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ReviEw oF LITERATURE

The literature of cartilaginous tissue is at present very compre-
hensive. This review, however, is confined mainly to the works
dealing with articular cartilage and of importance to the present
investigation. .

Owing to the fundamental works of several scientists, such as
TiLLmaNns (1874, 1877), Hammar (1892), HuLtkranTZ (1897),
Hansen (1905), Lueroscr (1910, 1927, 1938), BeNnNIiNgHOFF (1922,
1924, 1925), and ScHAFFER (1930), we have obtained good knowledge
of the structure of hyaline cartilage, and accordingly also of articular
cartilage, -

In his works of 1925 BENNINGHOFF compiled his own results and
those of earlier research workers concerning the structure of the
articular cartilage. He was also able to bring together the individual
elements of the cartilaginous tissue into functional systems. Thus
BENNINGHOFF has in a decisive manner contributed to increasing
our knowledge of the connection between the structure of the ar-
ticular cartilage and the function of the joint.

For this reason, and since BENNINGHOFF's terminology will be
used in the present investigation, it appears to be justified to give
a summarized account of his view concerning the structure of the
articular cartilage and its function.

The articular cartilage is divided into the calcified and the un-
calcified cartilage. The latter, in its turn, consists of three zones.
The superficial tangential zone next to the joint-cavity is thin, baving
flattened cells parallel with the articular surface. Under this we
find the transitional zone, having more rounded cells often in clus-
ters, and finally the radial zone, which is contiguous to the calcified
cartilage.! In this zone the cells are often protracted—each having

! Sometimes BENNINGHOFF speaks of the calcified cartilage as a part of
the radial zone, but alternatively he also uses the above designations (BEN-
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its long axis at right angles to the articular surface—, or arranged
in vertical rows. :

The cartilage is made up of a cellular and an intercellular compo-
nent, the latter of which consists of collagenous fibrils embedded in
hyaline substance. BENNINGHOFF has succeeded in elucidating the
course of these fibrils. From the base of the calcified layer the fibrils
pass through the radial zone at right angles to the articular surface.
They deflect in the transitional zone, run a short distance, in the
tangential zone, parallel with the articular surface, and then down
through the cartilage, finally. to become fixed again in the calci-
fied layer.

.These arcades of collagenous fibrils constitute one of the two
functional systems of the structures of the articular cartilage. The
other consists of the so-called chondrons, by which BENNINGHOFF
means bodies having elasticity of compression and consisting of
one or more cartilage-cells enveloped by a layer of concentrically-
running collagenous fibrils.! The chondrons are located between the
bundles of the arcades, and their most superficial fibrils seem to
run into the arcade-system (BENNINGHOFF, 1939).

It may be mentioned that LuBoscr (1927, 1938), BormuTH (1933),
and BucHER (1942), amongst others, partly have a different view
concerning the course of the fibrils in the hyaline cartilage. Their
Investigations, however, are generally carried out on cartilage cov-
ered with perichondrium, so their results do not seem to be im-
mediately applicable to the articular cartilage.

The collagenous fibrils are bound together by the hyaline sub-
stance, which also masks the fibrils and gives a homogeneous ap-
pearance to the intercellular component. This substance also con-
tributes to making the articular surface relatively smooth.

NINGHOFF, 1925, 1939). For terminological reasons I have chosen to employ
the latter in the present investigation.

The German designations of the various zones and their corresponding trans-
lations into English are presented here: —
Die Tangentialschicht, or Tangentialfaserschicht = the tangential zone.
Die Ubergangszone = the transitional zone.
Die Radidrzone, or Radidrfaserschicht — the radial zone.

1 The designation ‘“‘chondron” used by BENNINGHOFF has been employed
without being translated.
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On account of its structure and composition, the articular carti-
‘lage is compressible and elastic. When the articular surfaces are
pressed against each other, the cartilage is compressed and trans-
formed, the contact-surface between the articular cartilages be-
coming larger, and the load per unit of surface less. BENNINGHOFF
has also pointed out that the compression of the articular cartilage
is accompanied by a tangential displacement of the tissue from the
centre of the compressed area towards the periphery. This displace-
ment involves mainly the two superficial zones of the uncalcified
cartilage, thus affecting the shape of the fibril-arcades. This change
of shape, in its turn, causes a more transverse compression of the
chondrons between the bundles of fibrils, whereby the pressure on the
articular surface is consequently transferred to these elastic bodies.

The superficial tangential zone possesses an appropriate tensile
strength owing to the collagenous fibrils running parallel with the
articular surface within this zone.

Consequently, the articular cartilage is an extraordinarily spe-
cialized tissue and so constructed in detail that it appears to be
adequate to functional demands.

On the other hand, the normal functioning of a joint, with its
movements and intermittent compressions of the cartilage, is of
vital importance to the continued existence of the latter. Both clin-
ical experience and experimental investigations have given evi-
dence of this. Thus degenerative changes have been found in the
articular cartilage after some time of immobilization of a joint
(REYHER, 1873; MoLL, 1886; NaTHAN and StRANG, 1909; MULLER,
. 1924, 1929; DEBRUNNER, 1925; ELy and MENsor, 1933). Moreover,
a continuous pressure on the.articular cartilage, e.g. by tendons,
cartilage, or bones, can lead to its destruction (WEHNER, 1923;
MuULLER, 1924, 1929; KocH, 1927; ScacLiETTI, 1929—30).

MULLER (1929) considers that the cause of these degenerative
changes is to be sought for in an impairment of the nutrition of the
articular cartilage. In fact, he is of the opinion that the nutrition
of the articular cartilage is directly dependent on the functioning
of the joint. He assumes that the inflow of fluid, necessary for nutri-
tion, into the articular cartilage is especially promoted by the inter-
mittent compressions in the normal functioning of the joint,
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The correctness of this view has been corroborated through ex-
perimental investigations, by INGELMARK and SAAF (1948), on joints
from freshly killed rabbits; and by ExnoLM (personal communica-
tion) using radioactive gold in a study on living rabbits. By x-ray
studies, INGELMARK and EKHOLM (1948 and personal communica-
tion) have proved that the thickness of the articular cartilage in-
creases rapidly with an intensification of the function of the joint,
which they regard as depending on an increased inflow and content
of fluid in the cartilage.

The intimate connection between the function of the joints and
their morphological differentiation has been the object of inves-
tigations and discussions in literature.

During the latter part of the previous century rather much in-
terest was devoted to the question as to whether the shape of the
articular ends of a joint is determined by heredity or by mechanical
conditions in embryonic life. It has proved.-to be difficult to draw
a definite limit between the influence of heredity and that of func-
tion on the formation of the joints. Research workers, however,
seem to have agreed that the shape of the joints is largely deter-
mined by hereditary factors, whereas their detailed differentiation
depends on the formative influence of external factors. For more
detailed accounts of this problem, we refer to Frck (1904), LuBoscr
(1910), and JuNeHANS (1939).

The formation of the tissue of the articular cartilage seems to
follow the same principle. WeICHSELBAUM (1877) pointed out that
children have a more indifferent articular cartilage, where there is,
as yet, no possibility of distinguishing the architecture typical of
adult articular cartilage.

Subsequent experimental investigations have also clearly shown
that the function has an affect on the differentiation of the articular
cartilage in growing animals.

RETTERER (1908) amputated one of the thoracic limbs in 12
month-old guinea-pigs. The distal part of the brachium and the
antebrachium were removed. Consequently, the other limb came to
be loaded more than what is normally the case, whereas the stump
of the operated limb was unloaded, but movable. The operated
animals lived for 4, 6, 8 months, and 1, 2, and 3 years. The number
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of animals 18 not indicated. The results recorded seem to be based
on the measurements carried out on some individual animals. The
hyperactive and the inactive shoulder-joint were respectively the
objects of a histological examination; and a comparison was made
between each of these and the articular cartilage from a shoulder-
joint of an adult guinea-pig which had lived normally while growing
up. A hyperactive joint revealed a thicker articular cartilage, hyper-
trophy, and hyperplasia of the cells as well as broader streaks of
intercellular substance. The inactive joint, on the contrary, had a
thinner articular cartilage, smaller cells, fewer rows of cells, and
less intercellular substance.

The same problem has been treated by SAAr (1941) in ‘s study on
the affect of the function on the articular cartilage of growing
guinea-pigs. Some animals were exercised daily in a special appara-
tus from the age of three weeks up to approximately that of five
months. Between these periods of exercise they lived in spacious
cages. Other animals, which were not exercised, were confined to
very small cages during the same length of time. The histological
sections of their hip-joints were subjected to a microscopic examina-
tion. Within the weight-bearing part of the femur-head of exercised
animals the cartilage revealed larger cells, a greater number of cells
per chondron, and more intense basophilic intercellular substance
than within the corresponding area of unexercised animals. The
whole circumference of the articular cartilage of the latter had a
more uniform and indifferent appearance. These results are solely
based on direct comparisons between the histological sections, the
material being not sufficiently large for a statistical treatment.

These two studies support the assumption that the function in-
fluences the differentiation of the articular cartilage during the
period of growth. In a comprehensive experimental investigation on
growing rabbits, however, HoLMDAHL and INGELMARK (1947, 1948)
have presented data of a more convincing character.

The material comprised 61 rabbits divided into three groups. One
group was subjected to systematic exercise from the age of six
weeks, whereas the remaining two were not exercised. One of these
groups lived in spacious cages, and the other in small ones. The
animals were killed at the age of 24 weeks, and their shoulder-, el-
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bow-, wrist-, hip-, knee-, and ankle-joints were the object of a quan-
titative micromorphologic analysis. The findings registered were
subjected to statistical treatment, comparisons being drawn be-
tween large and small joints, between condyles and sockets, as well
as between the various groups.

As the results of the comparison between the various groups are
of such a nature as to elucidate the influence of the function on the
formation of the articular cartilage, our account will here be limited
to these results.

Firstly, as to the thickness of the uncalcified cartilage:—It was
in large joints 23—45 per cent thicker in exercised animals than in
unexercised. But, again, the two unexercised groups revealed dif-
ferences themselves in this respect. The animals that had lived in
spacious cages generally had a thicker uncalcified cartilage than
those having lived in small. These differences were, however, not
statistically significant. On the contrary, the varying function of
the joints did not seem to have had any influence on the thick-
ness of the calcified cartilage.

The analysis of the uncalcified cartilage also revealed that exer-

cise had brought about an absolute increase of both the cellular and
the intercellular substance. This increase, however, was approxi-
mately four times as great in the intercellular substance as in the
cellular, which resulted in the fact that the cellular substance, in
spite of its absolute increase, was nevertheless relatively decreased
in the exercised animals.
- The cellular component was also studied with regard to the sizes
of the cells and the number of cells per chondron. A comparison
between the various groups of animals as to the number of cells per
chondron revealed in practice only probable differences. So the
authors summarized these results as follows: “There is reason to
assume that an increase in the functional strain of the cartilage
stimulates an increase in the number of cells per chondron.”

A study of the histological sections, and comparisons between
photographs of these, gave a definite impression that the articular
cartilages of exercised animals had larger cells than those of unex-
ercised. But, “probably on account of the methodology applied,
the present examination has not given statistically significant dif-
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ferences concerning the size of the cartilage cells in the various
groups.”

The investigations above indicated that an intensification of the
functioning of a joint no doubt influences that increase of cartilag-
inous substance which is connected with the growth of an individual.
Consequently the function contributes to the definitive formation
of the articular cartilage.

On the other hand, the question as to how the tissue of the artic-
ular cartilage of an adult reacts on an increased function, has not
been the object of systematic investigations. Earlier works, how-
ever, have treated problems intimately relevant to this question.
I primarily refer to the relationship between the function of a joint
and the wear and tear of the articular cartilage, on the one hand, and
the capacity of the cartilage to continuous regeneration, on the other.

That there is normally a wear and tear of the articular cartilage
as an effect of the function of the joint, has early been advanced by
several workers (BRINTON, 1847—49; TiLLMANNS, 1874; OasToN, 1876;
Hammar, 1892). This view has later been corroborated, by Lusoscr
(1910), MLLER (1929, 1930), and HuLTEN and GELLERSTEDT (1940)
amongst others. As a reason for the existence of such a process it
has been pointed out that the surface of a normal articular cartilage
is more or less rough, showing very small excavations and “splin-
ters” of cartilage. Furthermore fragments of cartilage have been
seen in normal synovial fluid (HamMar, 1892; KEY, 1928; BAUER,
BeNNETT, MARBLE, and Crarrin, 1930; ExmoLMm and NORBACK,
personal communication).

This wear has been considered to be especially pronounced in old
and degeneratively changed articular cartilages since the synovial
fluid of such joints contains more detritus than that of normal joints
(BAUER, BENNETT, MARRBLE, and CrarLiN, 1930; HuLTéN and GEL-
LERSTEDT, 1940).

" HurtéN and GELLERSTEDT (1940) assumed that the amount of
the wear of a normal articular cartilage also varies with the degree
of exertion on a joint. The correctness of this assumption has been
confirmed in an experimental investigation on rabbits by ExmoLm
and NORBACK (personal communication). In a special apparatus
one knee-joint was exercised, whereas the other was kept in a state
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of rest. A quantitative and qualitative examination of the formal
elements of the synovia from both the knee-joints was carried out.
It revealed that the functioning led to an increase of the products
of wear and tear of the surface of the articular cartilage as well as
that of the synovial membrane. The magnitude of this increase
seemed to depend on the nature and duration of the exercise in such
a way that an augmented loading and a longer duration resulted
in a greater wear of the cartilage.

The other question which was of pertinence to the capacity of
the cartilage to continuous regeneration, has been the object of
wide interest. Apparently, however, the usual method of attaining
an opinion of the regenerative capacity of cartilage seems to have
been the study of the tendency and course of the repair of defects
applied to cartilage. Such investigations have often led to divergent
results. The lack of agreement seems to depend on such factors as
different methods, the length of the time of observation, the posi-
tion and depth of the defect within the articular cartilage; but also
on the fact that a distinction was not always consistently made as
to whether the results were obtained from articular cartilage or
from cartilage covered with the perichondrium (costal cartilage,
auricular cartilage).

