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Abstract 

Ultrastructural studies of mouse bone marrow 
reveal that reduction of the marrow-blood barrier 
precedes the two waves of leukocytosis which 
follow endotoxin administration. These 
ultrastructural changes include a decrease in 
adventitial cover of the marrow sinus wall, an 
increase in sinus circumference, and a decrease in 
endothelial cell overlap . The marrow-blood 
barrier changes which precede the first wave of 
leukocytosis are transient and are associated with 
depletion of marrow granulocytes. The changes 
that precede the second wave of leukocytosis 5 to 
6 days later are more sustained and are associated 
with marked granulocyte hyperplasia. We suggest 
that endotoxin has two effects on marrow 
ultrastructure: (1) an early, direct effect on 
the sinus wall and (2) a later, indirect effect 
associated with granulocyte proliferation. The 
late effect may be mediated through endotoxin 
induced release of colony stimulating factor. 
Both effects diminish the normal marrow-blood 
barrier and appear to facilitate cell release from 
the marrow. 

~ Words: Bone marrow, endotoxin, ultrastructure, 
colony stimulating activ ity, marrow proliferation, 
leukocytosis. 
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Introductio n 

It is generally accepted that hemopoiesis in 
the bone marrow occurs extravascularly and that 
entry of cells into the circulation requires 
migration of cells from the hemopoietic cords 
through the marrow sinus wall into the marrow 
sinus. [l, 7, 8, 9, 10, 12, 13, 26, 39, 40, 42, 
43, 44, 45] Factors controlling this entry of 
cells are not comp letel y understood, but it is 
probable that they involve (1) the anatomical 
orga nization of the marrow, (2) developmental 
changes in the surface, cytoplasm, and nucleus of 
maturing cells, (3) chemical mediators of cell 
release, and (4) neurovascularly mediated cha nges 
in blood flow. [l, 7, 8, 9, 10, 13, 23, 24, 25, 
39, 40, 42, 43, 44, 45] 

Previous work has indicated that 
reticulocytosis in erythropoietin treated animals 
and the early leukocytosis in endotoxin treated 
animals is associated with an increase in cells in 
transit through the sinus wall and a decrease in 
sinus wall adventitial cell cover. [8, 22, 43) In 
addition, endotoxin induces a rapid increase in 
colony stimulating factor (CSF), an in vitro 
regulator of granulopoiesis, in serum and tissue. 
[6, 14, 15, 18, 19, 21, 26, 28, 29, 30, 41, 46) 
After administration of endotoxin, colony 
stimulating activity peaks at 6 to 12 h and 
returns to normal levels by 48 h. [14, 29, 41) 
Six to eight days after animals have been injected 
with endotoxin, increases in marrow CFU-C have 
been demonstrated. [28, 33 ] Release of marrow 
granulocytes and a wave of differentiation along 
the granulocytic pathway have been observed 24 to 
48 h after endotoxin administration. (29] In view 
of the previous observations, we undertook the 
present study to investigate if granulocytic 
hyperplasia, a second wave of leukocytosis, and 
marrow ultrastructural changes could be 
demonstrated within 6 to 8 days of endotoxin 
administration . These changes would be analogous 
to the reticulocytosis, erythroid hyperplasia, and 
sinus wall ultrastructure findings observed 
following erythropoietin administration and would 
suggest that endotoxin induced the production or 
release of an activity which could act as a 
leukopoietin in vivo. 
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Materials and Methods 

Twenty-five to thirty-five gram, virgin, 
female, white Swiss-Webster mice (Flow Labs 
Dublin, Virginia) were injected intraperitoneally 
with 25 µg of endotoxin (Sigma Chemical Co., 
Lipopolysaccharide from Salmonella Typhosa, phenol 
extract, No. L-3630 , lot 77C-0200) dissolved in 
sterile, pyrogen free isotonic saline (25 µg/ml). 
Matched controls were injected with sterile, 
pyrogen free isotonic saline. Cell counts from 
peripheral blood of endotoxin injected mice and 
saline injected controls were determined before 
injection and 2, 4, 6, 8, 12, 24, 48, 72, 96, 120, 
144, 168, and 192 h after injection. 

Twenty microliter samples of peripheral blood 
were drawn into heparinized capillary tubes from a 
nick in the tail vein of each mouse. Total 
leukocyte counts were done with a Coulter counter 
(model ZF, Coulter Electronics, Inc.). [ 16] 
Absolute granulocyte counts were calculated from 
the total leukocyte count and differential counts 
made from push smears stained with Wright's stain. 
Preparation of Marrow for Electron Microscopy 

