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Abstract. The recognition that periodontal regeneration can be achieved has re-
sulted in increased efforts focused on understanding the mechanisms and fac-
tors required for restoring periodontal tissues so that clinical outcomes of such
therapies are more predictable than those currently being used. In vitro models
provide an excellent procedure for providing clues as to the mechanisms that may
be required for regeneration of tissues. The investigations here were targeted at
determining the ability of enamel matrix derivative (EMD) to influence specific
properties of periodontal ligament cells in vitro. Properties of cells examined
included migration, attachment, proliferation, biosynthetic activity and mineral
nodule formation, Immunoassays were done to determine whether or not EMD
retained known polypeptide factors. Results demonstrated that EMD tinder in
vitro conditions formed protein aggregates, thereby providing a unique environ-
ment for cell-matrix interaction. Under these conditions, BMD: (a) enhanced
proliferation of PDL cells, but not of epithelial cells; (b) increased total protein
production by PDL cells; (c) promoted mineral nodule formation of PDL cells,
as assayed by von Kossa staining; (d) had no significant effect on migration or
attachment and spreading of cells within the limits of the assay systems used here.
Next, EMD was screened for possible presence of specific molecules including:
GM-CSF, calbindin D. EGF, fibronectm, bEGF. y-interferon. IL-1/?, 2. 3. 6: IGF-
1.2; NGF, PDGF, TNF, TGF^, With immunoassays used, none of these molecules
were identified in EMD, These in vitro studies support the concept that EMD
can act as a positive matrix for cells at a regenerative site.
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Periodontal diseases are marked by in-
flammation and subsequent loss and/or
damage to tooth-supporting tissues, in-
cluding cementum. periodontal liga-
ment (PDL) and bone, Increasmg evi-
dence that tissues of the periodontium
harbour cells with the capacity to regen-
erate the periodontium has fostered an
interest in developing clinical pro-
cedures to restore periodontal support
by promoting such cells to function in
a regenerative capacity, i,e,, formation
of new cementum, periodontal ligament
and new bone (Hammarstrom 1996,
MacNeil et al, 1995, Pitaru et al, 1994,
McCulIoch 1993, Aukhil et al, 1990,

Nanci et al, 1996), Logical candidates
for stimulating cells at the healing site
to function in a regenerative capacity
are proteins in their local environment,
in particular extracellular matrix pro-
teins.

An approach used to determine
which proteins may be involved in re-
generation of specific tissues is to first
examine the tissues of interest during
developmental stages. While it is recog-
nized that regeneratioti does not follow
exactly the pattern required during de-
velopment of a given tissue, there are
many similarities between the 2 pro-
cesses. Thus, using histology, immuno-

histochemistry, in situ hybridization
and tissue recombination experiments
one can determine the temporal and
spatial distribution of specific cells and
their associated proteins during forma-
tion of a given tissue. Information ob-
tained by such investigations provides
clues as to which proteins may be re-
quired for altering cellular behaviour,
e,g,, migration, attachment, prolifer-
ation and cell differentiation, as re-
quired for inducing regeneration of
tissues. In particular, with regard to
oral tissues, it is now recognized that
epithelial-mesenchymal interactions are
required for formation of enamel
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(ameloblasts) and dentin (odontobJasts)
(TheslefT et al. 1996). These inductive
interactions can result from cell-cell in-
teractions, from interactions between
extracellular matrix molecules and cell
surface receptors and. or from diffusible
signals such as growth factors during
crown development (Vainio et al. 1993).

With regard to cementum. Slavkin &
Boyde (1975) and Slavkin (1976) pro-
posed that similar interactions occur
between dental ectomesenchymal cells
(follicle cells) and cells of the Hertwig
epithelial root sheath. In this situation
they suggested that enamel related pro-
teins from the root sheath initiate for-
mation of cementum. Studies over the
past twenty years support this hypo-
thesis (for review; see Hammarstrdm
(1997)). and studies by Hammarstrom
(1997) and Hammarstrom et al. (1997)
demonstrated that enamel matrix is in-
volved in the formation of acelluiar ce-
mentum during tooth development, and
that this matrix has the potential to in-
duce regeneration of acellular ce-
mentum in experimental periodontal
defects in monkeys.