Defects of the latter were filled with connective tissue growing
from the perichondrium, and only in solitary cases did the carti-
laginous tissue itself reveal a minute tendency towards proliferation
(GUSSENBAUER, 1871; Tizzoni, 1878; MarcHAND, 1901; MATSUOKA,
1904; Mori, 1905).

The defects localized near to. the margin of an articular cartilage
and those that penetrated through the cartilage to the subchondral
marrow cavity were repaired in principally the same way. Such
defects were filled with connective tissue growing from the attach-
ment of the capsule and the marrow, respectively., Through meta-
plasia of the cells of this tissue and a varying degree of secondary
hyalinization of the fibrous cicatrix, a more or less cartilaginoid
tissue was obtained, which sometimes made up entirely for the loss
of cartilage (Tizzon1, 1878; Gies, 1883; SeccEL, 1904; CrocioLa,
1921; Iro, 1924; HiBLER, 1925; SmANDS, 1931; BENNET, BAUER,
and Mappock, 1932).
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If the defect, on the other hand, was made in the middle of the
articular surface and did not penetrate into the marrow, the result
would be different. In such cases, some workers have not been able
to find any tendency towards a regeneration of the cartilage (GiEs,
1883; Crocrora, 1921; HABLER, 1925). Others, on the other hand,
described their observations of a proliferation of the cartilage cells
adjacent to the defect (Tizzowi, 1878; SeceEL, 1904; Fasori, 1905;
FisuER, 1922—23; SHANDS, 1931; BENNET, BAUER, and MADDOCK,
1932). These proliferations of the cartilage, however, were not of
such a magnitude as to make up for the defect. Moreover, BENNET,
BaUER, and Mappock (1932) found that the tendency of regenera-
tion was greater if the defect was localized within the weight-bearing
part of the articular surface. This condition is ascribed by them to
a stimulating effect of the functioning of the joint.

An observation made by FasoLr (1905) is especially worth men-
tioning. As a matter of fact, he found that very small defects of the
articular cartilage healed completely by independent progressive
proliferative formations of the cartilage on the sides of the defect,
where he could also observe divisions of the cells,

This case seems to be of special interest as it may, to some
degree, be compared with the very small defects arising in the sur-
face of a joint in a physiological wear and tear of the cartilage.

The investigations related above have revealed that the capacity
of cartilage to repair artificial defects is relatively limited. In all
appearance, the results of these investigations have contributed to
the view occasionally advanced that the articular cartilage scarcely
possesses any capacity of regeneration whatever. From a biological
‘point of view, however, a distinction must be made between such
signs of regeneration as appear in connection with the repair of
artificial defects and such a regenerative capacity of a normal artic-
ular cartilage as is necessary to make up for the physiological wear
of the latter. This has also been pointed out by HuLTéN and GEL-
LERSTEDT (1940).

The current opinion is that such a process of continuous regenera-
tion must exist in a normal articular cartilage. From where this
process originates, and how it proceeds, however, is little known.
The various theories concerning these questions are based on isola-

2 - 508568 J. Sadf
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ted observations in histological sections, but to a great extent also
on assumptions.

Boenm (1868) and WeIcHSELBAUM (1877) consider that even the
central parts of an articular surface regenerate by the cartilagini-
fication of connective tissue growing from the margin of the articu-
lar cartilage. This opinion has already been refuted by Hammar
(1892) as being hardly plausible. FisaEr (1922—23, 1939) assumes
that “the superficial cells of the articular cartilage are the source
from which the deeper cells are derived.” A third hypothesis is that
the regeneration occurs in the parts of the cartilage located a short
distance below the surface. This thought was first presented by
OasToN (1876), who spoke of a “focus of central growth.” The lo-
cation of this “focus” seems to agree with what is, in this work,
designated the transitional zone. He is of the opinion that from
this focus there is growth partly towards the bone and partly to-
wards the surface of the articular cartilage. Hammar (1892) also
supports the view that the regeneration takes place below the sur-
face in the interior of the cartilage.

The majority of authors hold that the process of regeneration con-
sists in a reproduction of the cellular as well as the intercellular
components. No reliable proof as to the reproduction of the cells
has been presented, since mitotic cell-division does not seem to oc-
cur in adult articular cartilage. Hammar (1892) and ELrior (1936),
however, observed shapes of nuclei, which were interpreted as signs
of amitotic cell-division. The location of such cells within the carti-
lage corresponded largely to that of the transitional zone and the
deep part of the tangential zone. In foetuses and very young indi-
viduals mitoses have been observed within this very region (Har-
RIS, 1933; ELLIOT 1936). ErL1oT i8 of the opinion that this supports
the assumptlon that the above shapes of the nuclei are really signs
of cell-division.

Lusoscr (1910), Payr (1918), and MULLER (1929), on the other
hand, have given expression to the thought that the articular car-
tilage, with respect to its cellular component, is to be regarded as
a permanent organ (“Dauerorgan’’). The number of the most super-
ficial cells, however, is assumed to be constant through amitotic
divisions, and the intercellular substance to be continually trans-
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formed in the interior of the cartilage as an adaptation to the stim-
ulus caused by the tangential displacement of the cartilaginous tis-
sue in the functioning of a joint (*“Abscherungsbewegung”).

Finally, it may be pointed out that several workers have assumed
that the function of a joint has a stimulating effect on the processes
of growth and regeneration in the articular cartilage (Roux, 1895;
Fick, 1904; BENNINGHOFF, 1925; BAUER, RoPES, and WAINE, 1940).

The mechanism of the formation of intercellular substance is not
yet quite cleared up. A number of theories have been advanced.
During the last decades experiments with tissue-cultures have con-
tributed to the current view of our day. According to the latter, the
process consists of a reciprocal action between the cells and the tissue-
lymph surrounding these. The cells appear partly to contribute to
the production of the chondromucoid, and partly to influence the
precipitation of intercellular collagenous fibrils in the matrix. As
these problems will not be taken up for discussion in the present in-
vestigation, there is no detailed account of them here. ScHAFFER
(1930) and Hormpawr and INGELMARK (1948) have presented us
with reviews of literature concerning this question.



TrE PrOBLEM

. It appeared from the review of literature that there is an intimate
connection between the function of a joint and the growth and differ-
entiation of the articular cartilage in growing individuals; as well as
between the function, on the one hand, and the architecture, nutrition,
and resistance of an articular cartilage, on the other. Furthermore,
the function of a joint normally causes a wear and tear of the surface
of the articular cartilage. Yet it also seems to stimulate the regenera-
tion of the cartilaginous tissue in the repair of defects in the articular
cartilage. '

However, the manner in which the tissue of a normal, adult articular
cartilage reacts when influenced by a physiologically increased
function is practically unknown. As far as I have been able to see,
no experimental investigations have been carried out which can
elucidate this question,

For this reason I found it justifiable to make an attempt at examin-
ing this problem. In so doing I endeavoured to prepare and carry
out the present investigation in such a way that the following ques-
tions might, if possible, be elucidated, or answered.

1. Will the tissue of an adult articular cartilage show signs of quanti-
tative changes relatable to an increased functioning of a joint?
2. If that is the case:
a) Can they be observed in both the cellular and the intercellular
component? -
b) Is such a reaction localized mainly to a certain zone of the
articular cartilage, or does it occur more uniformly spread?
3. What effect has the duration of the increased functioning upon
these changes? Will the different components of the tissue react
simultaneously?
4. Finally, can the results obtained give us any information as to
the course of the continuous regeneration of an adult articular
cartilage?



MATERIAL AND METHODS

Material. Arrangement of Experiments.

In the present investigation there were used 140 adult, male guinea-
pigs belonging to the same strain.

The experiments were starfed when the animals were 111j,
months old. On the one hand, the material was divided into two
main groups in such a way that 60 animals were subjected to sys-
tematic exercise, whereas 80 served as control-animals. On the other
hand, the material was divided into six different subgroups, the
animals of which were killed after certain intervals. As to the num-
ber of animals in the groups, reference is made to Table 1.

When the material was to be divided into the two main groups,
animals for control and those for exercise, their weights were taken
as the basis for selection. By the guidance of these weights the ani-
mals were distributed in such 2 way that the average weight in each
group was the same, as was the weight distribution.

The animals of the subgroups I—VI were not taken out from the
two main groups until such a subgroup was to be killed. In so doing,

TABLE 1.
The Number of Animals in the Different Groups.

Number of Unexercised Number of Exercised
Animals Animals
Groups

originay | pEinly | Orignaty | FnalY
I ... 20 19 — —
b S 10 9 10 10
I ............... 10 8 10 10
IV o 10 9 10 10
A 2 10 9 10 10
VI ... 20 19 20 17
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the actual weights of the animals and the weight distribution within
each group at that time were even now taken as the basis for selec-
tion. The intention was to have the selected subgroup reflect the
main group as much as possible both with respect to its average
weight and to the weight distribution.

A comparison between the average weights of the groups revealed

no statistically significant difference between Groups I and VI
of the control-animals, nor between control-animals and exercised
animals.
- The animals were exercised in an apparatus in which the floor
was an endless band of canvas driven by an electric motor. The
speed was kept constant, and so great that a point on this band
covered 1,000 meters in 40 minutes.

Relatively soon the animals learnt to run in this a.pparatus As
soon as after 3—4 days the exercise intended could be carried out
according to a definite schedule, i.e. the animals had to run 1,000 m
each day. Two or three intermissions of 10—15 minutes each were
introduced so as not to have the whole distance covered at the same
time. By keeping the exercise of the animals at such a moderate
level, it was expected to avoid their exertion with an eventually
concomitant pathological reaction of their articular cartilage. After
their daily exercise the animals used to rest for only about 10
minutes after which they moved about freely in their cages in
at least the same degree as the control-animals.

At the same time as the regular exercise began, the animals of
Group I were killed. The exercise was then continued with the above
distance of 1,000 m per day. After 20 000, 40 000, 60 000, 80 000,
and 100 000 m of exercise the animals of Groups II—VI were kil-
led, and simultaneously with these the corresponding control-ani-
mals of the same groups.

Exercised as well as unexercised animals lived in cages having a
floor-area of 40 x50 cm, each cage holding five animals.

The feed of the animals consisted of oats, Swedish turnips, and
hay, and in summer fresh grass.

(For further discussion, see p. 35.)
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Histologic Technique.

The animals were killed by means of ether, after which their
shoulder-joints were dissected out immediately. The humerus and
the scapula were sawn off, by which their medullary cavities were
opened. Connecting tissues were trimmed off from the articular
capsule, which was otherwise left intact. '

The joints were then fixed for 5 hrs. in Carnoy’s mixture (60 cc
absolute é,lcohol, 30 cc chloroform, 10 cc glacial acetic acid). After
decalcification with a 5 per cent trichloro-acetic acid for 15 days
they were embedded in paraffin.

Only one shoulder-joint from each animal was investigated. As a
rule, the right side was chosen. In those cases where it was impos-
sible to obtain histotechnically satisfactory sections from this side,
the left joint was sectioned and examined. In some cases there was
no possibility of getting a satisfactory section, either from the right
joint or the left. These animals have not been included in the ma-
terial.

Can it be considered sufficient for the purpose of the present in-
vestigation to examine the joint of only one side? It did not seem
probable that the right side should be different from the left with
respect to the factors under investigation. Nor did a comparison
between the right and the left sides of the control-material reveal
any differences as to the numbers and sizes of the cells. This result
also agrees with the findings of HoLMDABRL and INGELMARK (1948)
on growing rabbits, in which no differences between the right side
and the left were found with regard to the structure of their articu-
lar cartilage.

In order to obtain comparable sections, it was necessary to take
them from the same locality of the joint in all the animals. For this
purpose, the following method was elaborated:

A sewing-needle 0.5 mm thick was inserted into the marrow cav-
ity along the axillary border of the scapula (Margo axillaris) towards
the middle of the glenoid cavity. After that, a determination was
made of the position of the sagittal plane dividing the head of the
humerus into a medial and a lateral half. This plane was then mar-
ked onto the tuberculum majus. A second needle was inserted into
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the marrow cavity of the humerus-shaft from the sawed-off end of
the bone towards the mark on the tuberculum majus, and care was
observed to have this needle lying on the same plane as that in the
scapula. The sagittal plane indicated by these two needles divided
the joint (humerus and scapula) into a medial and a lateral half.

After the paraffin-embedding, the paraffin-block was cut so that
a great part of each needle was visible. In the microtome the block
was oriented in such a way that the plane of sectioning was parallel
with that of the needles.

The medial half of the joint was cut off in rather thick sections.
Immediately before the plane of sectioning coincided with that of
the needles, the latter were taken away, and the sectioning was
continued until the canals made by the needles were cut open. At
this stage some sections 15 p thick were taken for examination. All
the sections used for this purpose were taken on the level of these
canals, and stained with Ehrlich’s haematoxylin and eosin.

One section from each animal was chosen for further investiga-
tions. In making this selection regard was only taken as to the his-
totechnic quality of the sections.

In order to make it possible to examine a corresponding locality
within each section, the sections were mapped according to the
principle introduced by HorLMpanL and INGELMARK (1948).

In this case the method was carried out in the following way:
The slide with the mounted section was placed on a protractor and

Y
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Fig. 1. Schematic drawing to illustrate the mapping of the sections.
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oriented in such a way as to make the most proximal part of the
external contour of the humerus parallel with the zero-line of the
protractor, at the same time as the zero-point.of the latter coin-
cided with the approximate centre of the cartilaginous periphery.
The centre and the zero-line as well as every -20th degree were
marked on the coverglass with dots of India ink immediately below
the limit between the cartilage and the bone belonging to the
humerus and the scapula respectively (Fig. 1).

This method seems to present a satisfactorily uniform orientation
in the sections when carried out as indicated and by the same
person.

A

(For further discussion, see p. 36.)

The Counting of the Cells.

When the sections were examined microscopically, primarily for
the purpose of registering the sizes of the cells and their number
per unit volume, the three different zones of the uncalcified carti-
lage were treated separately. In the countings and measurements
of the cells in this investigation use was made of the same magni-
fication with a 60 x objective and a 10 x ocular.

