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ABSTRACT

Early cellular changes in pulps whose blood supplies were

severed were studied using transmission electron microscopy
(TEM).

Twenty-eight extracted teeth were divided into seven

equal groups.

Except for the 0 hour group, all other teeth

were incubated in Tyrode solution at 37°C, after extraction.

After 1/4, 1/2, 1, 2, 4, and 8 hours, teeth were split open
and the pulps were processed for light and transmission

electron microscopy and evaluated for cellular changes.

Ex

cept for nuclear pyknosis in the 4 and 8 hour groups, light
microscopic examination revealed very little changes when
compared with that of TEM examination.

With the TEM, the

first cells which showed changes were the odontoblasts and

the most resistant structures to show changes were the unmyelinated axons.

Changes observed in the nuclei included

chromatin clumping, pyknosis and polarization of the nucleoli to the periphery.

Cytoplasmic changes observed were mi-

tochondrial swelling, dilatation of endoplasmic reticulum,

increased vacuolization, and increased presence of lipofuscin and lipid inclusion bodies.

Further, plasma membrane

distortion, degeneration and fragmentation were also seen.
Nuclear changes usually preceded cytoplasmic changes.

Other

observations were that endothelial cells showed a decrease

in micropinocytosis and an increase in cytoplasmic

protrusions.

Nerve fibers exhibited degenerative changes in

the myelin sheaths and a loss of microtubules in their axons.

It was not possible to pinpoint in any of the cell types ex
amined a specific time at which the transition from reversi
ble to irreversible condition occurred.

UNIVERSITY LIBRARY

LOMA LINDA

UNIVERSITY

Graduate School

A TRANSMISSION ELECTRON MICROSCOPY STUDY

OF EARLY CHANGES IN HYPOXIC PULPS

Nah

Nah Chen

A Thesis in Partial Fulfillment

of the Requirements for the Degree
Masters of Science

in Endodontics

August 1987

Each person whose signature appears below certifies that

this thesis in his opinion is adequate, in scope and

quality, as a thesis for the degree Master of Science.

Chairman

Leif K. Bakland, Professor of Endodontics

Robert Schultz, Professor of Anatomy

James H. Simon, Professor of Endodontics

Mahrooud Torabinejad//Pro]^ssor of Endodontics

ACKNOWLEDGEMENTS

My thanks and sincere appreciation to:

Dr. Robert Schultz for his advice, assistance and encourage

ment throughout the project;

Dr. Leif Bakland, my mentor, for his constant guidance;

Dr. James Simon and Dr. Mahmoud Torabinejad for their will
ing participation as advisors on my research committee;

Ernest Whitter, Panya Manoonkitiwangsa, Zhongrong Luo, Nora
Tong, and Dr. S. Sekhon for technical expertise in transmis
sion electron microscopy;

And special thanks to Lydia Daly for her patience and kind
ness during the typing and preparation of this thesis.

TABLE OF CONTENTS

List of Tables

List of Figures
List of Abbreviations,
Introduction

Literature Review.

1.

Hypoxia and Cell Injury.

2.

Cell Necrosis.

3.

Pulpal Necrosis,

4.

Applications of Electron Microscopy. . . .

Materials and

Methods

1.

Subject Information,

2.

Treatment Procedure,

3.

Observational Information.

1.

Light Microscopy

2.

Transmission Electron Microscopy

Results,

2.1

General

2.2

Observations According to Cell Types.

2.3

Observations According to Time Inter
vals.

2.4

Tables

Observations,

2.5
Discussion
Conclusion

Append ix

Bibliography

Figures

LIST OF TABLES

Results of 0 hour group (control)

Results of 1/4 hour of hypoxia

Results of 1/2 hour of hypoxia
Results of 1 hour of hypoxia

39

Results of 2 hours of hypoxia,
Results of 4 hours of hypoxia,

Results of 8 hours of hypoxia. . . . . . .

41

LIST OF FIGURES

Page

Longitudinal section of odontoblasts at 0 hour.

43

Transverse section of odontoblasts at 0 hour. .

45

Higher magnification of an odontoblast at
0 hour

Central core of the dental pulp at 0 hour . . .

47

Higher magnification of a fibroblast at 0 hour.

49

Higher magnification of royelinated and unmyelinated nerves at 0 hour

Longitudinal section of odontoblastic layer

after 1/4 hour of hypoxia

51

Higher magnification of an odontoblast after

1/4 hour of hypoxia

53

Higher magnification of myelinated and unmye-

linated nerves after 1/4 hour of hypoxia. . . .

53

Higher magnification of a fibroblast after

1/4 hour of hypoxia

55

Higher magnification of a blood vessel after

1/4 hour of hypoxia

.

55

Longitudinal section of odontoblasts after 1/2
hour of hypoxia

57

Higher magnificat on of an odontoblast after

1/2 hour of hypox a (longitudinal section).
Higher magnificat on of an odontoblast after

1/2 hour of hypox

a (transverse section). .

Higher magnificat on of an odontoblast after

1/2 hour of hypoxia (transverse section). . . .

59

Cell rich zone after 1/2 hour of hypoxia. . . .

61

Longitudinal section of odontoblasts after 1

hour of hypoxia

63

Higher magnification of an odontoblast after

1 hour of hypoxia

63

Central core of the dental pulp after 1 hour
of hypoxia,

.

65

Higher magnification of a fibroblast after
1 hour of hypoxia

67

Higher magnification of a myelinated axon

after 1 hour of hypoxia

67

Higher magnification of an odontoblast after

2 hours of hypoxia (longitudinal section) . . .

69

Higher magnification of odontoblasts after
2 hours of hypoxia (transverse section) . . . .

69

Myelinated and unmyelinated nerves after 2
hours of hypoxia

71

Higher magnification of a fibroblast after

2 hours of hypoxia

73

High magnification of odontoblasts after 4
hours of hypoxia (longitudinal section) . . .

Higher magnification of an odontoblast after
4 hours of hypoxia (longitudinal section) . .
Blood vessel and nerves after 4 hours of

hypoxia
Higher magnification of a fibroblast after

4 hours of hypoxia,
Longitudinal section of odontoblasts after 8

hours of hypoxia,
Transverse section of odontoblasts after 8

hours of hypoxia.
Higher magnification of an odontoblast after
8 hours of hypoxia,
Higher magnification of a fibroblast after

8 hours of hypoxia,

Blood vessel after 8 hours of hypoxia
Higher magnification of unmyelinated nerves

after 8 hours of hypoxia.
Higher magnification of a myelinated nerve
after 8 hours of hypoxia

LIST OF ABBREVIATIONS

=

fibroblast

=

odontoblast

=

red blood cell

il = myelinated nerve
J = unmyelinated nerve
= endothelial cell

= pericyte
: = Schwann cell

= node of Ranvier

I = myelinated axon
I = unroyelinated axon

1 = myelin sheath
= collagen
= nucleus

= mitochondria

= endoplasmic reticulum
= free ribosome

= Golgi apparatus

= vacuole

INTRODUCTION

The pulp is unique among bodily tissues in that it has al

most no collateral circulation.

It is thus very vulnerable

in situations which lead to a compromise of its circulation.
In traumatized teeth, especially those sustaining luxation

injuries, the blood supply can be severed apically, leading
to a disruption of oxygen supply as well as nutrients.

Con

sequently, degenerative changes and necrosis of pulpal tis
sues may occur.

Pulps of traumatized teeth have shown little or no changes

when examined with light microscopy, until 13 to 20 hours
after the severance of the blood supply (Andreasen, 1981;
Stanley et al., 1978).

However, hypoxia in other tissues

has demonstrated much earlier changes when examined with the
electron microscope (Vogt and Farber, 1968; Ferrans and

Roberts, 1971/1972; Glaumann and Trump, 1975; Jones and
Trump, 1975; Trump et al., 1979; Jennings and Reimer, 1981;
Jozsa et al., 1981; Jacobson et al., 1985).

A search of the

literature could only produce one electron microscopic study
related to hypoxia in dental pulps (Novak and Merker, 1970).
That study examined three pulps of a dog at 24, 48, and 72

minutes after the interruption of blood supply.

They re

ported little changes except those observed in the myelin

sheaths.

The purpose of the present study was to describe early cel
lular changes in hypoxic pulps observable with the trans
mission electron microscope.

LITERATDRE REVIEW

1.

HYPOXIA AND CELL INJDRY.

Trauma to cells produces injuries to various degrees.

The

amount of injury that a cell can sustain before, and the

biochemical mechanisms involved in, changing from a rever

sible status to an irreversible condition are not fully
understood.

One of the causes of cell injury is hypoxia.
as a state of oxygen deficiency.

It is defined

Hypoxic injury to cells

can be due to the loss of blood supply (ischemia), reduction
of the oxygen carrying capacity of the blood or poisoning of
the oxidative enzymes within the cells.

Four intracellular

functions are particularly vulnerable to hypoxia: a. Aerobic
respiration involving oxidative phosphorylation and produc
tion of ATP; b. maintenance of cell membrane integrity; c.
synthesis of enzymatic and structural proteins; d. preserva
tion of the genetic aparatus of the cell (Robbins et al.,
1984).