Animals were sacrificed 2, 4, 8, 24, 48, 72, 
96, 120, 144, 160, and 192 h after endotoxin 
injection. Mice were anesthetized with sodium 
pentobarbital, 0.065 mg/gm, intraperitoneally. 
Mice were perfused with 30 ml of Earle's balanced 
salt solution (flow rate 3 ml/min) at room 
temperature via a 22-guage teflon catheter 
introduced into the thoracic aorta. Perfusate was 
drained from the animal by severing the portal 
vein and was cle ar by the end of the perfusion. 
The mouse was then fixed by perfusion with 100 ml 
(flow rate 3 ml/min) of Karnovsky's fixative (20] 
diluted 1:3 in 0.1 M sodium phosphate buffer pH 
7.4 to a final osmolality of 430 milliosmoles. 
0.57. dimethylsulfoxide (DMSO) was added to the 
fixative and enhanced preservation of marrow 
structure. When the perfusion was complete, both 
femurs were dissected from hind limbs and placed 
in undiluted fixative. The bony cortex of each 
femur was carefully removed from an area one-third 
to one-half the diameter of the diaphysis by 
shaving with new number 11 scalpel blades, and the 
femur was placed in fresh undiluted fixative 
overnight. The fixed marrow was then gently 
dissected from the bone, floated into the 
fixative, and cut into one millimeter discs. The 
marrow was subsequently prepared for transmission 
electron microscopy by dehydration in a graded 
alcohol series, displacement of alcohol with 
propylene oxide and embedding in araldite resin 
(Durcupan-ACM, Fluka AG, Switzerland). [9] Thick 
sections were cut with glass knives on an A/0 
Ultracut ultramicrotome and were stained with 
toluidine blue. [2] Thin sections were cut by 
DuPont diamond knives, and were stained as 
previously described. [9] The preparations were 
examined and photographed with a Philips 201 
electron microscope. 
Quantitation of Ultrastructural Changes 

In order to quantify the ultrastructural 
differences between control and endotoxin treated 
animals, we measured several features of bone 
marrow ultrastructure: (1) sinus circumference 
(2) length of endothelial cell junction overlap: 

(3) mean endothelial cell thickness, (4) the 
number of leukoc yt es in transit through the sinus 
wall, (5) adventitial cell cover, and (6) the 
myeloid-erythroid (ME) ratio. Bone marrow from 6 
animals was studied by electron microscopy for 
each experimental group and measurements were made 
of at least 10 sinuses per animal from randomly 
selected micrographs. 

The sinus wall circumference was determined 
by measuring the total perimeter of the 
endothelial layer along its abluminal surface in 
electron micrographs of 8,000 to 20,000 total 
magnification. Endothelial cell, adventitial 
cell, and endothelial cell junctio n lengths were 
measured with an electronic map measure (Panasonic 
model JE-82100). Endothelial cell thickness was 
measured with a Vernier caliper. Adventitial cell 
cover, the ratio of adventitial to endothelial 
cell lengths, was expressed as a percentage. 
Incidence of cells in transit was expressed as 
number per millimeter of sinus wall. 

Cell counts of at least 250 cells obtained 
from randomly selected electron micrographs of 
hemopoietic cords were used to calculate the ME 
ratio of each animal. Since mouse marrow contains 
little fat, this ratio is comparable from group to 
group and reflects changes in numbers of 
granulocytes. 

Analysis of variance was done by a Scheffe 
multiple comparison procedure. (34] 

Results 

It can be seen in Table that neutrophil 
counts in endotoxin treated mice showed a marked 
decrease within 2 h of injection and a threefold 
rise at 12 h when compared to controls (p<0.05). 
A twofold rise in neutrophil count in these 
endotoxin treated animals could be demonstrated at 
144 h (p<0.05) as well. 

To investigate whether these changes in 
neutrophil counts could be correlate d with a 
progression of anatomical changes in marrow 
sinuses and hemopoietic cords, we studied the 
marrow in our experimental groups by transmission 
electron microscopy over a period of 8 days. The 
control mice (Fig. 1) demonstrated the 
ultrastructural features of normal marrow. The 
endothelial cell wall of the sinus was usually 
devoid of cells in transit and openings in the 
sinus wall unassociated with cells in migration 
were absent. Adventitial cell processes covered 
about one half of the abluminal surface of the 
sinus and processes extending into hemopoietic 
cords were readily apparent. Hemopoietic cords 
cont ained both erythroid cells and mature 
granulocytes. 

Two hours after endotoxin injection (Fig. 2) 
there were granulocytes in migration and a 
reduction of adventitial cell cover to about one 
third of the abluminal surface. Adventitial cell 
processes extending into the cords were not as 
apparent and mature granulocytes were scarce in 
the hemopoietic cords although granulocytes could 
be seen clustering around the sinus. 

By 120 h (Fig. 3), in addition to an obvious 
reduction of adventitial cover, hemopoietic cords 
again contained mature granulocytes. 

1350 
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Table. 1 Absolute Peripheral Neutrophil Counts in 
Endotoxin and Saline Injected Mice (mean± SE) 

Time After 
Injection 

2 h 
4 
6 
8 

12 
24 
48 
72 
96 

120 
144 
168 
192 

3 

Endo toxin 

0.18 + 0 .11,·, 
0 .19 + 0. 06>~ 
1. 74 ± 0. 77 
4 .16 + 3.00 
5.92 + 1.13>'< 
1. 34 + 0.55 
1.01 + 0 .8 7 
0.48 + 0.33 
0.90 + a.so 
1.14 + 0.92 
1.17 + 0.39* 
1.01 + 0.43 
0.96 + 0.02 

§ Neutrophils x 10 per cubic mm. 