An eye-piece-micrometer disk with a scale (“‘eye-piece microme-
ter’) and an eye-piece-micrometer disk with 100 small squares in
its central area (“eye-piece cytometer’’) were inserted together into
the ocular. They were adjusted in such a way as to make it
possible to observe both the scale and the squared area distinctly
at the same time (Fig. 2). By this arrangement the cells of a
certain zone could be counted within a chosen unit of volume, after
which a certain number of the same cells could be measured without
changing oculars. In the magnification used the length of one side
of the eye-piece cytometer corresponded to 125 ., and each division
of the eye-piece-micrometer scale to 2.4 .

A rectangle (constituting a part of the eye-piece cytometer) con-
sisting of ten small squares—in Fig. 2 marked with a heavy line—
will from now on be called one rectangle. With regard to the different
widths of the tangential, transitional, and radial zones, and the
different densities of cells per unit volume in them, a certain mul-
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Fig. 2. The squared area of the eye-piece cytometer and the scale of the
eye-piece micrometer as seen in the ocular.
The heavy line marks one rectangle.

|
|

—|—

Uncalcified
Cartilage

Calcified
Cartilage

_—m e e e e Em - - -————

|

Subchondral
Bone

Degree on
the Cover-Glass

Fig. 3. The figure illustrates the position of the reference units of area in
counting the cells of the different zones of the uncalcified cartilage.

tiple of such a rectangle was chosen for each zone as the reference
unit of area within which the cells were counted. As seen in Fig. 3,
the unit of area used was half a rectangle in the tangential zone,
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two rectangles together in the transitional zone, and three rectangles
together in the radial zone.

With +60° as a starting-point on the humerus, five units of area
were placed successively towards the next lowest and next highest
degrees respectively, as indicated by the arrows in Fig. 3. The length
of the total area within which the cells were counted came in this
way to be equal to the length of ten rectangles and approximately
as great as the distance between two marked degrees. The distance
between two successive rectangles corresponded to the diameter of
one cell, thus making it possible to avoid counting any cell twice.
The sections were examined systematically by raising and lowering
the microscope tube. '

The counting of the cells was carried out in accordance with the
principle of counting blood-corpuscles. The examination of the
scapular cartilage was made in the same way as that described for
the humerus. For the scapula, however, the 10th degree which was
located next to the middle of the scapular cartilage was chosen as a
starting-point for the examination.

(For further discussion, see p. 39.)

Determination of the Number of Cells per Chondron.

At the same time as the cells were counted within the different
zones, the number of cells per chondron was also registered. In so
doing the chondrons were classified according to their number of
cells, viz. 2, 3, 4, etc. In order that two or more cells might be in-
cluded in the same chondron, it was essential that they should lie
contiguous to each other without any intercellular substance sepa-
rating them. A registration was made of each chondron that had such
a location within the zone that at least one of its cells belonged to
the area within which the counting of cells had been carried out.

(For further discussion, see p. 41.)

The Measurement of the Cells.

In connection with the counting of the cells within the various
zones a determination was made of the lengths of the axes of six
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cells in every other unit of volume counted, i.e. a total number of
30 cells in each zone. In so doing the cells were always measured
in a predetermined sequence, the possibility of selecting special cells
thus being excluded. Only cells apparently deformed, and those
covering each other in such a way as not to be delimited with cer-
tainty, were excluded.

The shape of the cells in this sagittal section was approximately
elliptical or circular. The lengths of the two cell-axes measurable
in this section were determined by means of the eye-piece microm-
eter. At first, a measurement was made of the axis most nearly
parallel with the articular surface (“the 1st cell-axis’), after which
the ocular was turned 90°, and the length of the axis perpendicular
to the former one was determined (“the 2nd cell-axis™).

By raising and lowering the tube of the microscope, the focal
plane exposing the largest axes of each cell was found. If the cell
was retracted in the cell-cavity, the latter was measured instead.

In order to calculate the volumes of the cells, it is necessary to
know the dimension of the cells, in the direction perpendicular to
the sagittal plane (“‘the 3rd cell-axis”). It would have been desirable -
to have a measure of this cell-axis from each zone of cartilage of the
humerus and the scapula, as well as from every individual animal.
The preparation and examination of the sections necessary for this
purpose proved to consume so much time that these intentions
could not be realized. In order to obtain some information about
this quantity measurements were made on four animals—one from
Group I, one from the exercised animals in Group II, one exercised
and one unexercised animal from Group VI.

The lateral half of the joint remaining after the sagittal sectioning
was used for this purpose. The humerus and the scapula were sepa-
rated and treated individually. The problem was to construct a sec-
tioning-plane lying perpendicular to the sagittal plane used earlier
and meeting the articular cartilage tangentially at point +60° on
the humerus and at the middle of the scapular cartilage, respec-
tively. This was made possible by means of four needles so connec-
ted that they formed two planes at right angles with each other.
The part of the paraffin-block containing the humerus was trim-
med to make the convexity of the humeral head visible, as is indi-
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Fig. 4. The re-embedding of the humerus for tangential sectioning.

a. Orientation of the needle-plane DBC parallel with the tangent to the
articular cartilage at + 60°. '

b. The preparation as seen in the direction B—D after being re-embedded.
The new paraffin-block marked by the dotted line.

cated in the illustration (Fig. 4 a). One of the needles (A) was in-
serted into the block abreast point +60° (marked on the prepara-
tion with a line running through +60° and the approx. centre of
the humeral head) and, moreover, having a direction parallel to
the sagittal plane. Then the three other needles formed a plane at
right angles with the sagittal plane used earlier. The whole pre-
paration was embedded into a new block, three needles however
being left visible, as shown in Fig. 4 b. These three needles served
as & guidance when the new sectioning-plane was adjusted in the
microtome.

The scapula was treated principally in the same way. In this
case, needle A was inserted into the paraffin-block abreast the
-middle of the scapular cartilage, being at the same time adjusted
parallel to the sagittal plane used earlier. This new sectioning-plane,
BCD, thus came to lie parallel with the tangent to the middle of the
glenoid cavity.

The cartilages were sectioned into serial sections 5 p thick, which
were stained with Ehrlich’s haematoxylin and eosin.

The appearance of these tangential sections of the humerus re-
sembled the segment of a circle where the chord corresponded to
the sagittal plane of sectioning. The sections of the scapula had the
same appearance as soon as the sectioning had attained such a depth
that the middle of the glenoid cavity was included in the section.
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Fig. 5. Schematic drawing of the goniometer. The pointer is turned to 0°,
one side of the squared area being parallel with the 0°—180° line.

For the examination of the tangential sections, the microscope
was equipped with a goniometer, the protractor of which was fixed
onto the tube of the microscope, and the pointer onto the ocular.
The pointer of the goniometer was adjusted in such a way that,
when it pointed to 0°, one side of the eye-piece cytometer was par-
allel with line 0°—180° of the protractor, and consequently the
other side with line 90°—270° (Fig. 5).

When the section was oriented into the field, a control was first
made as to whether the pointer had the position of 0°. The stage
was then revolved so as to make the chord of the section coincide
with the side of the eye-piece cytometer corresponding to line 90°—
270°, Hence the direction perpendicular to the chord agreed with
line 0°~-180°. This arrangement made it possible to orientate the
cell-axes of the tangential sections in relation to the sagittal plane
of sectioning.

The axis lying within the angle + 45° was designated as the 3rd
cell-axis. A measurement was made of this axis in 20 cells from
every section. The examination started with the sections correspond-
ing to the tangential zone, and then continued deeper down into
the cartilage even to approximately the middie of the radial zone.
About 20—25 tangential sections of each cartilage were examined.

The cells were measured within a very limited region next to the
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chord. By comparing characteristic structures recurring in adja-
cent sections it was always possible to examine a region having the
same position in each section.

By this procedure, each region examined came to lie deeper in
the articular cartilage than that of the preceding section. This would
not have been the case if, for instance, the region examined had
been next to the chord, in one section, and relatively closer to the
arc of the segment, in the following one.

By measuring the width of each zone of the cartilage in the sa-
gittal section it was possible to make an approximate determina-
tion of the number of tangential sections belonging to the different
zones respectively. '

In examining the tangential sections, the axis perpendicular to
the 3rd cell-axis was also measured, as well as the length of the pro-
jection of the cells upon the sagittal sectioning-plane. Moreover,
as to each cell measured, a registration was made of the angle be-
tween its longest axis and the sagittal sectioning-plane.

(For further discussion, see p. 43.)

Computing the Volume of the Cells.

The cell-axes obtained from each zonme of the sagittal sections
(the 1st and 2nd axes) were compared with those of the tangential
sections (the 3rd axis) from the same humerus and scapula. This
comparison revealed that the 1st cell-axis could be considered equal
to the 3rd. When this fact was connected with the shape of the cells
in the sagittal sections it seemed possible to regard them as revolu-
tion-ellipsoids. Thus the rotation was considered to occur around
the 2nd axis.

The volume of each individual cell was computed according to

the formula of a revolution-ellipsoid, %nazb, where “b” was half

of the 2nd cell-axis around which the rotation was considered as
occurring, and “a” half of the Ist cell-axis. The volumes thus ob-
tained from each individual cell were added to each other, and the
average volume of the cells was computed.

In the tangential zone the cells, as a rule, had the form of oblate
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spheroids. The cells of the transitional zone were less flattened,
being often spheroids, and in the radial zone usually prolate sphe-
roids.

(For further discussion, see p. 44.)

Determination of the Thickness of the Uncalcified Cartilage.

As the above analysis only dealt with the uncalcified cartilage,
it was of essential interest to obtain a definite conception of its
thickness. The measurement of this was carried out within the
weight-bearing part of the articular surface at the point from which
the counting and measurement of the cells were started.

It was not possible in all the animals to distinguish a distinct
limit between calcified and uncalcified cartilage by means of the
microscope. In approximately 75 per cent of them such a limit could
be distinguished by using blue-glasses of various densities and vary-
ing the opening of the diaphragm.

As to the remaining 25 per cent, however, it proved to be pos-
sible to distinguish between the two layers rather well by means of
another procedure. Within the most basal parts of the articular
cartilage (those corresponding to the position of the calcified layer),
the cells were larger and lighter in colour than within the part of
the cartilage corresponding to the radial zone, having as a rule
small pychnotic nuclei. By following the cartilage along a certain
length it was also possible to ascertain that the columns having cells
typical of the radial zone and the calcified cartilage, respectively,
met each other within a rather evenly running and narrow belt.
This gave the impression of corresponding to the position of the
limit between the calcified and the uncalcified cartilage. These ob-
servations were compared with those of sections where a limit could
be distinguished. It was then observed that there was good agree-
ment between the position of the belt described and the visible
limit.

In order to obtain as objective measurements of the thickness of
the cartilage as possible, the slides were supplied with ciphered
labels so that the examiner could not recognize the groups to which
the different animals belonged.



33

The measurements were made by means of an eye-piece microm-
eter having 100 scale-divisions. Each division corresponded to
7.8 . In measuring there was no difficulty in reading semidivisions.

When there was a visible limit, the distance between this and
the articular surface was of course measured. When no limit could
be distinguished, the measurement was started from a limit approx-
imately obtained within ‘“‘the narrow belt” described.

The measurements were always carried out at right angles to
the articular surface. In order to control this more accurately, a
fibre of glass-wool was fixed to the eye-piece-micrometer disk per-
pendicular to the scale.

(For further discussion, see p. 46.) \

The Determination of the Thickness of the Sections.

It is known that the thickness of the sections obtained from a
microtome varies in spite of the latter being adjusted to the same
thickness during the entire sectioning. In our case this implies that
various animals might be represented by sections having different
thicknesses. As such a condition would necessarily influence the
number of cells registered per unit volume, it was decided to
measure the thickness of each section employed.

This was determined by means of a& microscope supplied with a
graduated micrometer-screw. The procedure was carried out in such
a manner that a structure of the upper surface of the section and
one in the lower was focused, and the difference between the two
foci was read on the micrometer-screw.

(For further discussion, see p. 47.)

The Statistical Treatment of the Material.

At first the groups of the control-material were compared with
each other as to the number of cells, the volume of the cells, the
thickness of the cartilage, and the number of cells per chondron.
The differences observed could be ascribed to random variations.
For this reason the control-animals were conjoined into a single
group.

3 — 506568 J. Sddf



34

Each exercised group was then compared with the control-mate-
rial. Since the number of animals in the exercised Groups II—VI
was small, the method indicated by Fismgr (1948) was followed
in calculating the standard error of the difference.

According to DaHLBERG (1940), differences exceeding 3 times
their standard error were regarded as statistically significant, and
differences 2 1/,—3 times their standard error as statistically very
probable,

The accuracy of each method (the error of method) employed
{(0;) has been calculated from the differences between double de-
terminations, according to the formula given by DaAmLBERG (1940):
zd?

2n

i =

d = the difference between two determinations.
n = the number of double determinations.

The error of method was expressed in percentages of the mean
and the standard deviation, respectively. The magnitude of the er-
ror of the different methods is given in the corresponding parts of
the following chapter.



DiscussioN oF THE MATERIAL AND THE METHODS

Concerning the Material.

(For its presentation, see p. 21.)

The essential demands on the material of an investigation of this
kind are that it is quantitatively sufficient enough to allow a sta-
tistical treatment of the findings registered, and that it is as far as
possible uniform.

Since the stock of these animals in Sweden was decimated during
the course of World War II, certain difficulties were faced in fulfil-
ling these conditions simultaneously.

It would of course have been especially valuable from a statisti-
cal point of view if the different groups had consisted of a greater
number of animals. It was, however, impossible to make this so
without diminishing the demands on the uniformity of the material.
Moreover, an additional increase of the material would have made
this time-consuming investigation too laborious.

Unfortunately it was not possible to obtain utilizable sections
from all the animals. The number of animals finally examined is
seen in Table 1. ‘

" All the guinea-pigs used in the present investigation belonged to
the same strain originating in 1934 from twenty animals.

Males were exclusively used in order to avoid the results being
influenced by eventual divergences in constitution and the manner
of reaction of the animals depending upon sex.

As indicated above, the present investigation was carried out in
order to obtain a conception of the manner of reaction of the articu-
lar cartilage in adult animals. According to RAEBIGER (1923), guinea-
pigs are adult at an age of 8—9 months. JaFFE (1931) states
that the growth of guinea-pigs in the sense of “the final develop-
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ment”’ of their skeletons attains its completion at approximately
eight months of age.

At the beginning of the experiment all the animals were 111/,
months old, with a variation of + 1 week.

