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INTRODUCTION

The field of transplantation arose out of the need to replace
defective or missing tissue and thus is especially applicable to
dentistry. It has been estimated that more than one third of the
chfidren in the United States will become dental cripplies through the
loss of one or more permanent first molar teeth before they reach
adulthood. (46) This eariy loss of teeth can largely be attributed to
uncontrolled caries and subsequent pulp infection. The definitive
treatment of teeth With disecased pulps is currently limited to tooth
extraction or partial or complete pulp removal and the appropriate
adjuvant treatment. . An alternate approach to this problem would be
the removal of the pathologically involved portions of the dentél puip
and their replacement with healthy, viable pulp tissue. This pulp
tissue could be obtained from extracted teeth that had been malposed
or impacted or from teeth extracted for orfhodontic reasons. The
following study is a preliminary investigation of the problem of pulp
transplantation and will consist of a histopathologic evaluation of
autologous orthotop{c pulp grafts in dogs.

Since there haQe been no reports in the Titerature dealing
specifically with the transplantation of pulp tissue from one tooth
to another the review of the literature has necessafily dealt with
related areas. The areas most concerned with the problem are the basic

concepts of transplantation and the transplantation of teeth.



REVIEW OF THE LITERATURE

Basic Concepts of Transplantation

History of transplantation. The literature of antiquity shows

tissue transplantation being practiced in ancient times. (35) The
Ebers Papyrus (1500 B.C.) reveals that tissue grafting was utilized
by the Egyptians as far back as 3500 B.C. The earliest references to
the arf were principally concerned with the correction of noses
damaged by the ravages of syphilis and the avenging knife of the con=
queriné enemy or the outraged husband.

The progress of tissue transplantation, like that of science as a
whole, followed the rise and fall of empires. The first century found
Rome a medicai‘cénter with tissue transp!aﬁtation fiourishing’as a fine
art. Galen (130-210 A.D.) more than anyone else was responsible for
the advanced repafative surgery practiced during the greatness of
Imperial Rome. He gave instructions regarding the repair of defects
about the ears, nose and mouth and advfsed the approximation of wounds
by sutures. During the Dark Ages all science declined and what was
known of transplantation was forgotten. The art of transplantation
fared little better.during the Middie Ages. Gasparo Tagliacozzi (1546-
1599) of Bologna is generally considered the father‘of plastic surgery
as it is known today. He is given credit for the use of skin fiaps from
the arm.

The history of tissue transplantation includes many notabie ad-

vances. However the last twenty years stand out as the ''goiden era''.



One of the major milestones in tissue transplantation was the book
entitled 'The Biologic Basis éf Individuality" published in 1945. (59)
In it Leo Loeb trie& to systematically analyze the mechanisms involved
in homograft rejectfon. Although many of the concepts presented have
been altered by more recent investigations it ranks as a scholarly |
classic in the field. (25)

Transplantation terminology. Before embarking on a discussion of

the transplantation of tissues it is necessary to classify the various
types of gréfts of transplants. Transpfanted tissue may be classified
according to the relationship between the donor and host, anatomical
position and viability.

Many tissues of man and experimental animals can be excised and
grafted to other positions in the same individual. These autografts
re-establish their blood supply and function normally for the life of
the individual.

Iscografts are transplants bétween individuals of the same br nearly
the same)genetic background such as monozygotic twins and highly inbred
laboratory animals. Isografts will normally survive for the lifetime
of the host. |

If normal tissue is transplanted between individuals of the same
species but of a.different genetic background the graft will be des-
troyed. Such transplants are homografts and may survive and function
for a time, and with few exceptions inevitably end in failure. The
process which destroys grafts between genetically different individuals
is referred to as the homograft reaction. Transplants between members
of different species are heterografts and like homografts are doomed to

failure. These four kinds of grafts are described as autologous,
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isologous, homologous and heterologous.

Transplants classiffed as to their anatomical position are ortho-
topic grafts and heterotopic grafts. An okthotépic graft is trans-
planted to an anatomiééily similar position, as skin to a prepared
site in skin. Grafts placed in unnatural positions are heterotopic,
such as a tooth bud transplanted to the brain.

The cells of a transplant may not have to survive for the graft
to be considered successful. Thus, a homostatic transplant can
function as a framework to be ultimately replaced by the host tissue.
A freeze~dried artefy is such a graft. In contrast the success of a
homovital transplant dépends on the maintenance of cellular viability.
A kidney transpliant is an example of a homovital graft.

Revised and mo?e precise terminology has recently been advocated
for transplantation research. (42) This terminology is starting to
appear in the literature, especially European, but most American writers -
still use the established terminology as described in the previous para-
graphs. Table 1 lists the established terms and proposed new terms.

Transplantatioﬁ genes and antigens. It is generally accepted that

homografts and heterografts are rejected by an immunologic reaction
directed against certain substances residing in the graft. These sub-
stances are designated as transplantation antigens or histocompatibii-
ity factors. Transplantation antigens are defermined by genes
designated as histocompatibility genes. These are iﬁherited by simpie
Mendelian laws and are generally considered to be dominant.

Essentia]ly all the nucleated cells of an individual contain the
same transplantation genes. Thus transplantation antigens are individ-

ual specific rather than organ or tissue specific.
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The minimum number of histocompatibility loci has been estimated
at fourteen in mice, (2 ) and twenty-three in man. (60) Histocompat-
ibi]ify factors are also linked to the Y and possibly the X chromosomes
in certain strains and combinations of iaboratory animals. (2 ) The
number of possible genbtypes in an entire species would be extremely
large when all the élternative allelic forms are taken into consider-
ation. One important histocompatibility ‘region' (H=2) in mice can be
occupied by at least eighteen different alleles. (2)

Different loci produce antigens of different strength; therefore,
certain histocompatibiility genes play a more important role in tissue
compatibility than do others. The strength of the rejection reaction
is due to the combined effects of the various loci.

The exact nature of the transplantation antigens is unknown. It
is believed that the anfigens determined by at least one locus (H-2) in
mice consists of a complex lipoprotein probably associated with the cell
membrane and endoplasmic reticulum. (62)

Immune response. The immune response effecting the rejection of

grafts is initiated»by the passage of graft antigens to the regional
lymph nodes via the draining lymphatics. After the transplantation
antigens have entered the recipient's regional lymph nodes, specific
antibody is produced which appears both attached to the pro?iferating
host immune cells and in the serum. The activated lymphoid cells pass
into the general circulation and may subsequently activate other lymph-
oid cells of the body. (61) In the blood stream the activated lymphoid
cells travel to the transplantation site and by an unknown mechanism
destroy the graft. |

The primary agent responsible for this destruction is believed to



be attached to the invading Tymphocytes, that is, a celli-bound antibody,

The role of serum antibodies in graft rejection is unknown; however, it
quite possible that graft rejection is due to the combined effects

of ceil-bound and serum antibodies,

Once an animal has rejected a homograft with a first-set reaction
the host develops & generaiized aitered reactivity to subsequent homo-
grafts from the same donor. If a second homograft of skin is applied
during the first seven days fu?iow.ng the First-set reaction, the gra

does not take, and the process o
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but then exhibits a second-set reac wore rapid and more
violent than the first-set reaction. (78) The white craft and the
second-set reactions are specific because they are dirscted only against
those grafts'wh{ch contain the same transpliantstion antigens as the
original donor. (80)

Homograft reaction. Since skin is used extensively in howograft

studies, it will be used as a mode! in describing the gross and
histologic changes which occur in the homograft reaction. {2%) Auto=
grafts and homografts of skin are grossly and microscopically identical

-~

for the first few postoperative days. By the second or third day
they have acquired a blood supply through ingrowth of host capiliaries
and anastomoses of graft vessels with those of the hosts Of the twos

vascuiar anastomosis appears to piay the more important role. When

(5]

the b?ood suppiy is fvrst estabiished; the graft exhibits dilated

vessels and a sluggish flow of biocd which {ncreases and becomes

generalized by the fifth or sixth day. During this period the graft



becomes a healfhy pink color. In the autograft the number of vessels
increases up to the seventh or eighth day and the dilated vessels
become less numerous. By thé tenth day the vascular pattern of the
autograft is similar to that of the surrounding normal skfn. in
contrast, by the end of the first postoperative week the homograft and
graft bed are invaded with numerous lymphocytes and plasma cells and
the graft vessels exhib%t progressive dilation and diminished blood flow.
The flow of blood ceases by the eighth or ninth day and hemorrhage
occurs. The homograft grossly becomes swollen and cyanotic forming a
brownish eschar by the fifteenth day. The final stage is reached in
three weeks when the homograft is sloughed. Meanwhile the autograft
has healed into place and cannot be distinguished from the surrounding
host tissue.

The histological findings in the first-set, white graft and second-
set reactions differ. The second-set reéaction, like the first-set
reaction, is associated with initial graft vascularization, but uniike
the first-set reaction rapid vascular breakdown occurs. Gross signs
of rejection are evident on the fourth or fifth postoperative day. (78)
In contrast the white graft reaction is characterized by the complete
absence of vascu?arfzatioh; the graft remaining white and opaque and
gradually changing into a pale eschar. (79)

Homograft survival. As previously discussed, grafts will survive

permanently if the host contains all the histocompatibility genes
found in the graft. There are also certain circumstances, both natural
and artificial, in which homograft survival is prolonged.

A homograft to the brain will survive permanently if the host has

not been previously sensitized by grafts containing the same antigens
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elsewhere‘in the body. The survival of homografts in the brain is
felt to be due to the absence of an organized lymphatic system in the
central nervous system. Thus there is no afferent pathway for the
antigenic stimulus of the graft to reach the host's lymphoid tissue. (81)
Or thotopic corneal‘grafts survive as long as there is no vascular in-
vasion. (65) The cornea normally contains neither lymphatic nor blood
vessels. Vascular and nerve homografts do not survive but are used
clinically because they form a framework for the host's own cells.
Homografts of cartilage survive for extended periods of time because
of the physical protective action of the mucopo lysaccharide matrix.
This matrix tends to isolate the chondrocytes of the graft from the
host. (38)

Homografts sufvive in other privileged sites other than the brain
and have prolonged survivals when certain host conditions exist. The
privileged sites include the anterior chamber of the eye (81) and the
cheek pouch of the Syrian hamster. (8) Host conditions which favor
prolonged homograft survival are chronic uremia (22), hypogamma=-
globulinemia (40), Hodgkin's disease (53), neonatal thymectomy (41)
and extensive burns. (52)

The homograft reaction can be modified by agents which decrease
the general immunological response of an animal. This occurs with
total bedy irradiation, cortisone, ACTH and drugs cytotoxic to the
Tymphoid tissue.

Acquired immunologic tolerance. Acquired immunologic tolerance

is the state in which an otherwise immunologically competent host
fails to react against a specific antigen. In 1945 Owen reported that

dizygotic cattle twins often contained a mixture of two distinct red
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blcod ce11‘tybes, its own and that of its twin. (77) This state of
red blsod cell chimerism was the consequence of prenatal egchange of
hematopoietic precursors through vascular anastomosis between the
placentas and the subsequent éstabiishment and functioning of the
transferred cells in the new host. Erythroéyte chimerism appears

to be rare in animals other than cattle. However, it has been demon-
strated in man on at least three occasions. (9, 23, 74)

In 1951 Andersoh and co-workers demonstrated the acceptance of
reciprocal skin homografts between dizygotic cattle twins that were
erythrocyte chimeras. (3) Billingham and associates successfully
recreated this state of diminsished resistance to foreign tissues by
injecting mouse fetuses with cells from a foreign strain. (6) These
mice, when adult, tolerated skin grafts from the donors of the injected
cells. This observation gave rise to the concept of acquired immuno-
logical tolerance and has greatly broadened the approach to tissue
transp]antatién. It has been subsequently shown that other animals can
be made tolerant to homografts by using the same techniques.

The process of acquired immunolegic telerance can be explained by
the Burnet theorem that if a young animal is confronted with an antigen
before it is capable of responding by the formation of specific anti-
bodies; the production of these antibedies in iaier 1ife will be re-
duced or wholly suppressed. (16) The ability to abolish acquired
immunolegic tolerance by injecting adult isologous normal lymphoid
cells into tolerant animals corroborates this theorem.

