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ABSTRACT The fine structure of intercellular substances and rounded cells of 
the incisor dental pulp of guinea pigs is described. The extracellular fibrils are of 
two kinds; collagen with typical cross-striations, varying from 400-700 A in diameter, 
and fine fibrils of 100-120 A in diameter. In cross section the latter fibrils appeared to 
be composed of three or four smaller subunits of less than 50 A in diameter. The col- 
lagen fibril in the dental pulp appear singly or in small bundles of about a dozen or 
more fibrils. The fine fibrils are often aggregated along the cell surface. 

The ground substances are finely granular to fibrillar and show localized clump- 
ing which is related to fibrillar elements. The ground substances form a n  incomplete 
covering of 200 A or more in thickness surrounuding collagen fibrils. When the col- 
lagen fibrils make a bundle, the sheath of grouund substances around one fibril be- 
comes fused with that of adjacent fibrils. 

Rounded cells including macrophages, lymphocytes and eosinophils are present 
in the pulp. The fine structure of these cells is similar to that found in  the same 
types of cells previously observed in other organs. 

Since the early descriptions on the peri- 
odic structure of collagen fibrils numerous 
authors have confirmed their characteristic 
cross-striations in a wide variety of con- 
nective tissues. More recently the chem- 
ical nature of connective tissue ground 
substances has received an increased at- 
tention, and certain biosynthetic pathways 
have been illuminated (Dorfman, '63). 
Less certain is the relationship between the 
collagen fibrils and ground substances. 

With respect to the dental pulp, descrip- 
tions on the fine structure of extracellular 
substances and cellular elements other 
than fibroblasts have been sporadic and 
incidental. 

This article describes and discusses the 
ultrastructural characteristics of inter- 
cellular substances and rounded cells of 
the dental pulp of guinea pig incisors. Em- 
phasis is placed on ( 1 )  the comparison of 
the structure of various fibrillar elements, 
(2)  the relationship between the extra- 
cellular fibrils and ground substances, and 
( 3 )  the fine structure of macrophages and 
related cells. 

MATERIALS AND METHODS 

Twenty guinea pigs with an average 
body weight of 250 gm were used. Under 
ether anaesthesia mandibles were rapidly 
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dissected out and bisected through the 
midline. Using a pair of shears the body 
of the mandible was clipped off along the 
lateral aspect of the base from the angle 
forward and the entire incisor, including 
the growing end, was exposed. Then the 
tooth was removed from the mandible and 
briefly dipped in the fixative. The partially 
calcified dentin from the proximal portion 
was separated from the pulp, which in 
turn was removed from the hard shell of 
dentin by gently pulling with jewler's for- 
ceps. 

The pulp was cut into small pieces ap- 
proximately 1 mm3 in size and fixed in 
6.5% glutaraldehyde buffered with M/10 
phosphate at pH 7.4 for an hour. Follow- 
ing fixation the tissues were briefly rinsed 
in the same buffer and postfixed in 2% 
OsOl at 4°C.  Again the buffer was M/10 
phosphate at pH 7.4 with sucrose being 
added to make a final concentration of 
4.5% (Caulfield, '57). Some of the tissues 
were fixed directly in 2% OsO, without 
prior fixation in glutaraldehyde. The fixed 
tissues were dehydrated through a graded 
series of ethanol, infiltrated with a mix- 
ture of epoxy resin and polymerized at 
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progressively higher temperatures. The 
cured blocs were left in the oven for two 
weeks at 60°C. Sections were made on a 
Porter-Blum or LKB ultramicrotome and 
picked up on formvar-coated grids rein- 
forced with a thin layer of carbon. Stain- 
ing of the sections was done by floating 
the grids on saturated uranyl acetate for 
two hours and 0.1% phosphotungstic acid 
for 30 minutes in a moisture chamber. Ob- 
servations were made in a Hitachi HU-11 
electron microscope. 