A microscopical examination of the sections of the 1st control
group revealed the fact that there was only a narrow remainder of
the epiphysial cartilage of the humerus. This remnant was partly
calcified and had no connection with the margin of the articular
cartilage. The growth zone was closed.

These facts seem to justify the assertion that the animals can be
regarded as adults, and that the material is uniform also from the
viewpoint of their age.

The importance of a uniform material is stressed by SILBERBERG
and SiLBERBERG (1942). They point out that the normal time-curve
of “skeletal development proceeds at a faster rate in females than
in males, in breeding females more rapidly than in virgins;” and
in certain strains more rapidly than in others.

Discussion of the Histotechnical Procedure.
(For this procedure, see p, 23.)

Histotechnical treatment always changes a tissue more or less.
The quantitative morphological analysis of the tissue is consequently
always connected with several sources of error, and unfortunately
it is very difficult to determine the greatness of each of them. For
this reason it is urgent that the histotechmnical procedure is carried
.out with such an accuracy that these inevitable sources of error will
not be greater than necessary. In addition, it should be seen to it
that the entire material is uniformly dealt with.

The animals were not killed until the day after a given exercise,
because it might have been possible that this exercise had brought
about temporary changes in their articular cartilage. Such changes,
in their turn, might have influenced the results. Subsequent inves-
tigations have proved that this precaution was justified. Compare
what has been said concerning the flow of fluid through the articular
cartilage and its increase in thickness in immediate connection with
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an increase of function (INGELMARK and Siir, 1948; INGELMARK
and ExsorLM, 1948 and personal communication). (See p. 12.)

After killing the animals their shoulder-joints were dissected out
so rapidly that these could be put into fixing-fluid within ten minutes.
In so doing the preparations did not dry before being fixed, which
would have brought about a greater shrinkage (TARKHAN, 1931).

All changes of fluids in the histotechnical procedure were made
at exact points of time. The preparations were transferred direct
from one fluid to the next, thus preventing their being dried in con-
nection with the changes of fluids, which would also have increased
their shrinkage (TArRkHAN, 1931).

The fixation fluid, Carnoy’s mixture, has an excellent capacity
of penetration, fixes the tissues well (TELLYEsNICZKY, 1898; SEKI,
1937), and can advantageously be utilized for cartilage (RuPPRICHT,
1910). Its shrinking effect is generally considered to be slight, and
in the case of tendons it amounted to 1 per cent (SEkI, 1937).

The dehydration and paraffin-embedding following a fixation is
regarded as causing a great shrinkage (TArkEHAN, 1931; SEXI, 1937,
STOWELL, 1941). How great it was in the case at hand is not known.

Until they had been embedded in the paraffin-block all the prep-
arations were treated uniformly. But when sectioned and stretched,
each individual section was the object of manual treatment, when
one must take into account the fact that every section will
not be treated exactly alike, in spite of deliberate care to this effect.
As indicated above, there was moreover a variation, due to the
microtome, in the thicknesses of the sections. This source of error
was diminished by determining the thickness of each section, and
then correcting the number of cells registered with respect to this
thickness.

Another source of error may also be connected with the variation
of the thickness of the sections. According to certain observers, thin
sections reveal a greater tendency towards distortion than thicker
ones (AUMONIER, 1938; STowEeLL, 1941). In order to control whether
this source of error was of importance to the articular cartilages in
this investigation, a joint was cut in serial sections alternating be-
tween 15u and 10 p. A determination was made of the humeral
cartilage of 20 sections of either of these two thicknesses in such a
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manner that their cartilages were drawn in a drawing apparatus at
30 x linear magnification, after which their sizes were determined
by means of a planimeter. When the two series were compared, no
difference was observed.

In the stretching and drying of the sections it is essential to see
to it that they are not exposed to temperatures exceeding the melt-
ing-point of the paraffin used, since the distortion and shrinkage
of tissues will then increase (Sucrra, 1917). In the present inves-
tigation, it was in some instances observed that the paraffin on the
slide had melted. Such sections were discarded.

All the sections were stained in the same way, and every period
of this procedure always had the same length.

By these discussions, some factors changing the volume of tis-
sues during histotechnic procedure have been pointed out. We have
seen that there are many factors which more or less affect a tissue.
As long as the preparations are treated exactly alike, the greatness
of a source of error is not so important, provided that the different
articular cartilages have also reacted similarly during the procedure.
Those phases of the method where each section is the object of man-
ual and individual treatment no doubt present the most outstanding
points of uncertainty.

It would of course have been of great value if we had exactly
known in what direction each phase of the histologic technique had
influenced the tissue as well as the magnitudes of these sources of
error with respect to the tissue at hand. Unfortunately, it has been
impossible to carry out such a systematic control. But in view of
the following factors:

that the entire material has been treated as uniformly as possible;

that, in the studies of the sections, nothing has been revealed, and,
furthermore, nothing is known which can give us a reason
to assume that the various groups had reacted in a different
way on the histotechnic treatment; and

that there was no intention to obtain absolute numbers, but only
such as allow comparisons between the various groups;

it would in any case be correct to regard the sections produced as
utilizable,
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However, in addition to what has been said above, a fact will here
be adduced that might be of importance when comparing histo-
technically treated material from exercised and unexercised animals,
respectively. HoLMDAHRL and INGELMARK (1948) indicated that qual-
itative differences of a tissue in life may be transformed into quanti-
tative differences in connection with the histotechnical treatment
of the tissue. )

In support of this view there is an interesting observation by INGEL-
MARK (1948) in an electron-microscopic investigation into the calibres
of collagenous fibrils. If the measurements were carried out on fresh
tissue, there appeared no differences between exercised and un-
exercised individuals; but if the tissue had been impregnated with
osmium tetroxide prior to the measurements, there was a statistic-
ally significant difference between the two groups., Whether such a
condition exists concerning unexercised and exercised animals of
the present investigation is quite unknown.

Discussion of the Method of Cell-Counting.
(For this method, see p. 25.)

An eventual reaction in the articular cartilage in connection with
an increased functioning of a joint could very likely be expected
primarily within the weight-bearing part of the articular cartilage.
To determine definitely where the limit between the weight-bearing
and the non-weight-bearing part of the articular cartilage runs, seems
to be of subordinate significance. Nevertheless, it is necessary to
make sure that the region which is the object of further examina-
tion is actually located within the weight-bearing part of the artic-
ular cartilage.

By the fluoroscopy of living guinea-pigs and through observations
when dissecting out the joints, the conception was obtained that,
in the sagittal sectioning-plane used, the points of the articular
cartilage corresponding to + 60° on the humerus, and the middle
of the scapular cartilage, fulfilled the requirements mentioned, and
could most suitably be chosen as starting-points for the examina-
tion.

As pointed out above, the three different zones of the uncalcified
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articular cartilage were examined separately. In order to do this,
however, it was essential to be able to make a distinction between
the various zones to a certain degree of accuracy. Even if no exact
border lines could be drawn between the different zones, yet it was
feasible, without any hesitation, to place the rectangles into each
- zone. The tangential zone holds a unique position in some respects.
Due to the narrowness of this zone it has not been possible to make
use of a broader unit of area in counting the cells than half a rec-
tangle. In spite of this, it was necessary to have one margin of the
area coincident with the free edge of the section. The narrowness
of the tangential zone caused that cells lying in the outskirts of the
transitional zone could occasionally touch the area in the tangential
zone, whence these cells came to be included in the latter. Some
uncertainty was also connected with the counting of the cells in
this zone because the free edge of the section could sometimes be
seen a8 slightly bending up and down alternatingly. This gave the
impression of an undulation along the edge of the tangential zone.
In such a case this bending off makes one count the cells within a
larger area than when the entire cartilage lies on the same plane.
Consequently the very same conditions do not seem to apply in
counting the cells of the tangential zone and in the two others. These
facts should be kept in mind when comparing the results of the
various zones with each other.

The error of the method was determined in each of the three dif-
ferent zones of the humerus and the scapula, and in each zone 16
double determinations were made. In spite of the variations in the
number of cells per unit volume between the different zones, how-
ever, the error of method, o;, showed a relatively small variation.
For this reason the mean of the error of method of the different
zones is given here.

The error of 0, in percentage 0; in percentage of the

method, o;: of the mean: standard deviation:
Humerus..... 2.3 2.7 15.2
Scepula...... 2.6 3.4 18.0

The number of cells registered from the sections, however, was
not quite the same as the real number of cells per unit of volume.
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As a matter of fact, since a number of cells were divided in the sec-
tioning, parts of one and the same cell were to be found in more
than one section. This fact resulted in the number of cells registered
being too high. FLopkrus (1944), however, has elaborated a formula
according to which it is possible to correct this error. Another fac-
tor of importance in this connection was the varying thicknesses of
the sections. But since the thickness of each section was determined,
and, moreover, as this thickness is included in FrLop%Rus’ formula,
it was possible to correct the number of cells with respect to both
these sources of error at the same time. The number of cells regis-
tered in each zone was corrected so as to correspond to that of a
section 15 pu thick. ‘

. FLopfRrus’ formula can be written in this case:

15
N=n o ra—3ah
N = the number of cells whose centres are located within a section
15 u thick.
n == the number of cells and cell-fragments registered within the
zone.

a = the thickness of the section in p.

d = the arithmetical mean of the length of the 1st cell-axis in .

h = the height in p of the thinnest cell-calottes included in the
counting of the cells.

As the cells were regarded as revolution-ellipsoids, h was computed
in the various groups according to the method indicated by KJEeLL-
GREN (1944). As to the humerus, 2 was practically 1 p, whereas
the scapula showed a somewhat lower value, viz., 0.8 p.

Discussion of the Determination of the Number of Cells
per Chondron.
{For this method, see p. 27.)
In such cases as where the cells were on different levels within

the section, it was difficult to determine whether any intercellular
substance separated them or not. For this reason cells in reality
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geparated from each other may have come to be counted as belong-
ing to the same chondron. The registered numbers of chondrons may
accordingly be too great. This error, however, applies to all the
groups.

As appears from the description of the method, a number of the
chondrons had one or more of their cells located outside the unit
of area used in counting the cells. For this reason it was not pos-
sible to calculate the number of chondrons per unit volume. How-
ever, since the chondrons had always been registered in the same
way, the numbers obtained could be used in drawing comparisons
between the various groups. Yet in this connection it should be
mentioned that the method of registration brought about an over-
representation of the chondrons that had a large number of cells.
On the other hand, HoLMpAHL and INGELMARK (1948) pointed out
that chondrons with a small number of cells are over-represented
in a histological section. For a large chondron has a greater chance
of being cut by the sectioning-plane than a small one. For these
reasons it is not possible to determine whether the chondrons reg-
istered present a true picture of their frequency within an intact
cartilage.

As to the registration of the chondrons within the tangential
zonel, there was the same uncertainty asin the counting of the cells
within this zone, though more pronounced. This is a consequence
of the narrowness of this zone, for the chondrons were often partly
in the outskirts of the transitional zone, but were represented as
being only in the tangential zone.

The error of the method was computed from 20 double de-
terminations of the number of chondrons in the transitional zone
of the humeral cartilage. o; = 2.4; ¢, in percentage of the mean
= 5.8 per cent; o; in percentage of the standard deviation = 27.3
per cent.

1 BenNINGHOFF indicates that, in a strict sense of the term, a chondron
does not occur in the tangential zone. The designation is here used for prac-
tical reasons.



43
Discussion of the Method of Measuring the Cells.

(For this method, see p. 27.)

In measuring the cells an objective 60 x and an eye-piece 10 x
were used. In this magnification one division of the eye-piece microm-
eter corresponded to 2.4 yu. The reading had an accuracy of 1/,
a division. The error of method computed from 50 double deter-
minations was: o; = 0.38; o; in percentage of the mean = 4.2 per
cent; 6; in percentage of the standard deviation — 14.5 per cent.

It may rightly be objected that the magnification might have
been preferably greater in measuring the diameters of the cells.
There was, however, another factor to be taken into comsideration
in this connection. As the three different zones of the uncalcified
cartilage were examined separately with regard to the number and
sizes of their cells, it was necessary to make an incessant control
upon one’s position in the cartilage. If use had been made of ex-
ceedingly large magnifications, such an orientation would have
been considerably more difficult. Of course, by repeatedly alter-
nating between small and large magnifications, it would have been
possible to convince oneself of the fact that each cell to be measured
did lie within the zone intended. This procedure, however, would
have been too laborious.

" For this reason a magnification was chosen that could be used
simultaneously both in counting the cells and measuring them. By
placing the eye-piece cytometer and the eye-piece micrometer in
the same ocular, it was easier to make a continuous check as to
whether the cells measured belonged to those counted.

" Unfortunately, it was not possible, when measuring, to exclude
a cell such as one that did not have its real axes within the section.
Hence the fact had to be taken into account also that a number of
“cell-calottes had been measured, whose basal diameters had con-
sequently been taken for the axes of a cell. The result of this was
that the average volume of the cells was somewhat less than if the
cell-calottes could have been excluded. But also in this respect there
was a uniform examination of the material. Accordingly, there is
no reason to assume that this source of error would upset the result
of comparing the cell-volume between, for instance, the various

groups.
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Discussion of the Method of Computing the Volume of the
Cells.

(For this method, see p. 31.)

-When the volumes of the cells were computed, the latter were
regarded as revolution-ellipsoids. It must be pointed out, however,
that this way of considering the matter implies a schematization.
But a study of the cells in various planes of sectioning revealed that,
from a practical point of view, it was most correct to look upon the
cells in this way.

A complete analysis of the method computing the cell-volume
would have required a tangential sectioning of a great number of
joints. As mentioned before this was not practicable, so one had to
be satisfied with forming a general opinion of the shapes of these
cells by means of a tangential sectioning of a few joints. The total
number of observations within the tangential sections was exceed-
ingly great; but, since the number of the joints examined in this
way was as small as four, it has not been considered suitable here
to occupy space by recording the figures obtained. Instead they
are used to form the background of some discussion about this
method of computing the volumes of the cells.

An attempt to analyse this method shows that there are rather
& great many factors that may be thought of as having influenced
the conception regarding the shapes of the cells and the computa-
tion of their volumes.