It was initially believed that immunologic tolerance could be
produced only in young animals, but subsequent studies have proved

otherwise. Homograft tolerance has been produced in mature animals
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by repeated injections of intact spleen cells (13), splenic cell
extracts (64) and b; parabjosis for prolonged periods of time. (u1)
The amount of antigen necessary to induce tolerance in the adult
is far greater than in the newborn. A sufficient amount of antigen
must be transpofted to the cells of the immune centers and this high
fével must be maintained for a sufficiently long period of time. (25)

The state of specific unresponsiveness to an antigen can also
be produced to substances other than histocompatibility factors.
These substances include serum proteins (85) and pneumococcal poly-
saccharides. (27)

Cells of certain organs are more effective in producing tol-
erance than others. Cells from lymph nodes and spleen seem most
effective. Persistence of tolerance may not require the persistence
of viable foreign cells. However, it does appear that the trans-
plantation antigens must persist for maintenance of a tolerant state.
(25)

Graft versus host reactions. When homologous lymphoid cells are

used to induce tolerance in neonatal animals a runting syndrome is
often observed. The features regularly associated with this syndrome
are transient enlargement of the spleen and liver, fate iymphdid |
atrophy, anemia, emaciation, failure to grow and often death. This
phenomenon is referred to as runt disease and is the result of the
bhomoiogous immunologically competent lymphoid cells reacting against
the antigens of the.host tissue. The severity of the graft versus host
reaction is more or less directly related to the genetic disparity

between the donor and host. (7))
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Three‘prerequisites are essential for the graft to react against
the host: 1) the graft must contain mature immunclogically competent
cel]s;‘Z) the host must contain antigens foreign to the graft; and
3) the host must tolerate the graft for a long enough period of time
for the immune cells of the graft to grow and react against the host.

Transplantation of Teeth

History of tooth transplantation. The literature dealing with

the history'of tooth transplantation and reimplantation has been
thoroughly reviewéd. (20, 32) There is evidence that transplantation
of teeth was practiced in ancient Egypt and later by the Etruscans,
Greeks and Romans. Indian relics of North and South America reveal
instancés of tooth transplantation and replacement of teeth by stones.

Albulcasis de Condue (936-1013) is credited as being the first
individual in the ljterature to advocate the replacement of missing
or ioét teeth. Pierre Fauchard in 1746 cited several instances in
which he successfully reimplanted teeth which had previouéiy been
extracted because of pain. (26) He also discussed a homologous tooth
transplant which was retained for six years.

John Hunter (1728-1793) popularized the repianting and trans-
planting 6f teeth during the middle and latter part of the eighteenth
century. He advocated the transplantation of teeth from one individual
to another.

Dentistry in colonial America consisted to a large extent of
extracting and replanting teeth. Harvard‘Dental School and a dental
school in Philadelphia,were founded by men who were distinguished for

their transplantation operations.
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Reports of success varied greatly, some operators claiming one
hundred percent success, while others indicated they had only partial
success. The transplantation of teeth from one individual to another
began to lose favor in this country as well as in Europe near the end
of the eighteenth century when it was found that communicable diseases
such as syphilis and tuberculosis were sométimes transmitted in this
manner .

During the latter part of the nineteenth century clinical reports
on transplantation of teeth became numerous. The majority of these
reports considered such operations satisfactory.

The study of tooth transplantation can be divided into two
categoriés, clinicaj and experimental. The vast majority of the lit-
erature in the areé consists of clinical case reports with a notable.
paucity of papers representing fundamental research efforts.

Clinical transplantation. In reviewing the literature of tooth

transplantation one is not impressed with its success as a technique
fo} permanently replacing missing teeth. The universal failure of
homologous human tooth transplants can be explained by our current
concepts of transplantation immunology. The impermanence of fully
deQeloped autotransplante& teeth and reimplanted teeth may be‘related
to the inadequate biood supply available through the small apical
foramina. The majority of the latter aré clinically success%ui for a
maximum of two to four years. (32)

The autologous transplantation of tooth germs or unerupted teeth
has recently received considerable attention. These procedures are

generally more successful than those involving fully developed teeth.

(19, 32, 36, 75,91) Nordenram, after thoroughly evaluating sixty



unerupted third molars that were transplanted to the first molar site,
reported that 73% were successful. (75) The maximum period of obser~
vation for this series was seven years.

The task of evaluating the results of tooth transplantation
experiments is especially difficult since the.criteria for measuring
success varies extensively between the investigators. The points of
greatest variaﬁce iﬁ measuring success are the length of survival and
the relative importance of maintaining a normal vitality response.
This latter point will be subsequently discussed.

It is generally believed that tooth transplantation follows the
same rules governing the transplantation of other tissues, (33, 83)
with autotransplantation of partially developed teeth enjoying .
reasonable degree of success and homotransplantation of teeth resulting
in inevitable fajlure. (1, 19, 47) Some workers have reported homo-
transplanted teeth which were retained and clinically successful for
several years, (21, 67) but there are no reports in the literature of

- permanently surviving homologous tooth transplants. (83)

The rejection of retained homotransplanted teeth is a slow
insidious process characterized by various forms of calcified material
being formed along the pulp waiis, slow root resorption, loosehing and,
in the absence of surgical intervention, eventual exfoliation.

Experimental transplantation. Experimental transplantation of

teeth and tooth germs may be divided into in vivo and in vitro studies.
‘The majority of the in vitro studies»with tooth germs have been con-
cerned with the survival, differentiation and organization of tooth
germs and the re]ationship of epithelial tissues to mesenchymal tissues.

(39, 45, 55, 56) However, some transplantation-oriented in vitro



studies also have been undertaken. (57) HMost of the in vivo investi-~.

gations have been done with experimental animals because of the in=-
herent difficulties iﬁ recovering human teeth following clinically
successful transplantation.

While Yumikura had*breviously carried out in vitro investigations
with teeth (32) Glaﬁstone was the first to report on the actual cul-
tivation of whole tooth buds. (39) She showed that tooth buds
removed from the body retained their capacity for producing developing
tooth components in a normal histologic manner. This work demonstrated
the organizing influénce of the amelobliasts on the dental papijla. An
interesting finding of this and other studies was that the enamel and
dentin of tooth buds grown in tissue culture did not calcify. (56, 58)

It has been shown that rat tooth buds can be maintained in tissue
culture for at least'twénty days. (56) At the end of this period they

had reached a level of development equivalent to five days in vivo.

The enamel matrix énd predentin did not calcify and the amount of matrix
formed was quantitatively equivalent to that which oécurs before the
tissues are calcified in vivo.

In vivo studies of tooth transplantation dates back to the time
of John Hunter (1728-1793) and perhaps earlier. (32) He transplanted
a freshly extracted human tooth to an incision in a cock's comb.
Several months later, after sacrificing the cock and injecting the
‘head with dye, he demonstrated patentblood vessels within the pulp of
the transplanted tooth.

Teeth and tooth germs have been transplanted to many different

sites including the abdominal musculature (49); the brain (29); the
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anterior chamber of the eye (28); the sacroiumbar fascia (76); the
marrow cavify of the tibia (89); the chorio-allantoic membrane (i0);
and subcutaneous fi#sue. (48) Intact tooth germs generally retained
their form with requiar differentiation of the odontoblasts and amelo-
blasts and produced histologically normai tubuiar dentin and enamel.

The transpliantation of tooth germ e¢lements has also been investi=-
gated. (49, 73) 1Isolated enamei-forming tissues were found to produce
no organizing effect on the host tissue, The ameloblasts lost their
characteristic form and reverted to stratified squamous epithelium.

In transplanted intact pulp tissue the odontoblasts differentiated
and for survived and produced & modified tubular dentin. When pulp
tissue free of odontoblasts was transplanted, the steliate-shaped pulp
cells were éasiiy éeen, but no dentin or calcified material was found.
These fin&ings indicated that enamel formation did not occur without
the influence of odontobfasts and that ameloblasts were not necessary
for dentin formatibn. (73)

Fleming (28) found that homologous and heterologous tooth germ
transpiants to_the énterior chamber of the eye survived and developed
for prolonged periods of time when the embryonic tissue was transplanted
prior to calcification. When calcification had occurred pricr to
transplantation the‘graft was usually destroyed. He alsc demonstrated
that homologous subcutaneous tooth bud transpiants survived better
when the hosts were periodically injected with serum or tissue extract
from the donors. (34)

Lefkowitz was the first investigator to describe the microscopic
findings in the rejection of homologous tooth bud transpiants. (57)

He found that homoiogous tooth bud transplants in rats exhibited the



usual homograft reaction. The first evidence of rejection was seen
at the end of the first week and was characterized by a dense
infiltrate of.lymphocytes’in the dental sac. Within two weeks there
was a more extensive lymphocytic infiltrate and by three weeks there
was dégeneration of the enamel organ and dental papilla. Specimens
taken at three weeks showed that none of the soft tissue elements of
the transplant survived and that the formed enamel matrix and dentin
were being resorbed. Tooth buds which had been cultured previous to
transplantation in a medium containing the host's serum fared better.
At the end of the first week the buds were vascularized as were the
uncultured buds, but unlike the latter there was no lymphocytic
infiltrate. At the end of six weeks, when the study was terminated,
there was no’evideﬁce of rejection. Development of the transplanted'
cultured buds progressed to root formation with a thin layer of
cementum covering the gingival third‘of the root. Mature dentin
formed but the énaﬁel remained in the matrix state. The major differ-
ence between the cultured six-week graft and the normal odontogenic
pattern was the lack of enamel maturation and thevdecreased growth rate.
In rhesus monkeys treated with 6-Mercaptopurine the pulpal tissue
of homologous incisor transplants retained a normal appearance for
three to six weeks witﬁ elaboration of secondary dentin, while the
pulpal tissue in untreated homologous teeth underwent a rapid change
to acellular fibrous connective tissue. (70) At eight to twelve weeks
the homologous transplants in the treated animals underwent similar
changes. However, there was no round cell infiltration or necrosis

noted in any of the specimens.
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Several ﬁtudies have been concerned with the storage of tooth buds
by freezing. Tooth buds which had been pretreated with glycerol,
frozen, and subsequently thawed and transplanted fared much better
than those which were not pretreated with glycerol. (18, 76, 93)
Similar results were achieved with tooth buds which had been frozen
prior to placément in tissue culture. (37) These studies have shown
that tooth germs can be frozen to an extremely low temperature and still
remain viable. Howéver, the survival rate for pretreated frozen trans-
planfed teeth is about one-half that of unfrozen controls. (93)

Many investigators have published accounts of their work in this
area, but these studies were usually limited to morphofogic observa-
tion of autologous, homologous, and heterologous tooth or tooth germ
transplants. It was not until 1962, nearly two hundred years after
Hunter's transplantation studies, that one of the basic questions in
tooth transplantation was investigated. That is, do teeth contain
histocompatib%lity factors capable of eliciting an immunologic response
in the host? Guralnick and Shulman were the first to investigate this
problem and fhey demonstrated that teeth and/or their periodontal
membranes contained transplantation antigens. (44) This was accom-
plished by showing that subcutaneous tooth transplanfs in rabbits
caused an accelerated rejection of subsequent skfn homografts from the
same donor. A Jogical sequel to this work would be‘the determination
of the individual role of the tooth's calcified and soft tissue compo-

nents in the process of homograft sensitization.

Pulp reaction to tooth transplantation. A number of reports have

described the histologic findings in transplanted human (51, 67, 68)
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and animal teeth. (1, 19, 36, 75) The monkey has been one of the
most popular experfmental animals because of the functional and
anatomic similarity between its masticatory apparatus and that of
man's., (1, 36, 75) This similarity makes it possible to perform
transplantation stuéies using techniques identical to those used in
humans. Because of the inherent difficulties in recovering human
teeth at regular intervals after transplantation it is difficult to
determine histobathologically the sequence of events taking place.
However, since the histologic changes seen in the available trans-
planted human teeth and animal teeth are similar, the findings in the
latter are helpful in understanding the process as it occurs in man.

As with skin, revascularization had not occurred in the trans-
planted unerubted third molars during the first two or three post-
operative days. {75) During this interval the nutrients and waste
products were trénspp;ted between the graft and host by diffusion
through the organizing bloocd clot. This method of interchange has
been demonstrated with autoradiograms. (75) In the initiai period
following transplahtation Hertwig's root sheath was discernible
although it‘had deviated in position. At thirty days the sheath was
difficult to detect.