Based on the work by Cowley and Trump (1982), there is a
sequence of biochemical events in a cell subjected to

hypoxia.

a.

They include:

Changes in oxidative phosphorylation.

The first sign of

hypoxia is noted in oxidative phosphorylation.

A decrease

in oxygen tension within the cells leads to a loss of oxi

dative phosphorylation by the mitochondria

and consequently

a slowing down or a complete cessation in ATP production.
Being the energy source of the cell, the loss of ATP has

wide-spread effects.

Maintenance of cell membrane integrity

and the activity of membrane enzymes, such as ATPase, are
impaired.

b.

Changes in cyclonucleotides.

A decrease in ATP and the

associated increase in cyclic AMP stimulates an increase in

the rate of anaerobic glycolysis.

This leads to increased

production of lactic acid and inorganic phosphates.

The net

effect of these changes results in reduction of the intra-

cellular pH which is manifested in the cell as early clump
ing of nuclear chromatin.

c.

Effects on permeability.

Because of a reduction in

ATP and ATPase, the sodium/potassium pump is affected.

So

dium accumulates within the cell more than potassium dif
fuses out of the cell.

This results in a net gain in solute

with an accompanying gain in water.

The cell swells and

organelles, such as the endoplasinic reticulum, mitochondria,

Golgi apparatus and lysosoroes are particularly susceptible
to fluid accumulation.

d.

Membrane changes.

The disturbance in cell membrane

function, increased membrane permeability and diminished mitochondrial function cause the detachment of ribosomes from
granular endoplasmic reticulum, blebs or membrane blisters

(Hasty and Hay, 1978) and myelin figure formation of the
plasma membrane.

The cell is now markedly swollen, but this

change is believed to be reversible if oxygen is restored.
However, there is no universally accepted biochemical ex
planation for the transition from reversible to irreversible

injury (Cowley and Trumps, 1982).

e.

Lysosomal damage.

Extensive or continued damage to the

cell and its organelles lead to disruption of the lysosomal

membrane.

The leakage of enzymes and activation of acid hy-

drolases can lead to cell autolysis.

The rupture of the ly-

sosomes probably signifies the point at which the injury is
irreversible (Robbins et al., 1984).

f.

Cell death and necrosis.

Following cell death, cell

components are progressively degraded.

The widespread leak

age of cellular enzymes into the extracellular spaces and

the entry of extracellular macromolecules into the dead
cells is the beginning of cell necrosis.

As a result of

cell necrosis, inacrophages are attracted to the site to de

grade cellular debris into fatty acids which sometiines leads
to tissue calcification.

Cell rnembrane alterations appear to be the central factor

in the pathogenesis of irreversible cell injury.

Calcium

influx poisons the cell and its organelles, inhibits the
cellular enzymes, denatures protein and causes cytological
alterations characteristic of coagulative necrosis.

It must

be stressed, however, that a fine line exists between rever

sible and irreversible cell damage and the point of transi
tion from one to the other

is difficult to establish

(Cowley and Trump, 1982).

According to Robbins et al. (1984), morphological changes
in injured cells become apparent only after some critical
biochemical systems within the cell have been deranged.
For example, irreversible injury to the myocardium occurs
within 20 to 60 minutes, but light microscopic characteris
tics of cell death are not observable until 10-12 hours af

ter total ischemia (Jennings and Reimer, 1981).

In kidneys

deprived of blood supply, tubular death occurs within 30
minutes, but cells do not appear histologically dead until

12 hours later (Vogt and Farber, 1968).

Hence, one would

expect ultrastructural alterations to occur earlier than

those that can be observed by light microscopy.

Based on the research done by Trump and his co-workers

(Glaumann and Trump, 1975; Jones and Trump, 1975; Trump et
al., 1979; Cowley and Trump, 1982), Bobbins et al. (1984)

outlined ultrastructural morphologic changes following acute
hypoxic injury into reversible and irreversible changes.

I.

Reversible changes

- Early clumping of nuclear chromatin
- Dilatation of endoplasmic reticulum

- Detachment of ribosomes from rough endoplasmic
reticulum

- Dissociation of polysomes into monosomes

- Blebs at cell surfaces

- Aggregation of intramembraneous particles

- "Myelin" figures derived from plasma or
organelle membranes within cytoplasm

- Swelling of mitochondria

II.

Irreversible changes

- Severe vacuolization of initochondrla

- High amplitude swellings of mitochondria with
amorphous condensation within matrix

- Breaks in plasma membranes
- Swelling of lysosomes

b.

- Lysosomes rupturing
- Cell components degradation

Of particular interest was the work of Jones and Trump
(1975) on the cellular and subcellular effect of ischemia

on the pancreatic acinar cell of rats.

removed and incubated at 37°C.

Rat pancreas was

Samples were fixed at 0,

1/2, 1, 2, 4, 8, and 16 hours for the study.

Sections stained with hematoxylin and eosin and observed un

der light microscopy showed no changes up to 30 minutes of

hypoxia.

At one hour, chromatin clumping and cell shrinkage

were detected.

No marked differences were seen between the

1, 2, and 4 hour samples, but at 8 hours, the acinar cells
were loosing their basophilic properties.
cells were eosinophilic.

At 16 hours all

With the electron microscope, the plasma membranes were ob
served to be markedly altered at 4 hours.

By 8 hours, there

was almost complete conversion of membranes into myelin fig
ures.

The mitochondria were among the first organelles to show
changes.

Their rod-like shape was lost at 30 minutes, and

they became swollen, round or oval in shape.

At 1 hour,

their matrices were paler and the cristae were beginning to
be disrupted.

The 2 hour samples showed some myelin figures

in the matrix with flocculent densities appearing at 4
hours.

Mitochondria were markedly swollen and were becoming

increasingly darker and more difficult to distinguish at
8 hours.

The endoplasmic reticulum cisternae were dilated

at 30 minutes and began to disintegrate at 8 hours.

Zymogen granules remained intact until 8 hours.

There were

increases in the size of vacuoles and numerous autophagic
vacuoles were seen with increasing time of ischemia.

The nucleus exhibited clumping of chromatin and margination
at 30 minutes.

No appreciable change occurred until 8 hours

later, when the nuclear envelope was lost.
seen at 16 hours.

Karyolysis was

The results of the study by Jones and Trump (1975) showed
that pancreatic acinar cells undergo a reproducible progres
sion of morphological alterations in response to ischemic
injury.

When compared with other cells, it takes 4 hours

for the pancreatic acinar cells to reach the irreversible

stage, and once cell death occurs, autolysis followed very
rapidly.

2.

CELL NECROSIS

The reaction of the cell to injury depends on the type, dur

ation and severity of the irritant and also the ability of
the cell to adapt (Robbins et al., 1984).

When the limits

of the cell's adaptive capabilities are exceeded, or when no

adaptive response is possible, injuries lead to cell death.
Thus, cell death occurs when all biochemical functions of
the cell ceases.

The morphological manifestation of cell death is necrosis.
According to Robbins et al. (1984) necrosis refers to the

sum of the morphologic changes occuring within dead cells

in a living tissue.

These changes are caused by either the

cell's own degradative enzymes or by enzymes and other fac
tors released by infiltrating leukocytes.

Cell death usually occurs some time before such lethal in

jury can be identified under the light microscope (Vogt and
Farber, 1968; Jones and Trump, 1975; Jenning and Reimer,

1981).

Events following cell death may follow different

pathways depending on the balance between progressive proteolysis, coagulation of protein and calcification.

The re

sult will generally be one of the following four types of

necrosis:

coagulation, liquefaction, enzymatic fat, and

caseous

necrosis.

Coagulative necrosis is the most common type of necrosis and
is characterized by the conversion of the cell to an acidophilic, opaque "tombstone" (Robbins et al., 1984).

There is

loss of the nucleus but the basic cellular shape is pre
served, permitting recognition of the cell outline and the

tissue architecture.

Denaturation of protein is the cause

of such a pattern of necrosis and this can be seen in almost

all tissues except for the brain.

Liquefaction necrosis results from the action of powerful
hydrolytic enzymes and occurs when autolysis and heterolysis
prevail over denaturation.

Examples of liquefaction necro

sis are those of the brain and in all focal bacterial in
fections.

Enzymatic fat necrosis is a highly specific morphologic pat
tern of cell death encountered when lipases escape into fat

ty deposits.

The necrosis takes the form of shadowy out

lines of necrotic fat cells whose lipid contents have been

hydrolysed and is surrounded by an inflammatory reaction.
This form of necrosis is seen in the pancreas.

Caseous necrosis is a combination of coagulative and

liquefaction necrosis, characterized by the appearance of
soft, friable, whitish-gray debris resembling cheese.

The

cells are not totally liquefied, nor are their outlines

preserved, giving a distinctive amorphous granular appear
ance.

Tuberculous infections are examples of caseous

necrosis.

Gangrenous necrosis is a clinical entity and does not refer

to a specific microscopic pattern of necrosis.

It is used

to describe tissue undergoing ischemic cell death where the

coagulative necrosis is modified by the liquefactive action
of bacteria and attracted leukocytes.

When the coagulative

pattern is dominant, it is referred to as dry gangrene and
when the liquefactive component predominates, it is referred
to as wet gangrene.

3.

