenchyme was harvested from mandibular
analysed with immunohistochemistry for both proteins. Lackrocesses of GFP-mice, immediately following removal of the
of cross-reactivity was confirmed with the detection of Ihh aepithelium, and plugged into E13.5 tongues taken from wild-
the head of the developing condyle using Ihh antibodies, buttgpe mice. The plugged mesenchyme could therefore be

failure to detect it using Shh antibodies (Fig. 3MpN4). located under fluorescence (Fig. 5J,L). Diastema mesenchyme
. ) ] o showed strong endogenous expressioRtofl after 24 hours
Inhibitory properties of diastema epithelium (Fig. 5K; n=9), whereas no expressionStihwas ever seen in

The observation that Shh protein was only active anthese transplants (Fig. 5Ms7). In addition, diastema explants
detectable in the diastema of isolated mandibular mesenchymere also separated from the incisor and molar regions prior
suggested that Shh activity was being inhibited in the presente removal of the epithelium, ensuring that the process of
of epithelium. If this was the case, then isolated diastemapithelial removal in whole explants did not contribute to
epithelium might be expected to downregulate endogenouwhanges in Shh protein distribution. In these explapts]
Shh-inducedPtcl expression if transplanted onto presumptiveexpression remained localised in the diastema (Fig. 5N).
tooth germs. lIsolating diastema epithelium from E11.5 Therefore, diastema epithelium was capable of blocking the
mandibular processes and transplanting it unilaterally oveactivity, either directly or indirectly, of Shh protein normally
early incisor tooth buds tested this. Control transplants wengresent, but undetectable, within the underlying mesenchyme;
performed using tongue epithelium, and, in both cases, donar the absence of epithelium, this protein was both detectable
epithelium was taken from ROSA-26 mice to demonstrat@and capable of inducinBtcl Furthermore, it was active pre-
localisation of the transplants (Fig. 4A,B). After 24 hoits1  existing Shh protein that was able to achieve this because no
expression was examined and found to be normal in the incistianscription ofShhwas ever detected in regions of diastema
regions exposed to tongue epithelium (Fig. 5ARES). By  mesenchyme.

contrast,Ptcl was downregulated in incisor regions exposed ) o

unilaterally to diastema epithelium (Fig. 5D+=4). Diastema Regulation of Shh activity by Gas1

epithelium thus had the ability to inhibit endogenous Shht is clear that the epithelium plays an important role in
protein activity within these tooth germs. At E11.5, expressiomestricting the activity of Shh along the early mandibular axis.
of Shhremained normal in isolated incisor regions exposed t®Recently, Gasl has been demonstrated to have an antagonistic
tongue epithelium (Fig. 5G; arrowhead, compare with normagffect on Shh signalling in the somites (Lee et al., 2001). We
expression arrowed)=5). However, this expression was lost therefore analysed the expressionGafslin the murine first
following the transplantation of diastema epithelium (Fig. 5H;branchial arch. At E11.5Gas1was noticeably absent from
arrowhead, compare with normal expression arrowe#). epithelium and mesenchyme of the developing incisor and
This suggested that Shh signalling in the developing tooth germolar regions, but strongly expressed in the non-odontogenic
might be required to maintairshh transcription during regions of mandibular arch mesenchyme, including the
initiation; a finding confirmed by the ability of 5E1-soakeddiastema (Fig. 6A,B; arrowed). This expression pattern was
beads to inhibiShhtranscription at E11.5 (Fig. 5h=7). This  consistent with Gasl acting as an additional inhibitor of Shh
provided evidence of an autoregulatory loop, where Shhkignalling in non-odontogenic mesenchyme. Interestingly,

A
— 1 —>:

diastema
apithelium

, ‘ Fig. 4. Schematic of epithelial
i i transplantation experiments.
(A) Diastema epithelium harvested
from the mandible of E11.5 ROSA-26
mice and transplanted unilaterally onto
E12.5 wild-type early bud stage
incisors. (B) Tongue epithelium
- —>
tongue
epithelium | |

harvested from ROSA-26 mice and
transplanted unilaterally onto E12.5
wild-type incisors in control
experiments. x-y demonstrates the
plane of section through incisor