The pulp tissue showed progressive histological changes with the
-least evidence of alteration in the apical portion and the most notable
changes in the coronal area, the region most distal to the source of
potential diffusion, (36, 75) In some studies the pulpal tissue was
free of mass necrosis or autolysis. (36) The range of reactions
varied from complete necrosis to a nearly normal appearance. (19)

Four days following transplantation in regions contiguous to the
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tissues of the host, the odontoblasts were still identifiable along
the lower border of the root ends and in the vicinity of Hertwig's
epithelial root sheath. The pulp in the roots retained the character-
istic appearance oflyoung pulp, while histologic changes were evident
in regions remote from the vascular tissue of the host. Passing up-
wards from the apex to the crown of the tooth, the odontoblasts in
some regions had dfsappeared whereas in others they were distorted,
although still identifiable through their positions and arrangement.

The pulpal tissue in the upper chamber and horns was stained
much more lighfly than elsewhere and contained areas of hemorrhage.

The cells in this and other areas of the coronal pulp exhibited
pyknosis and karyorfhexis.

At the end of four weeks the pulp was relatively healthy, although
certain significant changes were occurring. Bone-like tissue or osteo-
dentin started to develop in the puip tissue of both the root and the
crown. This tissue tended to cover the entire wa]i of preoperatively
formed dentin. The pulp showed different characteristics at different
levels. In the apical and lower canal regions it was comparable to
normal pulp in cellular and intercellular character. There was clear
evidence of recaﬁalization of the original ruptured vessels, The more
remote portions of the pulp tissue contained extensive amounts of
dense fibrous connective tissue. Occasionally, odontoblasts and
narrow zones of dentin were evident on the pulpal surface of the osteo-
dentin. (36, 51, 75)

 Experiments carried out over a longer period of time, from several

months to two years, revealed that practically all the pulp chamber was
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filled in with osteodentin. Also, in many teeth there was a spike-
like ingrowth of periapical bone‘which extended deeply into fhe

pulp. (36, 75) The connective tissue surréunding this spike of peri-
apical bone showed transformation into a fibrous structure similar to
periodontal membrane with some fiber bundles linking the bone with
thé pulp canal walls.

The roots, if not fully formed at the time of traﬁsp}antation,
were distorted and failed to achieve their normal length. Egidence"
of resorption on the pulpal surface was not common and when it did
occur was usually repaired with dentin. In contrast, cementum
resorption was usually found. (19)

The formation of bone-~like tissue or osteodentin in the pulp of
transplanted teeth is a common phenomenon. The process can be fol-
lowed with roentgenograms or histologic studies and occurs in homo-
logous, autologous and heterologous tooth and tooth bud transplants.
The Qithdrawal of vitamin A (92) and vitamin C (11) from the diets of
experimental animals reSujfs in the deposition of a similar hard
tissue in the pulp. The derivation of the cells responsible for the
formation of the osteodentin has not been established. Wolbach feels
that the cells may be dedifferentiated odontoblasts (92) but this
tﬂeory has been challenged by Fleming who believes that the 'osteo-
blastic' cells are differentiated from immature pulp cells. However,
since dentin and osteodentin are formed in heterotopically transplanted
pulp tissue contéining odontoblasts and not in heterotopically trans-
planted pulp tissue free of odontoblasts (89) Wolbach's theory may

have some merit.
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Sorgs; working with replanted hamster teeth, demonstrated an
apparent inverse relationship between the quantity of pulpal nerve
regeneration and the amount of osteodentin produced. (87) This
relationship seemed to hold trué even in teeth exhibiting adequate
revescularization. He hypothesized that odontoblasts deprived of
an adequate nerve supply may dedifferentiate and produce osteodentin.

The etiology of this pulpal response is even more poorly under=-
stood than the pathogenesis. Both trauma and interference with the
puipal blood supply may play a role in this phenomenon. Fleming has
shown that tooth germs with undamaged pulps had a better blood supply
and exhibited less tendency to form osteodentin than tooth buds that
had been damage& during transplantation. (31) Another interesting
finding is that osteodentin production is most prominent in the tissues
farthest away from the incoming-blood supply. These‘observations may
be significant in light of the increasing evidence that a decrease in
local circulation enhances bone formation. (43)

Autoradiographic and microradiographic studies using transplanted
monkey teeth showd that the osteodentin was poorly calcified but had
a high radicactive calcium uptake. When the transplanted teeth were
compared to the control teeth by these methods there was no appreciable-
_ difference other than that of the osteodentin. (75)

The survival of the pulp of transplanted teeth (47), as does the
survivé] of any transpianted tissue (66), depends on the early re-
establishment of circulation. The first stages of circulation are
characterized by an end-to-end anastomosis between the blood vessels
of the graft and the host. (24) The proximity of the blood vessels of

transplant and host may have some bearing on the follewing observations
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with transplanted teeth: transplants not involving socket preparation
are generally more successful than those in which extensive procedures
have been done (71, 72); the failure of teeth transplanted in areas
where the roots will project into large boney defects created by in-
fections or cysts. (19)

The question of pulp response and nerve regeneration following
tooth transplantation has been discussed in the literature but still
remains unresolved. The‘return of sensation has been reported in both
homologous (67) and autologous tooth transplants. (17, 19) However,
sensation in transpianted teeth appears to be the exception rather
than the rule. (33) It is generally conceded that vitality tests,
mechanical, thermal or electrical, are probably not reliable indications
of success or failure because the viability of the pulp is primarily
dependent on the re-establishment of the vascular supply and nerve
regeneration is variable, (47)

The fate of nerves in transplanted (75) and replanted (87) teeth
of experimental animals has been described. Two days after transplant-
ation there were signs of nerve degeneration and at seven to fourteen
days no nerves were evident. Newly developing nerves were first
observed in thg apical region at thirty days and later further up in
the coronal pulp chémber. The nerves tended to follow the blood
vessels. (75) In repianted hamster teeth nerve regeneration occurred

‘in only those teeth which contained histologically normal pulp. (87)
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MATERIALS AND METHODS

Experimental Animails, Teeth and Time Intervals

Experimental animals. Seven dogs from two litters were used in

this investigation. The animals had been kenneil-raised and were a
mixture of Samoyed, Labrador and Basenji. They ranged from eight to
ten months of age at the time of the transplantation procedure and
from ten to eleven months at the time of sacrifice. Two males and one
female from the same litter were used in the nine-week postoperative
time interval, and four males from another Tlitter were used in the
‘three- and'five-week intervais, After the transplantation operation
each animal.was given one gram of tetracycline hydrochloride oraily at
seven day intervals. The drug was given to label the postoperatively
formed dentin and not as an antibacterial agent., The animals ranged
in weight from thirty-eight to forty-five pounds and were housed in
steel cages and fed Purina Dog Chow.

Experimental and control teeth. The maxillary and mandibular

canine teeth and the right mandibular first molars were utilized in
this experiment. According to Miller these teeth are usually fully
erupted by the fifth or sixth month. (69) The right maxillary and
left mandibular canines were used as the host teeth, and the right
mandibular and left maxillary canines as the controls. Each host
tooth was‘tfeated identically, whereas each of the two control teeth

served as a distinct type of control. The right mandibular canine



Table 2. Vital Statistics of Experimental Animals.
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Kennel Postoperative Age at Age at Sex
Number Time Operation Sacrifice
Interval (days) (days)
(weeks)

3416 9 244 307 Male
3422 9 264 327 Femaie
3420 -9 271 328 Male
3059 5 293 328 Male
3057 5 301 336  Male
3056 3 504 324 Male

3058 3 : 508 329 Male
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control was not disturbed (virgin control), and the left maxillary
canine control was treatéd in a manner similar to the host teeth
except that it did not receive any transplanted tissue (sham-operated
control). The right mandibular first molar teeth were utilized as the
donors of the pulp tissue.

Time intervals. The seven identically treated dogs were arranged

into three postoperative time groups of three, five and nine wgeks.
At the end of each respective time period the experimental and control
teeth were removed en bloc and the dog sacrificed. Two dogs were
utilized in each of the three- and five-week periods and three in the
nine-week period.
Surgical Procedure

Anesthesia. Tﬁe surgical plane of anesthesia was initially pro-
duced by the injection of fifty milligrams of sodium pentobarbital
solution for each five pounds of body &eight into the cephalic vein on
the dorsal sufface of the foreleg. After anesthesia was attained an
intravenous catheter was inserted into the cephalic vein and a three-
way valve attached to the exposed hub of the catheter. One of the
remaining two fittings on the valve was attached to a 20 mi. syringe
containing anesthetic solution and the other to é 500 ml. bottle of
physiologic saline by means of an intravenous tube set-up. A minimal
- flow of saline was consfantly administered through the catheter to
maintain patency; but, when indicated, the valve was turned and further
anesthetic solution administered. The level of anesthesia was deter-
mined by the présence or absence of the eye 1id reflex and the response

to painful stimuli. Three to four additional doses of two milliliters
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each were given during the six to seven hour operative procedure.

The induction and maintenance of anesthesia was uneventful except
for one instance in which the dog stopped fespiring. Resuscitative
measures consisted of artificial respiration and intravenous admin-
istration of one milliliter of 1:1000 adrenalin chloride. Autonomous
breathing was attained within ten minutes and the operation continued
without further interruption. The dog's postoperative course was
uneventful.

Preparation. Aftef adequate anegthesia was attained and the
three-way valve set-up completed, intra-oral x-ray films were made
with ultraspeed dental occlusal x-ray film by exposing it with a
dental x-ray unit with a long cone attachment. A modified occlusal
technique included the two canine teeth in the maxilla in one fiim;
another film demonstrated both mandibular canines. Films of the man-
dibular first molar teeth were made utilizing the right angle method.

Before opening the pulp chamber each experimental tooth was
individually isolated witﬁ a rubber dam, scrubbed with surgical soap,
rinsed with sterile saline and the tooth as well as the clamp and dam
generously painted with tincture of Metaphen (nitromersol, Abbott).
éterile techniques were used throughout the remainder of the transplant-
ation procedufe.

Donor teetﬁ. The pulp of the right mandibular first molar tooth
in each animai was used as the donor tissue. After the tincture of
Metaphen had dried, the mesial pulp chamber was opened using a 701
carbide bur in an air turbine propelled by carbon dioxide, with physio-

logic saline as a coolant. The teeth were opened by first cutting the
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Figure 1. Diagram of the opened molar tooth.
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Figure 2, Diagram of the restored molar tooth.
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mesial cusp flat at the level of the pulp horn and then preparing a
wide occlusal openfng into the pulp chamber (Fig. 1). After thorough
cleansing of the preparation with sterile physiologic saline the pulp
in the mesial canal was removed relatively intact with a coarse barbed
broach and placed in a Petri dish containing abodt 2 ml. of sterile
physiologic saline. (15, 84) The barbed broach was inserted into the
mesial canal until resistance was met and then twisted one-half turn
and withdrawn with the attached pulp. Bacteriologic cultures were
taken of the empty canal and chamber with moistened paper points using
thioglycollate and beef heart infusion broth as the media. The occlu-
sal opening into the mesial pulp chamber was filled with zinc oxide~
eugenol and a cavity preparation was made leaving a thick layer of
this material for the base. Following this the tooth was restored
with amalgam. (Fig. 2).

Host teeth. The right maxillary and left mandibular canines were
used as the host teeth. The pulp chambers were entered by cutting the
incisal cusp flat at the level of the pulp horn. Following this a
cavity preparation was made with part of the floor consisting of a one
to two millimeter ledge rimming the pulp canal (Fig. 3).’ The ledge
provided support fpr the fillihg material preventing it from exerting
pressure on the underlying pulp tissue. After thorough cleansing of
the cavity pfepé}ation a segment of coronal pu}p tissue approximately
five millimeters 1ong was removed from the canal using a small curette.
A shallow circumferential groove was cut in the dentin with a 33 1/5
inverted cone bur in order to mark the level of thé amputated pulp
(Figs. 3 and Q). The walls of the canal from which the pulp was

removed were thoroughly scraped with the curette in an attempt to
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remove any remaining fragments of pulp tissue and dentinal debris.
Cultures were taken as in the donor teeth and a proper sized segment
of donor pulp tissue then inserted into the vacant portion of the
pulp canal. The tooth was then filled in the following manner (Fig. 4).

1. Silastic disk. (silicone elastomer, Dow-Corning)

2. Stainless steel disk.

3. Zinc oxide-eugenol. |

4., Amalgam restoration.

At the end of the transplantation procedure the Petri dishes con-
taining the pulp tissue were cultured and the remaining tissue fixed
in 10% neutral formalin.

Control teeth. The right mandibular and left maxillary canines

were used as the control teeth. The right mandibular canine was not
disturbed (virgin contro]), and the left maxi 1lary canine was treated

in a manner identical to the host teeth except that no transplanted
tissue was inserted;:that is, it was sham-operated. These sham-operated
teeth were restored leaving the extirpated portion of the pulp chamber
vacant.