POLPAL NECROSIS

The circulation of the dental pulp consists of a single or
several small arteries and veins which enter and exit the

pulp via the apical foramen or foramina (Seltzer and Bender,

1984).

In addition, there may be some smaller vessels en

tering through accessory or lateral foramina, but these are
few.

The lack of collateral circulation is reflected in the

vulnerability of the pulp to situations of impaired blood
flow.

Trauma to the apical blood supply, depending on the extent,

can lead to either an infarct or total necrosis of the pulp.
According to Robbins et al. (1984) an infarct is defined

as a localized area of ischemic necrosis in an organ or tis
sue resulting from sudden reduction or cessation of either

the arterial supply or venous drainage.

Ischemic necrosis of the pulp, like all other tissues in the

body, is of the coagulative type.

Because of the almost

nonexistent collateral blood supply and the presence of hard

tissue encasing of the pulp, macrophages which normally re
move the infarcted or necrotic tissue cannot reach the pulp.
Hence, such a state of coagulative necrosis can persist in

the tooth for a long period of time.

Stanley et al. (1978)

have referred to such a condition as the ischemic infarcted

pulp.

When bacteria invade the pulp secondarily to the ori

ginal injury, liquefaction necrosis takes place.
sults in pulpal gangrene.

This re

The latter situation is often im

plicated in acute exacerbation of an otherwise quiescent necrotic pulp following dental trauma.

The dental literature contains little information on ultra-

structural changes of hypoxic pulps.

Most of the reported

changes so far have been based on light microscopic observa

tions (Klimek and Pankiewicz, 1974, Stanley et al., 1978,
and Andreasen, 1981).

Klimek and Pankiewicz (1974) studied histologically the
pulps of rats incisors subjected to a simulated altitude of

12,000 m.

The rats died of hypoxia within 4 to 8 minutes

and their histopathological findings included hyperemia,
stasis, vascular rupture, disintegration of erythrocytes,
and increased argyrophil fibers.

Stanley et al. (1978) conducted a retrospective study on 150
cases of extirpated pulps from traumatized teeth.

The post-

trauma intervals of the teeth ranged from 20 hours to ten

years.

They reported different stages of pulp degeneration,

including karyolysis and pyknosis of the cell nuclei.

degeneration of vasculature and erythrocytes/ and a loss of
pulpal architecture.

They described the phenomenon as is-

chemic infarct of the dental pulp.

Andreasen (1981) examined pulp changes at various time in

tervals following intrusive luxation of primary incisors.
Apart from edema, he found no significant changes in the
structural elements of the pulp after two hours.

However,

after 13 hours, nuclear pyknosis and disintegration of odon-

toblasts were evident.

After six days, only pyknotic nuclei

were seen within a stroma of autolysed pulp tissue.

The above three studies used light microscopy for their ex
aminations.

It is likely that pulpal changes at the cellu

lar level take place much earlier and these are more dis-

cernable with the transmission electron microscopy (TEM).
The only TEM study that could be found in a search of liter

ature was by Novak and Merker (1970).

They reported their

observations of endotheliuro, nerves and connective tissue

cells in canine pulps of a dog 24, 48, and 72 minutes after

interrupting the blood circulation.

No significant changes

were found in the structures of the intercellular spaces of
the fibrous tissues or in the connective tissue cells them

selves.

However, changes were seen in the endothelium and

the myelinated nerves.

The endothelium showed increased

number of vesicles depending on the duration of interrup

tion.

Alterations within the myelin sheaths were clearly

visible after 48 minutes.

These took the form of separated

laminae and vacuolization within the myelin sheaths.

The

axons showed no significant changes even after 72 minutes.

4.

APPLICATIONS OF ELECTRON MICROSCOPY

The invention of the light microscope in the early 17th cen
tury was an important step in science.

It permitted obser

vations of details that are normally not visible to the
human eye.

Improvements since the early microscope have re

sulted in instruments that offer a resolution of 2 micro

meter (/um), which is about half the wave length of visible
light.

An improvement over the light microscope was the invention
of the ultraviolet microscope, which has a resolution of 1

Aim, but even that does not permit observation of the very
small structure of cells.

It was the continual improvement in optics and electron sci
ence which led to the invention of the first transmission

electron microscope in 1931 by Ruska and Knoll in Germany

(Bancroft and Stevens, 1982).
principles for electron optics.

They established the basic
Since then, there have been

continual improvements in resolution from 50 nanometer (nm)

to the present day transmission electron microscope, which
offers a resolution of 0.2 nm.

With biological preparations

though, the usual limit of resolution is 1.0 nm.

In addition, other newer forms of electron optical instru
ments have evolved, namely the scanning electron microscope,
which reveals surface details; the analytical electron mi
croscope, which provides both qualitative and quantitative
data on cellular constituents; and the high voltage electron
microscope, which can view thicker sections and has the
ability to achieve 0.1 nm resolution.

Parallel developments in fixation and staining for electron
microscopy have led to increasing use of the TEM.

TEM exam

ination often provides information which cannot be obtained

from the many special staining techniques in light micros
copy.

In medical sciences, the use of the TEM has moved be

yond descriptive morphology to diagnostic histopathology.
This can be attributed to the increasing awareness of pathologists of the value of ultrastructural examination to

gether with increasing availability of the electron micro
scope and expert technical support.

Also, many ultrastruc-

tural features of diagnostic value are easily detected at
comparatively low magnification.

In dental research, the TEM has been used to describe fine

structures of the various components of the oral tissues
(Han et al., 1965; Avery et al., 1966; Miyoshi et al., 1966;
Jessen, 1967; Garrant et al., 1968; Harris and Griffins,

1968; Mjor and Fejerskov, 1979; Reader et al., 1981; Seltzer
and Bender, 1984; Ten Gate, 1985).

Recently published endo-

dontic research has shown an increasing trend in the use of
TEM to describe fine structures of the pulp (Torneck, 1981;
Lin and Langeland, 1981; Cipriano and Walton, 1986; Mendoza
et al., 1987 a and b).

MATERIALS AND METHODS

1.

SUBJECT INFORMATION

The study consisted of twenty-eight teeth collected from pa
tients who were scheduled for tooth extraction at the Oral

Surgery Clinic, Loma Linda University.

The ages of the pa

tients ranged from 14 to 31 years and their teeth were ex

tracted for orthodontic reasons or because of impaction.

All teeth were intact, without any visible pathological
changes, and had fully developed apices.

All teeth were re

moved in toto.

The teeth were divided into seven groups of four teeth each,

according to the period of deprivation of blood supply.

Se

ven time intervals were selected, based on a pilot study on
four teeth which showed well-defined changes between 2 to 6

hours.

The time periods selected from this study were 0,

1/4, 1/2, 1, 2, 4, and 8 hours after extraction.

The pulps

in the 0 hour group were used as controls, as these pulps
were removed and fixed as soon as possible after extraction.
The splitting of each tooth took two to three minutes after

extraction, but for ease of reference, these pulps were re

ferred to as the 0 hour group.

Their morphological appear

ances were taken to represent the normal, physiological

state and were used as a baseline to which changes at the
different time intervals were compared.

2.

TREATMENT PROCEDDRE

With the exception of the teeth in the 0 hour group, the
other teeth were rinsed with sterile saline immediately af
ter extraction and were placed in individual test tubes con

taining Tyrode solution (see Appendix, Table 1).

The test-

tubes were incubated at 37°C for the different time inter
vals.

Teeth were removed from the incubator at various intervals:

after 1/4, 1/2, 1, 2, 4, and 8 hours.

Each tooth was grooved

longitudinally with a fissure bur in a high speed handpiece
under continuous water spray.

the pulp.

Care was taken not to enter

The teeth were split open with a pair of pliers.

One half of the tooth casing was discarded, while the re

maining half which housed the exposed pulp was fixed in 3%
glutaldehyde in 0.1 molar (M) sodium cacodylate buffer, ad
justed to pH 7.3 for 16-22 hours.

The fixed pulp was then teased from the hard tissue, re

oriented on a glass slab and a cross-section of the pulp
tissue at the cemento-enamel junction was obtained by

cutting with a sharp razor blade.

The cut tissue was 1-2

in thickness and was quartered or divided into smaller
pieces of 1x1.5 mm.

The tissue sections were washed in two rinses of O.lM sodium

cacodylate buffer, and postfixed in 1% osmium teroxide for
two hours.

After postfixation, the tissue was rinsed twice

again with sodium cacodylate buffer before dehydration.

The

dehydration process consisted of 10 minute rinses in 40%,
75%, and 90% acetone, followed by two 15-minute rinses in
100% acetone, which was completed with an additional rinse
in 100% dry acetone for 15 minutes.

Next, the tissues were infiltrated in a two step process.
They were first immersed in propylene oxide for two 30 min

ute intervals to remove traces of acetone.

Then, they were

transferred to a mixture of propylene oxide and catalyzed

PolyBed 812 (see Appendix, Table 2) in a 1:1 ratio by volume
for two hours, followed by another change of propylene
oxide/PolyBed 812 mixture in a 1:2 ratio for 15-17 hours.

The tissues were then allowed to stand in a pure mix of
PolyBed 812 for two to four hours before being embedded in

Beem capsules and cured overnight in an oven at 60°C.