Saline 

0.65 + 0 . 10 
0.82 + 0.31 
1.05 ± 0.09 
1. 64 + 0.87 
2.11 + 1.50 
1. 04 + 0.22 
0.69 ± 0.26 
0.83 + 0.66 
0.72 + 0 .18 
0.51 + 0.22 
0.62 + 0.25 
0.62 + 0.14 
0.84 + 0.08 

* Endotoxin vs saline: 2 h p<0.001, 4 h p<0.001, 
12 h p<0.05, 144 h p<0.05. 
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Figure 1. Normal bone marrow. Cross section of 
sinus. Endothelial cells (EC) lining this sinus 
(S) are devoid of cells in transit. Adventitial 
cells (AC) and their processes (T) cov er 557. of 
the abluminal surface. Hemopoietic cords contain 
reticulocytes (R), granulocytes (G) and 
erythroid precursors (EP). 

The ultrastructural differences between 
control and endotoxin treated groups that we 
measured are shown in Table 2 and represent the 
mean and standard errors of measurements made in 
60 or more sinuses for each study group. 

The number of leukocytes in transit in the 
endotoxin group at 2 h (5.7 ± 2.2 per mm sinus 
wall) was increased compared to 2.3 ± per mm sinus 
wall in the control (p,0.05) and had returned to 
base line values by 8 h. A second rise in 
leukocytes in transit at 144 h in endotoxin 
treated mice nearly reached statistical 
significance. 

Marrow sinus circumference significantly 
increased within 2 h of endotoxin administration 
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Figure 2. Bone marrow 2 h after endotoxin. A 
monocyte (M) is migrating through an endothelial 
cell (EC) into the sinus lumen (S). Granulo cytes 
(G) ca n be seen clustering a round th e sinus. 
Adventitial cells (AC) cover 407. of the abluminal 
surface. 

(43.5 + 1.5 µm vs 61.1 + 2.0 µm, p<0.05) and was 
associ~ted with decreased endothelial cell overlap 
(0.57 + 0.04 µm vs 0.45 + 0 . 04 µm, p<0.05). By 48 
h sin~s circumference -returned to base line. 
Values statisticall y different from the control 
were demonstrated only at 2 h. Endothelial cell 
overlap was most at 24 (0.93 ± 0.07 µm) and 72 h 
(0.95 + 0.07 µm) both significantly different from 
the co~trol (p<0.01) and least at 2 hours (0.45 ± 
0.4 µm, p<0.05). 

No significant differences in endothelial 
cell thickness compared to control could be 
demonstrated at any time but endothelial cell 
thickness was least at 2 h (0.74 + 0.07 µm), the 
time of maximum cell migration, and greatest at 72 
h (1.24 + 0.10 µm), a time of less migration . The 
thicknes; change at 2 h compared to 72 h, however, 
was significant (p<0.05). 

Adventitial cell cover was significantly 
reduced within 2 h of endotoxin administration 
(46.8 + 2.17. to 35.6 + 1.87., p,0.05). At 24 h 
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Figure 3. Bone marrow 120 h after endotoxin. 
Adventitial cells (AC) cover only 207. of the 
endothelial cell (EC) abluminal surface. 
Hemopoietic co rds are filled with mature 
granulocytes (G). Ret ic ulocytes are not apparent. 
A monocyte (M) is migrating thr ough the 
endothelium into the sinus (S). -+ 

adventitial cover had again increased and by 48 h 
had returned to base line. A second significant 
decrease in adventitial cell cover occurred at 96 
and 120 h (33.6 + 2.67, and 32.3 + 1.87, from 46.8 + 
2.17., p<0.01).- Recovery to base values wa; 
apparent by 168 h. 

The ME ratio was used to quantify the numbers 
of granulocytes in the marrow. It reached its 
nadir from 4 to 24 h (4 h 0.8 + 0.1, 8 h 1.0 + 0.2 
and 24 h 0.7 + 0.2). These values -were 
significantly different from the control (p<.05). 
After starting to rise at 48 h the ME ratio peaked 
at 120 h (24.6 ± 8.2 vs 2.4 ± 0.4, p<0.01). 

Discussion 

The purpose of this investigation was to 
examine whether endotoxin administration in vivo 
might act indirectly on bone marrow by stimulating 
the production or release of a hemopoietic 
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activity capable of producing a wave of marrow 
granulocyte proliferation and differentiation, a 
peripheral blood neutrophilia, and a decrease in 
the marrow-peripheral blood barrier analogous to 
the action of erythropoietin on erythropoiesis. 