To further explore the role for en-
amel matrix proteins in periodontal re-
generation, the effect of enamel matrix
derivative (EMD) on PDL cells in vitro
was examined. EMD contains purified
hydrophobic amelogenins. which form
insoluble aggregates ("matrix"! under
physiological conditions. Specific cellu-
lar behaviours examined were ceil mi-
gration, attachment, proliferation and
biosynthetic activity and included for-
mation of mineralized nodules. All
these are events known to be required
for promoting development as well as
regeneration of periodontal tissues. In
addition, since extracellular matrices
may have the capacity to bind and re-
tain polypeptides. it was important to
determine whether or not EMD con-
tained any serum associated factors,
such as growth factors and adhesion
molecules, that may contribute to the
observed biological events.

Material and Methods
Proteins and polypeptides

Enamel matrix derivative
Enamel matrix derivative (EMDO-
GAIN*), was obtained from BIORA
AB, Malmo. Sweden. For in vitro stu-
dies, lyophilized protein was added to
the medium as an aqueous solution (pH
5-6). Alternatively, wells or dishes were
first coated by allowing an alkaline

EMD solution (carbonate buffer pH
10) to incubate overnight (attachment
assays and mineralizations assays).

Reference polypeptides
la) Radiotabelted (^--1)
bFGF (human. IM 243). spec, activity

lOOO/iCi'nmol. Amersham, UK
EGF (human, IM 196). spec, activity

1300//Ci/nmol. Amersham. UK
IGF-i (human. IM 172). spec, activity

1900 /iCi/runol. Amersham. UK
IGF-2 (human. IM 238). spec, activity

2000 /;Ci/nmol. Amersham. UK
PDGE BB homodimer (human. IM

213). spec, activity 1000 //Ci/nmol.
Amersham. UK

IL-3 (human. IM 220). spec, activity
600 /(Ci/nmol. Amersham. UK

GM-C5f (human. IM 224). spec, activi-
ty 1200/(Ci/nmoL Amersham. UK

IFN-gamtria (htraian. IM 202). spec, ac-
tivity 600 fjCi/nmoL Amersham. UK

NGF (murine. IM 207). spec, activity
1500 fiCh'nmo], Amersham. UK

TGFpHhuman, NEX 267). spec, activi-
ty 3000 /(CL nmol. DuPont. Germany

TGFfil (human. IM 246). spec, activity
2284 /iCi/nmol. Amersham. UK

(h) Unlahetled
bFGF (bovine. BDP 13). British Bio-

tech. UK
TGF(il.2 (porcine platelets, lot R811).

R&D Systems. UK
rC/"/i/(human. TGOIO). Chemicon.

USA
TGFjil (human), from Quantikine ELI-

SA kit (DB IOO). R&D Systetns. UK

Antibodies

.Anti-EMD
Polycional anti-EMD was raised in rab-
bits by repeated injections of EMD in
Freund's adjuvant. The rabbits were im-
munized and blood was collected du-
ring a period of 4-6 months. Pooled
whole serum was also purified by affi-
nity chromatography using EMD
bound (6 mg EMD/ml gel) to Sepharo-
se 4B (Pharmacia. Uppsala. Sweden) in
phosphate buffered saline (PBS), and
stepwise eluted with I M NaCl and 0.2
M 2-aminobutane pH 11. Eluted anti-
body fraction was desalted using Se-
phadex G-25sf (Pharmacia, Uppsala.
Sweden) and diluted to 25 ;/g/ml. as
analysed with HPLC (Superdex 75) at
215 nm with human IgG used for cali-
bration. The whole serum and the affi-
nity purified antibody recognized EMD
in immunoradiometric assays at a dilu-
tion of 1:10* and 1:10'. respectively.

Antibodies to polypeptide factors and
proteins
IGF-I RlA-kit IM.I72I. Amersham.

UK
PDFG RIA-kit RPA.536. Amersham.

UK
TNF RIA-kit RPA.532. Amersham,

UK
JL-10 RIA-kit RPA.533. Amersham.

UK
!L-2 ELISA kit. Genzyme Corpora-

tion. USA
IL-6 ELISA kit. Genzyme Corpora-

tion. USA
FGF basic ELISA kit RPN 2158.

Amersham. UK
TGF-fit. Quantikine ELISA kit (DB

100). R&D Systems. UK
TGF-/i2. ELISA kit RPN 2163. Amers-

ham. UK
.4nti-FGF basic (bovine. BD.A4). pure

IgG. British Biotech. UK
Anti-TGFP (porcine. BDAl). British

Biotech. UK
Antl-fibronectin (human. MAB042).