The cured capsules were trimmed, and with the aid of a

Sorvall-Porter Blum MT 2 ultramicrotome (Ivan Sorvall, Inc.,
Norwalk, Connecticut, USA) and glass knives, 1 /jm thick

sections were obtained.

These were mounted on glass slides,

stained with 1% toluidine blue and 1% azure II for light mi
croscopy.

From these sections, areas were selected and the

tissue blocks were trimmed further.

Sections 60-80 nm thick

were cut with a diamond knife using a Reichert OM U3 ultramicrotome (C. Reichert, Optische Werke A.G., A1171, Vienna,

Austria).

These sections were picked up on 200 mesh copper

grids, stained with 3% uranyl acetate and lead citrate
(Sato's reagent, see Appendix, Table 3) and examined in a
Siemens Elmiskop lA electron microscope (Siemens and Halske,
Aktiengesellschaft, Wernerwerk fur Messtechnik).

3.

OBSERVATIONAL INFORMATION

The processed specimens were examined with both the light
microscope and the transmission electron microscope.

Vari

ous cell types were studied, namely the odontoblasts, fibro-

blasts, endothelial cells, Schwann cells, myelinated and unmyelinated axons.

The nuclei were examined for signs of

pyknosis, karyorrhexis and karyolysis.

Particular features

of the cytoplasm studied included changes in the plasma mem

branes and organelle membranes.

These changes may take the

form of blebs, dilatation, myelin figures, and breaks.

RESULTS

With the exception of two specimens (one from the 1 hour and

another from the 4 hour group), the remaining 26 specimens
were successfully processed.

1.

LIGHT HICROSCX)PY

The only cellular change observed under the light microscope
was nuclear pyknosis.

This was present in the nuclei of

odontoblasts and fibroblasts in specimens subjected to 4
and 8 hours of hypoxia.

2.

TRANSMISSION ELECTRON MICROSCOPY

Early hypoxic changes were readily seen with the transmis

sion electron microscope and these changes were observed at
magnifications ranging from 6,000 to 22,000 X.

2.1

GENERAL OBSERVATIONS

Generally, intact membrane integrity of all cells and their
organelles were observed in the 0 hour specimens of all cell
types, except in a few isolated instances of mitochondrion

swelling in some odontoblasts.

The first cell to show any changes was the odontoblast, and

it occurred as early as after 1/4 hour of hypoxia.

The un-

myelinated axon was the last to exhibit changes and these
were observed after 8 hours of hypoxia.

Nuclear changes ob

served were:

a.

Chromatin clumping

b.

Polarization of nucleoli to

the periphery
c.

Pyknosis

Cytoplasmic changes included the following:

a.

Mitochondrion swelling

b.

Dilatation of the endoplasmic
reticulum

c.

Increased vacuolization

d.

Increased presence of lipofuscin
granules and lipid inclusion bodies

e.

Plasma membrane distortion

f.

Formation of myelin figures

g.

Plasma membrane fragmentation

Usually, nuclear changes preceded cytoplasmic changes.

In addition to the above, other changes specific to the dif
ferent cell types were;

Endothelial cell:

i.

Decrease in inicropinocytosis

ii. Increase in cytoplasniic protru
sions or invaginations

Myelinated axons:
i.

Separation of laminae of the
myelin sheath

ii. Loss of roicrotubules - this

was seen in unroyelinated axon
also.

2.2 OBSERVATIONS ACCORDING TO CELL TYPES

The features seen at 0 hour and the changes observed at

1/4, 1/2, 1, 2, 4, and 8 hours are discussed together under
the subheadings of the various cell types.

All sections

were evaluated and the changes were subjectively graded.

I.

ODONTOBLASTS

In the 0 hour group, the odontoblasts in longitudinal sec

tions appeared as polygonal cells with elongated processes
(Fig. 1).

The odontoblasts were connected to each other via

desmosomes.

The nuclei were generally ovoid and regular in

outline with most of the chromatin distributed at the peri
phery.

The cytoplasm was rich in granular endoplasmic reti-

culum, free ribosomes and mitochondria.

The mitochondria

seen had the typical rod-like configuration with lamellar

cristae.

The Golgi apparatus was usually found close to the

nucleus in the basal region of the cell.

Lipid inclusions,

lipofuscin granules, small vacuoles or vesicles and occa

sional centrioles were regular findings in the cytoplasm.

In transverse sections, the odontoblasts appeared as circu

lar cells with a round or ovoid nucleus (Fig 2 and 3).

Chromatin distribution still remained more peripheral and

the usual array of cytoplasmic organelles were seen within
the cytoplasm.

a.

Changes in the nucleus.

Chromatin clumping started as

early as after 1/4 hour of hypoxia (Figs. 7 and 8).

There

was little or no additional change in clumping from 1/4 to

1/2 hour (Figs. 12-15), but at 1 hour (Figs. 17 and 18),
clumping was obviously evident.

In the 2 hour specimens, a

distinct increase in density of the chromatin clumps and
shrinkage of the nucleus as shown by the wrinkling of the
nuclear membrane (Figs. 22 and 23) were seen.

The nucleus

showed progressive pyknosis in the 4 and 8 hour specimens
(Figs. 26, 27, 30-32).

b.

Changes in the cytoplasm.

Early mitochondrial swelling

was observed in specimens subjected to 1/4 hour of hypoxia
(Figs. 7 and 8).

This was also noted in isolated in

stances in the 0 hour odontoblast group.

Specimens taken

after 1/2 hour of hypoxia (Figs. 12-15) did not demonstrate
any significant increase in the degree of swelling, but ap

parently more mitochondria were affected.

By 1 hour, most

of the mitochondria were swollen (Figs. 17 and 18).

In the

2 hour specimens, big vacuoles containing remnants of mem

brane debris, which were apparently the results of "ex
ploded" mitochondria, were noticed with increasing frequency

(Figs. 22 and 23).

High amplitude swelling was seen in the

4 hour (Figs. 26 and 27) and in 8 hour (Figs. 30-32) speci
mens.

There was also an apparent increase in the number of

vacuoles.

The endoplasmic reticulum did not appear to be affected as

much as the mitochondria, although early dilatation were

seen at 1/4 hours of hypoxia (Fig. 8).

Obvious dilatation

was shown at 1 hour (Figs. 17 and 18), increasing in sever

ity throughout the 2, 4, and 8 hour specimens (Figs. 22, 23,
27, and 30).

The Golgi apparatus apparently showed no changes, while a

general increase in lipid inclusions, lipofuscin granules
and the sizes of vacuoles were observed with increasing dur
ation of hypoxia.

The plasma membrane appeared intact until at 8 hours, and at
this time one specimen showed fragmentation in most odonto-

blasts, with extrusion of the cytoplasmic organelles into
the surrounding ground substance (Fig. 31).

Interestingly,

these organelles did not demonstrate high amplitude swel
lings.

Myelin figures, a result of plasma membrane degener

ation, were seen in the eight hour specimens (Figs. 30 and
32).

II. FIBROBLASTS

Fibroblasts were readily seen in the pulp and especially
within the cell rich zone.

It was difficult to distinguish

fibroblasts from undifferentiated mesenchymal cells.

Fibro

blasts were stellate or spindle shape with multiple cellular
processes (Fig. 5).

The nuclei assumed triangular or poly

gonal configurations with chromatin being distributed more
peripherally.

Endoplasmic reticulum were prominent in the

cytoplasm and the latter contained the usual cytoplasmic
organelles of ribosomes, mitochondria, Golgi apparatus, lipid bodies, vacuoles, occasional centrioles or basal bodies

with related cilia.

One such cilium is shown in Figure 20.

a. Changes in the nucleus.

No nuclear changes were observed

in the fibroblasts in the 1/4 hour (Fig. 10), and the 1/2
hour groups (Fig. 16).

Early chromatin clumping was seen in

the 1 hour specimens (Figs. 19 and 20) and became more no

ticeable in the 2 hour group (Fig. 25).

Nuclear pyknosis

was evident in all specimens after 2 hours (Figs. 29 and
33), but little changes occurred between the 4 hour and 8
hour group.

b. Changes in the cytoplasm.

Dilated endoplasmic reticulum

cisternae were a prominent hypoxic change in the cytoplasm

of the fibroblasts.

They were seen after 1 hour of hypoxia

(Fig. 20), and persisted in intensity in the 2, 4, and 8
hour specimens (Figs. 25, 29, and 33).

Vacuoles which ap

peared with increasing frequency in the 2, 4, and 8 hour

specimens were probably the results of secondary lysosomal
activity on damaged endoplasmic reticulum.

Apparently, mitochondrial swelling could be detected as ear

ly as 1/4 hour (Fig. 10), but these were more readily seen
at 1 hour (Fig. 20), and became increasingly noticeable at
2 hours (Fig. 25), 4 hours (Fig. 29), and 8 hours later
(Fig. 33).

Vacuoles from exploded mitochondria were seen in

the 4 and 8 hour specimens (Figs. 29 and 33).

No changes

were detected in the Golgi apparatus, but there appeared to

be increased amount of lipofuscin and lipid inclusion bodies
with increasing periods of hypoxia.

