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In the light of earlier studies of the blood and blood-forming organs of the 400 g.
guinea-pig (Yoffey, 1960), and of the increased interest shown in the possible
reactions of the reticulo-endothelial (RE) cells in the bone marrow (Miescher, 1957;
von Ehrenstein & Lockner, 1959), it was thought advisable to pay further attention
to these elements. Since the early work of Hoffman & Langerhans (1869), Hoyer
(1869) and Ponfick (1869), who made studies of the bone marrow after intravenous
injection of particulate matter, the presence of injected particles in the cells of the
marrow has been described by many investigators (e.g. Cousin, 1898; Kiyono, 1914;
Evans, 1915; Nagao, 1920; Wislocki, 1921, 1924; Hashimoto, 1936; Huggins &
Noonan, 1936; Patek & Bernick, 1960). However, published illustrations of the RE
cells of the marrow are surprisingly few in number and in general show little detail.
Furthermore, in many instances the suspensions used have been open to criticism.
It seemed important, therefore, that further studies of the RE cells of the bone
marrow should be carried out, using one of the newer and more satisfactory sus-
pensions now available. In the present investigation, the non-toxic colloidal
suspension of carbon first described by Halpern, Benacerraf & Biozzi (1953) and
Biozzi, Benacerraf & Halpern (1953) has been employed. The distribution of carbon
particles was studied in the bone marrow of normal guinea-pigs at intervals from
5 min. to 28 days after intravenous injection.

MATERIALS AND METHODS

The work was performed on male albino guinea-pigs of the Dunklin-Hartley
strain, weighing approximately 400 g. Injections ofthe carbon suspension C 11/1431 a
(Gunther Wagner, Hanover) were made into the external jugular or cephalic vein
through a small skin incision. This was carried out under general anaesthesia,
induced by ether. Details relating to the preparation of the suspension have been
given by Halpern et al. (1953). A dosage of either 25 or 50 mg. per 100 g. body
weight (1 or 2 ml.) was employed. A total of forty animals was used, and at least
three animals were killed at each of the following intervals after injection: 5, 15, 30,
60, 90 and 180 min., 2, 14 and 28 days. Plugs of red marrow were removed from
the medullary cavity of the femur, fixed in Zenker-Formol, and sectioned at 3/t
after embedding in ester wax. Staining was carried out by Dominici's Eosin
Orange G-Toluidin Blue. In a few experiments specimens of fatty marrow from the
lower tibia were also studied.
Smears were also made from teased preparations. For this purpose femoral

marrow from the opposite side was used and gently teased in serum. Smears were
made in the usual way and stained with MacNeal's tetrachrome.
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RESULTS

5 min. after injection
The carbon is intravascular and present in each type of vessel. It maps out the

vascular bed in a very striking manner and shows, for example, the way in which
some sinusoids are related to fat vacuoles (PI. 1, fig. 1). In some of the sinusoids, as
also in the vein, the particles show a tendency to assume a marginal or peripheral
position.

Particles are not present in the parenchyma at this stage.

15 min.
There is still a great deal of carbon in the lumen of the vessels, mapping out the

vascular bed of the bone marrow. The tendency for the particles to assume a marginal
position in the veins and sinusoids is even more marked, and many particles appear
to be either adhering to the sinusoidal wall or occupying an intracellular position.
Some small groups of particles now lie in the parenchyma, but from the study of
sectioned material it is difficult to be absolutely certain that these lie in macrophages.

In teased marrow preparations, however, macrophages laden with carbon
particles can be clearly identified (P1. 1, fig. 3).

30 min.
The general picture is very similar to that at 15 min., although less carbon is

present in the lumen of the vessels. There is still very little carbon in the parenchyma.
In the sections, a few laden macrophages may be seen in the peripheral part of the
marrow, although in sections it is still difficult to identify them with certainty at
this stage. Macrophages containing particles are readily identified in teased prepara-
tions. Many macrophages without particles may, however, be noted.