In the first place, the re-embedding of the preparation preceding
- the tangential sectioning may be held to have further affected the
shrinkage of the cartilaginous tissue. Especially as far as the super-
ficial parts of the cartilage are concerned, certain evidence of this
shrinkage has been obtained from a comparison between the length
of the 1st cell-axis and the projection of the cells of the tangential
section upon the sagittal plane.

Another histotechnic factor to be stressed in this connection is
that the tangential sections were only 5y thick. This may have
caused the cell-calottes measured to have obtained another fre-
quency than in the sagittal sections 15 u thick. Especially .as the
tangential sectioning had cut the collagenic structure of the car-
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tilage in another direction than that in which the sagittal sectioning
had done, the thin tangential sections may, when stretched, have
undergone changes, which in their turn eventually influenced the
sizes and shapes of the cells. As to the direction and degree in
which these factors have conjointly influenced the determination
of the volumes of the cells, is a problem which at present eludes
our powers of reliable appraisement.

The shapes of the cells in the sagittal sections were mostly sim-
ilar to ellipses and circles respectively, though perhaps, only in com-
paratively few cases within each zone, they completely coincided
with the mathematical requirements of these geometrical figures.
As far as could be seen, this schematization did not afféct the aver-
age volume of the cells in any special direction, as it resulted in an
alternation of too high or too low values of the individual cells, and
was moreover the same in the different groups.

The 3rd cell-axis could not be measured on the same cell as the
1st and the 2nd. On the other hand, an estimation of this axis was
obtained by measuring tangential-section-cells located near the sag-
ittal section examined. The mean of the 3rd cell-axis was compared
with that of each of the two cell-axes measured in the sagittal sec-
tion. This comparison was made within every zone of the uncalci-
fied part of each cartilage. Of the 24 zones examined there were 17
that showed no difference between the Ist and the 3rd axis. In the
other seven zones where a comparison revealed a difference in length
between the 1st and the 3rd cell-axis, the 1st axis was longer in three
cases, and the 3rd in four. This agreement between the mean of the
. two cell-axes was a reason for regarding the cells as revolution-
ellipsoids. It does not imply, however, that every individual cell is
a revolution-ellipsoid.

A study of the tangential sections, however, proved that a large
number of their cells were round, or approximately round, and
could consequently be regarded as separate revolution-ellipsoids
where the rotation occurred around the 2nd cell-axis. Besides this,
it was seen that the cells which were not round in the tangential
sections as a rule had their long axis largely parallel with (+ 20°)
the direction of the sagittal sectioning, or at right angles to it. This
fact was of special importance, as it implied that the sagittal plane
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of sectioning cut the cells parallel to one of their axes to be found
in the tangential sections.

Such an orientation of the cells may be thought of as resulting
in too high or too low values of the average volume of the cells when
the “revolution-ellipsoid method” is applied. This fact appears,
among other things, to be connected with how great the number
of cells is that have their longest axis parallel with the sagittal plane
of sectioning, but also with the proportion between the lengths of
the axes measured in the tangential sections.

For the purpose of obtaining additional knowledge as to the reli-
ability of this method of computation, the following reckoning was
carried out: The 1st cell-axes were combined at random with the
-8rd cell-axes. Sixteen series of combinations each having 30 com-
binations chosen at random were carried out in every zone of such
articular cartilages as had been sectioned tangentially. The volume
of each “cell” was computed according to the formula of an ellip-
soid, regarding the 2nd axis as being constant. This cell-volume of
each zone was compared with the volume obtained when the cells
were regarded instead as revolution-ellipsoids. These different pro-
cedures. of compntation resulted throughout in practically the same
values as far as the scapula was concerned, whereas in the humerus
the revolution-ellipsoids presented a somewhat larger volume than
the combinations made above.

Making a reservation for the effect histological technique may
have had on the shapes and sizes of the cells, however, it appears
to us as if the study of cells in various directions of sectioning has
proved that from a practical point of view it is justifiable to regard
them as revolution-ellipsoids.

Discussion of the Method of Determining the Thickness of
the Cartilage.
(For this method, see p. 32.)
The accuracy of this method was determined partly with respect
to the articular cartilages having a visible limit between the calci-

fied and the uncalcified layer, and partly with regard to those where
such a limit could not be distinguished. As to cartilages having vis-
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ible limits as well as those without, 16 double determinations were
made in the humerus and the scapula respectively. As the error of
method, o;, was practically equal in the humerus and the scapula,
the mean of their error of method is given here.

The error of 0; in percentage 0, in percentage of the

method, o of the mean: standard deviation:
Cartilages with a
vigible limit ...... 3.3 1.5 8.1
Cartilages without a
visible limit ....... 8.8 3.6 17.7

The last figures indicate that even in measurements of articular
cartilages without a visible limit, the assumed limit between the
calcified and the wuncalcified cartilage was, through the above
method of procedure, placed in approximately the same position
in the two observations. '

It is of course possible, however, that the assumed limit was
systematically placed in a wrong position. This would have resulted
in the fact that the thicknesses of these cartilages would have be-
come throughout either too thin or too thick when compared with
that of the cartilages having a visible limit. The very agreement
mentioned above between the location of the cell-columns in ques-
tion and the position of a visible limit contradicted the possibility of
any such appreciable systematic misplacement of the limit assumed.

By a comparison, in the control-material, between the articular
cartilages having a visible limit and those without, no difference
was to be seen as to the thickness of the uncalcified cartilage,
whether in the humerus or the scapula. As the exercised animals
were divided into small groups of various lengths of exercise, a cor-
responding comparison could not be made concerning this part of
the material.

Discussion of the Method of Determining the Thickness of
the Histological Sections.

{(For this method, see p. 33.)

A more detailed account of this part of my investigation will be
given in a special publication. However, the most important fac-
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tors influencing the results of these measurements will be men-
tioned here. ~

As the thicknesses of the sections were determined by measuring
the distance between a structure in the upper surface of the section
and one in the lower, it was necessary to make a careful control
that the structures which had been chosen should, as far as could
be ascertained, represent the levels of these surfaces. Furthermore,
it was essential that these two structures-should be near the centre
of the field.

An exact measurement of the thickness of a section would among
other things have required that the upper surface of the section
and the lower one, respectively, could have been reproduced in an
actual image plane. On account of the depth of focus this was not
feasible. By carefully controlling that the reading was always made
at the very moment the first structure of the surface was distinctly
visible, it was hoped that this error could be kept relatively con-
stant. In all these measurements the same optical system was used
(objective 40 x, NA = 0.65, and eye-piece 10 x ).

Another factor which can influence the results of such measure-
ments to rather a great extent, is the accommodational power of
the eye. At first, the measurements of the thickness of each section
were made when the eye had a normal power of accommodation.
In so doing, it was revealed that the measure of the thickness of one
and the same section could vary considerably owing to the degree
of tiredness of the eye. Consequently, it was by no means certain
that the degree of the accommodation was always the same. These
observations were in complete agreement with those of JomN’s
(1929—30).

A new series of measurements of the thicknesses of all the sec-
tions was then carried out; but, in order to reduce the above source
of error as much as possible, the accommodational power of the eye
was kept paralyzed by means of atropine during all these measure-
ments. The value of the thickness of each section obtained in this
way was used for correcting the number of cells registered.

In such conditions, the accuracy of the very measurements was
determined by 36 double determinations. The error of method, o; =
0.05; o; in percentage of the mean = 0.4 per cent; g, in percentage



49

of the standard deviation — 3.6 per cent. The thicknesses of the
sections in the double determinations varied between 9w and 14.5 w.

The objection can of course be made that the variations in thick-
ness found in stained and mounted sections from different animals
may have arisen during the part of the histotechnical procedure
following the sectioning.

In order to obtain a resolution of this problem, a serial sectioning
of a joint was carried out. All the sections were taken on the level
of the needle-canals, and dried and stained conjointly. A determina-
tion was made of the thicknesses of 28 serial sections as well as the
number of cells per unit volume in the transitional and the radial
zone. !

The connection between the thickness of sections and the number
of cells was examined by calculating two correlation coefficients—
partly between the thickness of sections and the number of cells
of the transitional zone, partly between those of the radial zone.
These correlation coefficients were +0.95 + 0.02 and +0.86 + 0.05,
respectively. The connection is, as obvious, unusually strong and
speaks definitely in favour of the fact that the variation of the
thicknesses of the sections had mainly arisen in the sectioning.

The method used in determining the thickness of the sections has
several sources of error difficult to correct. In the present investiga-
tion, however, definite attempts have been made to diminish
them and keep them under control. Due to the effect of the sour-
ces of error, it has presumably been possible to obtain only relative
measures of the thicknesses of the sections. The strong connection
between the thickness of sections and the number of cells that ap-
peared in the serial sections proves, however, that the measurements
were justified. It seems also to be reasonable to draw the conclusion
that the values of the number of cells per unit volume will be more
real if they are corrected with respect to the thicknesses of the sec-
tions.

4 -- 506538 .J. Sadf
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The following account will mainly be limited to results illustrating
the reaction of the articular cartilage in connection with an increased
functioning of a joint.

The results obtained from the statistical treatment could also have
served as a basis for discussions of other facts of interest, as, for in-
stance, differences existing between the zones of the cartilage with
respect to their number of cells per unit volume, the average volume
of the cells, and the volume of cellular substance per unit volume of
tissue, As these questions are not of imimediate pertinence to the
actual problem, they will not be dealt with so much in this work.
Some information, however, can be obtained from Table 16, p. 80,
where a series of differences between the various zones of the carti-
lage as well as between the humerus and the scapula is to be
found.

In Tables 13, 14, and 15, p. 78—79, there are given means and
standard deviations of the number of cells per unit volume, the aver-
age volume of the cells, the volume of cellular substance per unit
volume of tissue and the thickness of the uncalcified cartilage with
regard to the unexercised animals (Groups I—VI) as well as the
exercised animals of Group VI.

The Number of Cells per Unit Volume of Tissue.

The number of celis of the different zones of the humerus and the
scapula are expressed in proportion to the same unit volume of tissue,
The unit of volume used is equal to 10 ‘“‘rectangles” (see Fig. 2,
p. 26) of a section 15 p. thick, i.e. 10 x 125 x 12.5 x 15 cubic microns.

The results on the humerus are given in Table 2 and Fig. 6, and
those on the scapula in Table 3 and Fig. 7.
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TABLE 2.
The Humerus. The Number of Cells per Unit Volume.

Tangential Zone Transitional Zone Radial Zone
Difference Difference Difference
Groups between between between
: unexercised unexercised unexercised
1 No. |Mean and exer. No. |Mean and exer- No. {Mean and exer.
! cised ani- cised ani- cised ani-
[ mals mals mals
Unexercised: I—VI| 73 | 93.0 — 73 | 49.3 — 73 | 22.5 —
Exercised: 1T 10 11020 90*6.8| 10| 60.4] 11.1+20 10| 252 27%+1.1
’ III1 10 [101.2] 82+7.0( 10 | 55.9 6.6+2.1| 10| 23.5 1.0+1.1
Iv 10 | 974/ 4.447.0( 10 | 61.0 1.7+2.1| 10{ 23.8 1.3%1.1
\' 10 {1128 19.8+86.8, 10 | 52.7 3.41+28 10} 23.2) 0.7%1.1
VI 17 | 89.6| —3.4+56.6| 17 | 38.9|—10.44+1.7) 17 | 181 | —4.4+0.8
TABLE 3.
The Scapula. The Number of Cells per Unit Volume.
4 Tangential Zone \ Transitional Zone | Radial Zone
: Difference ' Difference Difference
Groups | between between between
; unexercised unexercised unexercised
No. (Mean and exer- No. (Mean and exer- No. |Mean and exer.
cised ani- cised ani- cised ani-
mals mals mals
Unexercised: I—VI| 73 | 101.0 — 73 | 4.8 — 73 | 17.3 —
Exercised: II 10 [ 103.2 2.2+9.2/ 10 | 64.1 9.3+3.2] 10 | 19.9 2.6+0.9
jasg 10 | 96.4f —4.6+9.2| 10 | 61.6 6.8+3.3 10| 19.8 2.6+1.0
v 10 [112.8] 11.8+9.0 10 ] 57.1 2.3+3.2]°'10 | 17.3 0.0+0.9
A\’ 10 [101.2 0.2+9.2] 10 | 57.0 22+3.2| 10| 17.2| -0.1£0.9
VI 17 86.4/ —14.6+7.4| 17 | 43.5|—11.3+2.6, 17 | 14.5| —2.8+0.8

In studying the diagrams we find two apparent facts. At first we
can see a certain regularity mostly manifested in the transitional
and the radial zone of the two cartilages. This consists of an increase
of the number of cells per unit volume in Group II and then, in con-
nection with continuous exercise, of a rather succesive decrease until
the number of cells in Group VI reveal a statistically significant lower
value compared with the control-material. Some indication of an
agreement with this picture is also found in the tangential zones.
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Fig. 6. The humerus. The number of cells per unit volume.
= exercised animals, ---------- = unexercised animals.

Without doubt the transitional zones primarily attract our atten-
tion, and especially the increase of the number of cells in Group II.
The numerical value of this increase is higher than those of the other
two zones, both as to the humerus as well as to the scapula. It is
statistically significant in the humerus, and nearly so in the scapula.
In the humerus, Group III, there is also a statistically significant
increase of the number of cells.

If the increase of the number of cells of each zone in Group II is
expressed in percentage of the value of the corresponding zone of
the unexercised animals, it will be seen that now also the transitional
zones reveal the highest increase in comparison with the other zones.
In the case of the humerus it is 20 per cent, and in the scapula 17
per cent.

In the radial zones, Group II, there are statistically very probable
differences between the unexercised and the exercised animals, How-
ever, the numerical values of these are low.
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Fig. 7. The scapula. The number of cells per unit volume.
= exercigsed animals. --------- = unexercised animals.