OBSERVATIONS 

Extracellular fibrils. Extracellular fi- 
brils of the dental pulp may be catergor- 
ized into two groups: collagen and fine fi- 
brils of 100-120 A in diameter. The col- 
lagen fibrils were so identified by the pres- 
ence of the characteristic cross-striations. 
Their diameter was variable, ranging from 
400 A to 700 A or more (figs. 1, 3, 4 and 
5). Sometimes they appeared singly but 
more often they formed small bundles 
composed of from several to a few dozen 
fibrils (figs. 2 and 4). At no time were 
there found any heavy fiber bundles as 
might be seen in other types of connective 
tissues. The fibril bundles were located 
both near and away from the surface of 
various cells. They were present in greater 
numbers around the blood vessels than in 
the rest of the pulp. 

Contrary to variations in diameter of 
collagen fibrils, the fine extracellular fi- 
brils had a remarkably uniform diameter 
which ranged between 100 A and 120 A 
(figs. 3 and 5). In cross section they ap- 
peared to be composed of three or four 
finer subunits which measured about 50 A 
or less, being somewhat smaller than the 
intracellular fine fibrils (fig. 3). In longitu- 
dinal section occasional beading was ob- 
served with some difficulty (fig. 5). At cer- 
tain points these fine fibrils appeared to be 
continuous with collagen fibrils. They 
often formed bundles aggregating near the 
surface of fibroblasts (fig. 3) ,  whereas 
many singular ones were more or less 
evenly distributed throughout the inter- 
cellular space (figs. 1 and 4). 

Ground substances. In tissues fixed 
with glutaraldehyde most of the intercellu- 
lar space was filled by finely granular to 
fibrillar ground substances which ap- 

peared to clump, leaving clear spaces be- 
tween the aggregates (figs. 1 and 4). 
These aggregates were present in close as- 
sociation with the extracellular fibrils. 
They seemed to form an incomplete cover- 
ing of 200 A or more in thickness around 
each collagen fibril. When collagen fibrils 
formed a bundle, the sheaths of ground 
substances surrounding individual colla- 
gen fibrils became fused and the fibrils 
were separated only by the ground sub- 
stances which seemed to cement them to- 
gether. 

Ground substances were also often ag- 
gregated around the fine fibrils (100- 
120 A) .  Dense flocculant materials, which 
did not differ in appearance from the 
ground substances, were occasionally 
found along the surface of cells (fig. 1) .  
The appearance of the ground substances 
was less clear in tissues fixed with osmic 
acid alone. 

Rounded cells. Macrophages, small lym- 
phocytes and eosinophils were found be- 
tween fibrillar elements, the macrophage 
being found most frequently. The cell 
generally had a rounded outline (fig. 6). 
Ruffling of the surface plasma membrane, 
as well as invaginations were often ob- 
served. Sometimes the ruffled projections 
of the membrane produced interdigitations 
of considerable complexity (fig. 8). With- 
in the cytoplasm were varying numbers of 
round to elongated mitochondria, short 
flat profiles of the rough-surfaced endo- 
plasmic reticulum, aggregates of free ribo- 
somes and Golgi apparatus (figs. 6 through 
9). The Golgi apparatus of the cell was 
located near the nucleus and was com- 
posed of stacks of short and long lamellar 
elements and some vesicles (fig. 7). The 
ground cytoplasm was of moderate den- 
sity. The nucleus was fairly dense with a 
pronounced peripheral condensation of the 
chromatin (figs. 6 and 8). The nucleolus, 
when present, was small and assumed an 
eccentric position. The unique feature of 
the cytoplasm of macrophages was the 
presence of numerous vesicles, vacuoles 
and dense irregular bodies presumed to 
have been phagocytized (figs. 6, 7 and 9). 
The vesicles measured 60 mu or more in 
diameter, while the vacuoles showed a 
great variation in both diameter and 
shape. The interior of the vesicles and 
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vacuoles was clear and often less electron- 
dense than the ground cytoplasm. The 
phagocytized bodies were also variable in 
size and appearance, exhibiting an interior 
of extreme heterogeneity. 

Both eosinophils and lymphocytes were 
found occasionally. In general they were 
located in the apical two thirds of the 
pulp. The eosinophil could be so identified 
on the basis of its characteristic granules 
and the appearance of its nucleus. Most 
of the lymphocytes were of small size and 
their cytoplasm contained only a few small 
mitochondria, vesicles, etc. (fig. 10). 
There was no notable difference in struc- 
ture of these blood elements from that the 
cells in peripheral blood and lymphoid or- 
gans described previously. 