III. ENDOTHELIAL CELLS

The endothelial cell in the 0 hour specimens appeared to
have morphological characteristics described in dental his

tology (Mjor and Fejerskov, 1979; Ten Cate, 1985).

The typ

ical cell had a prominent nucleus with cytoplasm encircling

the lumen of the vessel, assuming the configuration of the

vessel depending on its dilated or collapsed state.

Cyto-

plasmic organelles were present, but they were not always
readily observed in the prepared specimens.
closely related to the endothelial cells.

Pericytes were
Under normal cir

cumstances, a large amount of micropinocytosis was observed
both in the luminal as well as the basal surface of the

cells.

This was a form of non-specific pinocytosis, com

monly referred to as "cell drinking" (Figs. 4, 11, and 19).

a. Changes in the nucleus.

Nuclear changes were noted first

in the 4 hour specimens (Fig. 28) when early signs of chromatin clumping was detected.

This became more prominent at 8

hours (Fig. 34) when the pericyte nuclei also exhibit simi
lar changes.

b. Changes in the cytoplasm.

An accompanying decrease in

micropinocytosis was observed in both the 4 and 8 hour spe
cimens (Figs. 28 and 34).

In the 8 hour specimens (Fig.

34), an increase in cytoplasmic protrusions was noticed on
both the basal and luminal surface.

Because relatively few organelles were seen in the cytoplasm
of the endothelial cells, only a few changes could be de

scribed.

Mitochondria were observed with minimal changes

and there was an increased vacuolization in the cytoplasm
with extended periods of hypoxia (Figs. 28 and 34).

IV. SCHWANN CELLS

The Schwann cell appeared as an ovoid cell with chromatin

distributed rather evenly throughout the whole nucleus
(Figs. 4 and 6).

Some isolated concentrations of chromatin

could be seen at the nuclear membrane.

The cytoplasm demon

strated the usual cytoplasmic organelles.

The Schwann cells

showed a typical normal relationship to both myelinated and

unmyelinated nerves.

One Schwann cell surrounds a single

myelinated axon, while in unmyelinated nerves, a single
Schwann cell surrounds a number of unmyelinated axons
(Figs. 4 and 6).

a. Changes in the nucleus.

Chromatin clumping was first ob

served after 2 hours of hypoxia (Fig. 24).

It was more evi

dent at 4 hours (Fig. 28) and increased in intensity at 8
hours (Figs. 35 and 36).

b. Changes in the cytoplasm.

Swollen mitochondria and di

lated endoplasmic reticulum and vacuoles were seen in the
Schwann cell cytoplasm at 4 and 8 hour specimens (Figs. 28,

35, and 36).

Lipid inclusions and lipofuscin granules were

present too.

V. MYELINATED AXONS

The myelinated axons were distinguished by the presence of
the niyelin sheaths which consisted of concentric lamellae of

myelin (Figs. 4, 6, and 9).

The axonal cytoplasm consisted

of microtubles and few organelles, mainly mitochondria.
Occasionally, nodes of Ranvier were observed.

In the 1 hour group (Fig. 19), the myelin sheaths appeared
more folded and irregular compared to those seen at 0 hour

(Fig. 4).

Similar findings were observed in the 2 hour spe

cimen (Fig. 24).

Deterioration of the myelin sheath, seen

as the separation of the myelin lamellae was detected at 4

hours (Fig. 28) and in most of the eight hour specimens.
The axons showed shrinkage and clefts were formed between

the axolemma and the internal mesaxon (Fig. 28).

There was

loss of microtubles within the axonal cytoplasm (Fig. 36).

Of interest was the presence of cytoplasmic lamellar bodies
(Schultz and Willey 1976), which were seen in a number of
specimens (Fig. 21, 24, and 36).

VI. ONMYELINATED AXONS

The morphology of the unroyelinated axons was similar to
that of the myelinated axons except for the absence of the
myelin.

The unmyelinated axon appeared to be the most resistant to
hypoxic changes.

Changes were detected only after 8 hours

of hypoxia (Fig. 35) and these included swollen mitochon
dria, loss of microtubules, and vacuolization.

2.3

OBSERVATIONS ACCORDING TO TIME INTERVALS

The following tables (Tables 1-7) show the observed changes

at various time intervals.

Representative micrographs of

the various cell types and changes at the different time in

tervals are listed in parentheses.

The key to the symbols

used in the tables appears after Table 7.

Cell Type

Changes in
the Nucleus

Changes in the
Cytoplasm

Odontoblast
Fibroblast

Endothelial cell
Schwann cell

Myelinated axon
Unmyelinated axon

Table 1.

0 hour group

(refer to Figs. 1-6)

*Isolated instances of niitochondrial swelling in
odontoblasts observed at 0 hour.

**Nuclei located outside the pulp.

TABLE 2

Cell Type

Changes in
the Nucleus

Changes in the
Cytoplasm

Odontoblast
Fibroblast
Endothelial cell
Schwann cell

Myelinated axon
Unmyelinated axon

Table 2.

1/4 hour group

(refer to Figs. 7-11)

TABLE 3

Changes in
the Nucleus

Changes in the
Cytoplasm

Odontoblast
Fibroblast

Endothelial cell
Schwann cell

Myelinated axon
Unmyelinated axon

Table 3.

1/2 hour group

(refer to Figs. 12-16)

TABLE 4

Cell Type

Changes in

Changes in the

the Nucleus

Cytoplasm

Odontoblast
Fibroblast
Endothelial cell
Schwann cell

Myelinated axon
Unmyelinated axon

Table 4.

1 hour group

(refer to Figs. 17-21)

Cell Type

Changes in
the Nucleus

Changes in the
Cytoplasm

Odontoblast
Fibroblast
Endothelial cell
Schwann cell

Myelinated axon
Unmyelinated axon

Table 5.

2 hour group

(refer to Figs. 22-25)

TABLE 6

Cell Type

Changes in
the Nucleus

Changes in the
Cytoplasm

Odontoblast
Fibroblast

Endothelial cell
Schwann cell

Myelinated axon
Unmyelinated axon

Table 6.

4 hour group (refer to Figs. 26-29)

Cell Type

Changes in
the Nucleus

Odontoblast
Fibroblast
Endothelial cell
Schwann cell

++++
+++
+
+

Myelinated axon
Unmyelinated axon

Table. 7

Changes in the
Cytoplasm

++
+

8 hour group

(refer to Figs. 30-36)

KEY TO SYMBOLS

= None

+/-

= Minimal and only in certain cells

+
++
+++

= Mild
= Moderate
= Severe

++++ = Very severe
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LIST OF ABBREVIATIONS

fibroblast
odontoblast

red blood cell
MN

myelinated nerve

UN

unmyelxnated nerve
endothelial cell

per icyte
sc

Schwann cell

nr

node of Ranvier

ma

myelinated axon

ua

unmyelinated axon

ms

myelin sheath

collagen
nucleus
mitochondria
er

endoplasmic reticulum
free

ribosome

Golgi apparatus

lipid
vacuole

Longitudinal section of odontoblasts at 0 hour
(control).

Adjacent odontoblasts are connected to one an
other via desmosomes (black arrows). Generallyr
the odontoblastic nucleus (n) is ovoid and reguular in outline with most of the chromatin dis

tributed at the periphery. The cytoplasm con
tains the usual array of intracellular organelles - endoplasmic reticulum (er), free ribosomes (r), Golgi apparatus (g), mitochondria

(m), lipid inclusion body (I), and vacuoles (v).
The mitochondrion in longitudinal section has a
typical rod-like configuration with lamellar
cristae. Coated pits (open arrows) are observed
on the surface of the plasma membrane.
X 9,820
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Figure

2.

Transverse section of odontoblasts at 0 hour.
The nucleus (n) of the odontoblast in this plane
may be ovoid or circular, with a slightly undu
lating nuclear membrane. Chromatin distribution
still remains more peripheral.
X 8,810

Higher magnification of an odontoblast at 0 hour
(arrowed) in Figure 2.
The cytoplasmic organelles - endoplasmic reticulum (er), free ribosomes (r), and Golgi aparatus
(g) are similarly depicted as in Figure 1, ex
cept for the mitochondria (m) which appear as
circular membrane bound structures.

A basal

body (b) is shown within the cytoplasm. This
structure is normally found at the base of a
ciliuro.
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Central core of the dental pulp at 0 hour, show
ing blood vessel and nerves.

The vessel shown, probably a capillary, is dem
onstrating large amount of micropinocytosis (ar
rowheads) at the endothelial cell (e) surface.

Pericytes (p) are found in close proximity to
the vessel.

Both myelinated (ma) and unmyelinated nerves
(ua) are interspersed at the periphery of the
blood vessel. Myelinated nerves are differenti
ated by the presence of the myelin sheath (ms).
The Schwann cells (sc) seen are related to un

myelinated axons. Note the relative scarcity of
collagen in the ground substance.
X 8,530

M

Figure

5.

Higher magnification of a fibroblast at 0 hour.
The fibroblast has a stellate appearance with
multiple processes. Its nucleus (n) tends to be
triangularly shaped with chromatin concentrated
more peripherally. Endoplasmic reticulum (er),
mitochondria (m), and Golgi apparatus (g) appear
morphologically normal. Collagen fibrils (c)
are present in the ground substance. Arrowheads
indicate the super imposition of a folding of the
nuclear

membrane.