Postoperative course. The animals were examined bi-weekly and

except for one instance of localized cellulitis there were no pdst-
operative sequelae. The single case of ceilulitis arose about two
weeks after the fransplantation procedure and lasted for one week. It
occurred in the right maxillary canine area of an animal whose teeth
were not decalcified éfter sacrifice (Kennel number 3416).

Removal of teeth. At the end of the respective time intervals the

indicated dogs were anesthetized'and x-ray films made of the experi-

mental and control teeth. When adequate anesthesia had been attained
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the teeth were surgically removed en bloc using an air turbine driven
bur and bone chisels. Immediately after removal the teeth were sec-
tioned transversely at ﬁhe cervical Tine with a diamond disk under
water coolant and placed in 10% neutral formalin. Following removal
of the last experimental tooth the animais were sacrificed with an
overdose of intravenous pentobarbital sodiuh solut{on. Several of the
right mandibular canine teeth were inadvertently fractured during re-
moval of the maxilléry teeth.
| Bactériologic Cultures

When the transplantation operation had been completed cuitures
were taken of the Petri dishes confaining the donor puip. This was
accomplished by submerging paper points in the saline for one minute
and placing them in thioglycollate and beef heart infusion broth.
These tubes along with those used to culture the pulp canals were incu=-
bated at 37°C for forty-eight hours. Gram stains were evaluated on
material from the tubes demonstrating growth.

Histologic Preparation

Fixation. The teeth and their surrounding bone were fixed for
five days in 10% neutral formalin which was agitated periodically and
changed daily. (63) At the end of the fixation period the excess bone
was removed with a diamond disk and water coolant. All the hard '
tissues were pléced in decalcifying solution except those from one
nine-week postoperative animal (Kennel number 3416). These undecalci-
fied hard tissues were subsequently prepared for viewing with a
fluorescent microscope. The fragments of donor pulp tissue remaining

in the Petri dishes after transplantation were also fixed in 10%
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neutral formalin solution and except for decalcification were
processed and stained in a manner similar to the teeth.

Decalcification. The tissues were decailcified in 16% formic

acid-3.4% sodium formate solution for two to three weeks. (54) During
the decalcification procedure the solution was changed semi-weekly

and constantly stirred. 1In order to deterﬁine when the tissue was
adequately decaicified periodic x-ray films were taken, and the
findings were cdmpared with the examination of the gross tissue. In
moét instances thevtwo methods agreed; however, the x-ray films gave a
more objective means of evaluating the mineral loss and often resulted
in the termination of the decalcification process sooner than if oniy
the gross examination had been reljed upon. The teeth were rubbery
and transiucent when adequately decalcified.

Processing, sectioning and staining. Folilowing decaicification

the tissues were washed in running water, dehydrated in increasing
concentrations of ethyl alcohol, cieared in cedar oil and xylene and
paraffin-embedded. (63) The coronal and root portions of each tooth
were properly oriented and embedded in the same block of paraffin. The
teeth were longitudinally sectioned with a microtome in a mesial-distal
plane at a thickness of aﬁbroximateiy eight microns. The total number
of serial sections per tooth ranged from 350 to 500. Every tenth
section was mounted and stained with hematoxylin and eosin. (63) After
microscopically examining the stained siides, pertinent intermediate
sections from each tooth were selected and stained with Masson's tri-
chrome stain, Mallory's aniline blue collagen stain and the Brown and

Brenn stain for bacteria in tissue, (63)



Undecalcified sections. Following fixation, the undecalcified

teeth of the nine week postoperative animal (Kennel number 3416)

were sectioned longitudinally with a diamond disk under a water

coolant. One of the longitudinal halves was returned to the fixative,
and the other longitudinal half was embedded in methyl methacrylate. (63)
" The enamel was reﬁ0ved with a diamond stone and water prior to embedding.
After adequate curing, the blocks were cut into six to eight micron
sections on a Jung microtome and mounted on slides. Some of the
sections were stained with Ponta Chrome blue-black {(Nutritional Bio-
chemicals Corporation), hematoxylin and eosin, and in one instance

with Weigert's tissue Gram stain. (63) The remaining unstained

sectibns and those stained with Ponta Chrome blue-black were examined
under a microscope illuminated with blue-violet light, while the
hematoxylin and eosin and Weigert's tissue Gram stained sections were
viewed with visible 1ight. A Leitz Panphot microscope with an XB150
xenon bulb, BGI2 exciting filter and 0G! eyepiece filter served for

the fluorescent microscopic examination of the sections.
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FINDINGS

The sequence of histopathological changes which occurs through the
three time periods will be descr ibed separately for the host teeth, the
sham=operated control and the donor teeth. The description will consist
of a detailed picture of the teeth at the third postoperative week and
of the subsequent changes and trends which become manifested in»the
later periods. Since there are no significant variations among the
virgin control teeth as well as among the surplus donor pulp.tissues,
composite descriptions will be made of each.

The two-piece Yongitudinaﬂ sections of the teeth demonstrate the
transverse cut made immediateiy after the removal of the tissue block.
This cut is four tovfive mitlimeters below the amputation site in the
pulp. The histologic description of the decalcified teeth is based on
the hematoxylin and eosin stained sections supplemented by Masson's
trichrome, Mallory's aniline biue and Brown and Brenn stained sections.
Sections of undecalcified teeth used for tetracycline fluorescence

studies will be described separately.

Virgin Control Teeth and Residual Donor Pulp

Virgin control teeth. (Figs. 5 to 14) longitudinal sections of

the teeth include the periodontal membrane, surrounding alveolar bone
and, occasionally, gingiva. The root portion of the dentin is covered
by cementum, and the coronal portion is bare. The dentin constitutes

the greatest part of the tooth's calcified structure and consists of
g :
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the cytoplasmic processés of the odontoblasts embedded in an inter-
cellular matrix. These odontéblastic processes are housed in regularly
arranged canalicu]iior tubules which extend ffom the pulp chamber
toward the dentino-énamel or dentino-cemental junctions. Running more
or less perpendicularly to the dentinal tubules are contour lines
which probably represent differences in degree of matrix calcification.
The innermost layer of dentin consists of a relatively uncalcified band
of predentin which is intimately related to the underiying odonto-
blastic layer of pulp.

The pulp tissue encased within the dentin is made up of a
peripheral odontoblastic layer and a-core of primitive connective
tissqe. The morphology and the number of odontoblasts preseﬁt in the
layer ranges from one to five cells in thickness; however, it may be
considerably thicker in the incisal region. Morphologically the odon-
toblasts vary from tall columnar to short cuboidal cells. The sub=-
odontoblastic pulp tissue does not exhibit a celi-poor zone, and in
many instances it is more ceilular than the core.

The most numerous cells of the pulp are the fibroblasts, and they
assume either a stellate or a fusiform shape. Surrounding these
connective tissue cells is an abundant ground substance and a few
collagen fibers.. The latter are most abundant in the apical region.
‘In the narrow'inéisal area of the pulp chamber the odontoblasts are
vacuolated, and the connective tissue assumeS a homogeneouS eosino-
philic appearance (Figs. 11 and 12). This pulpal change begins approx-
imately eight to nine millimeters above the transverse cut in the
cervical region and extends throughout the remainder of the incisal

pulp tissue. Within the central core are numerous arterioles,
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metarterioles, capillaries and veins containing variable quantities of
blood. In the more peripheral areas of the pulp the vascular elements
are usually limited to small endothelial lined channels. Nerve trunks
are often associated with the blood vessels and the two seem %o
decrease proportionately in size from the center of the chamber to the
periphery. The pulp tissue also contains a few di ffusely distributed
macrophages, plasma cells andv]ymphocytes. One of the teeth contains
a false denticle in the coronal pulp.

Several of the virgin control teeth were inadvertently fractured
during the removal of the other teeth. This damage is characterized by
fractured fragments of dentin, hemorrhage, necrosis and infiammation;

Residual donor pulp. (Figs. 15 to 18) The fragments of pulp

tissue remaining in the Petri dishes generally appear normal with the
exception of a minimal loss of fine morphological detail and focal
areas of necrosis and hemorrhage. The areas of frank necrosis are
limited to the peripheral regions of the specimens. Severai pieces of
pulp tissue contain regions in which the peripheral cells are polarized
and probably represent areas of residual odontobiasts. Many small
fragments of poorly preserved dentin accompanied the pieces of pulp
tissue. The tissue also ééntains'a‘moderate number of lymphocytes and
macrophages and a few neutrophils. fhe blood vessels are free of red
blood cells but often contain clumps of lymphocytes and neutrophils
(Fig. 18).

Host Teeth

Three week period. (Figs. 19 to 25) The four host teeth in this

time period show similar findings, the most striking being the apparenf

viability of the transplanted pulps. Subjacent to the disk of silicone
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elastomer which was removed before sectioning, the pulp cavity contains
a fairly well delineated one to two millimeter band of degenerating
neutrophils, lymphocytes, macrophages, plasma cells and debris. The
pulp tissue immediatefy under lying this area contains a mild to moderate
inflammatory cell infiltrate. The infiltrate decreases and becomes
focally distributed’in‘the deeper tissues and is generally absent

toward the rad{cular margin of the transplantation area. This pulpal
infiltrate is principally of a chronic type aﬁd includes scattered
muitinucleated foreign body-fype giant cells and numerous hemosiderin-
iaden macrophages.

Besides the presence of inflammatory cells the pulp in the trans-
plantation area exhibits congested capillaries, fragments of dentin,
hemorrhage, hembsiderin, intercellular and intracejiuiar edema and
focal areas of fibrosis. The'éreas of fibrosis are characterized by
an increase in the number of fusiform-shaped fibroblasts and youthful
collagen fibers at the expense of the stellate cells and amorphous
ground substance. Some areas of transplanted puip tissue show minimal
inflammatory and reparative changes and appear nearly normal. Also
within this same region are several large sclerotic blood vessels.

Within and just below the radicular limit of the transplantation
area, as designated by the notch in the lateral dentinal wall, are
numerous fragﬁenfs of tubular dentin. These fragments have been
covered with a postoperatively formed layer of dentin whiéh is primarily
atubular. Some of this atubular dentin or osteodentin contains embedded
cells. The fragments were produced when the circumferential groove
marking the junctionlbetweén the graft and the host pulp was cut. Each

mass of osteodentin contains several fragments of tubular dentin.
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‘Some of these proliferating osteodentin mésses become united either
with similaf masses or with the wall of the pulp chamber. The cells
producing the postoperatively formed osteodentin vary markedly in
character and range from columnar to flattened cuboidal cells. Some
of the newly formed dentin associated with the columnar cells exhibits
tubule formation. The giant cells in the area occasionaily contain
degenerating fragments of dentin (Fig. 22).

Two of the host teeth in this time interQal contain a narrow well=-
delinéated transverse band of extravasated red blood celis which
traverses the pulp between the lateral walls of the rdot canal (Fig. 25).
This band is situated approximately one millimeter below the dentin
masses. In the other two teeth there are several areas of focal
hemorrhage fn the corresponding region. The areas of hemorrhege contain
numerous hemosiderin-laden macrophages as well as hemosiderin pigment
within the dentinal tubules. With the exception of the congested
pulpal vessels the remaining pulp and periapical tissues are free of
any histopathological chﬁnges.

The dentinal(walls lining the area of the transplanted autologous
pulp tissﬁe were cut’during the preparation of the circumferential
groove. These cut surfaces are covered by a thin layer of postoperatively
formed atubular dentin. Some of the cut tubules contain hemosiderin
pigment. In one'tooth the dentinal wall shows minﬁte areas of resorp-
tion with associated multinucleated ceils (Fig. 20). Begfnning'at the
groove and extending apically, there is a thick layer of postoperatively
formed tubular dentin which is separated from the preoperatively formed
dentin by a prominent basophilic band. The ba50ph?1ic band or caicio-

traumatic line tends to become less noticeable as the apex is approached.
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Five-week period. (Figs. 26 to 30) The differences between the

teeth in the three-week period and those in the five-week period
reflect tﬁe continuing reparative process. The superficial band of
degenerating inflammatory cells is narrower, measuring one miilimeter
or less in thickness. Within the underlying pulp tissue the inflamma-
tory infiltrate is mild and focally distributed. It consists princi-
pally of lymphocytes and macrophages with many of the latter containing
foamy cytoplasm or hemosiderin pigment.