Chemicon. USA
Anti-calbindirt D (chicken, C-8666). Sig-

ma. USA

Cell cultures and media

Human PDL cells
Human periodontal ligament cells
(PDL cells) were obtained from healthy
human periodontal tissues of indivi-
duals undergoing extractions of premo-
lars for orthodontic reasons. Details for
growing such cells have been published
(Somerman et al. 1988a). Cells were
used between passage 4 and 10.

In vitro assays with human PDL cells

Attachment assays
The attachment assay used was a modi-
fication of Klebe (1974) (Somerman et
al. 1989). The dishes were either precoa-
ted with the protein or the dishes were
preincubated with DMEM +0.1% BSA
and EMD for Ih prior to the addition
of the cells. For these assays attachment
activity was evaluated at 1.5 h to 6 h.
Photographs were taken to evaluate
spreading and then cells were removed
enzymatically and counted electronical-
ly using a Coulter Counter.

Chemotaxis (migration) assay
In order to determine the ability of cells
to move directionally toward extracts of
EMD in vitro, a Boyden Chamber sy-
stem was used (Somerman et al. 1989.
1982 as modified from Postlethwaite et
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al. 1976). For these studies both PDL
cells and CRL 1475 foreskin fibrobiasts
were used. CRL 1475 are known to
have a marked chemotactic response to
fibronectin (Somerman el al. 1989)
whereas PDL cells have less of an abili-
ty to migrate to a chemoattractant (un-
published data). EMD in DMEM/1%
BSA was added to the bottom chamber
at 5. 25. 50 and 100 n^JmX. a millipore
polycarbonate filter (8 ^m pore size-
precoated with gelatin) was placed over
this solution and then ceils in DMEM
containing 1 mg/ml BSA were placed in
the upper chamber. Chambers were in-
cubated at 37°C for 4 h. then filters
were removed, stained wilh Hemacolor
(Diagnostic Systems Inc. Gibbstown.
NJ. USA) and transferred to slides.
Cells attached to the upper surface were
removed and cells migrating through
the filter determined by counting a 1
mm' microscopic field per filter.

Proliferation assay (cell toxicity assayj
Proliferation rate was carried out over
a 10-day period, so as lo proxide infor-
mation on both cell proliferation and
cell loxicity. About 5000 cells were see-
ded into test wells m DMEM/10% FBS
with antibiotics and allowed to attach
for 24 h. After cells attach, medium was
removed and replaced with DMEM/
10"/ti FBS (positive control); 2*'/.. FBS/
DMEM (negative control) or 2% FBS/
DMEM plus FMD at 25. 50 or 100 /;g
ml. Under standard protocol medium is
changed on days 3. 6 and 9 (Somerman
et al. 1988b); however, in order to con-
trol the amount of EMD aggregate in
the wells, media were not changed. Tri-
plicate wells were harvested on days 1.
2. 4. 7 and 10 and cell counting perfor-
med by Coulter Counter. Statistical
tests were performed with analysis of
variance (ANOVA) and Duncan's mul-
tiple range test.

BicLfynthesis a.'isays
Total protein/collagen. Cells in DMEM/
107(1 FCS and antibiotics were exposed
to EMD (25. 50. 100 //g/nil) for 48 h
and labelled with L[5-'H]-proline (10
fiCi/ml) to determine total protein and
collagen (Somerman et al. 1988). Cells
and media were pooled, dialysed exten-
sively against buffer and samples coun-
ted by liquid scintillation spectrometer.
These counts were used to measure to-
tal protein production. Concurrent with
assays for protein production, cultures
were prepared to determine cell prolife-
ration and thus results were normalized

to cell number. To estimate collagen
production, an aliquot of the dialysed
material was reacted for 6 h with bacte-
rial coilagenase (Peterkofsky & Diegel-
mann 1971). Resulting proteins were
precipitated with TCA-tannic acid, and
the supernatant and a control superna-
tant were counted by scintillation spec-
trometer. Thus, counts from collagena-
se-treated sample minus control sample
represented collagen production. Stati-
stical tests were performed with
ANOVA and Duncan's multiple range
test.