60 min.
Carbon particles are still present in the lumen of the vessels, but the amount of

carbon present is noticeably less. Most of the particles lie either on or in the endo-
thelium of the sinusoids or veins. Small collections ofcarbon occur in the parenchyma
and it is probable that these are within the cytoplasm of macrophages as suggested
by the presence of a surrounding ring of erythroblasts (P1. 2, fig. 5).

90 min.
In most cases the circulation is now free of carbon. The actual time needed to

clear the blood stream seems to vary somewhat with the size of the dose and with
different animals. At this stage, the role of the endothelium of the sinusoids and
veins is seen to best advantage. Fine particles are present, often extending in
linear fashion along the whole length of the sinusoidal or vein wall (P1. 1, fig. 4).
The particles, though intracellular, are not confined to any part of the endothelial
cell, being found in relation to the nucleus as well as elsewhere in the cytoplasm
(PI. 2, fig. 6). The nuclei of the endothelial cells are in most cases flattened, but
occasionally a more rounded nucleus is seen. There is no indication of mitosis in the
endothelial cells. There are no carbon particles in the endothelium of the arteries.
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This is true both of the usual thick-walled arteries and of the peculiar thin-walled
arteries which consist of only two cell layers (Yoffey, 1962). Clumps of fine particles,
many lying clearly within the cytoplasm of macrophages, can now be seen in the
parenchyma (PI. 2, fig. 7).

3 hours
The most striking feature in the sections is the presence of small accumulations of

carbon, fairly evenly distributed through the parenchyma (PI. 3, fig. 8). It is
impossible to state whether these all lie within the cytoplasm of macrophages, though
presumably they do. The walls of the sinusoids still contain some particles but carbon
particles no longer 'outline' them.

2 days
The general appearance is similar to that at 3 hr., although little carbon now

remains in the sinusoidal walls. Laden macrophages are clearly seen in sections at
this stage, some in an intrasinusoidal position (PI. 1, fig. 2).

14 and 28 days
The marrow shows large well-localized aggregates of carbon scattered quite

evenly throughout the parenchyma. The size of these aggregates is a striking feature
(PI. 3, fig. 9). Many are closely related to fat vacuoles. In isolated places a few
carbon granules can be found in the sinusoidal endothelium, but the endothelium is
largely free of particles at this stage.

Other findings
In smears made from teased marrow, all the lymphocytes, and the majority of the

granulocytes, are free from particles. However, intracellular particles can occasionally
be observed in a neutrophil.
At all stages, the haemopoietic marrow is black to the naked eye, whereas the

fatty marrow is still pale even after the intravenous injection of 200 mg. of carbon.
This can be clearly seen in the tibia, where the marrow of the upper two-thirds is
black, while the fatty marrow of the lower one-third is pale.

DISCUSSION

How effective is the barrier between blood and parenchyma?
Until relatively recently, workers on the marrow circulation concerned them-

selves repeatedly with the problem of a 'closed' or 'open' circulation. Observations
on the living marrow (Kinosita, Ohno & Bierman, 1956; Branemark, 1959) have
shown clearly that, as far as the red and white cells are concerned, the circulation
is effectively closed in relation to the passage of cells from blood to parenchyma,
though permitting their free movement in the reverse direction.
The position with particulate matter, however, is not quite so simple. In the early

stages of the present experiment, the particles are confined to the vascular bed.
They do not immediately obtain access to the parenchyma. This is in agreement with
the findings of Drinker, Drinker & Lund (1922), who carried out perfusions of the
bone marrow with India ink. However, electron microscopic observations (Pease,
1956; Zamboni & Pease, 1961) have indicated that the sinusoidal endothelium has
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no basement membrane and that there are numerous breaks in its continuity.
Furthermore, when colloidal thorium dioxide is introduced into the bloodstream, the
particles become dispersed throughout the marrow parenchyma within 10 min.
(Zamboni & Pease, 1961). The discrepancy between our own observations and those
of Zamboni & Pease (1961) may be due to difference in particle size. Most of the
thorotrast particles were said to be less than IOmgtt in diameter, whereas the size of
particles in the present preparation is about 25m#t (Biozzi et al. 1953; Freeman,
Gordon & Humphrey, 1958), although the possibility that some may aggregate to
form larger particles cannot be excluded (Heller, 1958). One does not know the
extent to which the effective size of the particles may also be influenced by the
presence of protein molecules on their surface.