% y regions.
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Fig. 5. Diastema epithelium can inhibit transcriptionRi€1 andShhin the mandibular arch. (A-F) E12.5 mandibular explants following 24
hours of culture. (A,B,D,EB-Galactosidase staining marks transplanted E11.5 tongue and diastema epithelium, over the left incisor tooth
germs. (CPtclexpression is normal in the presence of tongue epitheliurRt¢E)s downregulated in the presence of diastema epithelium.
(G,H) Isolated E11.5 incisor explants following 24 hours of culture. (G) In the presence of E11.5 tongue ep&hekupression is normal
(right incisor, arrowhead), as compared with the control (left incisor, arrow). (H) In the presence of E11.5 diastemane$ithelkpression

is lost (right incisor, arrowhead), as compared with the control (left incisor, arrow). The Shh-blocking antibody 5E1 cgutidesith
transcription. (I) E11.5 mandibular explant cultured for 24 hours in the presence of a 2H3 bead (left) and a 5E1 bektédgidjgrent to
sites of incisor development; in the right incisor adjacent to the 5E1 $khid,downregulated. (J-M) Isolated diastema mesenchyme is able to
transcribePtcl, but notShh E13.5 tongue explants following 24 hours of culture. (J,L) GFP-label marks the transplant. (K) Transplanted
diastema mesenchyme transcriBeésl (M) Transplanted diastema mesenchyme fails to transshibhgN) EctopicPtclexpression in isolated
diastema mesenchyme following separation of the incisor and molar regions prior to epithelial removal and culture forStéleobass: in

A, 600um for A,D; in B, 100um for B,C,E,F; in G, 60@um for G,H,J-M; in I, 60Qum for I,N.

further analysis of E11.5 isolated mandibular mesenchymsignalling in this region. To test thi§asl expression was
demonstrated a localised and progressive downregulation ofstored in the diastema of isolated mandibular arch
Gaslin the diastema region between the developing incisomesenchyme by electroporation and the expressioRtaif
and molar regions between 18-24 hours of culture. Howeveassayed by in situ hybridisation. Consistent with Gas1 being
Gasl expression was maintained in the peripheral nonable to inhibit Shh activityPtcl expression was found to be
odontogenic mesenchyme throughout this time coursalownregulated in these explants (Fig. 6MriNG), whereas in
indicating differential regulation dBasltranscription by the control cultures electroporated with @FP construct, no
epithelium in odontogenic and non-odontogenic regions of thdownregulation was observed (Fig. 60pR9). Furthermore,
mandibular arch (Fig. 6C-F). Section in situ hybridisationShh-soaked beads were unable to downregul@gesl
confirmed thatGasl downregulation corresponded to the expression in mandibular mesenchyme, eliminating the
diastema regions of ectopRtcl expression. The progressive possibility that downregulation oBaslin Ptcl-expressing
Ptcl upregulation occurred between 18-24 hours, in contrastggions of isolated mandibular mesenchyme was due to the
Gaslwas progressively downregulated in this region over thectopic Shh signalling activity (data not shown).
same time-course (Fig. 6G-L).

These findings suggested the possibility that in the presenﬁ. .
of epithelium Gasl might inhibit Shh in the diastema, but, ISCuUssIon
following epithelial removal, a loss ofsasl expression During normal development of the mandibular proc&tsh
specifically in the diastema would then allow ectopic Shhranscription is restricted to epithelium of the tooth-forming
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regions, and this expression is important, both during initiatiomemoval of the source dbhhtranscription, namely the oral
of tooth development and at later stages during morphogenesipithelium. Removal of the epithelium from E11.5 mandibular
(Hardcastle et al., 1998; Dassule et al., 2000; Sarkar et aéxplants resulted in ectopic expressionPat1l and Glil in
2000; Cobourne et al., 2001). Given this role, it is clearlysolated regions of mesenchyme after 24 hours. By contrast,
crucial that regions oShhexpression are closely controlled Hhipl was downregulated over the same time period. Subtle
along the developing oral axis of the mandibular process differences in regulation of Shh target gene expression have
odontogenesis is to occur in the correct regions of epitheliunpreviously been reported in the first branchial arch derivatives,
In turn, non-transcriptional antagonism of this signallingwhereMsx1is required for Shh to indudetcl, but notGlil in
pathway will also be an important mechanism in ensuring thdental mesenchyme (Zhang et al., 1999). Shh also interacts
correct temporo-spatial control of tooth germ initiation. with Prx genes (Ten Berge et al., 2001) arik1 (Garg et

In this study, the expression domains of downstream Shél., 2001) in the first arch. Together, these data imply that
targets were investigated in the mandibular arch followingnteractions of genes both upstream and downstream of Shh are
controlled and coordinated by several inductive signalling
pathways.

Definitive identification of the regions of ectogitcl and
Glil expression in isolated mandibular mesenchyme was
not straightforward; the mandibular process undergoes a
considerable shape change during culture without the
integrity of an intact epithelium, isolated mesenchyme lacks
histologically reproducible landmarks and there are few
molecular markers for specific regions of mesenchyme devoid
of epithelium. The use of double-labelled whole-mount and
section in situ hybridisation with a specific molar-marker,
Barx], identified these bilaterally symmetrical ectopic regions
as distal to the presumptive molar regions, corresponding to the
diastemaBarx1is expressed in the molar and proximal-most
regions of mandibular arch mesenchyme, and these expression
domains are both established and fixed by E11.5 (Ferguson et
al., 2000). The regions of ectopic expression were clearly more
distal to theBarxl-expressing zone; however, the possibility of
any degree of overlap existing between these two regions could
not be definitively excluded.