Electrophore.sis. Pooled media and
cell samples were dialysed against water
and lyophilized. then dissolved in SDS-
PAGE buffer, where concentration of
sample used was corrected for cell num-
ber. Thus any variation in protein pro-
files found is based on increased protein
production per cell when evaluated by
gel electrophoresis. After reduction
with mercaptoethanol the protein sam-
ples were analysed by electrophoresis on
SDS 4-20% polyacrylamide gradient
slab gels according to the method of
Laemmli (1970). The stacking gel was
A"/« acrylamide. The gels were fixed,
dried and autoradiographed by the me-
thod of Bonner & Laskey (!974).

Mineralization as.savs
PDL cells were cultured in 175 cm-
flasks (Nunclon. Nunc. Denmark) in a-
ME.VI supplemented with 10"™ calf se-
rum, antibiotics (Peniciilin-Strepiomy-
cin). L-glutamine and ascorbic acid (50
/ig/mi). After 10 days, the cells were
trypsinized. counted and plated on
EMD-coated Petri dishes. Attempts to
decrease the serum concentration from
10 to 5"ii resulted in very low cloning
efficiencies and thus cells were main-
tained in 10"/i. FCS. Appropriate con-
trols included cells seeded on FMD
with mineralization enhancers, dexa-
methasone (10 nM) and /i(-g!ycero-
phosphate (10 mM). added (Tenen-
baum & Heersche 1982). and cells not
cultured on EMD matrix plus or minus
dexamethaxone and ;S-glycerophospha-
te. PDL cells (50. 100 or 200 in 1 ml
solution), treated as described above,
were plated and incubated at 37°C in a
humidified atmosphere of 95'Xi air and
5% CO, for 7 days before the first chan-
ge of medium. Fresh medium was then
supplied twice weekly Von Kossa assay
(Von Kossa. 1901. as described by-
Bancroft & Stevens. 1990) was used to
determine presence of mineral nodules
and was performed 15-30 days after

cultivation, most typically after 21-22
days. Mineral nodules were examined
microscopically and the number of stai-
ned clones, as well as the total number
of clones, were counted. Classification
was performed according to the follo-
wing system.

Type I. very dense clones; Type II.
dense clones but without merged fila-
ments; and Type III. diffuse clones.

Statistical tests on impact of different
concentrations and additives were per-
formed with one-way analysis o{ var-
iance using SPSS/PC+, version 4.01.

Immunoassays

Itnmunoradiometric assay (IRMA)
Coated substances were detected by
double antibody technique. The second
(labelled) antibody was either goat anti-
rabbit IgG (for EMD. bGFG and TGF-
/?) or goat anti-mouse IgG (for cal-
bindin and fibronectin). and radioacti-
vity was measured using a gamma
counter (LKB Wallac 1275. Stockholm.
Sweden).

Radioimmunoa.%say (RIA)
Radiolabelled polypeptides were detec-
ted by a double antibody technique
using anti-EMD plus Pharmacia De-
canting System 3 (sheep anti-rabbit
antibody). About 100 fmoi of radiola-
belled polypeptide was added per tube,
resulting in a detection limit of 2-10
fmol ('=5"f> bound tracer).

Commercial kits (RIA or ELISA)
Commercial kits were used according to
the Package Insert. ELISA microtiter
plates were analysed using Milenia equ-
ipment (Diagnostic Products Corp.,
Los Angeles. CA. USA). The Multicalc
evaluation program (version 2.0. Wal-
lac. Stockholm. Sweden) was used for
calculating the standard curves and re-
sults. The detection limits were set at
ten times the coefficient of variation of
a buffer blank.

Four different TGFy? standards were
fractionated on a HPLC column
(Superdex 75. Pharmacia. Sweden) equ-
ilibrated in 3% acetic acid, 30% aceto-
nitrile and 0.9"/., NaCl. All fractions
were concentrated by vacuum centrifu-
gation. and PBS with 0.1% BSA and
0.1% Tween was added to the original
volume. pH was adjusted to 5.6 with
NaOH. Each fraction was then tested
with the Quantikine test for activated
1G¥P (analytical range 31-2000 pg/
ml). In parallel, EMD alone or FMD
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tron
/. Enamel matrix derivative (EMD) precipitated from aqueous solution. Scanning elec-
tnicrograph, Bar= 100 fim.