Speed ofpassage into parenchyma
It is clear that there is no instantaneous passage of the ink particles through the

sinusoidal endothelium. It is, however, equally apparent that within a relatively
short time some of the particles do begin to pass through into the parenchyma,
though most of them are still intraluminal. In sections a few ink-containing macro-
phages are seen in the peripheral portion of the marrow 30 min. after injection. In
smears occasional ink-containing macrophages are seen in as short a time as 15 min.
(PI. 1, fig. 3).

The role of the sinusoidal endothelium
The fact that many injected particles come to lie within the cytoplasm of the

endothelial cells has been reported by numerous investigators (e.g. Cousin, 1898;
Kiyono, 1914; Nagao, 1920; Wislocki, 1921; Hashimoto, 1936; Patek & Bernick,
1960). The presence of these particles can be seen to the best advantage at the stage
where the blood has just been cleared (PI. 1, fig. 4). Thereafter their number
decreases. In view of the progressive increase in the amount of carbon in the
macrophages of the parenchyma, one is tempted to speculate that there is a steady
movement of particulate matter from the lumen to the endothelium and thence to
the interior of the marrow. While our findings would accord with such a concept,
they provide no evidence of the method by which such a transfer could be effected.
One cannot state whether the considerable pinocytotic activity of sinusoidal cells,
reported by Zamboni & Pease (1961) and Weiss (1961), is important here. The
possibility that laden endothelial cells become mobilized and migrate into the
surrounding parenchyma should also be considered. In tissue culture studies,
Woodard & Pomerat (1953) have shown sprouting of tubes of sinusoidal endo-
thelium, the cells apparently maintaining continuity all the time. However, no
evidence of such a process has been seen in the present experiments.

While it is true that the endothelium is not normally called upon to deal with ink
particles, the fate of such particles may throw light on that of the particulate matter
with which the endothelium is normally concerned, namely, fragments of broken-
down red cells. The work of von Ehrenstein & Lockner (1959) suggests that the
ingestion of erythrocytic fragments occurs on quite a large scale in the bone marrow.
There may, however, be a species difference in this. The studies of Hughes Jones
(1961) confirm that in the rabbit the bone marrow is of considerable importance in
removing effete red cells or their fragments from the circulation, whereas in the
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rat the marrow seems to play a relatively minor role (Hughes Jones & Cheney,
1961).

It is noted that Wislocki (1921) working mainly with rabbits observed that 'even
after a period of months ... the carbon deposited in endothelial cells has not
diminished in amount. . .'. He made a few observations on guinea-pigs, but, apart
from the fact that the reticulo-endothelial cells of the marrow seemed less active,
he did not mention any essential species difference. On the other hand, Nagao (1920),
working with both guinea-pigs and rabbits, noted that the endothelial cells of the
marrow sinusoids gradually lose their ink, although he gave no details of the speed
with which this occurred. Our own observations show that, although the number of
particles in the endothelium diminishes after the blood has been cleared, occasional
particles still remain in the endothelium after one month.

The endothelium of the veins
Pi. 1, fig. 4 and PI. 2, fig. 5 show the endothelium of a large marrow vein. As seen

with the light microscope, its structure and properties are identical with those of the
sinusoidal endothelium. The fact that the marrow veins are very thin-walled was
noted as far back as 1868 by Bizzozero. The apparent identity in structure and
properties of venous and sinusoidal endothelium has been noted by Nagao (1920)
and Hashimoto (1936).