Around the arteriolar ends and capil- 
lary pericytes, with an intracellular struc- 
ture resembling that of the fibroblast, 
were observed (fig. 11). Along the surface 
of pericytes were numerous collagen fibrils 
which often were intermittently separated 
by a thin layer of electron-dense materials 
simulating the appearance of the basement 
membrane (fig. 11, arrow). In addition a 
small number of unmyelinated nerve fibers 
were present near the blood vessels (fig. 2). 

DISCUSSIONS 

Extracellular fibrils. A number of re- 
cent reviews provide a comprehensive 
coverage of our current understanding of 
the chemical and structural characteristics 
of collagen and its formation (Chapman, 
’62; Gould, ’63; Lowther, ’63; Porter, ’64; 
and Robertson, ’64). Within the fibroblast 
peptide subunits of 30,000 molecular 
weight, being composed of about 250 
amino acids, are assembled on the ribo- 
some, and then carbohydrates of unknown 
composition are added to aspartic acid 
residues at one end of the peptide and 
serve to link it with another peptide. Thus, 
alpha chains each containing four of these 
peptides and having a molecular weight of 
120,000 are formed. Three of the alpha 
chains become associated to form the typi- 
cal coiled structure of tropocollagen with 
a molecular weight of 360,000. Whether 
this last step is an intracellular or extra- 
cellular event remains to be seen, although 
there are evidences that fibril formation 
may proceed, in certain cases, within the 

Golgi apparatus until recognizable colla- 
gen fibrils are formed (Sheldon and Kim- 
ball, ’62; Han et al., ’64). The insoluble 
collagen fibril is produced extracellularly 
by gradual development of stronger bonds 
between subunits, making beta and 
gamma components, a change attributed 
to aging of the fibers. Structurally, the 
fact that the tropocollagen molecule is a 
rigid rod about 2,800 A long and 14 A in 
diameter has been clarified (Boedtker and 
Doty, ’55 and ’56; Hall, ’56; and Hall and 
Doty, ’58). The polymerization of tropo- 
collagen molecules under normal condi- 
tions is facilitated by longitudinal side-by- 
side registration of the molecules in a 
quarter-stagger pattern, hence the produc- 
tion of typical 640 A cross-striations. 

The importance of the fibroblast sur- 
face in initial polymerization of mono- 
meric molecules has been recognized 
(Sterns, ’4Oa and b) and emphasized 
repeatedly (Porter, ’51 ; Godman and 
Porter, ’50; and Yardley et al., ’60). 
Irrespective of whether the “primary fi- 
brils” are collagen or not, it appears to be 
a general consensus that fine extracellular 
fibrils measuring about 100 A in diameter 
are observed along the outside of the 
plasma membrane, and that these fibrils 
are brought and cemented together to form 
collagen fibrils. As evidence for the claim 
that 100 A fibrils are building blocs of 
larger collagen fibers the periodic beading 
of the fibrils similar to that of collagen 
has been observed by previous workers 
(Chapman, ’62; and Fernando and Movat, 
’63) and also noted in this study. 

The subunit structure observed by us 
in cross-sections of these fine fibrils seems 
to have not been recognized previously. 
The subunit structure is still much too 
big to be a cross-section of a tropocollagen 
molecule and, therefore, the observation 
suggests that these subunits are finer fi- 
brils which constitute the 100 A fibrils. 
The reason one fails to recognize a host of 
fibrils having a range of different diam- 
eters rather than two types of fibrils, if 
the progressive accretion of unit fibrils 
were to produce mature collagen, could 