Endo toxin administration has been 
demonstrated to produce an initial neutropenia and 
then a striking increase in serum CSF. [28,29) 
The increase in CSF is followed by a release of 
marrow granulocytes and a wave of differentiation 
along the granulocytic pathway. [29,32) In 
addition, endotoxin given to mice shortly before 
radiation hastens hemopoietic recovery and 
improves survival. [35,36) These effects are 
thought to be due at l e ast in part to an action on 
stem cells . [ 37 , 38 ] Serum levels of CSF and 
absolute granulocyte counts in germ free mice are 
lower than normal mice and no rise in CSF occurs 
after radiation in germ free mice. (27) Several 
strom a l cell lines in culture have been 
demonstrated to incre a s e CSF production 70 to 200 
fold following exposur e to endotoxin. [31) Thus, 
evolution of CSF after endotoxin administration 
with subsequ ent granu l ocytic hyperplasia suggests 
that endotoxin has a role in modulating 
hemopoietic f a ctor production and that production 
of neutrophils c an be upregulated in response to 
bacterial infection via endotoxin production. 
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The sequence of the peripheral blood and bone 
marrow ultrastructural changes that we observed 
following endotoxin administration is summarized 
in Tables 1 and 2 and is illustrated by Figures 1, 
2, and 3. Endotoxin injected into mice produces 
an initial transient neutropenia that is 
associated with a number of rapid onset, short 
duration changes that quickly reduce the marrow­
peripheral blood barrier: (1) the adventitial cell 
cover of the marrow sinus wall decreases rapidly 
converting large areas of sinus wall from a 
trilaminar structure to a single endothelial cell 
layer that can be penetrated more easily by cells 
ready to migrate, (2) a transient decrease in mean 
endothelial cell thickness occurs. By becoming 
thinner, the endothelial cell may offer less 
resistance to penetration by migrating cells since 
fusion of abluminal and luminal endothelial cell 
plasma membrane precedes the formation of a 
migration pore, [l, 13, 25), (3) a rapid decre a se 
in endothelial cell junction overlap is observed. 
(0.57 + 0.03 µm to 0.44 + 0 . 2 µ m, p<0.05). This 
event -is associated with (4) significant sinus 
dilatation that could enhance delivery of marrow 
cells. 

The absence of tight junctions between 
endothelial cells of the marrow sinus may permit 
endothelial cells to slide over one another, 
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Table 2. Endotoxin Induced Changes in 
Bone Marrow Ultrastructure mean~ SE) 

Leukocytes Sinus ll Endothelial# Endothelial ll % Adventitial Myeloid 
in Transit Circumference Cell Overlap Cell Thickness Cell Cover Erythroid Ratio 

C 
2 h 
4 
8 
24 
48 
72 
96 
120 
144 
168 
192 

2.3 + 1.2 
5. 7 + 2.2,·, 
4.2 + 1.1 
2.7 + 1.1 
2.9 + 1.2 
1.1+0.7 
3.8 + 1.3 
2.1 + 0.7 
2.2 + 0.7 
5.0 + 2.0 
4.0 + 1.5 
2. 7 + 1.0 

II Units areµ m 

43.5 + 1.5 
61.1 + 2.0* 
51.1 + 1.6 
52. 9 + 1. 6 
51.0 + 1.9 
43.6 + 1.4 
44. 3 + 1.4 
43.9 + 1.7 
42.0 + 1.2 
40. 9 + 1. 8 
42.2 + 1.0 
43.3 + 1.2 

0.57 + .03 
o.45 + .021, 
0.56 + .06 
0.80 + .06 
0.93 + .07* 
0.68 + . 04 
0.95 + .07'~ 
0.81 + .06 
o. 77 + .06 
0 .75 + .07 
0.78 + .06 
0.89 + .26 

* Leukocytes in Transit: C vs 2 h p<0.05 
Sinus Circumference: C vs 2 h p<0 .05 

0.86 +.06 
0.74 +,071, 
0.90 +.06 
1.09+.10 
1.20+.10 
1.05 +.06 
1. 24 +.10 1, 

0.99 +.10 
1.08 +.07 
1.04 +.09 
0.86 +.06 
0.86 +.05 

46.8 + 2.1 
35.6 + 1.8* 
37.1 + 2.2 
37.6 + 2.9 
57.2 + 2.4 
46.0 + 2.2 
47.2 + 2.6 
33.6 + 2.6* 
32.2 + 1.8* 
43.0 + 2.3 
46.0 + 2.0 
43.9 + 2.3 

2.4 + 0.4 
1.3 + 0.3 
0.8 + 0.11, 
1.0 + 0.2'~ 
o. 7 + o. 2,~ 
9.4 + 3 . 5 

12.1 + 6.2 
13.3 + 5.9 
24.6 + 8.2* 
15.8 + 7.7 
3.1 + 1.1 
1.9 + 0.6 

Endothelial Cell Overlap: C vs 2 h p<0.05, C vs 24 h p<0.01, C vs 72 h 
p<0.01 

Endothelial Cell Thickness: C vs all others NS, 2 h vs 72 h p<0.05 
Adventitial Cover: C vs 2 h p<0.05, C vs 96 h p<0.01, C vs 120 h p<0.01 
Myeloid Erythroid Ratio: C vs 4 h p<0.05, C vs 8 h p<0.05, C vs 24 h 

p<0.05, C vs 120 h p<0.01 

thereby changing the size of the lumen [40]. 
Indeed, during periods of high marrow activity, 
rhythmic sinus dilatation has been demonstrated by 
in vivo microscopic studies. [5] Expansion of the 
vascular lumen within a bony encasement of fixed 
volume may increase the internal pressure of the 
hemopoietic cords and provide an additional 
propulsive force to displace cells already in 
transit into the sinus lumen. [40] The net result 
of these rapid, short duration changes is a rapid 
flux of leukocyte migration as demonstrated by an 
increase of leukocytes in transit. This rapid 
flux of leukocytes from the marrow produces an 
abrupt neutrophilia of large magnitude but short 
duration and is associated with a temporary 
depletion of the storage pool of mature 
granulocytes as evidenced by a decrease in the ME 
ratio. 