The role of the macrophages
In recent years Bessis (see review by Bessis and Breton-Gorius, 1962) has attributed

an essential role to the marrow macrophages as centres for the provision of ferritin to
developing erythroid cells. The appearance of an ink-laden macrophage surrounded
by young red cells (PI. 2, fig. 5) is not an infrequent phenomenon and can be in-
terpreted as supporting Bessis's view. The movement of particles from the lumen of
the sinusoids to the parenchymal macrophages takes place in a remarkably short
time and, if Bessis's view is correct, in the case of red cell fragments this movement
might be a continuous process. However, the evidence already noted, that in the rat
the bone marrow is of much less importance in the removal of red cell fragments
from the blood stream (Hughes Jones & Cheney, 1961), suggests that some caution
should be exercised before regarding this concept as generally applicable.

PI. 2, fig. 7 and P1. 3, figs. 8 and 9 indicate that inert particles gradually accumulate
in the macrophages and become aggregated into larger masses, as was noted by
Nagao (1921) in other situations. This is presumably not the fate of physiological
particles such as red cell fragments which the cell can metabolize and then be ready
to deal with further particles. The accumulation of carbon does, however, suggest an
analogy with the presence of lipoid and other masses in certain pathological
conditions.

Do ink-laden macrophages migrate?
PI. 1, fig. 2 depicts a particle-laden macrophage in a marrow sinusoid at 48 hr.

after injection. Such an appearance gives no indication of the direction in which the
macrophage is moving, whether from blood to marrow, or marrow to blood. It
does, however, indicate that distribution of carbon in the organism is not static.
Such macrophages could of course leave the blood stream in a number of situations
besides the marrow.
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Particles in cells other than macrophages
No particles have been observed in marrow lymphocytes whether in sections or

smears. Very occasionally a few ink granules can be found in a neutrophil poly-
morph. In blood smears made 48 hr. after injection, large mononuclear cells con-
taining particles are also seen. This is in agreement with the findings ofBimes (1962),
Downey (1917) and Nagao (1920) but riot with those of Koszewski, Emerick and
Dicus (1957), who observed ink granules in circulating small lymphocytes.

SUMMARY

The reticulo-endothelial elements of the bone marrow have been studied in a
series of guinea-pigs following the intravenous injection of a fine carbon suspension.
Observations have been made at intervals over a period of 28 days.
At 5 min. after injection the carbon is confined to the vascular bed, but the

appearance of laden macrophages in the parenchyma shortly afterwards indicates
that the sinusoidal endothelium permits the rapid passage of particles. In teased
preparations laden macrophages are clearly seen in as short a time as 15 min. after
injection. By 90 min. almost all the injected particles have been removed from the
circulation. Fine particles are present in the endothelial cells of the sinusoids and
also the veins, but no phagocytic activity is shown by the arteries, including those
which possess the thin-walled structure. After 90 min. the particle content of the
sinusoidal endothelium decreases and a striking redistribution of carbon takes place.
By the 14th and 28th day the carbon has been deposited in the form of large
aggregates, sometimes closely related lo fat vacuoles. The possibility that carbon
is also moved from one organ to another is suggested by the appearance of laden
macrophages in the lumen of the blood vessels in the 2-day observations.

Particles are occasionally noted in a neutrophil polymorph, but no examples of
marrow lymphocytes containing particles have been observed.
The possible physiological significance of these observations has been discussed.

We would like to acknowledge our indebtedness to Miss L. Lloyd for her help in
the preparation of the manuscript; to Mr T. W. Price for his technical assistance;
and Mr E. V. Willmott of the Imperial Cancer Research Institute, London, for the
photomicrographs.

REFERENCES

BEssIs, M. C. & BRETON-GORIUS, J. (1962). Iron metabolism in the bone marrow as seen by electron
microscopy: a critical review. Blood, 19, 635-663.

BIms, C. (1962). Le lymphocyte. Problkmes d'actualit&. Bull. Ass. Anat., Nancy, 48, 1-136.
Biozzi, G., BENACERRAF, B. & HALPERN, B. N. (1953). Quantitative study of the granulopectic

activity of the reticulo-endothelial system. II. A study of the kinetics of the granulopectic
activity of the RES in relation to the dose of carbon injected. Relationship between the weight
of the organs and their activity. Brit. J. exp. Path. 34, 441-457.