100000

Jt

s
Z 10000
«

1000

Negative control

EMD 25 us/ml

EMD 50ug/ml

EMD 100ug/ml

Positive control

Days

Fig. 2. Proliferation of PDL cells exposed to EMD, PDL cells were allowed to attach overnight
prior to addition of EMD at 25 /jg,'ml (A) 50 ^g/ml ( + ) and lOO/j&'ml (•) , Cells exposed to
2% FCS (x) served as a negative control, while cells exposed to 10% FCS ( • ) served as a
positive control. At days 2, 4, 7 and 10, using triplicate welis, cells were trypsinized and
counted by Coulter counter. Shown here is a representative experiment where results were
reproduced in three separate experiments. Data evaluated by ANOVA and Duncan's multiple
range test indicated that EMD enhanced cell proliferation as follows:

Day 2: 2'% FCS, EMD
loy. FCS

Day 4: 2% FCS
EMD 25 fis/m\
EMD 50 f!^ml \00 fig/ml
10% FCS

- subset 1
- subset II
- subset I
- subset ]I
- subset III
- subset IV

Days 7, 10: 2%i FCS
EMD 25 fig/ml
EMD 50 ftg/m\
EMD 100 /ig/ml
10%, FCC

- subset I
- subset II
- subset in
- subset IV
- subset V

mixed with TGF/? standard was fractio-
nated using the same procedure and te-
sted with the same kit.

Results
In vitro assays with human PDL cells

.iitaihment artd chemoiactic acliritr
For adhesion assay uncoated wells were
pre-incubated for 1 h with DMEM plus
EMD or fibronectin (positive control) or
uncoated wells were pre-coated with
these agents, Celis were added for 1,5 h
to 6 h. Under both assay conditions,
EMD enhanced cell attachment to a
minimal degree at 20/;g/ml, but did not
promote cell spreading during this time
period, i,e,, the ce!ls remained rounded
but viable. In contrast, cells exposed to
fibronectin were attached and spread by
1 h.

Next, the ability of PDL cells to
migrate to EMD was tested using a
Boyden chamber assay, LJnder the con-
ditions and doses used EMD produced
no enhancement of cell migration and
this was repeated in three separate
experiments (data not shown).

Proliferation
When an acidic solution of EMD was
added to the cell culture medium a pro-
tein aggregate was formed. As seen in
Fig, 1. this appeared as an accumulation
of microspheres with a diameter of about
1 /im. In order not to alter the quantity of
EMD these assays were performed with-
out change of culture media, EMD,
added at baseline, influenced cell pro-
liferation, with a small increase after 4
days and a marked enhancement ,seen
after 7 or 10 days. Fig, 2,

Next, to establish whether or not this
enhancement was selective to PDL cells,
the effect of EMD on proliferative ac-
tivity of epithelial cells was investigated.
Using the same protocol as for PDL
cells but with rat tongue epithelium, de-
rived from explant cultures of rat ven-
tral mucosa, no difference vvas observed
in proliferation between celis exposed to
EMD and control cells over the 10 day
period. Fig, ,1, Similar results were
noted for HT 1080 cells, a cell line that
exhibits epithelial-like characteristics
including expression of keratins (data
not shown),

Biosynthelic activity
When preattached cells were exposed to
EMD and 'H-prolme for 48 h, the pro-
duction of total protein and collagen
was enhanced up to the level observed
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DMEM* 2%FBS
- DMEH + 2% FBS + lODufl/mlEMD
- DMEM • 10% FBS

Days

Fig. 3. Proliferation of rat tongue epithelial cells exposed to EM. Cells were allowed to attach
overnighl prior lo adduion of EMD, 100 //g.ml {A|, Cells exposed lo 2".. FCS (x) served as
negative control, while 10"-i> ECS ( • ) served as a positive control. Cells in triplicate wells, at
days 2, 4, 7 and 10, were trypsinized and counted by Coulter counter. Data analysis using
ANOVA and Duncan's multiple range lest, show that EMD fits in the same subset as 2';-u
FCS, indicating that EMD had no effec! beyond control ai any time point.