X 11,630

Figure

6.

Higher magnification of myelinated and unmyelinated nerves at 0 hour.

The chromatin of the Schwann cell nucleus (sc)

is rather evenly distributed throughout the
whole nucleus with isolated areas of chromatin

concentrated peripherally.

Endoplasmic reticu

lum (er), mitochondria (m) and Golgi apparatus

(g) seen in the Schwann cell cytoplasm exhibit
no abnormalities. The dark pigmentation within
the axon (a*) are suggestive of glycogen depoposits. A node of Ranvier (nr) is shown in this
section. Also labelled are unmyelinated axon
(ua), axon (a), and myelin sheath (ms).
X 16,860
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Longitudinal section of odontoblastic layer,
after 1/4 hour of hypoxia.
There is some indications of early chromatin
clumping (white open arrows) within the nucleus
(n).

Some mitochondria are swollen with loss of

cristae (arrowheads). Black open arrow denotes
a vacuole and the curved arrow points to lipofuscin deposits. No changes are observed in the
other cytoplasmic organelles: Golgi apparatus
(g), and endoplasmic reticulum (er).
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Higher magnification of an odontoblast after
1/4 hour of hypoxia (longitudinal section).
Chromatin clumping (white open arrows) can be
seen within the nucleus (n).

Swollen mitochon

dria (big arrowheads) demonstrate loss of cristae, and early dilatation of the endoplasmic reticulum (small arrowheads) is taking place. The
Golgi apparatus (g) remains unchanged. Coated
pits (black arrows) are observed on the plasma
membrane surface. Desmosomes which link adja
cent odontoblasts are indicated by black open
arrows.

X 16,510

Higher magnifications of myelinated and unmyelinated nerves after 1/4 hour of hypoxia.
No changes are seen within the axonal cytoplasm
(a) or the Schwann cell cytoplasm (arrowheads).
Microtubules are found within the axons and nu
merous mitochondria (m) are observed.
The
curved arrow shows a mitochondrion cut at an ob

lique plane. The lamellar nature of the myelin
sheath (ms) is clearly demonstrated. Unmyelinated axon (ua) shows no changes.
X 11,800
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Higher magnification of a fibroblast after 1/4
hour of hypoxia.
The nucleus (n) does not show any apparent
change, but mitochondrial swellings (arrowheads)
are evident in the cytoplasm. A vacuole (v) is
seen also.

X 10,800

Higher magnification of a blood vessel after
1/4 hour of hypoxia.
No visible change is seen in the endothelial
cells (e) which exhibit a high volume of micropinocytosis (arrowheads). Twin red blood cells
(R) are found in the lumen.

Mitochondria (m)

appear normal and a pericyte (p) is found in
close proximity to the vessel.
X 15,510
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Longitudinal section of odontoblasts after 1/2
hour of hypoxia showing the variability in hypoxic susceptibility among individual odonto
blasts.

Different degrees of chromatin dumpings (white
open arrows) are observed within different odontoblastic nuclei (n).

Polarization of the nu-

cleolus to the periphery are seen in some nu
clei. Mitochondria (arrowheads) show signs of
swelling. Lipofuscin deposits (black open ar
rows), lipid droplets (I), and vacuoles (v) ap
pear to be regular findings in the cytoplasm of
injured cells.
X 8,990
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Figure 13,

A higher magnification of an odontoblast after
1/2 hour of hypoxia (longitudinal section).
Minimal changes are seen in this odontoblast.
The nucleus (n) exhibits early chromatin clump
ing (white open arrows) and polarization of its
nucleolus to the periphery. The mitochondrion
(m) shows loss of cristae in the region denoted
by the arrowhead. Lipofuscin deposits (black
open arrow) and Golgi apparatus (g) are also
seen in the cytoplasm.
X 12,140

Higher magnification of odontoblasts after
1/2 hour of hypoxia (transverse section).
Chromatin clumping is more evident here and the
nuclear membrane is starting to assume a more
undulating appearance.
The cytoplasm of Figure 14 shows numerous swol
len mitochondria (big arrowheads) and some lipid
droplets (I).
X 12,140

In Figure 15, mitochondria (big arrowheads) show
minimal swelling but some early dilatation of
the endoplasmic reticulum (small arrowheads) can
be seen. Golgi apparatus (g) is present in the
cytoplasm.
X 10,110

Figure 16.

Cell rich zone after 1/2 hour of hypoxia.

No change in the fibroblasts or undifferentiated
mesenchymal cells can be observed. Numerous
long slender processes (arrow) are shown in the
ground substance which contains relatively lit
tle collagen. Nuclei (n) and mitochondria (m)
appear normal.
8,990
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Longitudinal section of odontoblasts after 1
hour of hypoxia.
Generally, more clumping of chromatin (white
open arrows) are observed in the nuclei.

Swol

len mitochondria (big arrowheads) and dilated
endoplasmic reticulum (small arrowheads) are
seen in the cytoplasm. Lipofuscin granules
(black open arrow) are also shown.
X 6,700

Higher magnification of an odontoblast after 1
hour of hypoxia (longitudinal section).
Increased chromatin clumping (white open ar
rows), swollen mitochondria (big arrowheads) and
dilated endoplasmic reticulum (small arrowheads)
are shown. A basal body (b) is present in the
cytoplasm and a vacuole (curved arrow) where the
membrane can only be partially traced.
X 9,460
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Central core of the dental pulp after 1 hour
of hypoxia.
The endothelial cells (e) remain unaffected, ex
hibiting much micropinocytosis (small arrow

heads). Pericyte (p) is found in the vicinity
of the vessel.

The nuclei of the fibroblasts (F) show more

prominent chromatin clumping (open white arrows)
than those in Figure 16, and a dilated endoplasmic reticulum (small arrowheads) is observed in

the cytoplasmic process of a fibroblast.
No change is detected within the Schwann cell
(sc) and the unmyelinated axons (ua). The myelin sheaths of the myelinated axons (ma) appear
to be more folded than those in the 0 hour spe
cimens.

X 8,810

Higher magnification of a fibroblast after 1
hour of hypoxia.
Chromatin clumping (white open arrows) and a
more undulating nuclear membrane are changes ob
served in the nucleus (n).

An obvious feature

is the grossly dilated endoplasmic reticul'um
(small arrowheads). Mitochondria (big arrow
heads) are swollen. Of interest is the presence
of an aberrant solitary cilium with its associ
ated basal body (black open arrow). The smaller
black open arrow denotes a centriole. Also la
belled are Golgi apparatus (g), endoplasmic reticulum (er) and

mitochondria (m).

X 12,140

Higher magnification of a myelinated axon after
1 hour of hypoxia.
A Schmidt-Lanterman incisure (white arrows) is

shown.

Except for a lone swollen mitochondrion

in the Schwann cell cytoplasm, no other changes
are visible in the axon. The black open arrow
indicates a cytoplasmic lamellar body which is
a result of aberrant myelin formation. Also la
belled
myelin sheath (ms) and mitochondria
(m).

The unmyelinated nerves (UN) in the vicinity
show no changes.
X 16,510
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Higher magnification of an odontoblast after
2 hours of hypoxia (longitudinal section).
A distinct increase in the density of the chromatin clumping (white open arrows) together with
shrinkage of the nucleus as evident by the

wrinkled nuclear membrane, produce pyknosis.
Mitochondria (big arrowheads) are much swollen

and the vacuole (v) may be the end result of an
"exploded" mitochondrion. Small arrowheads de
note dilated endoplasmic reticulum. Lipid drop
let (I), lipofuscin granules (black open arrow)
and a centriole (curved arrow) are also shown.

X 12,140

Higher magnification of odontoblasts after 2
hours of hypoxia (transverse section).
Nuclear pyknosis, swollen mitochondria (big ar
rowheads), and dilated endoplasmic reticulum
(small arrowheads) are seen. No apparent change
within the Golgi apparatus (g) can be detected.
Also labelled are chromatin clumping (white open
arrows) and centriole (black open arrow).
X 12,140

Myelinated and unmyelinated nerves after 2 hours
of hypoxia.
The chroniatin within the Schwann cell nucleus

(sc) are just beginning to clump (white open ar
rows). The myelin sheath of the myelinated axon
(ma) takes on a much folded appearance. Again,
some cytoplasmic lamellar bodies are seen in the

Schwann cell cytoplasm (black arrows).

A lipid

droplet (I) is also seen.
The unmyelinated axons (ua) are still resistant
to changes.
X 8,720

Higher magnification of a fibroblast after 2
hours of hypoxia.
Similar changes as seen in Figure 20 are occuring here with an increase in pyknosis of the
nucleus (n). Chromatin clumping (white open ar
rows) are evident. Swollen mitochondrion (big
arrowheads), dilated endoplasmic reticulum
(small arrowheads), and mitochondria (m) are

seen in the cytoplasm.
X 12,140

High magnification of odontoblasts after 4 hours
of hypoxia (longitudinal section).
Severe clumping of chromatin (white open arrows)
with increasing pyknosis are observed in the nu
cleus. Mitochondria are grossly swollen. Vacuoles (black open arrows) may be a result of
secondary lysosomal activity on exploded mito
chondria. The curved arrow indicates lipofuscin
granules.
X 9,270
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Higher magnification of an odontoblast after 4
hours of hypoxia (longitudinal section).