In the tangential zone of the humerus and the scapula the other
fact mentioned appears. This is an irregularity between the different
groups as to the number of cells per unit volume. Especially surprising
are Group V of the humerus and Group 1V of the scapula, each reveal-
ing relatively great numerical deviations from the control-material
without any correspondence in the other zones. As no differences of
the tangential zones were statistically significant, the cause of these
deviations is to be sought eventually in a chance selection of the
animals, which might have affected the results owing to the small
number of animals in these groups. Furthermore, it is possible
that a more pronounced shrinkage of the superficial part of the
cartilage in this groups had occurred. But at least in the case of
the humerus in Group V the increase of the average volume (see
Fig. 9) seems to tell against this consideration. However, there is
also another question which of necessity comes to the fore in this
connection: — the sources of error connected with the counting of
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TABLE 4.
The number of Chondrons in the Transitional Zone Having 2, 3, . . . etc. Cells.
Groups 2 Cells | 3 Cells | 4 Cells = 5 Cells Total
Humerus
Unexercised : I—VI 23.1 8.9 2.9 1.1 36.0
Exercised: II 20.9 16.6 5.8 2.8 46.1
11 21.6 11.5 4.1 1.7 38.9
v 22.2 9.9 2.7 2.1 36.9
v 23.2 14.4 5.8 2.7 48.1
V1 20.6 8.9 3.0 0.9 33.4
Scapula
Unexercigsed : I—VI 22,7 4.1 0.7 0.1 27.6
Exercised: 1I 26.0 8.2 2.8 0.6 37.6
III 22.0 6.3 1.1 0.3 29.7
v 22.1 5.0 0.7 — 27.8
v 27.2 6.7 1.3 0.4 35.6
VI 18.1 3.6 1.1 0.1 22.9
TABLE 5.

Dif/ereﬁces Between Each Exercised Group and the Conirol-Animals as to the
Number of Chondrons Having More than 2 Cells as a Percenlage of the Totul
Number of Chondrons Registered in the Transitional Zone.

A positive difference means a higher value for the exercised group.

Groups

II IIX v v VI
Humerus
19.8+4.2 | 86+43 | 48+42 | 123+44 | 3.3+33
Scapula
11.6+29 | 5.5+3.1 | —09+30 | 43+30 | 1.0+25

the cells in this very zone, mentioned earlier. So it does not seem
to be out of the question that such sources of error may more or
less have influenced these results. The problem asto the number of
cells per unit volume in the tangential zones will be discussed in
greater detail further on in the present work.
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Number of Cells per Chondron.

The number of cells per chondron was registered in all the zones
of the humerus and the scapula.. '

In the statistical treatment of the number of cells per chondron
in the tangential and radial zones, respectively, even probable differ-
ences did not appear between the various exercised groups and the
control-material, neither in the humerus nor the scapula.

An analysis of the transitional zone, on the contrary, gave other
results. From Table 4 and Fig. 8 it appears that, in the humerus,
the pumber of chondrons having 3, 4, and = 5 cells, respectively,
shows an increase in Groups II and V of the exercised animals. In

Number 80 ¢

of Cells
60 |
40
20 2 2 4 4 )
Number 25
of
Chondrons
20 ¢ 2 Cells
15 F
10
3 Cells
5}
4 Cells
0 N N . N = 5 Cells
Group 1 II 111 Iv v VI

Fig. 8. The upper diagram shows the number of cells per unit volume in

the transitional zone of the humerus of the exercised animals. The lower

diagram gives the number of chondrons having 2, 3, ... etc. cells registered
in the corresponding zone.
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the scapula we find the same condition in the corresponding groups,
but besides this a slight increase in the number of chondrons having
2 cells.

. 1f the number of chondrons having more than 2 cells is expressed
in percentage of the total number of chondrons registered, and then
a calculation is made of the difference between each exercised group
and the unexercised control-material, the results, given in Table 5,
will be obtained.

In judging the figures now given, the sources of error connected
with the registering method used must be kept in mind (see p. 41—42).
However, the relative parallelism between the different curves in
Fig. 8 — also to be found in the scapula (see Table 4) — speaks
in favour of the fact that an increase of the number of chondrons
having many cells actually exists in Group II, and eventually also
in Group V.

Such an increase of the number of chondrons having many cells
in certain groups was not to be observed in the unexercised animals.
The same fact applies to the parallelism described.

Furthermore, Fig. 8 shows the relation between the number of cells
per unit volume and the number of different chondrons in the transi-
tional zone. The number of cells and the number of chondrons do
not refer to the same unit volume of tissue, wherefore no numerical
comparisons can be drawn between them. Nevertheless, the diagrams
give valuable information. Briefly expressed, there is an obvious
parallélism also between the number of cells per unit volume and the
number of cells per chondron in the various groups. The condition
18 the very same regarding the scapula.

Average Volume of Cells.

Each method, hitherto known, of determining the volume of in-
dividual cells involves a schematization. This also pertains to the
present method, as mentioned earlier. Accordingly, the figures ob-
tained are not equal to the real volumes of the cells. Nevertheless
they seem to allow comparisons to be drawn between unexercised
and -exercised animals.

The results of these comparisons are to be seen in Tables 6 and 7,
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TABLE 6.
The Humerus. The Average Volume of Cells (in us).
Tangential Zone Transitional Zone Radial Zone
B Difference Difference Difference
Groups between between between
unexercised unexercised unexercised
No. {Mean and exer. ;,No. Mean and exer- No. [Mean and exer-
cised ani- | cised ani- cised ani-
mals mals i mals
Unexercised : I—VI| 73| 251.7 — 73| 413.6 — 73 | 354.2 —
Exercised: II 10| 256.3] 4.6+22.5| 10(417.6)] 4.0+35.1| 10| 381.3] 27.1+28.8
III 10} 243.6] —8.1+22.5 10| 449.3| 35.71+36.3| 10, 305.9{—48.3 1 28.8
v 10 | 244.2| —7.56+21.3 | 10| 441.8] 28.2+36.3 | 10| 403.2| 49.0%30.0
A% 10| 292.6| 40.9+22.5| 10| 500.0] 86.4+36.9| 10| 419.9] 65.7128.8
VI 17| 309.3| 57.6+17.9| 17| 565.6] 152.0 +30.5 | 17 | 458.5| 104.3 +24.2
TABLE 7.
The Scapula. The Average Volume of Cells {in u3).
Tangential Zone Transitional Zone Radial Zone
Difference Difference Difference
Groups between between between
unexercised unexercised unexercised
No. [Mean and exer- No. |Mean and exer- No. [Mean and exer-
cised ani- ciged ani- cised ani-
mals mals mals
Unexercised: I—VI{ 73| 219.5 — 73 1269.0 — 73| 262.1 —
Exercised: II 10 | 220.8 1.1+21.9| 10| 278.2 9.2+ 24.2| 10| 248.3| —13.84+ 20.7
III 10| 206.2 —13.3 £ 22.5| 10| 248.3| —20.7 1+ 24.8| 10| 250.0|—12.1 +20.7
IV 10 210.2|— 9.3+21.9] 10|281.1|] 12.1+24.2| 10| 246.0/—16.1+20.7
A\’ 10| 218.9|— 0.61+22.5( 10| 2908.4| 29.4+25.3] 10|284.5, 22.4+21.3
VI 17| 248.8] 29.3+18.4| 17|312.2| 43.2+20.2| 17|2904.3| 32.2+16.1

and Figs. 9 and 10. The average
ent zones of the humerus shows an increase in relation to the
length of the exercise. As seen from Table 6 the differences between
exercised and unexercised animals are not statistically significant,
except for all the three zones in Group VI.

On the contrary, the average cell-volume of each zone of the scapu-
lar cartilage does not reveal any statistically significant increase in
the exercised animals.

volume of the cells in

the differ-



58

Cubic 400
Microns
]
5]
Q
N
300 —
S
2
=
<
Y
200 Il | I L Il JE— g
600 (
500 g
N
i
<1
S
400 .'5
g
S
3]
300 |
200 I L 1 A —
500 1
400 g
N
2
3
300 [+
200 N A 2 Il —
Group I I III v v VI

Fig. 9. The humerus. The average volume of cells.
= exercised animals, --------- = unexercised animals.

The decrease of the value of the average volume found in
Group III in the radial zone appears not to be statistically sig-
nificant.
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Fig. 10. The scapula. The average volume of cells.
= exercised animals. ---------- = unexercised animals.

" The Volume of Cellular Substance per Unit Volume of

Tissue.

As the number of cells per unit volume as well as the average volume
of the cells revealed changes in connection with exercise, it was of
interest to examine how the volume of the cellular substance per
unit volume of tissue was influenced by these variations. The unit
volume of tissue used here is, of course, the same as mentioned on
p. 50.

The volume of the cellular substance was calculated with regard
to each zone of every individual articular cartilage. In so doing, the
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TABLE 8.
The Humerus. The Volume of Cellular Substance (in u3) per Unit Volume of T'issue.

Tangential Zone Transitional Zone Radial Zone
Difference Difference Difference
Groups between between between
No. | Mean unexercised No. | Mean unexercised No.| Mean unexercised
. and exer- : and exer- : and exer-
cised ani- cised ani- cised ani-
mals mals mals
Unexercised: I—VI| 73 | 23443 —_ 73 | 19987 — 731 7914 —
Exercised: II 10| 26093] 2650+ 2788] 10 | 25114 5127+ 1440] 10| 9539 | 16251668
II1 10| 24503| 1060+ 2811] 10 | 24958 4971+ 1521} 10| 7160 | —754 1674
v 10 | 28881 438 +2742| 10| 21917, 1930+ 1423 10| 9360 | 1446 +662
A\ 10| 32959| 9516+ 2892| 10 | 25822| 5835+1538| 10| 9717 | 1803 +£697
V1 17| 26922| 34791+ 2154 17| 21594| 1607 +1175| 17 | 8410 496 + 582
TABLE 9.

The Scapula. The Volume of Cellular Substance (in ud) per Unit Volume of Tissue.

Tangential Zone

Transitional Zone

Radial Zone

Difference Difference Difference
Groups between 4 betwec?n 4 betweened
unexercise unexercise unexercis
No.Mean and exer- No.| Mean and exer- No. |Mean and exer-
cised ani- cised ani- cised ani-
mals mals mals
Unexercised : I—VI| 7321738 — 73| 14354 — 73 | 4510 —
Exercised: II 10 (21266] —472 +2454| 10 { 17718 3364+1117| 10 | 4925 415 + 386
111 10 {19642(—2096 1-2580( 10 | 156183 82911169 10 | 4913 403 + 386
IV | 10|23604] 1866+ 2500] 10 | 16007 1653 +1135 10 | 4176 | —334+380
v 10 {21404 —334+2529] 10 | 16779| 2425+ 1146 10 | 4861 3511392
VI 17 |21416] —322+2212| 17 | 13357| —997+ 904| 17 | 4274 | —236+311

number of cells per unit volume was multiplied by the average volume
of the cells in the same zone of the cartilage. The individual values
obtained in this way were then used as a basis for the statistical
treatment of each group.

The volume of the cellular substance per unit volume of tissue is
given in cubic microns in Tables 8 and 9. In Table 10 and Figs. 11
and 12 the same volume is converted into the percentage of cellular
substance of the tissue.
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TABLE 10.
The Percentage of the Cellular Substance of the Cartilage.

{
i | ;
i Unexercised ! Exercised
I—VI | T Ty T B
IT . III | v ’ A\ VI
Humerus
Tangential Zone 10.0 11.1 ~ 105 ; 102 ° 141 ; 1L5
Transitional Zone 8.5 . 10.7 106 | 9.4 110 = 9.2
Radial Zone 3.4 4.1 31, 40 41 | 36
Scapula
Tangential Zone 9.3 9.1 | 8.4 10.1 |. 9.1 9.1
Transitional Zone 6.1 7.6 | 66 6.8 7.2 5.7
Radial Zone 1.9 2.1 | 21 1.8 ! 21 1.8

As seen from these tables and figures, the cellular substance shows
a significant increase in the transitional zone of the humeral cartilage
in the exercised Groups II, ITT, and V as well as in Group V in the
tangential zone as compared with the control-material.

The scapular cartilage reveals a statistically significant increase
of the cellular substance only in Group II of the transitional
zone.

It is also of interest to draw a comparison between the unexercised
animals and Group VI of those exercised (Table 10). It then appears
that the ratio between the cellular and the intercellular substance
in Group VI again, on the whole, turned out to be the same as that
of the unexercised animals,

Finally, as to the tangential zone of the humeral cartilage, Group
V, some words may be mentioned about its volume of cellular sub-
stance. Here there is a statistically significant difference in relation
to the unexercised animals, probably depending on the fact that
two differences that were not statistically significant in themsel-
ves (as to the number and average volume of cells) had been
combined.
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Fig. 11. The humerus. The percentage of the cellular substance of the cartilage.
= exercised animals, ---------- = unexercised animals.
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Fig. 12. The scapula. The percentage of the cellular substance of the cartilage.
= exercised animals. ~--------- = unexercised animals.
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TABLE 11.
The Humerus. The Thickness of the Uncalcified Cartilage (in u).

“ Cartilages with Cart. with and those
Visible Limits without Visible Limits
: I
Gr \ ! Difference ! Difference
oups ’ between un- between un-
No. | Mean |exercised and| No. | Mean |exercised and
exercised ,  exercised
animals ‘ animals
Unexercised : I—VI| 56 190.3 — 73 192.7 -
Exercised : II 8 193.4 3.1+8.4 10 194.2 1.5+7.8
11T 6 209.8 19.6+9.4 10 205.9 13.2+7.8
IV 7 181.7{ — 8.618.8 10 1042+ 1.5+7.8
v 7 177.8| —12.5+8.86 10 1856 —7.11+7.8
VI 12 186.4| — 3.91+7.0 17 199.7 7.0+17.0

TABLE 12.
The Scapula. The Thickness of the Uncalcified Cartilage (in u).

Cartilages with Cart. with and those
Visible Limits without Visible Limits
Groups Difference Difference
between un- . between un-
No. | Mean ;exercised and] No. | Mean |exercised and
exercised exercised
animals animals
Unexercised : I—VI| 58 253.5 — 73 256.6 —
Exercised: II 7 248.0| — 55+17.2| 10 248.8| — 7.81+14.0
11T 8 269.9 16.4+14.8( 10 259.7 3.1+13.3
1v 8 235.6 | —17.9+14.8 10 245.7 | —10.9+13.3
A\ 8 247.3| — 6.21+14.8 10 247.3 | — 9.3+13.3
VI 12 275.3 21.8+14.0 17 288.6 32.0%11.7

The Thickness of the Uncalcified Cartilage.