Tahle I. Relative protein production by PDL cells exposed to EMD in the presence of 'H-
proline for 4S h

Treatment

negative control (no additive)

EMD
25 /Jg nil
50 >(g/nil

100 figlml
positive control '(dentin 100;;gml)

Protein
(ratio treated control

1,00=0.03

2.06 = 0.20*
2,54=0,24*
2.60 = 0,15*
2.48=0.18*

Collagen
{ratio treated control)

1,00=0,09

1,8,̂  = 0,2,1*
1.95=0.29*
2.44=0.15*
2,,12=0,08*

* Dentin is a guanidine.EDTA extract of boxine dentin.
* Triplicate results were significant connpared to the control as demonstrated by the ANOVA.
Duncan multiple range test:
Protein:
No additon- .subset 1,
25 /(g.'ml EMD- subset II,
50/(g'ml EMD, deniin extract - ,subset III
100 ;<g.'ml EMD, dentin extract - subset IV

Collagen:
No addition- subset 1:
25 ^g'ml, 50 //gml EMD - subset II
100 /;g'ml EMD. dentin extract - subset III

for the positive control (100 /ig/ml
guanidine/EDTA extract of dentin), a,s
is seen in Table I. From the results it
does not appear that EMD enhanced
collagen prodttctioti tnore than other
types of proteins, i,e,, there was an in-
crease in total protein production,
Autoradiographic examination of the
protett: profile for cells exposed to
EMD vs, dentin extract (O/E-D) re-
vealed several bands in cottimoti (Fig,
4), For example, intense banding noted
in the 100-200 kDa region with both

treatments probably reflects production
of type I collagen and fibronectin. In
addition, less intense but similar pro-
files for EMD and G/E-D were noted
between 69-97 kDa and 2 1 ^ 6 kDa,
However, there was one region between
46-69 kDa, where the banding pattern
appeared different between these two
agents (Fig, 4: bracket region|, In ad-
dition, cells exposed to G/E-D ex-
hibited an intense banding in the region
around 100 kDa (Fig, 4., arrow), as re-
ported previously (Somerman et al.

)9S7a) and this band was not apparent
in cells exposed to EMD,

In vitro mineralization model
Cloning efficiencies, reflected as the total
number of clones in medium with J0%
serum, were around 30% both in the
presence and absence of additives such
as EMD or dexamethasone plus ^-gly-
cerophosphate (Table 2), Examples of
the different types of clones are shown in
Fig, 5, The morpho!og\ varied with the
additives, showing the highest number of
very dense clones. Type I, in the presence
of ^-giycerophosphate and dexametha-
sone. An increased number of Type / /
clones were found in the presence of
EMD, The most striking difference
noted from treatment with EMD, how-
ever, was seen as the frequency of clones
that were von Kossa stained. This in-
creased fivefold from the control to a fre-
quency of about 25'y'o in the presence of
EMD, .Addition of yS-glycerophosphate
and dexamethasone to the cotttrol in-
creased the frequency of von Kossa
stained clones to about 15"/.), As a con-
trast, the mineralization enhancers otily
added marginally to the establishment
of nodules, m the presence of EMD,
Thus, the presence of EMD, even in the
absence of mineralization enhancers, re-
sulted m a significantly higher number of
von Kossa stained clones compared to
the negative control as well as compared
to the positive control,

EMD was used at an amount of iOfig/'
ml and the effect on von Kossa-stained
clones was found to increase both in the
presence and in the absence of dexa-
methasone. The addition of dexametha-
sone appeared to induce mineralization
at an earlier time point, as seen from re-
sults on days 16-17 compared with those
on days 21-22, but did not increase the
final ratio of von Kossa-stained clones.
Precipitation of EMD aggregate was no-
ticed on the dishes and the fibroblasts
appeared to grou' in close association
with the protein aggregate. While in
these studies we did not examine the as-
sociation of mineral tnodules with colla-
gen fibrils, it has been shown pre\iously
that PDL cells, isolated as those used
here, will form mineral-collagen associ-
ated nodules (Arceoet al, 1991),

Immunoanalytical tests

For this study ?• sensitive methods were
selected and a number of analyses per-
formed.