The later occurring more sustained 
leukocytosis that we observed was preceded (1) by 
a wave of granulocyte proliferation, evidenced by 
a r1s1ng ME ratio (2.4 + 0.4 to 24.6 + 8.2, 
p<0.01) at 120 h (5 days),- (2) a gradual b~t more 
sustained reduction in adventitial cell cover, and 
(3) a gradual sustained increase in leukocytes in 
transit that was near statistical significance. 
This lack of statistical significance is 
understandable since electron microscopy is an 
insensitive method for detecting cells in 
migration. It demonstrates only cells caught in 
the act of passage, not cells that have completed 
migration and would be found in the perfusate. 
That an increase in migrating leukocytes really 
does exist is supported by the presence of a 
significant peripheral blood leukocytosis and an 
increased ME ratio at the same time. We found 
little or no change in endothelial cell thickness, 
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endothelial cell overlap or sinus circumference at 
this later time. The reason for a lack of change 
perhaps is that the initial early effect was 
caused by a direct vasoactive action by endotoxin 
on the si nus wall or that sinus dilatation was 
hindered mechani ca lly by the marked granulocytic 
hyperplasia which produced a packed marrow at the 
later times. 

The studies we did from 2 to 24 h confirm 
previous observations that endotoxin causes an 
initial leukopenia followed by a neutrophilic 
leukocytosis related to the mobilization of 
granulocytes from the bone marrow storage pool. 
[3, 4, 11, 15, 17, 29, 32, 43] The 
ultrastructure adaptations of the marrow include 
reduction in adventitial cell cover with an 
increase in numbers of leukocytes in transit. 
These changes have been observed in a variety of 
situations associated with increased delivery of 
marrow cells to the peripheral blood. [6, 7, 8, 9, 
12, 38, 41, 42] In addition, previously 
undescribed with endotoxin, we found a transient 
thinning of endothelial cells and a decrease in 
endothelial cell overlap associated with 
dilatation of the marrow venous sinuses. These 
changes not only reduce the marrow-blood barrier 
but may provide an additional propulsive force to 
facilitate cell migration. 

Our studies from 48 to 192 h (2 to 8 days) 
indicate endotoxin administration in mice is 
followed by the gradual onset of a sustained 
leukocytosis that is preceded by granulocyte 
proliferation and is associated with marrow 
ultrastructural changes found in situations 
associated with increased delivery of marrow cells 
to peripheral blood. 
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Our data indicate that endotoxin has two 
effects on bone marrow ultrastructure: (1) an 
early direct effect on the endothelial cell and 
adventitial cell, unrelated to cell proliferation, 
that reduces the marrow-peripheral blood barrier 
and may provide an additional propulsive force 
enhancing cell delivery; and (2) a later effect 
that appears to be indirect which also diminishes 
the marrow-blood barrier but which is · associated 
with granulocyte proliferation. We suggest that 
t he second effect is consistent with the action of 
a hemopoietic factor induced by endotoxin. Since 
the administration of endotoxin has been shown to 
rapidly stimulate the production of CSF from 
macrophages, granulocytes and several stromal cell 
lines (31] and the kinetic timing of the response 
we observed is consistent with the generation time 
of murine granulocytes, (29, 32] we suggest that 
endotoxin in the mouse is capable of modulating 
granulocyte production probabl y via stimulation of 
CSF release or production. 

References 

1 . Becker RP, DeBruyn PPH. (1976) Transmural 
passage of blood cells into myeloid sinuses and 
the entry of platelets into the sinusoidal 
circulation; a scanning electron microscopic 
investigation. Arner J Anat 45:183-206. 

2. Bencosme SA, Stone RS, Latta H, Madden SC. 
(1959) A rapid method for localization of tissue 
or lesions for electron microscopy. J Biophys 
Biochem Cytol ~:508-509. 

3. Boggs DR, Chervenick PA, Marsh JC. (1968) 
Neutrophil-releasing activity in plasma of dogs 
injected with endotoxin. J Lab Clin Med 72:177-
191. 

4. Boggs SS, Boggs DR, Joyce RA. (1980) 
Response to endotoxin of endotoxin - "resistant" 
C3H/HeJ mice: A model for study of hematopoietic 
control. Blood 55:444-452. 