Similar nuclear and cytoplasmic changes as in
Figure 26 are observed here. Chromatin dump
ings (white open arrows) are prominent in the
nucleus. Gross dilatation of the endoplasmic
reticulum (small arrowheads) are very obvious in
this section. Markedly swollen mitochondria
(big arrowheads) and lipofuscin deposits (black
open arrow) are also seen.
X 11,460

Blood vessel and nerves after 4 hours of hypox
ia.

The nucleus of the endothelial cell (e) is ex

hibiting early signs of chromatin clumping
(white open arrows). There is also an apparent
decrease in the amount of micropinocytosis.
The myelin sheaths of the myelinated axons are
deteriorating as seen by the separation of the
lamellae (black open arrows). The axon (a) is
severely shrunken and clefts are formed between
the axolemma and the internal mesaxon (arrow
heads).
A vacuole is seen within the Schwann

cell cytoplasm (curved arrow). No change is
evident within the unmyelinated axons (ua).
X 6,030
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Higher magnification of a fibroblast after 4
hours of hypoxia.
The degree of change does not seem to be much
different from those after 2 hours of hypoxia.
Chromatin clumping (white open arrows) are seen
in the nucleus. Swollen mitochondria (big ar
rowheads) and dilated endoplasmic reticulum
(small arrowheads) are obvious features in the

cytoplasm.

A possible myelin figure (black open

arrow) is seen.

X 12,140
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Longitudinal section of odontoblasts after 8
hours of hypoxia.
Severe pyknosis of the nuclei with varying de
gree of nuclear membrane distortion can be seen.

In the cytoplasm, varying degrees of swelling of
organelles are observed in different odonto
blasts. Several myelin figures are present
(curved arrows). Chromatin clumping (white open
arrows) are seen in the nucleus.

Also shown in

the cytoplasm are swollen mitochondria (big ar
rowheads, dilated endoplasmic reticulum (small
arrowheads), lipid (I), vacuole (v), and lysosomes (open arrows).
X 8,750
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Transverse section of odontoblasts after 8 hours

of hypoxia.
Nuclear pyknosis is very evident here. Although
cytoplasniic organelles do not exhibit high am
plitude swelling, the plasma membranes have
fragmented with extrusion of the cytoplasmic
contents into the ground substance. Note that
the fibroblast in the vicinity still maintains
its plasma membrane integrity. Also labelled
are chromatin clumping (white open arrows),
odontoblasts (0), and fibroblast (F).
X 8,350

■H:
mut,'

«

Higher inagnification of an odontoblast after 8
hours of hypoxia (longitudinal section).
Severe pyknosis is seen in the nucleus but the
cytoplasmic changes seem to be limited to swol
len mitochondria (arrowheads). Lipid inclusions
are plentiful in the cytoplasm (curved arrows).
A myelin figure (black open arrow) indicative of
degenerating plasma membrane is well illustrated
here.

X 12,140

Higher magnification of a fibroblast after 8
hours of hypoxia.
The nucleus (n) exhibits increased chromatin

clumping (white open arrows) and pyknosis.
Markedly swollen mitochondria (big arrowheads)
and grossly dilated endoplasmic reticulum (small
arrowheads) are prominent features in the cyto
plasm. Vacuoles (v) are probably the result of
"exploded" mitochondria. Also labelled are centriole (black open arrow), collagen (c), and ribosomes (r).

X 12,810

Figure 34.

Blood vessel after 8 hours of hypoxia.
Chromatin clumping (white open arrows) is clear
ly evident in the nucleus of the endothelial

cell (e) and in the pericyte (p). There is also
a reduction in micropinocytosis and an increas
ing number of cytoplasmic protrusions (black ar
rows.

Vacuole (arrowheads) and lipid (black

open arrow) are shown in the cytoplasm of the
endothelial cells.

Figure 35.

Higher mangification of unmyelinated nerves af
ter 8 hours of hypoxia.
The Schwann cell nucleus (sc) shows increased

chromatin clumping (white open arrows) and pyknosis.

Vacuoles (v), loss of microtubules (ar

rowhead), swollen mitochondrion (curved arrow),
lipofuscin deposits (black open arrow), and axon
(a) are also shown.

X 12,810

Figure 36.

Higher magnification of a myelinated nerve af
ter 8 hours of hypoxia.
Chromatin clumping (white open arrows) and pyknosis are seen in the nucleus of Schwann cell
(sc).
Swollen mit ochondria (big arrowheads),
dilated endoplasmi c reticulum (small arrowheads)

and lipid (I) are present in the cytoplasm,
There is a loss of microtubules within the axon-

al cytoplasm (a), A possible early formation of
a cytoplasmic lameliar body is indicated by the
black open arrow.
X 12,810
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DISCUSSION

As there were scant reports on pulpal hypoxia, no guidelines

were available regarding the length of time that the pulps
needed to be subjected to hypoxia in order for the various
cell types to exhibit changes.

Hence, a pilot project was

undertaken to obtain suitable time intervals for this study.

Four dental pulps were examined at 0, 2, 6, and 24 hours
after the severance of blood supply.

The results of this

pilot study showed that even at 2 hours, many changes were
already evident within the odontoblasts and by 6 hours,
these changes were severe.

In the 24 hour specimen, no re

cognizable odontoblasts remained, and only remnants of nu
clear and cytoplasmic debris were seen.

Based on these pre

liminary findings, it was decided that the study should ex
amine time intervals of 0, 1/4, 1/2, 1, 2, 4, and 8 hours

following the severance of the blood supply.

Out of 28 pulpal specimens, two were discarded because of

errors during processing.

The discarded specimens were one

sample each from the 1 and 4 hour group.
specimens showed good fixation.

The remaining 26

This was determined by ex

amining 1 Aim sections under light microscopy to see if the
sections demonstrated intact general architecture of the

pulpal tissues.

From these sections, areas in different

Epon blocks were selectively trimmed for TEM examination.
The odontoblasts examined were obtained from the odontoblas-

tic layer seen under light microscopy while the fibroblasts
were taken from regions within the cell rich zone.

From

the central core of the pulp, areas were selected for exam
ining blood vessels and nerves.

Although attempts were made to cut the pulps in a transverse
section, this was not always successful and the manner in
which the Epon blocks were trimmed on the ultramicrotome de

termined the plane of the specimens.

This explains the high

incidence of obliquely or longitudinally sectioned specimens
in the study.

Results were not quantified as the aim of the study was
purely descriptive.

The degree of changes observed were

subjectively graded and the description of these changes
were a representation of what was seen in the cells exam
ined.

The 0 hour specimens demonstrated a fairly accurate pic
ture of the normal morphology of the cells in the pulp, al
though in some isolated instances, a few of the odontoblasts

showed some very early signs of hypoxic changes in the form

of slightly swollen initochondrla.

This was probably because

these odontoblasts were more sensitive than others and even

two to three minutes of hypoxia, which was the time taken to

split the tooth, may have been long enough to disturb the
cells.

Also, this could be due to the fact that these odon-

toblast were closest to the groove made during the splitting
of the tooth.

Variability in the hypoxic response of indi

vidual cells of the same cell type was noticed throughout
the experiment.

Centrioles were seen fairly regularly in the region of the
Golgi apparatus of the odontoblasts and fibroblasts.

Rudi

mentary cilia or an aberrant solitary cilium (Fawcett, 1981)

with an associated basal body had been reported in rat odon
toblasts by Jessen (1967), Garrant et al. (1968), and Takuma

and Nagai (1971).

They were observed in pulpal fibroblasts

of guinea pigs by Han et al. (1965), and Avery et al.
(1966).

In the present study, a few cilia with related cen

trioles were seen in fibroblasts, but not detected in odon

toblasts.

A good example of such a cilium is shown in Fig.

Cilia are commonly associated with lining or epithelial
cells and their occurrence on mesenchymal derivatives such
as smooth muscle and fibroblasts (Fawcett 1981) have been

puzzling.

As for their significance in these mesenchyitial

cells, there is no present evidence to show any related

function, although speculation of a possible sensory role

has been mentioned (Fawcett, 1981).

Hence, these solitary

cilia seen on pulp fibroblasts were probably anomalous rudi
mentary structures.

The light and transmission microscopic picture of the gener
al distribution and morphology of blood vessels and nerves
seen here were similar to those described in dental histol

ogy texts (Mjor and Fejerskov, 1979; Ten Gate, 1985) and re
ported studies on vasculature and nerves (Uchizono and Hom-

ma, 1959; Reader et al., 1981; Harris and Griffins, 1968).

Of interest was the presence of cytoplasmic lamellar bodies

which were observed in several specimens in the experimental
group (Figs. 21 and 24).

Cytoplasmic lamellar bodies were

described by Schultz and Willey (1976) in the periphery of
the cytoplasm of oligodendrocytes in brain tissues around
chronically implanted electrodes.

These bodies demonstrated

periodicity of lamellae which are similar to those of the

myelin sheath, but no connections between the cytoplasmic
lamellar bodies and the myelin sheath were noticed in the

specimens examined in this study.