The characfer of the connective tissue in the transplantation area
varies within each tooth and between the teeth in the group. Some
teeth contain large areas which are similar to normal pulp tissue,
whereas in others there is extensive fibrosis. The quality of the
pulpal connective tissue in the five-week period is generally not much
different from that of the previous group; however, it does appear some-
what more fibrous.

The pulp tissue in the transplantation area contains severai well-
delineated eosinophilic masses of finely interwoven collagen fibers
 and a few nuclei (Fig. 27). These structures have a ''cotton candy' or
reticular appearance and are often associated with degeneratfng vessels.
A few of the eosinophilic masses show vascular ingrowth. The degener-
ating blood vessels are less well preserved than in the previous period.

The cut surfaces of the dentinal walls enclosing the transplant-
ation site are lined by a layer of osteodentin or tubular dentin which
is thicker than that seen in the three-week period. Near the incisal
area the walls are usually covered by osteodentin while in the deeper
portions, stil] above the demarcation groove, tubular dentin formation
predominates. Tubular dentin is also present on the periphery of the

osteodentin which encompasses the original dentinal fragments. Well-
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differentiated odontoblasts approximate the areas of tubular dentin
production, while oval or cuboidal cells are associated with the
osteodéntin formation. A prominent calciotraumatic line separates the
preoperatively and postoperatively formed dentin in both the crown and
the root. .

The hemorrhagic band noted just below the dentinal fragments in
some of the three-week teeth is prominent in one of the teeth in this
group, while in the remainder it is either minimal or absent.

Nine-week period. (Figs. 31 to 33) The main difference between

the transplantation area of this and previous periods is the almost
total resolution of the inflammatory process and the further deposition
of dentin. With the exception of one tooth which contains a super-
ficial focal accumulation of chronic inflammatory cells the infiltrate
isvminimai. Among the few remaining inflammatory cells, macrophages
and multinucleated giant cells predominate, and many of the former
contain hemosiderin.' Although only a relatively few foreign body giant
cells are seen, more are present in this time period than in previous
ones. Some of thesg giant cells contain large vacuoies and are hap=-
hazardly arranged while others appear to be attempting to encircle
amorphous material or are associated with fragments of dentin.

The connective tissue in the transplantation area is genefally
loose, cellular énd relatively free of fibrosis. As in previous fime
periods it contains several large clear spaces bounded by'a narrow
band of increased tissue density (Fig. 31). In some instances the
spaces appear to be large venous channels devoid of blood cells and in
others to represent areas previously occupied by masses of dentin
which were dislodged during sectioning. However, in most instances it

is not possibie to establish any of the above relationships, and for
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lack of a better explanation, the term reticular atrophy may be
applied,

There is a marked increase in the thickness of the postopera-
tively formed dentin on both the pulpal walls and on the puipal masses
of dentin. The layer of osteodentin formed initially after the trans-
plantation procedure is overlaid by tubuiar dentin in all areas except
the most incisél portion of the transplantation region. |

One of the teeth exhibits an area of hemorrhage beneath the
pulpal masses of dentin. Thekremainder of the radicular pulp and the

periapical tissues are similar to those in the other time periods.

Sham-operated Control Teeth

Three-week period, (Figs. 34 to 35) The two teeth in which the

incisal portions of the pulps were removed and the chambers left vacant
appear similar to the host teeth in many ways. The space between the
amputation site and the deepest portion of the filling is almost filled
by the upward prolifération of the pre-existing‘pulpai tissue. In one
of the teeth the most éuperior portion of the incisal pulp chamber
contains a one miliimeter band of necrosi;, a large subjacent accumu-
lation of acute and chronic inflammatory cells and pools of serum
(Fig. 34). The underlying pulp tissue is fibrous and exhibits a mild
chrbnic inflammatory infiltrate. By contrast, the incisal area of the
‘other extirpated control tooth contains oniy a narrow band of infilamma-
tion and necrosis.

In both teeth fibrous comnective tissue fills the pulpal amputation
area and except for the abcess formation nearly extends to the region
of the silicone elastomer. The regenerated connective tissue contains

many clear spaces similar to those noted in the host. The cut dentinal



walls enclosing the transplantation area contain iittie or no post-
operatively formed dentin. Some of the tubules in the region contain
hemosiderin pigment. As in the host teeth numerous dentinal masses
are present in the region; however, they éppear in a more incisal
position. Both sham-operated teeth also exhibit a calciotraumatic
line, hemorrhagic band, vascular congestion and normail appearing
radicular pulp and periapical tissues. The principal difference
between the sham-operated control teeth and the host teeth is the
greater amount of inflammation in the former.

Five-week period. (Figs. 36 to 40) As in the host teeth the

primary difference between this and the three-week period is the
decfease in inflammation and the increase in postoperatively formed
dentin. Both teeth in this time period have a superficial band of
degenerating inflammatory ce?ls'éne millimeter or less in thickness.
 The underlying pulp tissue is free of abcess formation and contains
only a minimal chronic inflammatory cell infiltrate. It is made up of
joose fibrous connective tissue containing focal areas of fibrosis

and has a pattern similar to that seen in the corresponding host teeth.
However, the iarge sclerotic blood vessels seen in the host are absent.
The pulp tissue in the operative site and surrounding the dentinal
masses contains some hemorrhage, but there is no distinct hemorrhagic
band. The quaiify, quantity and distribution of the dentin is similar
to that in the five-week host teéth.

Nine-week period. - (Figs. 41 to 43) The only significant differ-

ence between this and the five-week sham-operated teeth is the
increased thickness of the tubular dentin on the walls of the pulp

chamber and on the masses of osteodentin. The teeth also appeared



55

very similar to the host teeth in the corresponding time period. One
of the sham-operated teeth contains one of the collagenous eosino-

philic masses described in the host teeth (Fig. 41).

Donor Teeth

Three-week period. (Figs. 44 to 53) The mesial roots in both

donor teeth, which were the source of the donor pulp tissue, show
evidence of pulpal manipulation. The apical one-fourth to one-haif of
the canals are filled with an inflamed loose fibrous connective tissﬁe;
However, the extent of the inflammation and the character of the
fibrous connective tissue varies in the two teeth. The canal containing
the least amount of fibrous connective tissue exhibits an extensfve
infiltrate of neutrophiis, foamy macrophages, iymphoéytes, plasma cells,
and Gram poéitive bacilli and cocci. The bacteria are most numerous

in the middle third of the canal where they are concentrated along
the‘denfinal walls (Fig. 45). Some of the bacteria have been phago-
cytized by the macrophages in the area.

The mesial canal in the other tooth is half filled with connective
tissue and shows only & miid infiltrate of lymphocytes, plasma cells,
macrophages and some hemorrhage. The more coronai portion of the
mesial canal and pulp chamber is partially filled with necrotic debris,
" hemorrhage, inflamﬁatory cells and an amorphous eosinophilic coagulum.
The tissues approximating the dentinal walls of the mesial canal are
free of odontoblasts, with the exception of the few remaining in the
apical afea.

A small area of chronic inflammation is present in thé periapical
tissues on the distal surface of the most severely inflamed mesial

root (Fig. 48). It is similar to the tissue in the root canal in both
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cell type and consistency and communicates with it through at least
one apical foramen. 'Some of the macrophages in the periapical lesion
contain phagocytized bacteria (Fig. 48A)..

The amputation site at the distal coronal pulp is covered by an
amor phous éosinéphic coagulum, and is associated with é band-1ike
infiltrate of chronic inflammatory cells which extends distaily a
short distance into the pulp. Except for the coronal amputation site
there is no evidence of fibrosis. The tooth exhibiting the greatest
inflammatory reaction in the mesial root also shows abcess formation
in the occlusél pulp and focal Eesorption of the dentin lining the
crown (Fig. 44) and mesial canal (Fig. 46). Both of these areas of
resorption exhibit well-defined lacunae, but only those in the coronal
dentin are associated with multinucleated giént cells,

The superior aspect of the distal coronal pulp contains extra-
vasated red blood ceils and pigment within the associated dentinal
tubules. In the most severely inflamed tooth the area contains massive
hemorrhage, while in the other tooth there are only small focal areas
of hemorrhage. The pulp tissue in the distail canal and the associated
periapical tiséue appear normal.

Five-week period. (Figs. 54 to 58) As in the three-week period,

the mesial roots of the donor teeth are oniy partially filled with
viable tissue. Ih one tooth the apical half of the mesial root contains
chronfcaliy inflamed loose fibrous connective tissue, while in the
other tooth only a small portion of the canal is filled. In both
instances the tissue exfends occlusally more along the dentinal walls

than in the center of the canal.
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As in the three-week period, the mesial canal exhibiting the
least amount of connective tissue proliferation aiso shows the most
severe inflammation and a periapical lesion. The tissue and the canal
above it contain numerous neutrophils, maérophages, lymphocytes and
plasma cells. A similar but more severe inflammatory cell infiltrate
is present in the area of bone destruction along the distal apical
sur face of this root (Fig. 55). The periapical lesion communicates
with the pulp canal via several apical foramina.

This canal also exhibits an avascular focus of proliferating
cells which appear to be young fibroblasts growing in a tissue culture-
like pattern (Fig. 54). These cells are present near &n area of
inflammation and supefiorvto the usual type of regenerating connective
tissue in the canal.

The tissue in the canal showing the greatest amount of regeneration
contains only a mild to moderate inflammatory infiltrate and the
associated periaﬁical tissues are free of any pathological changes.
The lower third of the canal is lined by postoperatively formed osteo-
dentin, and the apical region by ostecdentin or cementum. The connec-
tive tissue within the middle third of the canal contains an isiand of
newly formed cementum or osteodentin (Fig. 56). Several finger-like
projections of cementum extend into the canal in the apical region.
The tissue in thfé region §1so contains an island of cementum which
does not appear to be attached to the wall of the canal (Fig. 57). No
dentinal fragments are seen similar to those found in the amputation
areas of the host ana sham-operated control teeth.

The puiﬁ tissue adjacent to the amputation site exhibits a mild

chronic inflammatory infiltrate and congested blood vessels. There is
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no evidence of fibrosis except in the amputation area. The distal
coronal pulp tissue exhibits a mild amount of hemorrhage and contains
hemosiderin-ladén macrophageﬁ. No pathological changes are evident
in the tissues of the distal root or periapical area.

Nine week period. (Figs. 59 to 60) Only one of the donor teeth

in this time interval is available for examination. It contains less
evidence of inflammation and more extensive regeneration than do the
teeth in the five-week period. The proliferating connective tissue
occupies about three-quarters of the mesial canal and exhibits only a
mild chronic inflammatory cell infiltrate. Osteodentin lines the

walls next to the regenerated tissue in all except the apical region
_where tubular dentin is being formed by well-differentiated odontoblasts
(Fig. 60). The occlusal pulp contains focal areas of miid cﬁronic
inflammétion and the distal pulp contains a moderate amount of
hemorrhage. There are no pathologic changes in the periapical tissues

or distal radicular pulp.

Undecalcified Sections

Visible light. (Figs. 61 to 64) With the exception of the right

maxillary canine the hematoxylin and eosin stained sections of the
undecalcified teeth (Kennel number 3416) which were cut at eight microns
on the Jung microtome exhibit the same findings as noted in the corres-
ponding decalcified sections. The remaining pulp tissue in the root of
the right maxillary canine (host tooth) is necrotic, and the periapical
tissue contains an area of inflammation with proliferating epithelium.
Although necrotic, the pulp is free of liquefaction degeneration and
inflammatory cells and s?ill shows the outline of the vascular channels

(Fig. 61). There are several foci of Gram positive bacilli and cocci



in the apical portién of the pulp bordering the.cystic space as well
as in the middle of thé root (Fig. 62).

Within the wide apical foramen is a clear space which is bounded
laterally by dentin and apically by proliferating stratified squamous
epithelium and masses of inflammatory cglls. The epithelium lining
the cystic space is undergoing degeneration in some areas and contains
an extgnsive infiltrate of neutrophils, lymphocytes, macrophages and
plasma cells (Fig. 63). The surrounding area of bone destruction
contains a youthful fibrous connective tissue stroma with a similar
but less intense inflammatory infiltrate. The infiltrate extends into
the bone marrow spaces as well as a short distance incisally along the
periodontal surface of the root.

The hard tissues contain cracks which run parallel to the direction
of sectioning. These cracks are most prominent in the dentin,and in
some areas it appears frayed. The soft tissue is well preserved and
does not show this sectioning artifact.

The crown portion of the right maxillary canine tooth is devoid of
pulp tissue and postoperatively formed osteodentin or dentin.