As mentioned earlier about 25 per cent of the articular cartilages
examined did not show any visible limit between the calcified and
the uncalcified cartilage at the point where the measurement was to
be carried out. Nevertheless, the position of a “limit” could be de-
termined by means of a special procedure (p. 32), and the error of
this method was relatively small. As it was possible that the part
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of the material showing a visible limit could have represented a
selection with respect to the characteristic examined, i.e. the thick-
ness of the cartilage, the statistical calculations were carried out
partly on cartilages having visible limits, and partly on the whole
material.

As seen from Tables 11 and 12, there are no statistically significant
differences between the various exercised groups and the control-
material. With the exception of Group VI of the scapula, the results
are the same whether they are obtained only from cartilages having
visible limits, or from those of the whole material. In this group,
however, there is a very probable difference between exercised and
unexercised animals when the thickness of cagtilage is calculated
from the whole material. However, there is some doubt as to whether
this difference is really to be regarded as representing an increase of
the thickness of the scapular cartilage in this exercised group. As
a matter of fact, in four of the five cartilages where it was difficult
to determine the limit, a thickness was registered exceeding the
mean of the group. Moreover, there was no increase of the thick-
ness of the cartilage in the previous groups — a fact also contrib-
uting to our doubt as to whether an increase of the thickness of
the cartilage had really taken place in Group VI.

Another fact of interest in this connection was observed in the
microscopical examination of the sectioms. It was revealed that a
well-marked limit between the uncalcified and the calcified cartilage
could always be seen (except in one case) within the non-weight-
bearing part of the articular cartilage of the humerus. This also
pertained to the 25 per cent of the cartilages where no such limit
could be distinguished within the weight-bearing part. The cause of
this may possibly be found in various chemical compositions of the
intercellular substance, eventually due to the different functional
conditions in which these parts of the articular cartilage have existed
during life.
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c

Fig. 13. Humeral cartilages of three different groups, indicating some of the
results mentioned above.
a. Group I, unexercised. b. Group II, exercised for 20 days. In the transi-
tional zone, a short distance below the articular surface, there are more cells
than in ‘a’. ¢. Group VI, exercised for 100 days. Here there are fewer cells
in the transitional zone than in ‘a’ and ‘b’. Furthermore the cells are larger
in this cartilage.
All the photos are taken within the weight-bearing part of the cartilage, at
-+ 60°. Haematoxylin and eosin stain; x 155,

«5—508568 J. Sddf



GENERAL DiscussioN

The present investigation was carried out on male guinea-pigs
which had lived normally in their cages up to an age of 11/, months.
After that, a number of them were subjected to systematical exer-
cise. With the exception of this difference the whole material was
uniformly treated, as far as possible, with regard to the histolog-
ical technique and other methods. On account of this, it may be
hoped that the differences observed in the articular cartilages of
exercised and unexercised animals are also an expression of differ-
ences in the cartilage during life. The, sources of error in these
methods have been discussed earlier.

In the previous chapter there is a description of a number of such
differences in the structure of the articular cartilage between exercised
and unexercised animals. Furthermore, it appeared that these changes
varied according to the length of the period of exercise. In the present
chapter an attempt will be made to interpret the observations de-
scribed.

The number of cells per unit volume and per chondron. The animals
exercised for about three weeks (Group II) revealed an increase of
the number of cells per unit volume. This was most pronounced in
the transitional zone, both numerically and as a percentage; and it
was statistically significant as to the humerus, and nearly so in the
scapula too, the difference in the latter being equal to 2.9 times its
standard error. Moreover, it was established that there was an in-
crease of the number of cells per chondron in the same zone and
group. These two observations have been interpreted in such a way
that there was a reproduction of the cells within the chondrons of
the transitional zone.

This conclusion is supported by some data in earlier literature.
Thus OasToN (1876) spoke of “the focus of central growth,” and
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Hammar (1892) as well as ErLior (1936) observed changes of the
shapes of the nuclei of cells, which were most frequent within a region
mainly corresponding to the transitional zone. They interpreted
these nuclei as signs of eventual amitotic cell-divisions, though no
real cell-division was ever seen. ELLioT found a greater number of
such nuclei in the articular cartilage of exercised dogs than in that
of rabbits kept in a state of rest. Such a comparison between dogs
and rabbits, however, seems to be quite inconclusive.

Figs. 6 and 7 showed that, in connection with a continuation of
the exercise, the number of cells per unit volume decreased in the
transitional and the radial zone. Also this decline was most pronounced
in the transitional zone where it ran parallel with a decrease of the
number of cells per chondron (Table 4 and Fig. 8). The most plausible
explanation of this phenomenon seems to be an (increased) pro-
duction of intercellular substance. In the microscopical examination
of the histological sections it is also often seen how a cell or two,
which have in all appearance belonged to an adjacent chondron, are
separated from the latter by a thin lamella of intercellular substance.
These lamellae seem to increase in thickness, resulting in the cells
being more and more removed from each other. In consequence of
the production of this intercellular substance, particularly between
the cells within the chondrons, the latter are divided into smaller
units. This process is reflected in that decrease of the number of
cells per chondron which was observed in the registration. On the
other hand, this dispersion of the cells must lead to a decrease of
their number per unit volume unless a continuous reproduction of
the cells keeps pace with the formation of the intercellular substance.

The process described also seems to agree with the current opinion
that the cells take part in-the production of intercellular substance.
The present investigation, however, gives no information as to the
mechanism of this production.

The successive decrease of the number of cells per unit volume
in the transitional zone seems to be impeded a little in Group V.
This fact is perhaps not of such great importance. Possibly it only
depends on a chance selection of the animals of this group. However,
a study of Fig. 8 and Tables 4 and 5 reveals that, in the transitional
zone in Group V itself, there is a certain increase of the number of
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cells per chondron with regard to the humerus as well as to the scapula.
Hence, with a reference to the observations in Group II, it does not
seem to be entirely excluded that the facts found in Group V in-
dicate a slightly more pronounced reproduction of cells. This would
eventually have been statistically significant in a larger material.
‘However, this problem must now be left unanswered.

Accordingly, in Group IT (and eventually in Group V), a repro-
duction of cells has been ascertained in the transitional zones in
connection with the exercise. Now the question comes to the fore as
to whether the increase of the number of cells per unit volume in-
dicated in some groups, with regard to the tangential and the radial
zones, also depends on a reproduction of the cells within these zones.
The present investigation gives no definitive answer to this question.
Nevertheless certain data present us with some information.

In the case of the tangential zone the most actual groups are Group
IT and Group V of the humerus as well as Group IV of the scapula.
No differences between the control-material and these groups were
statistically significant as to the number of cells per unit volume.
In addition to this, no increase of the number of cells per chondron
could be shown in the exercised animals. Of course, this does not
exclude the possibility of a reproduction of cells in this zone; but,
on the other hand, it decidedly seems to speak in favour of such a
reproduction being necessarily limited. This view is furthermore
supported by the fact that Hammar (1892) and EvrrioT (1936) found
practically no signs of amitotic cell-division in the most superficial
parts of the cartilage, ,

‘What other possibilities can then be thought of as being the cause
of an increase of the number of cells in the tangential zone? Earlier
methodological difficulties and chance selection have been mentioned
as presumable causes of variation of the number of cells in this zone.
A third factor, however, seems to be of greater importance in this
respect. There may be no doubt but that the process occurring in
the transitional zone results in a successive displacement of cells
from this zone up into the tangential one. Such a displacement has
earlier been assumed by Oaston (1876) and HamMMmaRr (1892), amongst
others.

If there had been several exercised groups prior to Group I, it is
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possible that we should have been able to prove that the increase
of the number of cells would have appeared first in the tran-
sitional zone, and later in the tangential one. This would have
given further corroboration to the view of a displacement of the
cells from the transitional to the tangential zone.

In the radial zones we found a slight increase of the number of
cells per unit volume in Group II (Tables 2 and 3, and Figs. 6 and 7).
The numerical values of these differences were low, but statistically
very probable both as to the humeral and the scapular cartilage.
Nor has it been possible in these zones to show any increase of the
number of cells per chondron. The reason for this may perhaps be
that this zone has so few cells. On the other hand, there is a very
striking similarity of the course of the curves that represent the trans-
itional and the radial zones respectively. As no systematic error in
this method is known which could explain this similarity, and as it
seems to be very umlikely that a displacement of the cells from the
transitional zone into the middle of the radial one should occur,
and, finally, as ELLioT (1936) found signs of amitotic cell-division,
though scanty, in the interior of the cartilage, the only plausible
explanation of this increase may be a reproduction of cells within
the radial zone itself.

The average volume of the cells. The average volume of the cells
of the humeral cartilage revealed an increase in all the three zones
in connection with the exercise. A similar condition was not observed
in the scapular cartilage. A satisfactory explanation as to the diver-
gency of the results from the humerus and the scapula is difficult
to find. -

In the main, it is not possible to make a complete analysis of the
effect of the exercise on the size of the cells solely from the results
acquired in this investigation. In fact, it is quite impossible that
the suecessive increase of the average volume of cells found in the
humeral cartilage of exercised animals should be able to continue
beyond a certain limit. For that reason, a longer period of observation
would have been greatly desirable in order to obtain a definite con-
ception of the connection between the functional strain on the carti-
lage and the sizes of its cells.
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In literature there is no information whatever as to these problems
regarding adult articular cartilage. In the investigation on growing
rabbits carried out by HoLMDAHL and INGELMARK (1948), there were
certain indications that the sizes of the cells had increased in the
exercised animals.

The proportion between the cellular and the intercellular substance.
In consequence of the variations of the number of cells per unit
volume and the sizes of the cells described above, the proportion
between the cellular and the intercellular substance also showed
some changes. Except for the tangential zone of the humeral carti-
lage in the case of Group V, already discussed, this proportion was
kept relatively constant in the tangential and the radial zone of the
humerus and the scapula, respectively. In the transitional zone, how-
ever, there were statistically significant differences between the
exercised and the unexercised animals, both as to the humeral and
the scapular cartilage. Thus it appeared that there was a shift in
this proportion in favour of the cellular substance as early as in Group
II. In principle, this condition existed up to Group VI, where the
cellular substance was again reduced in proportion to the intercellular.

With reference to Figs. 6 and 7 as well as to 9 and 10, the increase
of the cellular substance in the beginning of the exercise-period
depends on a multiplication of the cells. Though the number of cells
per unit volume subsequently diminishes, this does not bring about
a corresponding decrease of the volume of the cellular substance per
unit volume of tissue since the continued exercise, especially concern-
ing the humerus, simultaneously causes an increase of the average
volume of the cells.

The results in Group VI seem to be of special interest. None of the
various zones of the humerus and the scapula reveals any statistically
significant difference between exercised and unexercised animals.

The results of the present investigation do not agree with those
obtained in connection with the exercise of growing animals. Thus
Hormpann and IngeLMArk (1948) found that the proportion be-
tween the cellular and the intercellular substance was changed in
favour of the latter in exercised animals. The cause of this discrepancy
of the results will be discussed later.
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The thickness of the uncalcified cartilage. In spite of the variations
of the structure of the uncalcified cartilage observed during the
course of the exercise, the thickness of this cartilage remained rela-
tively unchanged. So the comparison between exercised and un-
exercised animals as to the humeral cartilage did not reveal any
differences from a statistical point of view, while eventually an in-
crease of the thickness of the scapular cartilage had occurred in
Group VI. As to this increase, however, see the previous chapter,
p. 64.

In judging these results it would have been of great value to have
had access to comparable observations in earlier literature. Such are,
however, lacking. Earlier workers have studied the thickness of the
articular cartilage in various joints, and in different parts of the
same cartilage, and discussed some factors that may be thought of
as influencing this thickness (WERNER, 1897; Fick, 1904; BENNING-
HOFF, 1922), amongst others. A theoretical-geometric analysis of the
thicknesses of articular cartilages has been carried out by BAckMAN,
EpLtN, HiorTsso, and LOPGREN (1948). These works, however, have
no immediate connection with the actual results of the present in-
vestigation.

On the other hand, it is of interest to compare our observations
with the findings of RETTERER (1908) as well as those of HoLMDAHL
and INGELMARK (1948). The former observed a thicker articular
cartilage in guinea-pigs in connection with a greater functional
strain on the joints during their period of growth. The latter work-
ers,proved that a statistically significant increase of the thickness
. of the articular cartilage really arose in connection with the exercise
of growing rabbits. Accordingly, these observations seem to con-
tradict those of the present investigation. How these discrepan-
cies are eventually to be explained, will be dealt with further on
in this discussion.

To sum up, the following may be said:

1. In the discussion on the number of cells per unit volume and the
number of cells per chondron in the different groups, as a whole,
it was found that, concerning the transitional zones, the increase
of the number of cells in the beginning of the exercise (Group II)
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must be caused by a reproduction of cells in this zone. In the radial
zone it 18 very likely that there was a reproduction of cells, though
relatively slight. If the latter did occur in the tangential zone,
however, it appeared to be very limited. The cells in this zone
mainly seem to originate from those of the transitional zone
through a secondary displacement.

9. The decrease of the number of cells per unit volume and per chon-
dron, concomitant to the continued exercise, appears to depend
on a more marked formation of intercellular substance, whereby
the cells are separated from each other.

3. In the humeral cartilage the sizes of the cells grew larger during
the course of the exercise. In the scapular cartilage no correspond-
ing increase could be observed.

4. The proportion between the cellular and the intercellular substance
was temporarily changed in the transitional zone in favour of
the cellular one. In the last group exercised, however, there was
on the whole the same proportion as in the unexercised animals
with respect to all the zones examined.

5. The thickness of the uncalcified cartilage of the humerus was
practically constant in the various exercised groups, and was
the same as in the control-animals. The secapular cartilage showed
a slight, étatistically very probable, increase in the last group
exercised. Yet, some reservations were made for this value.

6. Accordingly, the changes observed in the different zones did not
result in any definite increase of the thickness of the cartilage,
but implied a structural modification of the articular cartilage.

In order to make a more thorough analysis of the implication of
the changes occurring in the different zones in relation to the carti-
lage as a whole, it would have been necessary to have a rather exact
knowledge of the thicknesses of these zones in the various groups
as well as of the amount of the products of wear and tear of the
articular surface. It has not been possible, however, to carry out such
determinations.