These cytoplasmic lamel

lar bodies were different from the myelin ovoids and balls
described by Dyck et al. (1984), which were seen in

Wallerian degeneration of axons.

Since myelin formation takes time, it would seem that the

presence of these cytoplasmic lamellar bodies represented
aberrant myelin formation which could be seen even under

"normal" circumstances.

Conversely, it could also be spec

ulated that their presence may indicate a "disturbed" cell,

since they were seen only in the experimental group sub
jected to hypoxia.

In contrast to Norvak and Marker's study (1970), more time

intervals and closer time frames were used in the present
study.

Also, more changes were observed and many occurred

much earlier.

Norvak and Marker reported that obvious mye

lin alterations were seen 48 minutes after hypoxia, but
these were shown at magnifications of 40,000 to 78,000X.

In

this study, myelin degenerations were detected after 4 hours

of hypoxia, but specimens were examined at a much lower mag
nification ranging from 6,000 to 22,000X.

It is reasonable

to assume that these fine alterations would be more discern-

able at a much higher magnification.

However, it is puzzl

ing that they did not detect any significant changes in the
connective tissue cells even after 72 minutes of hypoxia un
der these circumstances.

In the present study, changes due to hypoxia were evident in
the odontoblasts as early as 1/4 hour after the interruption
of the blood supply.

Minimal changes were seen in the fi-

broblasts at 1/4 hour.

Nuclear changes seem to proceed cy-

toplasmic changes as a rule, but there were many instances
where both were observed simultaneously.

The whole range of

morphological alteration in hypoxic cells as outlined by

Robbins et al. (1984), were observed in all cell types in
the experimental groups.

Different cell types exhibited various degrees of suscepti
bility to hypoxia.

As mentioned earlier, even within the

same cell type, individual variability in response oc
curred.

The odontoblast was the most vulnerable cell in the

pulp to hypoxia and this was not surprising as it is the

most differentiated or specialized cell in the pulp.

A sim

ilar situation to this is in oncology, where well-differen

tiated tumour cells are more radiosensitive than the poorly

differentiated types.

A well-differentiated cell probably

has an increased oxygen consumption because of the higher
metabolic requirement of the cell for function and growth.

The fibroblast was the next most susceptible cell followed

by Schwann cell, endothelial cell and myelinated axon.

The

latter two were almost the same in hypoxic susceptibility.

The unrnyelinated axon was the most resistant to hypoxia.
Nerve fibers have been shown to be resistant to inflammatory
changes in the pulp (Torneck, 1981; Lin and Langeland, 1981;
and Mendoza et al., 1987a and b).

In the medical litera

ture, Blair and Wyke (1963), and Thomas and King (1974) re
ported that unmyelinated nerves persisted longer than other
nerves and surrounding tissues after infection or transec-

tion.

The same observations were made in the present study

on hypoxia.

Also the hypoxic changes in the nerve fibers

seen were similar to the degenerative changes described by
Dyck et al. (1984).

There seemed to be a difference in the response of various
cytoplasmic organelles in the various types of cells stu

died.

In the odontoblast, markedly swollen mitochondria ap

peared to be the most consistent and prominent feature in

the cytoplasm, while in the fibroblast, it was the grossly

dilated endoplasmic reticulum cisternae that were readily
seen.

A probable explanation is that the fibroblast re

mained as a more active cell and is associated with constant

synthesis and degradation of collagen and hence the endo
plasmic reticulum is always active.

The odontoblast, on the

other hand, is probably at its peak function during dentinogenesis and becomes less active after primary dentine forma
tion.

Thus, the endoplasmic reticulum which is active in

the fibroblast would be more readily vulnerable to adverse
conditions and would then be more affected by hypoxia.

The increase in number and size of vacuoles observed with

the increasing duration of hypoxia is an indication of ac
celerated lysosomal activity.

Exploded organelles with mem

brane debris to be degraded have to be lined or be surround

ed by a membrane first to form autophagic vacuoles.

Lyso-

somes then coalesced with these autophagic vacuoles and emp
tied their lytic enzymes into these contents.

Lipofuscin inclusions or granules were observed with in

creasing regularity in the cytoplasm of hypoxic cells.

They

are actually coalescing bodies of undigestible residues

and are commonly referred to as "wear and tear" pigments.

Although in most instances, the biochemical sequence of
events taking place in hypoxic situations as postulated by

Cowley and Trump (1982), could be traced in full progres
sion, exceptions did occur.

Various odontoblasts in a spe

cimen at 8 hours of hypoxia responded differently.

Impaired

membrane function seemed to occur early and was severe
enough to result in the fragmentation of the plasma mem

branes with subsequent extrusion of cytoplasmic organelles
into the surrounding ground substance (Fig. 31).

The plasma

ineinbrane presumably ruptured prematurely, as the cytoplasmic
organelles appeared to be less affected by the ionic imbal
ance taking place at their membrane surfaces.

Multivesicular myelin figures which were formed as a result
of degenerating plasma membrane were readily seen in the
eight hour specimens (Figs. 30 and 32).

Although they are

believed to be artifacts of fixation by Hasty and Hay

(1978), this had been disputed by others (Scott, 1976;
Schultz and Wagner, 1986).

Since these myelin figures were

present only in the 8 hour specimens and not in the others,

it would indicate that they are probably a plasma membrane
degenerative change rather than artifacts.

Effects of hypoxia were observed much later in the endothelial cells.

None were seen before 4 hours of hypoxia.

The

delayed response may be attributed to the immediate proxim
ity of the cell to the blood in the vessel, which is the
source of oxygen and nutrients.

So, even when the circula

tion stopped, the repercussions of ischemia are not felt

immediately, as the cell is able to draw its oxygen needs

from the blood remaining within the lumen.

With prolonged

loss of circulation, the oxygen supply is rapidly depleted
the metabolic activity of the endothelial cell decelerates,
and this is reflected morphologically as diminished

micropinocytosis.

It can be seen from the observations in this study that the

cells of the dental pulp behave similarly to hypoxia as do
other connective tissue cell in the body (Ferrans and Ro

berts, 1971/1972; Jones and Trump, 1975; Glaumann and Trump,
1975; Jozsa et al., 1981).

Again it must be stressed that

it was not possible to pinpoint a specific time when pulpal
cells reached the state of irreversible injury.

As the odontoblasts seemed to be the first cells to respond
to hypoxic changes, it may be possible to use them as pre
dictors in determining the outcome of a pulp in hypoxic sit
uations.

The critical time span appeared to be from one to

two hours, as after two hours, most odontoblasts demonstra

ted "irreversible" morphology.

This is probably in agree

ment with the findings of Kling et al. (1986), who studied

pulp revascularization in therapeutically reimplanted per
manent incisors.

They found that revascularization was suc

cessful in 18% of 72 immature incisors examined and a sig
nificantly increased frequency of revascularization occurred
when teeth were reimplanted within 45 minutes after avul

sion.

The study also showed that the incidence of pulp ne

crosis increased when teeth were reimplanted more than 45
minutes after avulsion.

This is in accordance with other

researchers who reported similar incidence of pulp necrosis

in certain types of luxation injuries sustained by trauma
tized teeth.

Andreasen (1981, 1985) reported a 96% - 100%

necrosis incidence in teeth with intrusive luxation and an

incidence of 64% necrosis in teeth with extrusive luxation.
Dumsha and Hovland (1986) found an incidence of 98% necrosis

in pulps of extrusively luxated teeth.

These statistics

merely reflected the fact that the development of necrosis
was closely linked to the initial injury to the vascular
supply and in both intrusive and extrusive luxations, almost
complete severance of blood supply occurs.

CONCLDSION

The cells of the dental pulp behave similarly to severance
of blood supply as do other connective tissue cell elsewhere

in the body.

These changes occur early and can be more rea

dily detected with the transmission electron microscope than
the light microscope.

Nuclear changes include:

chromatin

clumping, pyknosis, and polarization of the nucleoli to the

periphery.

Cytoplasmic changes include:

mitochondrial

swelling, dilated endoplasmic reticulum, increased vacuoli-

zation, increased lipid and lipofuscin inclusions, and plas
ma membrane distortion, degeneration (myelin figures) and
fragmentation.

In addition, endothelial cells show a de

crease in micropinocytosis and an increase in cytoplasmic
protrusions; myelinated nerves show myelin sheath detachment

with separation of laminae and axons of both myelinated and
unmyelinated nerves exhibit loss of microtubules.

The odon-

toblasts are the most susceptible cells to hypoxia, while
the unmyelinated axons are the most resistant structures

in the pulp.

It is not possible to pinpoint a specific time

at which cellular changes reach a point of irreversibility.

APPENDIX

Table 1

Tyrode solution;
NaCl

8.0 g

CaCl,

0.2 g
0.2 g

MgCl,

0.1 g

NaH2P04.H20

0.05 g

NaHCO-

1.0 g

H2O to make 1 liter

Table 2

PolyBed 812 mixture:
PolyBed 812

50 g

DDSA

25 g
25 g
2 ml

(PolyScience Inc., Warrington,
PA

18976-2590, USA.)

Table 3

Lead Citrate (Sato, 1967)
Lead nitrate

1.5 g

Lead acetate

1.5 g

Lead citrate

1.5 g

Distilled water

90 ml
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