Blue-violet light. (Figs. 65 to 66) Examination of the undecai-

cified sections under blue-violet light reveals the presence of yeliow
fluorescent bands in the hard tissues. In bone the bands vary in
‘thickness and orfentation, whereas, in the dentin lining the pulp canal
and the cementum the bands are oriented parailel fo the long axis of
the tooth and are fairly uniform in thicknessland spacing. In the
right maxillary canine tooth, in which the pulp is necrotic, fluorescent
bands.are evident in the cementum but not in the dentin.

In teeth other than the right maxiilary canine the puipal masses

of osteodentin and dentin in the operative area contain a central core
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free of fluorescence; which is surrounded by concentric fluorescent
rings. The concentr;c rings tend to conform to the general outline of
the central core and are closer together and narrower than the bands
in the dentinal wall. A lesser amount of dentin or osteodentin is
found enc?oséd by the concentric rings than is found in the central
core.

There are seven discrete fluorescent bands in both the dentinal
wall and the masses of dentin and ostecdentin. The first of the seven
doses of tetracycline hydrochioride was administered at the end of the
second postoperative week, and the last dose was administered before
sacrifice.

The unstained sections were superior to the Ponta Chrome blue-

biack counterstained sections in that the latter tended to mask the

tetracycline fluorescence.

Bacteriologic Findings

Culture. Grem stains were done on the incubated culture media
exhibiting evidgnce of growth. Cultures from two Petri dishes
containing donor tissue and énother culture from cne maxillary right
canine host tooth gave positive results. The stained smears showed
the presence of mixed cultures of Gram positive bacilli and cocci. In
several of the culture tubes the paper points started to untwist and
fragment, mimicking bacterial growth. The two positive cultures from
the Petri dishes probably reflect contamination of the dishes during
handling of the pulp tissue prior to transpiantation. The only tcoth
with a positive culture was the right maxi?fary canine which had

manifested the postoperative sequelae (Kennel number 3416).
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Tissue sections. The three-week donor molar with the least amount

of tissue regeneration in the-mesiai-cana1 {Kennel number 3058) and the
right maxillary canine which manifested the postoperative sequelae
(Kennel number 3416) are the omly teeth to exhibit unequivocal bacteria
in the specially sta}ned tissue sections. In the molar tooth, which
had a negative culture, Gram positive bacilli and cocci are present
along the dentinal wall lining the middle third of the mesial canal and
within phagocytés in the pulp and periapical lesion (Figs. 45 and 48).
The right maxillary canine tooth contains several foci of Gram positive
bacilli and cocci in the necrotic pulp (Fig. 62). Examination of the
host teeth receiving the transplanted pulp tissue from the contaminated
Petri dishes did not reveal the presence of any bacteria or unusual

tissue response.

Radiographic Findings

Host and control teeth. There are diffuse radiopaque deposits in

the operated pulp chambers of the canine teeth. These radiopague aresas
are mos¢ prominent in the animals of the longest time interval. The
virgin controi teeth do not exhibit these changes. The periapical
regions of the canine teeth are usually superimposed on the premolars,
making interpretation of the areas impossibie. Comparison of the pre-
operative x-ray films and ﬁhé fiims taken at sacrifice reveal a general
increase in dentin deposition and a marrowing of the apical foramina.
Sonor teeth. As in the canine teeth the donor molars show an
increase in dentin deposition during the postoperative periocd. This
postoperatively formed dentin is limited to the distal occlusal pulp
chamber and root canal. There is no evidence of any intrapulpal calci-

fications. The periodontal space in the apical area varies greatly in



thickness, making it difficult to interpret these areas. The donor
tooth with the histologically small mesial periapical lesion (Kennel
number 3056) gives an equivocal roentgenographic picture, whereas the
tooth with the histologically large lesion (Kennel number 3059) reveals

a definite area of periapical bone destruction.
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DISCUSSION

Materials and Methods

Dogs were selected as the experimental animals because of their
ready availabiiity, relatively low cost, ease of maintenance, resistance
to disease and tooth size. The large teeth simplified the instrumenta-
tion, transplantation and restoration of the teeth. The morphology of
the canines'made them suitable for the host teeth, and the abundant
pulp tissue of the mandibular first molars made them desirable donor
teeth. Sham=-operated teeth with extirpated puip chambers were utilized
to evaluate the regenerative powers of the host pulp. The undisturbed
teeth were used as normal controls.

Young dogs between eight to ten months of age were selected because
their teeth were fully erupted and the apical foramina were still
relatively wide open. The large apical openings would tend to insure
a maximal blood supply to the pulp, and thus help to maintain optimai
conditions for repair. The postoperative time infervais of three, five
and nine weeks were selected to céver the span of inflammation and
repair as wel! as to follow any trends which might occur. Two dogs
were used in each time period to provide adquate material for study
and to see if comparable findings occurred in different animals.

In order to decrease any variables associated with age and genetic
background, the animals were seiected from two litters born two months |

apart. It would have been desirable to eliminate the sex variable, but
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since age and genetic background were considered more importaﬁt, a
cempromise was made by the inclusion of one femaie. The mar ked
similarity in ages at the time of sacrifice, ranging from 307 to 329
days, was fortuitous.

The Williams Air Orbit handpiece used in cutting the teeth has
several desirabie characteristics. It has air bearings, and thus
requires no Iubricantv{n the air supply or turbine head which might
contaminate the operative area., After passing through the turbine
most of the propeilant is e#hausted out the back of the handpiece
rather than through the head as in many models. These features along
with the use of a medical grade compressed carbon dioxide as the pro-
pellant helped decrease the likelihood of air borne contamination from
the exhaust of the handpiece.

A preliminary inveétigation comparing pulps removed from teeth
that were extracted and split open to pulps that were removed from
the teeth in situ with barbed broaches did not reveal any significant
histological differences. Pulps removed while the donor teeth were
still in_situ were used because the time interval between the loss of
blood supply and the placement in saline is considerably less than
with the other methed.

A Petri dish containing a small amount of physiclogic saline was
used to store the donor pulp tissue prior to transpiantation. Using
skin, it has been shown that tissue stored in moist air has a much
longer period of viability (15) and shows & smaller decrease in oxygen
uptake (84) than if submerged in fluid or wrapped in a moist gauze.

Silastic (silicone elastomer, Dow Corning) stainless steel, zinc

oxide-eugenol and amalgam were used in restoring the canine teeth.
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A Silastic disk was applied directly over the operative area, as it has
been shown to be well accepted by the host, eliciting little or no
tissue reaction. (14, 82) The Silastic was cut into disks approximately
one miliimeter thick and thorough?} washed before autociaving. (4)

Due to the flexibility of the Silastic it was overlaid with a piece of
stainless steel cut from matrix material. The matrix material was
‘covered by a layer of zinc oxide-eugenol, which acted as a sealant as
well as a thermal insulator for the overlying amalgam restoration.

Ten percent Buffered neutral formalin solution (63) was used as
the fixative agent because it penetrates rapidly, produces little
distortion and protects against acid haematin formation. Acid haematin
forms in blood rich tissues fixed in formalin solution with a pH below
six. The haematin granules are dark brown or black and can usually be
distinguished by being doubly refractile.

The teeth were sectioned transversely in the cervical area to
enhance the penetration of the formalin into the pulp tissue. It has
been shown that formé]in entering an intact tooth through the apex
penetrates eight to ten millimeters of the radicular pulp in the first
ten minutes. (86) After this initial period there was only a minimal
increase iﬁ formalin penetration during subsequent hours or days of
Fixation.

A 16% formic acid -3.4% sodium formate solution was used to
decalcify the hard tissues. (54) This solution takes somewhat longer
than with some otherAmet%ods, but it has the advantage of preserving
the nuclear stéinability.

The histopatho]bgié evaluation was based principally on the

hematoxylin and eosin stained sections. However, selected sections of
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each specimen were also stained by other methods. Mallory's aniline
blue and Masson's trichrome stains were utilized to demonstrate the

collagen fibrils and Brown and Brenn and Weigert's Gram stains to show

T
Ay

bacteria in tissues. (63)

In the past feé years it has been established that tetracycline
antibiotics are‘incorporated into developing bone (88, 90) and teeth
(5) at sites where the caicium salts are being deposited. TEe drug
is bound into tﬁe tissue, which calcifies during the ffrst few hours
after the administration of the tetracycline. The mechanism of tetra-
cycline fixation in calcifying tissues is not completgiy understood;
however, it eppears likely that these drugs are bound by the inorganic
elements rather than the organic matrix. (88, 90)

The presénce of these drugs in undecalcified hard tissues is
easily detected by examination under ultravioiet or blue-violet light
which causes yellow fluorescence of the tetracycline. When incorporated
into teeth the presence of the drug wili beirevealed by distinct fluor-
escent bands in the hard tissues that were forming at the time of admin-
istration of the drug.’ | |

Each of the animals in this study were given one gram of tetra-
cycline hydrochioride'at weekly intervais during the postoperative
course, The drug was administered to all the animals in order to
standardize the éxperimental conditions. Tetracycliines are completely
removed from tissues during decalcification; therefore, only the
undecalcified teeth from the nine-week postoperative animal were
examined for fluorescence. These sections were examined gnder a micro=-
scope iiiﬁminated with blue-violet light, and the sequential production
of the postoperatively formed dentin as reflected by the incorporation

of the fluorescent tetracycline was studied,
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DISCUSSION (Continued)

Findings

The findings in this study iliustrated the marked reparative
capacity of the pulp tissue in young dog's teeth. The pulp tissue
in the host and sham-operated teeth had proliferated and filled in
the operative areas and also had resumed the production of dentin.

At the end of the three-week time period the extirpated areas of
the sham-operated teeth were more severely inflamed and contained less
regenerated connective tissue and postoperatively formed dentin than
in the corresponding host tocth. However, in the five and nine week
periods the host and sham-operated teeth appeared essentially the same.
The only consistent histological finding distinguishing the two types
of teeth in the latter time periods was the presence or absence of the
sclerotic blood vessefs ;nd the eosinophilic fibrillar structures.
These structureﬁ were routinely found in the host transplantation site
and, with one exception, were absent in the extirpated area of the
sham-operated teeth. The large sclerotic blood vessels are probably
the degenerating vessels of the transplanted pulp tissue, and the
associated fibrillar or 'cotton candy' structures may represent the
terminal stages of the vascular degeneration or a response of the
surrounding tissue to the degenefating vessels,

The mesial extirpated canals of the donor teeth contained varying
amounts of regenerated fibrous connective tissue as well as some post-
operatively formed dentin. The regenerating tissue apparently arose

from the remaining fragments of pulp in the canal and/or the periapical
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tissue associated with the apical foramina, The amount of tissue
proliferation in the mesial donor canal increased with time and
appeared to be inversely related to fhe degree of inflammation. It
would be interesting to leave similarly prepared teeth in situ for
longer periods of time to see if the proliferating tissue would fill
in the extirpated canal. '

The proliferating connective tissue in the host, sham-operated
and donor teeth had maintained its capacity for hard tissue formation.
This was shown initiéliy by the production of osteodentin and later,
as further differentiation fook place, by the product%on of tubular
dentin. The ovoid or cuboidal cells associated with the osteodentin
formation and the well-differentiated odontoblasts producing the
‘tubular dentin may be derived from the remaining odontoblasts and
predontoblasts or perhaps from the undifferentiated mesenchymal cells.
. However, the studies of Wolbach (92) and others would tend to discount
the ab{lity of the undifferentiated mesenchymal cells to dif%erentiate
and produce dentin,

The calciotraumatic line separating the preoperatively and post-
operatively formed dentin in the crown and cervical portion of the
root in the operated feeth has been found to occur in many different
experimental procedures. These include the injection of fluoride,
“strontium, calciferol, parathyroid extract §r the removal of the para-
thyroid glands or the kidneys. (50) The mechanism responsible for
this phenomenon is not known, but it appears to be related to the
effect of the metabolic disturbance caused by the reacting substance

or by the operation.
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The tetracycline incorporated into the hard tissues fluoresced a
bright yellow when the'undeca]cified specimens were examined with a
fluorescent microscope. The presence of the drug was characterized by
fluorescent bands of various widths in the bone, cementum and post-
operatively formed dentin lining the pulp chamber and the dentinal
masses in the central pulp. Similar findings were observed in all the
specimens except the host tooth with the necrotic pulp. The dentin in
this tooth did hot exhibit any fluorescence, thus indicating that there
Qas no new dent%n formed after the end of the second postoperative
week when the first dose of tetracycline was administered. Since
relatively healthy phlp tissue fs essential for the production of dentin
it would appear’ that the tooth's pulp was severely inflamed and/or
necrotic by the time the drug was administered. The postoperative
cellulitis which began at the end of the second postoperative week
would tend to corroborate this point.