BIZZOZERO, G. (1868). Sulla funzione ematopoietica del midollo della ossa. Zbl. med. Wiss. 6, 885.
BRANEMARK, P.-I. (1959). Vital microscopy of bone marrow in rabbit. Scand. J. clin. lab. Invest.

11, Suppl. 38, 1-82.
COUSIN, G. (1898). Notes biologiques sur l'endothelium vasculaire. C. R. Soc. Biol., Paris, 5,

454-456.
DowNEY, H. (1917). Histiocytes and macrophages and their relations to the cells of normal blood

in animals stained intravitam with acid colloidal dyes. Anat. Rec. 11, 350-355.

414



Reticulo-endothelial cells in bone marrow 415
DRINKER, C. K., DRINKER, K. R. & LUND, C. C. (1922). The circulation in the mammalian bone-

marrow. Amer. J. Physiol. 62, 1-92.
EHRENSTEIN, G. VON & LOCKNER, D. (1959). Physiologischer Erythrozytenabbau. Acta haemat.

22, 129-139.
EVANS, H. M. (1915). The macrophages of mammals. Amer. J. Physiol. 37, 243-258.
FREEMAN, T., GORDON, A. H. & HUMPHREY, J. H. (1958). Distinction between catabolism of

native and denatured proteins by the isolated perfused liver after carbon loading. Brit. J. exp.
Path. 39, 459-471.

HALPERN, B. N., BENACERRAF, B. & Biozzi, G. (1953). Quantitative study of the granulopectic
activity of the reticulo-endothelial system. I. The effect of the ingredients present in India Ink
and of substances affecting blood clotting in vivo on the fate of carbon particles administered
intravenously in rats, mice and rabbits. Brit. J. exp. Path. 34, 426-440.

HASHIMOTO, M. (1936). tVber das kapillire Blutgefassystem des Kaninchen-Knochenmarks.
Trans. Soc. Path. Jap. 26, 300-307.

HELLER, J. H. (1958). Measurement of the function of the reticuloendothelium. Ann. N.Y. Acad.
Sci. 73, 212-220.

HOFFMAN, F. A. & LANGERHANS, P. (1869). Ueber den Verbleib des in die Circulation eingefuhrten
Zinnobers. Virchow's Arch. path. Anat. 48, 303-325.

HOYER, H. (1869). Zur Histologie des Knochenmarkes. Zbl. med. Wiss. 7, 244, 257-258.
HUGGINS, C. & NOONAN, W. J. (1936). An increase in reticulo-endothelial cells in outlying bone
marrow consequent upon a local increase in temperature. J. exp. Med. 64, 275-280.

HUGHES JONES, N. C. (1961). The use of 51Cr and 59Fe as red cell labels to determine the fate of
normal erythrocytes in the rabbit. Clin. Sci. 20, 315-322.

HUGHES JONES, N. C. & CHENEY, B. (1961). The use of 56Cr and 5"Fe as red cell labels to determine
the fate of normal erythrocytes in the rat. Clin. Sci. 20, 323-332.

KINOSITA, R., OHNO, S. and BIERMAN, H. R. (1956). Observations on regenerating bone marrow
tissue in situ. Proc. Amer. Ass. Cancer Res. 2, 125.

KiyoNo, K. (1914). Die vitale Karminspeicherung. Jena: Gustav Fischer.
KoSZEWSKI, B. J., EMERICK, C. W. & DICUS, D. R. (1957). Studies of phagocytic activity of
lymphocytes. III. Phagocytosis of intravenous india ink in human subjects. Blood, 12, 559-566.

MIESCHER, P. (1957). The role of the reticulo-endothelial system in haematoclasia. In Physio-
pathology of the reticulo-endothelial system. Ed. B. N. Halpern, B. Benacerraf and J. F.
Delafresnaye, p. 147-171. Oxford: Blackwell.