Evidence existed to suggest that Shh signalling was
responsible for the ectopic gene expression seen in isolated
diastema. FirstlyPtclandGlil are only known to be targets

Gas] (-) epl : s1(-) 18 hours

Gas] (-) epi 20 hours§Gas1 (-) epl ZAE  of Shh in the first branchial arch (Hardcastle et al., 1998;
G 18 hours H - 18 hours Dassule and McMahon, 1998). Secondly, upregulation of these
& : el genes was blocked in the presence of 5E1 antibody, a known
GasT (-) epi Ptc ()epi  inhibitor of Shh (Ericson et al., 1996). &hhtranscripts were
| 20 hours J 20 hours  never dete(f:t?ld in isolre]xte:j mangibullerl]r ?rch mﬁselnchlyn&e r?t any
IR o en time point following the loss of epithelium, this implied that
o GasT (-) epi oo bef (-) epi there must be an active source of Shh within the mesenchyme,

capable of inducing botftcl and Glil. Serial sections of

K 24 hours L. 24 hours E11.5 mandibular explant cultures, both with and without
@Gast (-) epi FPtel (-) epi

= Fig. 6. Expression and regulation Gfaslin the murine first arch.
(A,B) Coronal sections through the branchial regions at E11.5
(downregulation oGaslin odontogenic mesenchyme arrowed).
(C-L) Timed culture of E11.5 mandibular mesenchyme. (G&y1
progressively downregulates in the diastema (arrowed), whereas
expression is maintained in the non-odontogenic mesenchyme
underlying the incisor and molar regions. (G-L). Adjacent section in
situ hybridisation demonstrates progres®asldownregulation
(G,I,K) andPtclupregulation (H,J,L) in isolated diastema
mesenchyme between 18 and 24 hours of culture. (M-P) E11.5
mandibular mesenchyme cultured for 24 hours following co-
electroporation o6GaslandGFP constructs (M,N), or
electroporation of &FP construct alone (O,P). Electroporation
fluorescence (M,0OPRtclexpression (N,P). Note downregulation of
Ptclin the presence of ectop@aslexpression (N, arrowed), as
opposed to controls (P). Scale bars: in A, ga0for A,B; in C, 600
pum for C-F,M-P; in G, 60@m for G-L.
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epithelium, were investigated using immunohistochemistry tehe epithelium, confirmed by the ability of diastema epithelium
detect the presence of any ectopic Shh protein. No Shh was inhibit the activity of Shh when transplanted over whole
detected in the diastema of the mandibular process in thecisor tooth germs. However, the transplantation of diastema
presence of epithelium; however, examination of isolate@pithelium onto early incisors at E11.5 was also demonstrated
mandibular mesenchyme revealed localised Shh accumulatiom inhibit Shh transcription, which could explain the
in the diastema regions after approximately 18 hours of culturelownregulation oPtclexpression seen in diastema transplants
These regions increased in immunoreactivity over the next €arried out on early bud stage incisor tooth germs. But this
hours. capability of diastema epithelium to downregulaghh