Some of the factors which may have influenced the results. The ef-
fects of the histotechnical treatment which might have affected the
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results have been mentioned earlier, and will not be dealt with any
more.

Of other factors to be taken into account as influencing the results
of an investigation of this kind, the arrangement of the exercise is
naturally of great importance. In the review of literature it was
mentioned that extremely pronounced changes in the functioning
of 2 joint could cause damages in the cartilage, which is also stressed
by FreunD (1939). HoLMDAHL (1942) has formulated the relation
of the function to the tissues of a joint in such a way that a hypo-
function, or an afunction, as well as a hyperfunction is detrimental
to the tissue, whereas a normal function maintains and strength-
ens it. '

But also an increase of function kept within physiological bounds
can be varied in different ways, e.g. with regard to intensity and
duration. Especially the relatively sudden increase of function seems
to have been of importance to the present results. It is plausible
that the obvious increase of the number of cells in the transitional
zones would not have appeared if the animals had been adapted more
slowly to their exercise. Moreover, it was mentioned that a shortening
of the intervals between the exercised groups in the beginning of the
experiment might have given us additional information about the
reactions in the various zones. But it has also been indicated that,
if the exercise had been continued longer than that of Group VI, the
final results might have been different.

The proportion between the cellular and the intercellular substance,
a8 well as the number of cells per chondron in Group VI, has on the
whole reverted to the values represented by the unexercised animals.
However, neither the values of the number of cells per unit volume
nor those of the average volume of the cells seemed to have been
stabilized. The facts mentioned, however, lead our thoughts to the
possibility that the cartilage was passing over into a stable stage
of adaptation to the very increase of the function applied.

Whether the changes observed in the cartilage were results of an
immediately stimulating effect of the function on this tissue, is dif-
ficult to determine. Even Roux (1895} and Fick (1904) were of the
opinion that the “kneading” of the articular cartilage in the function-
ing of a joint has an immediate, stimulating effect on the formation
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of the cartilage. This view is later often met with in subsequent liter-
ature.

However, some investigations, mainly on growing but also on
adult animals, by M. SiLBerBERG (1936), and M. SiLBERBERG and
R. SiuBERBERG (1938—41) have shown that the structure of the
articular cartilage was affected if the animals were treated with
various hormones. Though the results obtained after such treatments
can hardly be designated as physiological, yet they prove that other
factors than those of a merely mechanical character may be of some
importance. The real mechanism behind the changes in the articular
cartilage of the present investigation is not known. But it may be
justifiable to claim that they have arisen in immediate connection
with the increased functioning of the joints that was applied.

As mentioned above, the present results differ from the observa-
tions made by earlier research workers concerning the proportion
between the cellular and the intercellular substance as well as con-
cerning the thickness of the cartilage in exercised animals. However,
it should be stressed that it is only the results of Group VI and those
of the control-animals of the present material that can be compared
with the results from earlier investigations, the latter having no
correspondence to the exercised Groups II—V of the present
material.

What may then be the causes of these discrepancies? Eventunally
they may be sought for in the different methods employed; but this
possibility seems to be hardly plausible, since the various methods
appear to be fully practicable when it was only a question of drawing
comparisons. A.divergency in the treatment of the material, however,
should be adduced. Earlier the various zones of the uncalcified carti-
lage have not been examined separately as in this investigation.

On the other hand, another factor seems to be of the greatest im-
portance in this connection. Earlier investigations were carried out
on growing animals, whereas the present work deals only with adult
animals,

In a growing animal the tissues are in a stage of development. The
effect of an increased function on such a tissue may therefore be
assumed to depend on the capacity of the tissue to react on mechanical
stimuli, but also on the factors that condition a normal growth. More-
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over, it may be thought that an exercise also eventually influences
the latter factors. )

In an adult articular cartilage, on the contrary, its proper growth
is completed. This cartilage is in a more stable condition, where a
certain balance is assumed to exist between its wear and tear and a
continuous regeneration. For this reason, the changes observed in
such a tissue in connection with an increased function might be
an expression of the capacity of the tissue to react to external
conditions.

Consequently, the factor of age may be the most important one
when it comes to explaining the discrepancies of the results of the
various investigations. Against this background there is instead a
possibility that the divergent results will throw light upon the way
the articular cartilage reacts during different periods of the life of
an individual.

Applications of the results. The results obtained in this investigation
are primarily applicable to the shoulder-joint of adult guinea-pigs
under the experimental conditions indicated. However, it seems
probable that they can also contribute to an understanding of the
reactions within the weight-bearing part of other adult articular
cartilages. .

At first this implies that an adult articular cartilage does react on
an increased function of a joint. Both the cellular and the intercellular
component are involved, the former appearing to react first by a
multiplication of the cells mainly in the transitional zone, whereas
the intercellular substance seems to be somewhat later.

But the fact that the various zones of the cartilage proved to have
varying degrees of reaction and, furthermore, that the reaction varied
in accordance with the length of the exercise, has given a turn to
the results whereby it is possible to make a few additional applica-
tions of a general character.

In the review of literature we found that the functioning of a joint
was accompanied by a wear and tear of the surface of the articular
cartilage, increasing with a more intensive and longer functional
strain. It must be assumed that such a process of wear and tear was
present in the joints examined, too. But it has also been considered
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self-evident that such a wear of the cartilage must be restituted by
fresh cartilaginous substance. And now it seems as if the results of
the present investigation can elucidate this process of continuous
regeneration. ‘

With reference to what has earlier been adduced in this discussion
it i1s unmistakable that the transitional zone plays a very great role
in this process. In this investigation it was possible to prove that
incomparably the greatest part of the reproduction of cells in the
cartilage takes place in this zone. Through the concomitant formation
of intercellular substance the cells are separated from each other,
which appears to result in a secondary displacement of produced
cartilaginous substance towards the articular surface, whereby the
products of wear and tear are compensated.

In the radial zone a slight reproduction of cells seems to occur
with a concomitant formation of intercellular substance, This process,
however, may not be of such a magnitude as to contribute to com-
pensating the loss of substance on the articular surface.

In the actual investigation there was no definite increase in thick-
ness of the uncalcified cartilage in exercised animals. This implies
that the wear and tear and the continuous regeneration kept pace
with each other. It would, however, be too rash to conclude that
this is always the case. Factors such as the intensity and duration
" of the exercise as well as the age of the animals might influence the
relation between these two processes. Accordingly, if these factors
are varied, the result might be an increase of the thickness of the
articular cartilage in one case, and a decrease in the other.

The cellular activity ascertained in the transitional zone has also
occasioned another reflection. In the earlier experiments made con-
cerning the repair of artificial defects in the articular cartilage it seems
that only the consideration as to whether the defect penetrated to
the marrow cavity or not has been examined. On the contrary, no
attention has been paid to the extension in which the various zones
of the uncalcified cartilage have been involved. From the illustrations
available in works of this kind it appears that, as a rule, the transi-
tional zone has been penetrated completely. It does not seem to be
implausible that the minute tendency towards regeneration in these
defects is to be associated with this fact, since the continuity of the
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transitional zone is broken and the tendency towards a multiplication
of the cells in the radial zone is slight.

If the defects of the cartilage were very small, FasoL1 observed
that they had been completely repaired by cartilaginous tissue.
Unfortunately it is not recorded in his work how deeply those defects
have penetrated. His results, however, may possibly support the
above view. The consequence of the latter must be that it is urgent
that the transitional zone should be left intact, as far as possible,
if an appreciable regeneration of the articular cartilage is to be ex-
pected.
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TABLE 13.

Mean and Standard Deviation of the Number of Cells per Unit Volume, the
Average Volume of Cells, and the Volume of Cellular Substance per Unit Volume
of Tissue in the Articular Cartilage of 73 Unexercised Animals: Groups I—V1.

The average volume of cells and the volume of cellular substance are given in
cubic microns.

Tangential Zone Transitional Zone Radial Zone

M+E (M) o MiE(M)‘ o MiE(M)} o

Number of Cells

Humerus 93.0+2.4 20.2 49.31£0.7 6.0 | 225104 3.1
Scapula 101.0£3.2 27.2 54.8+1.2 9.6 17.3+0.3 2.7

Average Volume of Cells

Humerus | 251.7+7.5 64.5 ’ 413.6+12.7 | 106.0 ( 354.2+9.8 84.7

Scapula 219.5+17.5 65.7 | 269.0% 8.6 73.2 | 262.1+7.5 62.8

Volume of Cellular Substance

8179 | 199871495 | 4239 1 7914+ 230 1958
7453 | 143541380 | 3266 45101138 1158

Humerus | 23443+ 956
Scapula | 217381876

TABLE 14.

Mean and Standard Deviation of the Number of Cells per Unit Volume, the
Average Volume of Cells, and the Volume of Cellular Substance per Unit Volume
of Tissue in the Articular Cartilage of 17 Exercised Animals: Group VI.

The average volume of cells and the volume of cellular substance are given in
cubic microns.

Tangential Zone Transitional Zone Radial Zone
M+ E (M) ‘ o M+ E (M) \ ¢ M +E(M) ¢
Number of Cells
Humerus | 89.6+5.4 l 22.6 | 38.9:%16 65 | 18.110.7 2.9
Scapula 86.4+17.0 29.2 43.51t1.9 7.9 | 14.510.7 3.1

Average Volume of Cells

Humerus | 309.3%18.4 | 749 ! 565.6+34.0 | 138.8 | 458.5+27.1 | 1117
Scapula 248.8+19.0 f 78.3 | 312.2+20.2 82.4 | 294.31+10.4 42.0
Volume of Cellular Substance

Humerus | 2692211693 | 6970 | 2159411169 | 4821 l 8410+ 697 2868
Scapula | 21416+2638 | 10840 | 13357+ 881! 3629 4274+ 276 1140
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TABLE 15.

Mean and Standard Deviation of the Thickness (in u) of the Uncalcified Carti-
lage of Unexercised Animals: Qroups I—VI as well as the Exercised Animals:

Group VI.
Cartilages with l Cart. with and those
Visible Limits ) without Visible Limits
No. E M2 E (M) ‘ 6  No. | M+EM) | o

Unexercised : Group I—VI

'Humerus | 56 ' 190.3+3.1 218 73 ‘ 192.7+3.1 23.4
Scapula 58 °  263.5%5.5 406 73 256.6+ 4.7 30.8

Exercised: Group VI

Humerus 12 186.4+ 8.6 ‘ 289 - 17 [ 199.7+ 8.8 ‘ 34.3
Scapula 12 275.3+18.7 64.7 @ 17 288.6 +14.0 59.3
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SUMMARY

This investigation was carried out in order to study the manner
in which the tissue of a normal, adult articular cartilage reacts when
influenced by a physiologically increased function.

Approximately 140 male guinea-pigs were used in the experiments,
which were started when the animals were 11 !/, months old. The
material was divided into unexercised animals and those for exercise,
these main groups in their turn being divided into subgroups (Table
1, p. 21).

All the animals lived in ordinary cages of the same size. Those
selected for exercise had to run 1,000 m per day in a special apparatus.
After every 20th day of exercise one subgroup was killed, simul-
taneously with one that was not exercised.

After a histotechnical treatment of the shoulder-joints, the articular
cartilages of the humerus and the scapula were examined microscopi-
cally within their weight-bearing parts. The three zones of the un-
calcified cartilage, viz. the superficial tangential, the transitional,
and the radial zone, were examined separately.

The differences observed between the various groups of the un-
. exercised animals, as to the factors examined, could be ascribed to
random variations. For this reason the control-animals were con-
joined into a single group. Each exercised group was then compared
with this control-material.

Results.

As to the number of cells per unit volume of tissue, it may be said
that, in the transitional and the radial zones of the two cartilages,
there was an increase of the number of cells in the beginning of the
exercise-period (Group II}, and then a rather successive decrease

6 — 506568 J. Sadf
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in connection with continuous exercise, so that the last group exer-
cised (Group VI) had a lower value than the control-material. In the
tangential zones there occurred differences between the exercised
groups and the control-material which were not statistically significant
and arose more irregularly (Figs. 6 and 7).

The number of cells per chondron in the tangential and radial zones
did not reveal any differences between the various exercised groups
and the control-material, neither as to the humerus nor the scapula.
In the transitional zones, on the contrary, there was found an increase
of the number of cells per chondron in the exercised Groups IT and
V, and there was a certain parallelism between the number of cells
per chondron and per unit volume (Fig. 8).

In the General Discussion it has been pointed out that there are
reasons to assume the reproduction of cells in the cartilage as mainly
occurring in the transitional zone. In the radial zone reproduction is
probably present, though slight. The cells in the tangential zone
seem chiefly to originate from those of the transitional zone through
a secondary displacement. For, as a matter of fact, the decrease of
the number of cells per unit volume and per chondron, concomitant
to the continued exercise, appears to depend on a more marked
formation of intercellular substance, whereby the cells are removed
from each other.

The sizes of the cells in all the zones of the humeral cartilage
_ grew larger during the course of the exercise. No corresponding
increase could be determined regarding the scapular cartilage (Figs.
9 and 10). :

The proportion between the cellular and the intercellular substance
was temporarily changed in the transitional zones in favour of the
cellular one. In the last group exercised, however, there was on the
whole the same proportion as in the unexercised animals with
respect to all the zones examined (Figs. 11 and 12).

The thickness of the uncalcified cartilage of the humerus was prac-
tica,lly constant in the various exercised groups, and was the same
a8 in the control-animals. The scapular cartilage showed a slight,
statistically very probable, increase in the last group exercised.
Yet, some reservations had to be made for this value (Tables 11
and 12). :
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Consequently, in this investigation it has been proved that the
tissue of an adult articular cartilage reacts on an increased functioning
of a joini. In the present study, this reaction appeared in varying
degrees of structural modifications within the cartilage during the
exercise, without definite changes in its thickness.

The results also seem to elucidate the process of continuous regenera-
tion of the articular surface, the transitional zone playing a very
prominent réle as a centre of reproduction of cartilage cells. And,
in consequence of the concomitant formation of intercellular sub-
stance, cartilaginous tissue is probably displaced from this zone
towards the articular surface, whereby the products of wear and tear
are compensated. i

Finally, what has been ascertained concerning the transitional
zone indicates that this zone must be left intact as far as possible
if an appreciable repair of artificial defects in the articular cartilage
is to be obtained.
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