NAGAO, K. (1920). The fate of india ink injected into the blood. I. General observations. J. infect.
Dis. 27, 527-538.

NAGAO, K. (1921). The fate of india ink injected into the blood. II. The formation of intracellular
granules and their movements. J. infect. Dis. 28, 294-316.

PATEK, P. R. & BERNICK, S. (1960). Time sequence studies of reticulo-endothelial responses to
foreign particles. Anat. Rec. 138, 27-37.

PEASE, D. C. (1956). Electron microscopic study of red bone marrow. Blood, 11, 501-526.
PONFICE, E. (1869). Studien uber die Schicksale korniger Farbstoffe im Organismus. Virchow's

Arch. path. Anat. 48, 1-54.
WEISS, L. (1961). An electron microscopic study of the vascular sinuses of the bone marrow of the

rabbit. Bull. Johns Hopk. Hosp. 108, 171-199.
WISLOCKI, G. B. (1921). Experimental observations on bone marrow. Johns Hopk. Hosp. Bull. 32,

132-134.
WISLOCKI, G. B. (1924). On the fate of carbon particles injected into the circulation with especial

reference to the lungs. Amer. J. Anat. 32, 423 -445.
WOODARD, W. C. & POMERAT, C. M. (1953). The development of patent blood vessels from adult
human rib marrow in tissue culture. Anat. Rec. 117, 663-683.

YOFFEY, J. M. (1960). Quantitative Cellular Haematology. Springfield, Illinois: Chas. C. Thomas.
YOFFEY, J. M. (1962). A note on the thick-walled and thin-walled arteries of bone marrow.

J. Anat., Lond., 96, 666-667
ZAMBONI, L. & PEASE, D. C. (1961). The vascular bed of red bone marrow. J. Ultrastructure Res. 5,

65-68.



416 G. HUDSON AND J. M. YOFFEY

EXPLANATION OF PLATES

All the illustrations except Fig. 3 are from histological sections of femoral marrow stained with
Dominici's Eosin Orange G-Toluidin Blue.

PLATE 1

Fig. 1. General view, 5 min. after injection. The carbon appears to be confined to the vascular bed.
Part of a large central vein and numerous sinusoids may be noted. The particles in the central vein
show a tendency to concentrate towards the periphery of the vessel. x 240.

Fig. 2. Intrasinusoidal macrophage, 48 hr. after injection. The lumen of the sinusoid contains a
macrophage laden with carbon particles. A few particles may be noted in the sinusoidal endo-
thelium. x 500.

Fig. 3. A laden macrophage in a preparation of teased marrow, 15 min. after injection. The
remains of a red cell, staining rather faintly, and other nuclear debris may be noted in its cytoplasm.
The other cells present do not contain particles. x 1000.

Fig. 4. Endothelium of a vein and a sinusoid, 90 min. after injection. The lumen of the vein, con-
taining a few red cells but no particles, is to the right of the figure. The attenuated endothelium
shows the presence of a number of fine particles. The sinusoid to the left of the figure shows similar
features. An occasional endothelial nucleus may be noted. x 1000.

PLATE 2

Fig. 5. A parenchymal macrophage, 60 min. after injection. An accumulation of carbon is seen,
surrounded by a number of erythroblasts (arrowed). The ink is presumably within the cytoplasm
of a macrophage. x 1000.

Fig. 6. Endothelium of a vein, 90 min. after injection. The lower part of the figure is occupied by
a mass of blood cells lying within the lumen of a large vein. A number of particles are present in an
endothelial cell (E), some in the region of the nucleus. x 1050

Fig. 7. Parenchymal macrophage, 90 min. after injection. The arrow indicates the nucleus of a
macrophage (M) which is laden with carbon particles. x 850.

PLATE 3

Fig. 8. General view, 3 hr. after injection, showing small accumulations of carbon scattered
throughout the parenchyma. x 325.

Fig. 9. Aggregations of carbon, 14 days after injection. Some of these aggregations are closely
related to fat vacuoles. x 500.
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