2 The term “primary fibrils” is used by Porter (’64) 
to designate the earliest fibrils which are formed by 
“the cell surface or the cortex beneath the surface,” 
and are supposed to “increase greatly in diameter by 
accretion of soluble collagen on their surfaces.” 
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not be secured from available information. 
The possible and tempting inference would 
be that there might be a fundamental 
physicochemical difference between the 
primary fibrils that produce the fine 
fibrils of 100 A in diameter from those 
that serve as sites of nucleation for regu- 
lar collagen fibrils. Thus the two distinctly 
different fibril species so produced might 
be independent of each other in terms of 
polymerization behavior. In fact the ran- 
dom and abundant distribution of the fine 
fibrils in the dental pulp has no apparant 
relation with that of collagen fibrils. This 
does not necessarily contradict the concept 
that the fine fibrils produce collagen fibrils 
in the immediate vicinity of the fibroblast, 
since such primary fibrils are presumably 
formed under an intimate control of fibro- 
blastic activities (Porter, ’64) and, there- 
fore, could conceivably be modified after 
their formation inducing further polymeri- 
zation of the fine fibrils. Karrer (’60), in 
a study of developing aortae of chick em- 
bryos, also recognized the fine fibrils as a 
regular extracellular component of the 
connective tissue and described their “in- 
dependence” from collagen. 

T h e  appearance of ground substances. 
The structural identity of the connective 
tissue ground substances has received a 
rather limited attention in the past, al- 
though Flemming, as early as 1876, recog- 
nized and described it as a substance 
which supposedly was binding collagen 
fibers to form bundles, the  Kittsubstanz 
(1876). For a period following Flem- 
mings’ statement the lack of appropriate 
techniques in early days for its histological 
demonstration produced some doubts 
about the existance of such a substance 
(Curran, ’61 ) . More recently, improve- 
ments in staining as well as biochemical 
techniques have revealed that the sub- 
stance consisted of acid and neutral muco- 
polysaccharides, non-callagenous protein, 
a variety of small molecules and water, 
and much of the biosynthetic pathways of 
large polysaccharides has been made clear 
(Dorfman, ’63; and Strominger, ’64). De- 
spite attempts to characterize the struc- 
ture, the ground substance is still de- 
scribed as “amorphous” and the use of 
electron microscopes has been of little help 
in clarifying its structure. 

Without regard to the ambiguous state 
of knowledge on the structure of the 
ground substance the importance of its 
constituents in the maintenance of bio- 
chemical functioning of the connective 
tissue has been emphasized both by the 
chemists (Dorfman, ’63; Muir, ’61; Mark, 
’64; and Katchalsky, ’64) and morpholo- 
gists (Bennett, ’63). Since polyelectrolytes 
of the connective tissue are electrically 
charged polymers, their properties are de- 
termined by the interplay of electrical 
forces, the Brownian motion of the macro- 
molecular chain and Van der Waals forces 
(Katchalsky, ’64). For instance, an in- 
crease in viscosity can be brought forth 
by charged polyacids or polybases that 
become stretched by electrostatic forces, 
and a decrease of osmotic pressure may 
be facilitated by the attraction of counter- 
ions by the electric field of polyions. Fur- 
thermore, it is reasonable to think that 
such electric interplay may also be opera- 
tive between the charged surface of 
formed fibrils and soluble macromolecules. 
Indeed it is possible that the fibrillar ele- 
ments might serve as nucleating sites for 
the precipitation of macromolecules which 
would occur at the point of polymeric 
electroneutrality. The intimate structural 
relationship between formed fibrils (both 
collagen and fine fibrils) and the ground 
substance, as observed in glutaraldehyde 
fixed specimens of this study, might be 
regarded as a morphological support for 
considerations given above. The clear 
space separating cloudy masses might rep- 
resent an exageration due to fixation 
artif act. 

Comments  o n  cells with defensive po- 
tency.  The presence in the dental pulp 
of blood elements and macrophages con- 
cerned with the defensive mechanisms has 
been noted by light microscopy (Orban, 
’57), and pathological behavior of these 
cells has been documented (Thoma, ’54). 
This study confirms the identity of these 
cells at the electron microscopic level. 