In method 1, commercial antibodies
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EMD fig/ml G/E-D fig/ml

Control 25 SO 100 100

i I
200 kDa —

97kDa —

69 kDa —

46 kDa —

21 kDa —
14 kDa —

Fig. 4. Autoradiograph of SDS-PAGE from 'H-proline labelled PDL cells exposed to EMD
or dentin extract. Ceils were either untreated (control) or treated with EMD at 25. 50 or IOO
/jgml or guanidine EDTA extract of dentin (G E-Dl at 100 /igml for 48h as described in
methods section. Each pooled mediutn and cell sample having equal cell numbers was dialyzed
against water, lyophilized and dissolved in gel buffer and loaded al 50 /iglane. Thus, any
variation in protein profiles found was based on increased protein production per cell.
<— points to intense band. 100 kDa region noted in G E-D treated cells but not in controi or
EMD treated cells. I] demonstrates area where protein profile differences are suggested be-
tween cells exposed to EMD versus G E-D and where banding reflects an EMD effect on
protein production.

to polypeptide factors and proteins
were exposed to EMD solution. The de-
tection limits were found to be 10-300
pgiwl by testing with reference pep-
tides. None of the antibodies tested re-
acted with EMD (Table 3).

Iti method l\, anti-EMD serum pro-
duced by Biora was exposed to commer-
cial polypeptides. This antiserum would
contain antibodies to growth factors, if
any were present in EMD. A reaction be-

tween anti-EMD and a factor would in-
dicate the presence of the factor in EMD.
The detection limits varied from 100 pg.'
mi up to 1-5 ng/ml. By radioimmuno-
assay (RIA) it was shown that anti-EMD
did not react with any ofthe 12 factors/
proteins tested (Table 3).

In method III, EMD was tested for
interaction with an immobilized TGF/i;
receptor (Quantikine test) and a posi-
tive reaction was found, even without

Fig. 5. Human PDL cell clones that have
been von Kossa stained after 22 days (cf.
Table 2). (Al shows a negative control, with-
out additives; (B) has been cultured on EMD
(30^g/ml) added from start and at change oi
media; (C) is a positive controi with addition
of iO nM dexamethasone plus 10 /;M /J-gly-
cerophosphate from start and with new
media.

Table 2. Formation of mineral nodules by PDL cells exposed to EMD; frequencies of Von Kossa stained clones and dense clones (Types I and II)

16-17 days 21-22 davs

Von
Kossa

clones
% of total

Treatment

total
clones
(I-IIl) n

Von
Kossa

clones
'/., of total

total
clones
(I-III)

negative
EMD 30 /ig/m!
positive control"
EMD+

(Dex/^GP)

-1

10*
4

!9»

0
0
3
9*

7
9

11
16*

38
34
35
35

5
6
6
4

5
23**
14*
25**

< l
1
5*
4*

13
26*
15
26*

31
35
31
29

15
18
15
4

" Positive control is 10 nM dexamethasone and 10 mM /i-g)ycerophosphate.
* Significantly different from the negative control demonstrated by ANOVA.

** Significantly different from the positive control demonstrated by ANOVA.
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Table 3.

Analysis

lmmunoassays for

MW (kDa)
of peptide
or protein

polypeptides in

Detection
limit

(ng/ml)

Enamel Matrix

Method I
(anti-peptide
versus EMD)

Derivative (EMDOGAIN*)

Method II
(anti-EMD

versus
polypeptide) Test

GM-CSF
calbindin D
EGF
fibronectin

bFGF
y-lnterferon
lL-1^
IL-2
IL-3
IL-6
lGF-l
IGF-2
NGF
PDGF
TNF
TGF-^
TGF-/J2

22
28

6
-500

18
40
17
15.5
20
26

7.7
7.7

30
30
17
25
25

0.5
1
0.1
1

1.0.5,0.01
1
0.1
0.3
0.5
0.3

5:0.1
0.1
0.5

2:0.5
0.2

1:0.1
0.02: 0.1

RIA
IRMA
RIA

IRMA
IRMA. RIA.

ELISA
RIA
RIA

ELISA
RIA

ELISA
RIA
RIA
RIA
RIA
RIA

IRMA. RIA
ELIS.^. RIA

< denotes that the result is below the detection limit.
Abbreviations used: GM-CSF macrophage colony stimulating factor: EGF epidermal growth
factor: bFGF basic fibroblast growth factor: IL interleukin: IGF insulin like growth factor:
NGF nerve growth factor: PDGF platelet derived growth factor: TNF tumour necrosis factor,
TGF transforming growth factor.