The experimental time intervals utilized did not permit the study
of.the initial inflammatory changes which took place in the operated
areas. In the time periods observed the inflammatory processes were
similar to those seen in connective fissues elsewhere in the body.

Bacteria were cﬁlfured from only one of the.two teeth exhibiting
unequivocal bacteria in the specially stained tissue sections. This
finding would teﬁd to question the significance of the negative cultures
in the remainder of the teeth in this study. It is entirely possible
that some of the teeth could have been initially contaminated with |
bacteria which were subsequently destroyed by the ensuing inflammatory

reaction.
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The positive culture was obtained from the nine-weék host tooth
with the completely necrotic pulp. This tooth also had an associated
periaﬁica] lesion with proliferating epithelium. The other tooth
histologically demonstrating bacteria was the three-week donor tooth
with the small periapicai lesion containing phagocytized bacteria.
Bacteria could not be demonstrated culturally or histologically in the
pulp or periap{cal tissues of the five-week donor molar with the large
periapical lesion. It is interesting to contemplate whether this tooth
might have initially contained bacteria which were subsequently
destroyed or whether the canal and periapical lesion were always sterile
as the culture indicated., The mesial extirpated canals of the
donor teeth with the periapical lesions showed less tissue regeneratfon
and more inflammatioh than the corresponding teeth without periapical

lesions.
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CONCLUSIONS

Autologous orthbtopic pulp transp1antat{on is a feasibic
procedure in young dogs. It is not clear from this investigation
whether the transplant ‘‘took! or whether it was replaced by regener-
ating host pulp tissue.

Regeneration and differentiation of the pulpal connective tissue
takes place in both the transplanted and sham-operated areas. Osteo-
dentin and tubuiar dentin were produced by the regenerating puip
tissue.

The leng renge '%uccessﬁ of transplianted pQ1p tissue requires
further study. The single instance of slight internal resorption in
one of the transplantation areas must be evaluated further.

Bacﬁeria? contamination is a potential hazard in this procedure.
However, only one of the twenty-one operated canine teeth and one of
the seven donor molar teeth exhibited bacteria. Other teeth may have
been contaminated but were able to overcome the bacterial invaders,

Regeneration of pulp tissue occurs in donor teeth. Extrapolation
of these and the preceding findings to human pulp would be speculative,

but the findings do indicate the desirability of clinical investigations.

4
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SUMMARY

The study utilized seven‘dogs at three time periods. Two dogs
were used at each of the three and five week intervals, and three at
the nine week {nter?él. |

The four canine teeth in each animal were used as the experimental
and control teeth, and fhe right mandibuiar molars as the donérs of
the transplanted pulp tissue.

A portion of the coronal pulp tissue was removed from three of
the canine teeth. Two of these teeth beéame the hosts for the trans-
pianted tissue, and the extirpated area in the third was left vacant,
thét is, sham-operated. The fourth canine remained undisturbed. The
donor pulp tissue was obtained from the mesial canal of the right
mandibular molar.

After completion of fhe Operatiye procedure, bacterial cultures
were taken and the teeth restored. The donor molar was filled with an
initial layer of zinc oxide-eugeno!l which was overlaid with an amalgam
restoration. The canines, which had been prepared with a pressure-
absorbing ledge, were filled in the following manner: 1) Silastic disk,
2) stainless steel disk, 3) zinc oxide-eugenol, and &) amalgam.

At the end of their respective time intervals the animals were
sacrificed and fhé teeth removed en bioc. The tissues of six dogs were
decalcified, stained and examined with a microscope illumiﬁated with

visible light. The tissues of the remaining nine week postoperative
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animal were sectioned without prior decalcification after removal of the

o

enamel, then stained and examined under both visible and biue-viciet
1ight.

The previously empty crowns of the host teeth were found to be
filied with youthful aﬁpearing pulp tissue, and in the later time
periods this pulp tissué showed decreasing amounts of infiammation and
increasing amounts of ésteodentin and dentin. The transplantation
areas in the three week host teeth were filled with moderately inflamed
loose Fibrous connective tissue which contained fragments of tubuiar
dentin surrounded by & layer of osteodentin. A thin layer of osteo-
dentin also covered the cut surféee of the dentinal wails lining the
transplantation area. The superficial portion of the transplantation
area subjacgnt to the ffoor of the restoration contained a one to two
millimeter band of degeherating inflammatory cells. The radicular and
periapical tissues were normal. Subsequent time periods showed reia=
tively few sclerotic blood vessels and fibrililar eosinophiiic structures
in the transplantation area, decreased inflammation and increased
dentin formation together with abundant pulp~iike tissue. The dentin
formed in the five and nine week intervals was principaliy tubulasr dentin.

The main differences between the three week sham-operated teeth
and host teeth is the increased inflammation and lack of osteodentin
formation on the wall of the operative arca in the former. Sham-
operated teeth in subsequent time intervals were near 1y identical in
appearance to the corresponding host teeth except for the absence of

the sclerotic blood vessels and eosinophilic structures in all except

one of the former.
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The amount of proliferated tissue in the extirpated mesial canals
of the donor teeth increased with time. The maximum level of prolif-
eration was reached in the nine week period with three quarters of the
canal filled. Canals exhibiting the least amount of tissue regenera=
tion contained the most extensive inf!ahmatory cell infiltrate and
periapical lesions. One of fhe canals and the associated periapical
lesion contained bacteria,

The undecalcified teeth examined under blue-violet light demon-
strated seven distinct fluorescent bands in the postoperatively formed
dentin. These corresponded to the seven weekly doses of tetracycline
administered after the operation., The host tooth with a positive
culture had a necrotic pulp containing bacteria as well as a periapical
lesion with proliferating epithelium. The dentin of this tooth did not
contain any evidence of fluorescence probably because the pulp became
necrotic shortly affer transplantation and could, therefore, form no

dentin when the tetracycline was administered.
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Plate 1
Virgin Control Teeth
Figure 5. Essentially normal pulp. Dentin (d), predentin (pd),

odontoblastic layer (o) and pulp tissue in middle third of root.
(H & E, 150x, enlarged three times)

Figure 6. Essentially normal pulp. False denticle in incisal
portion of pulp tissue. (H & E, 150x, enlarged three times)

Figure 7. Normal pulp. Vascular channels in radicular portion of
pulp. (H & E, 150x, enlarged three times)
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Piate 2

Virgin Control Teeth

Figure 8. Normal structures. Dentin (d), cementum (c), periodon-
tal membrane (pm) and alveolar bone (b) in lower third of root.
(H& E, 150x, enlarged three times)

Figure 9. Normal structurés. Pulp (p), cementum (c), periodontal
membrane {pm) and alveolar bone (b) in apical region. (H & E, &4ux,
enlarged three times)

Figure 10. Essentially normal bone marrow in periapical region
with a few inflammatory cells which are either idiopathic or
possibly due to intermittent pressures on tooth while operating
on other teeth., (H & E, 300x, enlarged three times)
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Plate 3

Virgfn Control Teeth

Figure 11. Homogeneous eosinophilic pulp tissue in narrow incisal
region. This early degenerative change may be due to lack of fix=
ation. (H & E, 150x, enlarged three times)

Figure 12. Incisal pulp, approximately 10 miilimeters above the
transverse section showing the transition between normal and homo=
geneous eosinophiiic pulp tissue. (H & E, 4hx enlarged three times)

=
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Plate 4

Virgin Control Teeth

Figure 13. Hemorrhage, infiammation and necrosis in crown fractured
inadvertently during operations involving the other teeth. (H & E,
44x, enlarged three times)

Figure 4. Higher power view of hemorrhage and inflammation in
fractured crown. (H & E, 150x, enlarged three times)



89



S0

Plate 5

Residual Donor Pulp Tissue

Figure 15. Fairly well preserved donor pulp tissue, after standing
in physiologic saiine for six to seven hours. (H & E, 4&x, eniarged
three times)

Figure 16. Poorly preserved donor pulp tissue with necrosis and
inflammation. (H & E, Ukx, enlarged three times)

Figure 17. Degenerating cells, presumably odontobiasts, on the
periphery of a fragment of residual donor pulp tissue. (H & E,
300x, enlarged three times) : . .

Figure 18. Plasma cells, lymphocytes and neutrophils in residuai
donor pulp tissue. Bjlocod vesseis are devoid of red cells, but
contain marginated neutrophils and lymphocytes. (H & E, 300x,
enlarged three times) ‘
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Plate 8

Three Week Host Teeth

Figure 19. Floor of cavity preparation (f) and superficial band
of inflammation and necrosis on the surface of the transplantation
area, (H & E, 4ux, enlarged three times)

o

2

Figure 19A. Higher power view of cut dentinal wail, superficiai
inflammation and necrosis in transplantation area. The ''giant

celis'' probably represent a coagulum of degenerating cells.
(H & E, 300x, enlarged three times)

Figure 19B. Higher power view of superficial inflammation and
regenerating fibrous connective tissue in transplantation area.
(H& E, 300x, enlarged three times)
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Plate 7

Three Week Host Teeth

Figure 20. Moderately inflamed connective tissue in superficial
portion of transplantation area. The lateral dentinal wall ex-
hibits resorption with associated multinucleated giant cells.

(H & E, 150x, enlarged three times)

Figure 21. Deep portion of transplantation area containing frag-
ments of dislodged tubular dentin (d) encompassed in a mass of
osteodentin {od) which in’turn is overlaid by tubular dentin (d).
Well-differentiated odontoblasts (o) are i1ined up next to the pre-
dentin (pd). (H & E, 150x, enlarged three times)

Y

Figure 22. Giant cell in region of pulpal dentin masses., (H & E,
150x, enlarged three times)

Figure 22A. Higher power view of giant cell surrounding fragment
of necrotic tubular dentin. (H & E, 785x, eniarged three times)
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Plate 8

Three Week Host Teeth

Figure 23. Deep portion of transplantation area exhibiting numer-
ous young fibroblasts, collagen fibrils, a few chronic inflammatory
cells and osteodentin. (H & E, 300x, enlarged three times)

Figure 24, The wall of the operative ares is Jined by ostecdentin
above the notch or groove (arrow) that marks the radicular margin
of the transpiantation area. Below the notch a calciotraumatic
line (c1) separates the postoperatively Tormed tubular dentin from
the preoperative dentin. - (H & E, 150x, enjarged three times)

gt

-

Figure 25. Well-delineated band of hemorrhage below the pulpai
dentinal masses extending between the lateral walls of the root
canal. (H & E, 44x, enlarged three times)

"

Figure 25A. Higher power view of the hemerrhagic band containing
hemosiderin pigment. (H & E, i50x, entarged three times)
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P}ate 9

Five Week Host Teeth

Figure 26. Floor of cavity preparation (f) and superficial con=-
nective tissue in transplantation region. The infiammatory
reaction is less severe than in the three week time interval.