What is the source of the Shh detected in diastem@anscription might not entirely account for the dramatic
mesenchyme? The absenceStihtranscription suggests this downregulation oPtclseen in these transplanted tooth germs.
protein must originate from other known regions of ShhShh protein was readily detectable in the epithelium and
production at these stages. In the mandibular arch, the masesenchyme at the tip of these developing teeth, and this
obvious sources would be the developing molar and incis@rotein might be expected to continue inducifjcl
tooth germs that border the diastema. In support of this, thexpression in the absenceStihtranscription over the period
accumulation of Shh protein in both the epithelium andf culture.Ptclexpression was dramatically downregulated in
condensing ectomesenchyme of early tooth buds, at a distartbe diastema-transplanted tooth germs, suggesting that the
from regions of transcription, suggested that the tooth gerndiastema epithelium is able to mask the activity of pre-existing
could act as a source of Shh along the mandibular axiShh protein.
However, bothPtcl andHhipl, two members of the pathway A key question is the mechanism of action of any putative
that are known to bind Shh, show high-level transcription irShh inhibitor in the diastema of the mandibular arch, but
the odontogenic mesenchyme surrounding the tooth gernedearly this process requires an intact epithelium. Several
(Hardcastle et al., 1998; Cobourne and Sharpe, 2002). Thisembers of the Bmp family of signalling peptides are
point not withstanding, Shh has been demonstrated to diffusxpressed in the diastema epithelium during these early stages
further than areas wheRtclis expressed at high levels (Gritli- of tooth development (Aberg et al., 1997), and Bmp4 is
Linde et al., 2001), and it would appear that in the mandibulanvolved in negatively regulatin§hhin the mouse tooth germ
process Shh is able to move beyond these fields @Zhang et al., 2000). However, recombinant Bmp4 protein was
sequestration into the diastema. Interestingly, rudimentarynable to repres$tcl transcription in isolated diastema
tooth primordia present in the vole maxillary diastema havenesenchyme (data not shown). More recently Gasl has been
been demonstrated to expreSkh prior to their apoptotic demonstrated to have an antagonistic effect on Shh signalling
removal (Keréanen et al., 1998), and transi8hhexpression in the somites: overexpression dbasl in pre-somitic
has also been shown at E11.5 in mouse diastema epitheliumesoderm inhibits the Shh-induced markBtsl and Pax1
(Dassule and McMahon, 1998). In this study, no specifiLee et al., 2001). Gasl1 forms a unique and distinct physical
expression oShhwas detected in the diastema epithelium ofcomplex with the active signalling form of Shh through binding
the mouse mandible. HoweverShhtranscription does occur contributions made by the carbohydrate moiety and
in the diastema epithelium at earlier stages, albeit transientfyolypeptide chain (Lee et al., 200Baslis expressed in a
and at low levels, theoretically this would provide an additionalariety of embryonic tissues in a complementary, but partially
potential source of the Shh protein demonstrated in theverlapping, domain t@tcland it has been suggested that it
underlying mesenchyme of the diastema. may act as an additional inhibitor of Shh in regions wRecé

The failure to detect Shh protein in diastema mesenchynie not upregulated (Lee and Fan, 2001). However, the exact
in the presence of epithelium implies that this protein is eithemechanism wherebgasl affects Shh function is not fully
present, but being masked (and therefore non-functional), nderstood. It has been postulated that it might act via a direct
whole explants, or that Shh can rapidly accumulate in thegghysical interaction with the receptor complex, through
regions following epithelial removal. Certainly, loss of sequestration of the signalling protein itself, or even as a new
epithelium results in downregulation &ftcl and Hhipl in  receptor for Shh (Mullor and Ruiz i Altaba, 2002).
odontogenic mesenchyme surrounding early tooth germs and,Gasl1 was strongly expressed in the mandibular process
as the products of these genes normally sequester Shh, tHiging the early stages of tooth development, in the peripheral
downregulation might facilitate movement of protein into theregions of odontogenic mesenchyme and throughout the
diastema. However, diastema mesenchyme transplanted intaliastema. Importantly, howevegaslwas downregulated in
tongue host immediately following epithelial removal was ablahe Ptcl-expressing diastema regions of isolated mandibular
to expres$’tcl but notShh suggesting that Shh was normally mesenchyme. This downregulation began after around 18
present, but undetectable in the presence of epithelium. iours of culture and coincided witRtcl upregulation.
should be noted that tongue epithelium does contain smdhterestingly, Gasl expression remained in the incisor and
sources oShhwithin the gustatory papillae from E12.5 (Hall molar regions devoid of epithelium throughout the 24-hour
et al., 1999); however, this expression is highly localised anperiod of culture. Clearly, the epithelial dependenc&a$l
would not be responsible for the high-lewcl expression differs in the tooth-forming and non-tooth-forming (diastema)
seen in experimental transplants. Together with the detectiomgions of the mandibular axis. The overexpressioGasl
of ectopicPtcl andGlil in the diastema of mandibular arch into isolated diastema led to downregulation of ectéjiad,
mesenchyme, and the association of this expression with Skhggesting a possible mechanism, consistent with the
protein, these data indicate the presence of a Shh-inhibitogxpression domains dbasl, for the observed restriction of
mechanism in diastema mesenchyme that is responsible f8hh activity in isolated mandibular mesenchyme (Fig. 7). This
repressing Shh activity. This inhibition would be reliant uponmodel proposes that Shh protein in the diastema is masked
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signalling is closely controlled along the oral axis of the first

A Molarfield Plagtoma, | Incisorfiekd branchial arch during the early stages of tooth development.
0000 000 000 Not only are mechanisms in place to restrict activity of this
| l I | |_; 2 |—_; ! l \ peptide around the tooth-forming regions, but also to ensure

W ':‘ ;‘ ':‘ '\./'- that signalling is antagonised in those regions where teeth do
A \ % not develop.
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