5. Branemark PI. (1959) Vital microscopy of 
bone marrow in rabbit. Scand J Clin Lab Invest 
(Suppl 38) l!_:1-82. 

6. Broxmeyer H, Van Zant G, Zucali JR , LoBue 
J, Gordon AS. (1974) Mechanisms of leukocyte 
production and release XII. A comparative assay 
of the leukocytosis-inducing factor (LIF) and the 
colony-stimulating factor (CSF). Proc Soc Exp 
Biol Med 45:1262-1267. 

7. Campbell FR. (1972) Ultrastructural 
studies of transmural migration of blood cells in 
the bone marrow of rats, mice and guinea pigs. Arn 
J Anat 135:521-536. 

8. 
(1974) 
early 
marrow 

Chamberlain JK, Leblond PF, Weed 
Reduction of adventitial cell cover: 

direct effect of erythropoietin on 
ultrastructure. Blood Cells !:655-674. 

RI. 
An 

bone 

1355 

9 . Chamberlain JK, Weiss L, Weed RI. (1975) 
Bone marrow sinus cell packing: A determinant of 
cell release. Blood 46:91-101 . 

10. Chamberlain JK, Lichtman MA. (1978) 
Marrow cell egress: Specificity of the site of 
penetration into the sinus. Blood 52:959-968. 

11. Chervenick PA, Boggs DR, Marsh JC. (1967) 
The blood and bone marrow neutrophil response to 
graded doses of endotoxin in mice . Proc Soc Exp 
Biol Med 126:891-895. 

12. De Bruyn PPh, Breen PC, Thomas TB. (1970) 
The microcirculation of the bone marrow. Anat Rec 
168:55-68. 

13. De Bruyn PPH, Becker RP, Michelson S. 
(1977) The transmural migration and release of 
blood cells in acute myelogenous leukemia. Arn J 
Anat 149:247 -2 68. 

14. Eaves AC, Bruce WR. (1974) In vitro 
production of co lon y-sti mulating activity I. 
Exposure of mouse peritonea l cells to endotoxin. 
Cell Tissue Kinet 7:19-30. 

15. Fink ME, Calabresi P. (1962) The 
granulocyte response to an endotoxin (Pyrexal) as 
a measure of functional marrow reserve in cancer 
chemotherapy. Ann Intern Med 57:732-742. 

16. Gagon TE, Athens JW, Boggs DR, Cartwright 
GE. (1964) An evaluation of the variance of 
leukocyte counts as performed with the 
hemocytometer, Coulter and Fisher Instrumen ts . Arn 
J Clin Pathol 46:684-691. 

17. 
Plasma 
rats. 
789 . 

Gordon AS, Handler ES, Siegel CD. (1964) 
factors influencing leukocyte release in 

Annals New York Academy of Science ill:766-

18. Hammond WP, Engelking ER, Dale DC. (1979) 
Cyclic hematopoiesis: Effects of endotoxin on 
co lony -for ming cells and colony-stimulating 
activity in grey collie dogs. J Clin Invest 
63:785-792. 

19. Hays 
stimulating 
102:165-171. 

EF, Craddock CG. 
activity. Arch 

(1978) Colony­
Pathol Lab Med 

20. Karnovsky MJ. (1965) A formaldehyde-
g lut ara ld ehyde fixative of high osmolality for 
use in electron microscop y. J Cell Biol 1Z_:137A. 

21. Kerby G. (1952) Release of enzyme from 
human leukocytes on damage by bacterial 
derivatives. Proc Soc Exp Biol Med 81:381-383. 

22. Leblond PF, Chamberlain JK, Weed RI . 
(1975) Scanning electron microscopy of 
erythropoietin-stimulated bone marrow. Blood 
Cells 1:639-654. 



T Hirahata, D Bjorkman, JK Chamberlain 

23. Lichtman MA, Chamberlain JK, Weed RI, 
Pincus A, Santillo PA. (1977) The regulation of 
the release of granulocytes from the normal 
marrow. The Granulocyte: Function and Clinical 
Utilization. New York, Alan R Liss, Inc. p . 53-
75. 

24. Lichtman MA, Chamberlain JK. (1978) 
Parasinusoidal location of megakaryocytes in 
marrow: A determinant of platelet release. Am J 
Hematol 4:303-312. 

25. Lichtman MA, Chamberlain JK, Santillo PA. 
(1978) Factors thought to contribute to the 
regulation of egress of cells from the marrow. 
Silber R. LoBue, Gordon AS (eds). The Year in 
Hematology. New York, Plenum p. 243-279. 

26. Mahmood T, Robinson WA. (1978) 
Granulocyte modulation of endotoxin-stimulated 
colony-stimulating activity (CSF) production. 
Blood 51:879-887. 

27. Metcalf D, Foster R, Pollard M. (1967) 
Colony stimulating activity of serum from germ 
free, normal and leukemic mice. J Cell Physiol 
70: 131-132. 

28. Metcalf D. (1972) Acute antigen-induced 
elevation of serum colony-stimulating factor (CSF) 
levels. Immunology 1!_:427-436. 

29. Quesenberry P, Morley A, Stohlman Jr F. 
(1977) Effect of endotoxin on granulopoiesis and 
colony-stimulating factor. N Engl J Med 286:227-
232. 