100

75

50

25 .EMD

10 15 20 25 30 35 40

Fraction No.
Fig. 6. Tes! for activated TGF/ZI (Quantikine) on fractions from size exclusion chromatogra-
pby (Superdex 75) of EMD (55 /(g) or TGF/J reference (500 pg). After separation the fractions
were concentrated and dissolved as described in the Methods section.

preactivation. This reaction was ques-
tioned since EMD had visibly precipi-
tated in all wells, as expected ai the
physiological cotiditions used, and since
none of the immunoassays using

methods ! or 2 had indicated a presence
of TGF,ff. Therefore. EMD was frac-
tionated oti a size exclusioti column,
and the separate fractions were tested.
In parallel, commercial TG¥fi stan-

dards were fractionated on the same
column and again all fractions were
tested. As seen from Fig. 6. all fraction-
ated TGF^ standards were detected but
none of the EMD fractions unless
TGF/y had been added, indicating that
a false positive result had been observed
due to precipitation of EMD.

Discussion

The results of the in vitro studies
further contributed to the understand-
ing of the mechanisms by which EMD
may play a role in promoting cementum
formation and periodontal regenera-
tion. The stimulation of cellular pro-
liferation and protein and collagen pro-
duction and formation of mineralized
noduies in PDL ceil cultures exposed to
EMD are compatible with the regenera-
tion results obtained in vivo (Hammar-
strom et al. 1997). When interpreting
the results obtained in vitro it should be
kept in mind that EMD is insoluble at
ihe pH and temperature at which the
studies were performed (Gestrelius et
al. 1997). A visible protein aggregate
was noted when EMD was added to cell
culture media at concentrations of 5 up
ml or more. This motivated the design
of the proliferation and protein syn-
thesis studies, i.e.. no change of culture
medium was done. Thus, the results
could be explained by EMD being a vi-
able matrix for cells and.or the resuh of
a cell-matrix interaction. This is anal-
ogous to the normal m vivo environ-
ment where most cells require an extra-
cellular matrix in order to function
(Clark, 1995). In addition, while no
polypeptide factors were detected in
EMD, there is a possibility that growth
factors from the medium itself or from
the medium conditioned by the cells
were taken up by the EMD aggregates
and thereby enhanced the bioactivity of
the ceils.

The studies on cell attachment indi-
cated that dishes coated with FMD were
well accepted by the PDL cells, but this
matrix had a. minima! effect on eel!
attachment or cell spreading. When
compared with the effects of fibronectin,
one of the known attachment proteins,
the effect of EMD was markedly less and
very much slower in development. EMD
contains no known attachment se-
quences (BIORA AB data on file) and
the slight increased attachment is more
likely caused by added media or sub-
stances produced by the PDL cells rather
than a direct effect of EMD.
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The Boyden chamber experiments.
which measure the response of cells to a
soluble chemical gradient, showed no re-
sponse to EMD. Future studies on cell
migration to surface-bound adhesion
gradient (heptataxis) are required to
further explore the migratory behaviour
of cells in response to EMD.

As discussed above, the increase iti cell
proliferation and biosynthetic activity in
PDL cells exposed to EMD could be ex-
plained by the suitable three dimensional
substratum provided. In addition, the
assays were carried out with a single ad-
dition of EMD and cells were main-
tained in the same medium for up to 10
days, thus the enhancement of prolifer-
ation, protein production and mineral-
ization seen over time may well have
been caused by endogenous cellular
products.

Interestingly, the response of epi-
thelial cells to the addition of E.MD dif-
fered from that of the PDL cells. The
lack of enhanced proliferation of the
epithelial cells is in agreement with the
results obtained in the in vivo dehis-
cence experiments in monkeys, in which
epithelial down-growth was very limited
when EMD was applied on the root
surface (Hammarstrom et al. 1997).
The mechanism(s) behind the different
responses by epithelial and mesenchy-
mal cells is presently not known.

In conclusion, the addition of EMD
to cell culture media resulted in a num-
ber of changes, which included en-
hanced proliferation ofthe PDL cells as
well as increased protein and collagen
production and promotion of mineral-
ization. In contrast, addition of EMD
had no significant effect on epithelial
cell proliferation in vitro. No growth
factors could be detected in EMD. The
current data thus support the hypo-
thesis that EMD can act as a matrix for
cells at a periodontal regenerative site.
Specifically, the results suggest that ag-
gregates formed by EMD at physiologi-
cal pH and temperature are responsible
for creating a positive environment for
cells to proliferate and differentiate, as
required for regeneration of the peri-
odontium. Clearly, future studies are re-
quired in order to determine the exact
mechanisms by which EMD may influ-
ence cell function, in vitro and in vivo.
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