(i & E, 44x, enlarged three times)

e

Figure 27. Eosinophilic fibrillar or 'cotton candy' structures (e)
in transplantation area. These fibrous messes are often associated
with and, in fact, may represent the scierosing degenerating blood
vessels which commonly occur in the transplanted tissues. (H & E,
150x, enliarged three times)

‘

Figure 27A. Higher power view of the fibrillar eosinophilic struc-
tures. Several of these masses contain a central lumen-Tike space.
(H & E, 300x, enlarged three times)
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Plate 10

Five Week Host Teeth

Figure 28. Low power view of transpiantation area. The mildly
inflamed fibrous connective tissue contains several eosinophilic
fibrillar structures (e). (H & E, &44x, enlarged three times)

Figure 28A. Higher power view of the dentinal wall in the trans-
piantation area. The osteodentin laid down on the cut surface of
the wall has been overlaid with irregular tubular dentin. (H & E,
150x, enlarged three times)

Figure 283, Higher power view of the region below the dentinal
fragments. The preoperatively formed tubular dentin is covered
with postoperatively formed irregular tubular dentin. (H & E,
150x, enlarged three times)
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" Plate 11

Five Week Host Teeth

Figure 29, Youthful connective tissue in transpiantation area,
Except for a few inflammatory celis the tissue resembles normai

pulp. (H & E, 150x, eniarged three times)

Figure 20. Radicular pulp below dentinal fragments containing some
hemorrhage and engorged blood vessels but no distinct hemorrhagic
band as was present in some three-week host teeth, {H & E, &ix,

enlarged three times)
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Plate 12

Nine Week Host Teeth

Figure 31. Low power view of the cavity preparation and surface
of the transplantation area. Note the supporting ledge {si).
(H & E, 27x, enlarged three times)

Figure 3iA. Higher power view of the superficial inflammatory
exudate and the incisal portion of the transplantation area. The
connective tissue contains numerous clear spaces and engorged blood
vessels. (H & E, Llix, enlarged three times)
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Plate 13-
Nine Week Host Teeth

Figure 32, Dentinal wall and attached dentinal mass covered with
a thick layer of postoperatively formed tubular dentin (d). The
connective tissue contains numerous ciear spaces of varying sizes
and shapes. (H & E, 4bx, enlarged three times)

Figure 32A, Higher power view of the boxed area in Figure 32
showing the connective tissue containing the clear spaces. Some

of the spaces appear to be large venous channels devoid of blood
cells and others to represent areas previously occupied by masses

of dentin; however, in many instances it was impossible to establish
any direct re!at1onsh1p. This type of clear space formation couid
lead to what is generally called ret1cu|ar degeneration. (H & E,
150x, enlarged three t1mes)

Figure 33, Foreign body type giant cells surrounding an amorphous
rod-like structure in the transplantation area. The foreign struc-
ture may possibly be a fragment of one of -the paper points used in
taking the ba¢terial cultures. (H & E, 300x, enlarged three times)
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Plate 14

Three Week Sham~-operated Teeth

Figure 34. Superficial band of necrosis and large subjacent ac-
cumulation of inflammatory cells and serum. The large clear space
at the bottom of the field was probably filied with inflammatory
exudate which was lost during processing. (H & E, 4ix, enlarged
three times)

Figure 34A. Higher power view of the inflammatory exudate con-
sisting of neutrophils, a few mononuclear celis and serum. (H & E,
300x, enlarged three times)
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Plate 15

Three Week Sham-operated Teeth

Figure 35. Clear space seen. at the bettom of Figure 34 formerly
occupied by inflammatory exudate, and chronically inflamed connective
tissue in deep portion of the extirpation area. The connective
tissue contains fragments of dislodged tubular dentin and the sur-
rounding cut dentinal walls contain little or no postoperatively
formed dentin. (H & E, uux, enlarged three times)

Figure 35A, Higher power view of the chrdnically inflamed connective
tissue below the clear space.* (H & E, 150x, enlarged three times)
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Plate 16

five Week Sham-operated Teeth

Figure 36. Hemorrhage, hemosiderin-laden macrophages and regenerat-
ing connective tissue in extirpation region. (H & E, 300x, enlarged
three times)

Figure 37. Large dilated venous channels in extirpation area.
Degenerating vessels (bv) are devoid of red cells,and coalescence
of similar vessels of varying sizes can resemble 'reticular degen=-
eration. (H & E, 150x, enlarged three times)

Figure 38, Relatively normal dentin and pulp tissue below extirpa-
tion area. (H & E, 150x, eniarged three times)
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Piate 17

Five Week Sham-operated Teeth

Figure 39, Floor of cavity preparation (f), narrow superficial
band of exudate and moderately inflamed regenerating connective
tissue in extirpation area. Postoperatively formed dentin lines
the cut dentinal walls in the middle and lower portion of the area,
(H & E, 4ux, enlarged three times)

Figure 40. Cut dentinal wall in the upper portion of the field is
covered with osteodentin which gradually merges into irregular
tubular dentin in the lower portion. The narrow cracks between the
preoperatively and postoperatively formed dentin are a fairly con-
sistent sectioning artifact. (H & E, 150x, enlarged three times)
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Plate 18

Nine Week Sham-operated Teeth

Figure 41. Regenerated fibrous connective tissue and thick layer
of postoperatively formed dentin in extirpation area. This was the
only sham-operated tooth to contain the eosinophilic fibrillar
structures (e) routinely found in the host teeth. (H & E, &ix,
eniarged three times) '

Figure 42, Youthful connective tissue in superficial portion of
the extirpation area containing a few chronic inflammatory cells.
(H& E, 150x, enlarged three times)

Figure 43. Dentin, predentin, odontoblastic iayer and youthfui
vascular connective tissue in deep portion of the extirpation area.
Connective tissue in the area contains hemorrhage and a mild chronic
inflammatory cell infiltrate. (H & E, 150x, enlarged three times)

A
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Plate 19

Three Week Doror Tooth
(With periapical lesion)

Figure 44. Amputation site of distal coronal pulp tissue (a), and
empty mesial coronal chamber containing debris. - "Yhe amputation site
contains a dense band of chronic inflammatory ceils which are dif-
fusely distributed in the underiying pulp tissue. :The dentinal waitl
exhibits areas of resorption with associated g1ant cells., (H& E,

4uyx, enlarged three t1mes)

Figure 4hA, Higher power view of chronically inflamed pulp tissue
near amputation site, and dentin resorption with giant cells.
(H & E, 150x, enlarged three times)
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Plate 20

Three Week Donor Tooth
(With periapical lesion)

Figure 45, Middle third of mesial donor canal containing numerous
Gram positive bacteria and inflammatory cells. The bacteria are
concentrated along the dentinal walis. (Brown and Brenn tissue
Gram stain, &44x, enlarged three times)

rigure 45A, Higher power view of infiammatory exudate deeper in
puip, with macrophages containing phagocytized bacteria. (B & B,
500x, enlarged three times)

Figure 46. Chronically inflamed regenerating connective tissue and
focal areas of resorption in mesial donor canal. The proliferating
connective tissue filled the apical fourth of the canal, and may
have arisen from the per1ap1cal tissues. (H & E, 150x, enlarged
three times)
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Plate 21

Three Week Donor Tooth
(With periapical lesion)

Figure 47. Higher power view of chronic inflammation in mesial
donor canal with numerous foamy macrophages. (H & E, 300x, enlarged
three times)

Figure 48. Apical foramen connecting donor canal with a smail focal
area of chronic periapical infilammation. (H & E, 44x, enlarged
three times)

Figure LB8A., Higher power view of the periapical lesion containing
phagocytized bacteria. (B & B, 500x, enlarged three times)
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Plate 22

Three Week Donor Tooth
(Without periapical pathology)

Figure 49. Dense hemorrhagic band in distal coronal pulp tissue.
The hemorrhage occurred three millimeters distal to the amputation
site and contains both intercellular and phagocytized hemosiderin

pigment. (H & E, L4ux, enlarged three times)

¢

Figure 50. Amputation site of distal coronal pulp tissue (a) and
cavity preparation {cp). (H & E, 4ix, enlarged three times)

Figure 50A. Higher power view of the distal amputation site which
contains a well-delineated band of chronic infilammatory cells next
to the homogeneous eosinophilic coagulum. (H & E, 150x, enlarged

three times)
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Plate 23

Three Week Donor Tooth
(Without periapical pathology)

Figure 51. Hemorrhage, inflammation and necrotic debris in the
extirpated mesial coronal pulp chamber occliusal to the regenerating
connective tissue. (H & E, 150x, enlarged three times)

Figure 52. Occlusal margin of the chronically inflamed regenerating
connective tissue which fills the apical half of the mesial donor
canal. (H & E, 150x, enlarged three times)

F1gure 53, Chronically inflamed connective tissue in the apical
region of the mesial canai from which the donor pulp was taken.
(H¢& E, 44x, enlarged three times)
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Plate 24

Five Week Donor Tooth
{(With periapical lesion)

Figure 54, Inflammatory exudate (i) and avascular foci of young
fibroblasts (f) occlusal to the regenerating connective tissue in
the mesial donor canal. (H & E, 44x, eniarged three times)

Figure 5LA. Higher power view of an avascular focus of young
fibroblasts (f) growing in & tissue culture-like pattern adjoining
inflammatory ceils (i). The inflammatory cell exudate consists of
neutrophils, macrophages, lymphocytes and plasma ceiis. (H & E,
150x, enlarged three times) .

Figure 54B., Higher power view of another focus of fibroblasts
growing in a tissue culture~like pattern. (H & E, 300x, eniarged
three times)
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"Plate 25

'Five Week Donor Tooth
(With periapical lesion)

Figure 55. Apical foramen connecting the mesial doror canal with
the large area of periapical inflammation. (H & E, 4ix, eniarged
three times)

Figure 55A. Higher power view of the apical foramen showing the
infiltrate of lymphocytes, neutirophiles, macrophages and plasma
cells, (H & E, 150x, enlarged three times)
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Plate 26

Five Week Donér Tooth
(Without periapical pathclogy)

Figure 56. Regenerated connective :tissue in the middle third of
the mesial donor canal couta1n1ng ah. island of newly formed osteo=-
dentin or cementum {od), mild chronic inflammation and large vascu-

lar channels. (H & E, &Lux, enlarged three times)

,

Higher power view of the pquaF island of osteocdentin

Figure 56A.
(H & E, 150x, enlarged three times)

or cementum.

ony tive tissue

the ated ¢ ec
(H & E, 300x, enlarged

Figure 568, High er power view of the regener
containing large pigment-laden macrophages.

three times)
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Plate 27

Five Week Donor Tooth
(Without periapical pathoiogy)

Figure 57. Connective tissue in apical portion of mesial donor
canai containing finger-like projections and/or islands of cemen-
tum (c), and an island of osteodentin (od). (H & E, 44x, entarged
three times) :

Figure 57A. Higher power view of an island of cementum. The island
may actually be the end of a finger-iike projection arising from the
apical cementum. (H & E, 150x, enlarged three times)

Figure 57B. Higher power view of the osteodentin island. The
center of the mass appears to contain severali fragments of dentin
which may have been chipped off the wail during removal of the
donor pulp tissue. (H & E, i50x, enlarged three times)

.

Figure 58. Bone marrow space in periapical region containing a
Few inflammatory cells. (H & E, 150x, enlarged three times)
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Piate 28

Nine Week Donor Tooth

Figure 59. Dentin and regenerated connective tissue in the mesiai
donor canal. The connective tissue fills three=-guarters of the
canal and contains a miid chronic inflammatory cell infiltrate and
a focus of hemorrhage (h). Postoperatively formed osteodentin (od)
covers the preoperatively formed tubular dentin (d). (H & E, 4ux,
enlarged three times)

Figure 60. Dentin and connective tissue in the apical area. The
only postoperatively formed tubular dentin in the donor canal was
in the apical area separated from the preoperatively formed dentin
by a calciotraumatic lire (c1). (H & E, 4lx, enlarged three times)
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Plate 29

-Nine Week Host Tooth
{Undecalcified)

Figure 61. Necrotic radicular host pulp tissue free of jiquefaction
degeneration and inflammatory cells. The area exhibits the ghost-
like outlines of the necrotic vascular channels {bv). This was the
only tooth to exhibit any postoperative sequelae. (Weigert's Gram
stain, 150x, enlarged three times)

Figure 62. Necrotic pulp tissue in another area of the same tooth
demonstrating the Gram positive bacteria and the ghost-like blood
vessels {bv). This was the only tooth which gave a positive bac-
terial culture. (Weigert's Gram stain, 500x, enlarged three times)
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Plate 320

Nine Week Host Tooth
(Undecalcified)

Figure 63, Proliferating stratified squamous epithelium surround-
ing the cystic periapical lesion of the host tooth with the necrotic
pulp. The epithelium contains numerous neutrophils and lymphocytes.
(4 & E, 150x, enlarged three times)

Figure 64, Extension of the periapical inflammation into the sur-
rounding marrow space. The area exhibits chronic inflammation and
bone resorption. (H & E, 300x, enlarged three times)
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Plate 31

Nine Week Host Tooth
(Undecalcified)

Figure 65. Dentin mass in transplantation area illuminated with
biue-violet light. The dentin mass was in the viable pulp tissue
of the other host tooth in the animal whose tissues were sectioned
undecalcified. The central core, consisting of a fragment of pre-
operatively formed tubular dentin, is free of fluorescence and is
surrounded by postoperatively formed dentin containing seven con-
centric fluorescent rings. The fiuorescent rings on the periphery
of the mass are incompilete, (Unstained, 150x, eniarged three times)

Figure 66. Another dentin mass demonstrating the seven asymmetric
Fluorescent rings which represent the tetracyciine hydrochloride
incorporated into the postoperatively formed dentin. The first of
the seven doses of the drug was administered at the end of the
second postoperative week and the iast dose two days before sacri-
fice. (Unstained, 150x, enlarged three-times)
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