30. Quesenberry P, 
Stohlman Jr F. (1977) 
release 
cells. 

of bone marrow 
Proc Soc Exp Biol 

Zuckerman K, Ryan M, 
A dichotomy between the 

granulocytes and stem 
Med 154:53-56. 

31. Rennick D, Yang G, Gemmel L, Lee F. (1987) 
Control of hemopoiesis by a bone marrow stomal 
cell clone: Lipopolysaccharide and Interleukin 1 
inducible production of colony stimulating 
factors. Blood 69:682-691. 

32 . Shadduck RK, Nunna NG, Krebs J. (1971) 
Granulocyte colony stimulating Factor: II 
relationship to in vivo granulopoiesis. J Lab 
Clin Med 78:53-60. 

33. Shadduck RK, Waheed A, Procellini A. 
(1980) A method for the removal of endotoxin from 
purified colony-stimulating factor. Proc Soc Exp 
Biol Med 164:40-50. 

34. Sheffe H. (1953) A method of judging all 
contrasts in the analysis of variance. Biometrika 
40:87-104. 

35. Smith WW, Alderman IM, Gillespie RE. 
(1958) Increased survival in irradiated animals 
treated with bacterial endotoxins. Am J Physiol 
fil:124-130. 

1356 

36. Smith WW, Alderman IM, Gillespie RE: 
(1958) Hemopoietic recovery induced by bacterial 
endotoxin in irradiated mice. Am J Physiol 
192:549-556. 

37. Smith WW, Brecher G, Budd RA, Sallie F. 
(1966) Effect of bacterial endotoxin on the 
occurrence of spleen colonies in irradiated mice. 
Radiat Res 27:369-374. 

38. Smith WW, Brecher G, Fred S, Sallie F, 
Budd RA. (1966) Effect of endotoxin on the 
kinetics of hemopoietic colony forming cells in 
irradiated mice. Radiat Res 27:710-717. 

39. Tavassoli M. (1977) Adaptation of marrow 
sinus wall to fluctuation in the rate of cell 
delivery: Studies in rabbits after blood-letting. 
Br J Haematol 35:25-32. 

40. Tavassoli M, Shaklai M. (1979) Absence of 
tight junctions in endothelium of marrow sinuses: 
Possible significance for marrow cell egress. Br 
J Haematol !!_1:303-307. 

41. van den Engh G, Bol S. 
presence of CSF enhancing activity in 
endotoxin-treated mice. Cell Tissue 
587. 

(1975) The 
the serum of 
Kinet 8:579-

42. Weiss L. (1970) The structure of bone 
marrow: Functional interrelationships of vascular 
and hematopoietic compartments in experimental 
hemolytic anemia. J Morph ll.Z.:467-538. 

43. Weiss L. (1970) Transmural cellular 
passage in vascular sinuses of rat bone marrow. 
Blood 36:189-208. 

44. Weiss L, Chen L . (1975) The organizations 
of hematopoietic cords and vascular sinuses in 
bone marrow. Blood Cells 1:617-638. 

45. Weiss L. (1975) The hematopoietic 
microenvironment of the bone marrow. An 
ultrastructural study of the stroma in rats. Anat 
Rec 185:161-184. 

46. Willemze R, Walker RI, Merion JC, Palmer 
JG. (1979) Marrow culture in diffusion chambers 
in rabbits. III. Effect of endotoxin and 
leukocyte products on cell production. Am J 
Hematol 7:33-43. 

Discussion with Reviewers 

R.P. Becker: Oroszlan et al. ((1966) Ann NY Acad 
Sci ..!ll, 622-628), has shown that alpha 2 and beta 
globulins inactivate endotoxin in rat serum. How 
then do you know that the changes you report are 
due even indirectly to administration of endotoxin? 
Authors: In the paper cited above, tumor damage 
in the sarcoma 37 tumor bearing mouse is used to 
assay the effect of endotoxin. Although tumor 
damage induced by endotoxin could be prevented by 
incubation with rat plasma and its Beta or alpha-2 
fractions, 15 µg of endotoxin (alone) injected 
intraperitoneally invariably produced tumor damage. 
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When the tumor bearing mouse assay is used to 
measure endotoxin inactivation, the effect of 
endo t oxin injection is the posi ti ve con tr ol. 
Hence , the question of endotoxin inactivation by 
incubation with rat serum is not relevant. 

Reviewer III: The morphometric measurements in 
this paper are improperly done and there was no 
effort to make sure that an unbiased sample was 
taken. The authors measured ten s inu ses from 6 
animals to arrive at the figures presented. The 
proper method for making these measurements 
would have been to make cuts on random blocks, 
take micrographs at a single set magnification 
with a calibrated microscope (using a calibra­
tion grid each time pictures of the samples were 
taken), and determine the proper number of 
micrographs by the progressive mean technique 
(Williams, Quanti t a ti ve Methods in Biology, 
Volume VI, Practical Meth ods in Electron Microsco ­
py, A.M. Glauert, (ed.), North Holland). Perhaps 
more significant differences would have been found 
if the proper number and method of analysis of 
micrographs had been done . 