One of the characteristics of the macro- 
phage cytoplasm is the presence of nu- 
merous vesicles and vacuoles which are 
thought to be related to pinocytic and 
phagocytic activities of the cell (Palade, 
’55 and ’56; Karrer, ’60; and Han, ’61). 
~~ 

3 See footnote 2. 
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In agreement with this general contention 
the cytoplasm of pulual macrophages also 
contains numerous cytoplasmic vesicles, 
vacuoles and foreign bodies presumed in- 
gested. Little information is available 
regarding the origin of membranes that 
produce vesicles and vacuoles. Bennett 
(’56) advanced the membrane flow theory 
which illustrates the process of vesicle 
formation but fails to explain the initial 
formation of membranes that are used in 
the “flow.” 

The fine structure of pericytes (Rouget’s 
cells), as observed in the dental pulp of 
hamster incisors, has been previously de- 
scribed and discussed in some detail (Han 
and Avery, ’63). The perivascular cell of 
the guinea pig dental pulp is identical in 
location and in structure to that observed 
in the hamster pulp. 
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PLATE 1 

EXPLANATION OF FIGURES 

1 The relationship of collagen fibrils to ground substance. Several to a 
few dozen collagen fibrils make up a bundle which is surrounded by 
a dense amorphous to finely fibrillar ground substance. Elsewhere 
numerous fine fibrils are present. They also appear to be associated 
with the dense ground substances. Fixed in gutaraldehyde and osmic 
acid. Approximately X 68,000. 

2 A n  unmyelinated nerve fiber sectioned transversely. Note the single 
sheet of Schwann cell cytoplasm around the nerve fiber in  which are 
found two mitochondria and numerous vesicles. A condensation of 
ground substances is noticed surrounding the Schwann cell sheath. 
Fixed in osmic acid. Approximately x 36,000. 
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PLATE 2 

EXPLANATION OF FIGURES 

3 Differences in size among intracellular and extracellular fibrils are 
depicted in this photograph which show all three fibrils in  cross sec- 
tion. The intracellular fibrils are the smallest, measuring 60 A; the 
extracellular ones measure 100-120 A; and the collagen fibrils meas- 
ure 400 A and up. Fixed in osmic acid. Approximately x 82,000. 

4 Intercellular region similar to the one found in figure 1. Here the 
bundle is composed of about three dozen individual collagen fibrils. 
Fixed in glutaraldehyde and osmic acid. Approximately x 66,000. 

5 Longitudinally oriented extracellular fibrils. The collagen fibrils show 
the characteristic periodicity while the fine fibrils do not. Fixed in  
osmic acid. Approximately x 65,400. 
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PLATE 2 
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PLATE 3 

EXPLANATION OF FlGURE 

6 A macrophage, showing structural characteristics common to other 
macrophages found elsewhere in the body; namely, vacuoles and ves- 
icles, dense irregular bodies (presumably phagocytized materials), a 
small number of flat profiles of the RER and a dense nucleus. Fixed 
in glutaraldehyde and osmic acid. Approximately x 13,400. 
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PLATE 3 
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PLATE 4 

EXPLANATION O F  FIGURE 

7 A portion of the cytoplasm of a macrophage. In addition to numerous 
vesicles and vacuoles, a well-developed Golgi complex is seen. The 
Golgi complex of a macrophage is notably free of dilated lamellar 
elements and associated large vacuoles. Fixed in osmic acid. Ap- 
proximately x 34,000. 
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PLATE 4 
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PLATE 5 

EXPLANATION OF FIGURES 

8 A portion of the cytoplasm of a macrophage. The pattern of inter- 
digitation of ruffled plasma membrane is well demonstrated. Fixed in 
glutaraldehyde and osmic acid. Approximately x 53,600. 

A portion of the cytoplasm of a macrophage. In this micrograph de- 
tails of the several phagocytized particles may be seen. Note the 
flat profiles of the RER as well as small vesicles. Fixed in osmic acid. 
Approximately X 52,000. 
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PLATE 5 
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PLATE 6 

EXPLANATION O F  FIGURES 

10 A small lymphocyte found in the pulp. Fixed in glutaraldehyde and 
osmic acid. Approximately X 10,200. 

A perivascular cell around a terminal arteriole. The prominence of 
the Golgi apparatus and the RER is often characteristic of this cell. 
Fixed in osmic acid. Approximately X 10,800. 
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