The measurements presented must, therefore, 
be taken as gross approximations of the real state 
of the sinus wall. The numbers presented are to 
this reviewer almost unbelievable in the smallness 
of their variance. For example, anyone familiar 
with bone marrow sinus structure is aware that 
there is a hierarchy of successively larger 
vessels which empty into the central sinus . Like­
wise, there is considerable variability in junc­
tional overlap in endothelial cells from simple 
abutment (close to 0 µm) to long stretches 
(measuring several µm, as in the author's figure 3, 
next to the nucleus). These are dependent on the 
plane of section through the junction t o some 
extent. Why aren't these large differences reflect­
ed in the numbers on table 2? 
Authors: Precautions were taken to insure an 
unbiased sample. Random blocks from each animal 
and random section~e obtained. Measurements 
of at~t 10 sinuses from randomly selected 
micrographs were utilized for each animal. 

We agree that there is a hierarchy of 
vessel size, but felt that the random selection 
of the specimens and micrographs would balance 
variation due to anatomy and plane of section in 
our experimental groups. The expression of 
variation which we used was the standard error 
and this may give a false impression of small ­
ness of variance. When viewed as a percentage, 
variations of 10-60% are reflected in the endo ­
thelial cell overlap measurements . The numbers 
in table 2 are the findings we observed. 

Rev iew e r III: There is implicit in both the 
design and discussion of this paper that a 
thinner, single endot helial cel l layer would 
offer less "resist ance to penetration" than the 
endo thelium plus adven titial cells (See "Dis­
cussio n"). There is no solid morphomet ric 
ev idenc e in th e lit era ture that a thinn er endo­
thelium or the presence or a bsence of an advent­
itial layer has anything to do with th e ease of 
migration. In fact, it makes very little sense 
that it would have an effect. The majori t y of 
the sinus wall is devoid of adve ntiti al under-
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coati ng . If th e adventitial cells presented a 
barrier, it would not be a difficult t hing for 
the highly motile white cells t o move to a more 
likely spot within a few seconds. Further, 
DeBruyn has shown th at blood cells are capable 
of interacting with adventitial cell to make 
a migration pore through them and then through 
endothelial cells . 
Authors : DeBruyn has sugges t ed in his public­
a ti ons th e reason why a thinn er cell would offer 
less "r esistance t o penetration." Migra tion 
pores are fo r med by apposition and subse quent 
fusion of ablumina l and luminal endothelia l cell 
membranes. Intuitively, it seems th at if the 
surfaces were closer together, fusion could be 
accompanied more readily. Adventitial cell cover 
does reproducibly vary with amount of cell 
migration and has been reported by Weiss and 
Tavassoli as well as the authors. Whether the 
cells retract or are pushed aside is a moot 
point. We have also observed migration pores in 
adventit i al cells but this has always been 
associa t ed with an endothelial cell pore and is 
a rare occurrence. Since migration occurs prefer ­
ential l y adjacent t o an endothelial cell junc ­
tion, movement or displacement of adventitial 
cells from this si t e may be a prerequisite for 
migration. 

Reviewer III: There is the notion stated that 
endothelial cells in t he bone marrow may slide 
past one another to increase luminal diameter 
(See "Discussion"). In a cell biological sense, 
it is probably not possible for cells with 
adhesive junctions of th e type found in bone 
marrow endothelium to s lide past each other 
within a short length of time. This would 
require the dissolution of thes e symmetrical 
plaques which are attached to the endo thelial 
cell's cytoskeleton in a short period of time. 
It is doubtful that this occurs, but it might be 
possible. Do the authors have any evidence for 
change in junctional morphology, such as a 
decrease in junctional adhesive densities, which 
might make the notion of sliding endothelial 
cells more consis t ent with current cell bio­
logical t hinking? 
Authors: Fluctuations in sinus size have been 
seen by in vivo microscopy by Branemark as well 
as McCuskey and are associated with varia tion s 
in marrow blood flow . Since the endothelial cell 
junctions in the marr ow are not tight junctions, 
(Tavassoli (1979) Br J Haematol .'.'l_:303-307, we 
felt that the endothelial cells might be capable 
of slid in g at their junctions. The densities 
usually observed a t t he cell juncti ons were less 
prominent but this is difficult to quantify. 

Reviewer III: The authors s t a t e that a tran­
sient decrease occurs in endo thelial cell thick­
ness (See "Discussion") despite th e fact that 
their statistics indicate that th ere is no 
significant change. No significant change is no 
change at al l. 
Authors: Endothelial cell thickness was least 
at the tim e of maximum migration and most at a 
tim e of less migration. There is a s i gnificant 
difference between the se times but not in respect 
to the control. 
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Reviewer IV: The authors state that they cut 
the portal vein in order to allow blood to 
escape from the vascular system . I suspect this 
would route all the perfusate through the 
gastrointestinal system and result in little 
fixative reaching the femurs. Do the au thors 
mean inferior vena cava? 
Authors: The portal vein was severed because we 
wished to fix the spleen and liver as well as 
bone marrow. Perfusate reached the hind limbs 
in quantity sufficient to empty the blood and 
produce hardening of the marrow. 
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