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Abstract. The number of small acetylcholinesterase-positive (SAChE+) cells in the marrow of
hypoxic mice was measured. Mice were exposed to 6-7% O, levels by enclosure in cages covered
with dimethyl-silicone rubber membranes for 1-14 days. The mice showed a linear increase in
packed cell volumes with time in the hypoxic atmosphere, but platelet counts showed a characteristic
biphasic response, i.e., increased platelet counts were observed after 1-3 days of hypoxia, and
significantly (P < 0.05-P < 0.0005) decreased platelet counts were observed thereafter (6-14
days). The total number of megakaryocytes in the marrow of hypoxic mice decreased significantly
(P < 0.005) with time. In agreement with the data on platelet counts, hypoxia caused the total
number of SAChE+ cells in the marrow of mice to be biphasic. At Day 2 there was a significant
increase (P < 0.05) in the total number of SAChE+ cells/mm? of bone marrow; however, by days
10-14 the numbers had decreased markedly (P < 0.005). These data indicate that hypoxia decreases
platelet production by action on a precursor cell to the SAChE+ cell. The hypoxia-induced throm-
bocytopenia is probably caused by stem-cell competition between the erythrocytic and mega-

karyocytic cell lines.

© 1986 Society for Experimental Biology and Medicine.

Hypoxia has been shown to cause marked
thrombocytopenia in laboratory animals (1-
5). The thrombocytopenia has been associated
with reduced platelet production (2, 3, 6),
while normal platelet survival values have
been found (4). It has been hypothesized that
the thrombocytopenia is caused by stem-cell
competition between the erythrocytic and
megakaryocytic cell lines (2, 5, 6). Moreover,
the thrombocytopenia has been associated
with decreased megakaryocyte concentration
(4, 5), but the number of small acetylcholin-
esterase-positive (SAChE+) cells has not been
measured. Several previous studies have
shown that SAChE+ cells are early cells in the
megakaryocytic series, and measurement of
these cells appears to be a sensitive indicator
of early changes in megakaryocytopoiesis and
thrombocytopoiesis (7-10). Therefore, if stem-
cell competition is the mechanism by which
hypoxia causes thrombocytopenia, the num-
ber of SAChE+ cells should be decreased fol-
lowing hypoxia.

Materials and Methods. Male C3H mice,
8—10 weeks of age and weighing approximately
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award (W.C.C.).

23 g, were used. The mice were exposed to
hypoxia by enclosure in cages covered with
dimethyl-silicone rubber membranes (11) for
up to 14 days. After equilibration of about 8
hr, the oxygen levels inside the cages were be-
tween 6 and 7%. At various times, mice were
removed from the hypoxic chamber and blood
was collected from the retroorbital sinus for
platelet counts and hematocrit determinations.

After bleeding, the mice were killed and
marrow was taken from one of the femurs and
dispersed into a single cell suspension by mix-
ing with a plasma expander (polyvinyl-pyr-
rolidone, 3.5% in saline). Marrow smears were
made and stained for the presence of acetyl-
cholinesterase (AChE) activity using the
method of Karnovsky and Roots (12). For
staining, marrow smears were rinsed in 0.1 M
sodium phosphate, pH 6.0, for 1 min and then
incubated in the acetylcholine substrate mix-
ture at room temperature for 3 hr (9). After
staining, the smears were postfixed in absolute
methanol for 10 min and 50% methanol for
30 sec. All AChE+ cells on the slide were
counted. The SAChE+ cells are cells that stain
positively for AChE, are usually round, stain
evenly without granulation, and are less than
13 um in diameter (9). For each mouse, ~500
AChE-positive cells were examined (except at
Days 10-14 of hypoxia, where ~ 100 cells were
counted); the number of SAChE+ cells and
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the total number of cells that stained positively
for AChE were recorded.

The other femur was removed, fixed in 10%
phosphate-buffered Formalin, decalcified, and
embedded in methacrylate (JB-4, Polysci-
ences). One, 2 um thick, longitudinally ori-
ented bone marrow section was cut from each
femur and stained with hematoxylin and
eosin. Sections were examined with a light mi-
croscope at a magnification of 1200X and the
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diameters of megakaryocyte profiles and
number of profiles/mm? of section area were
determined via video overlay onto the X-Y
digitizing tablet of a Zeiss Videoplan Image
Analysis System. The number of megakaryo-
cytes/mm> of bone marrow, corrected for er-
rors due to section thickness and optically lost
cell profiles, was then calculated as previously
described (13). The number of SAChE+ cells/
mm? of bone marrow was calculated using

Total number of SAChE+ cells/mm? of marrow

(number of SAChE+ cells (<13 um diam) on smears)

_ X (number of recognizable megakaryocytes in sections/mm?)
number of >13 um diam AChE+ cells on smears |

The data were evaluated by use of Student’s
t test and one-way analysis of variance.

Results. Figure 1 shows the hematocrits and
platelet counts of mice exposed to hypoxia. As
shown in Fig. 1A, there was a linear increase
in hematocrits of mice with time in hypoxic
atmospheres. After 14 days of hypoxia the he-
matocrits had increased to 76%. Also shown
in Fig. 1B are the platelet counts of these same
mice. The platelet count showed a character-
istic biphasic response, i.e., increased platelet
counts were seen after 1-3 days of hypoxia
and significantly (P < 0.05-P < 0.0005) de-
creased platelet counts were observed there-
after (Days 6-14). By Day 14 the platelet
counts had decreased to only 17% of the pre-
treatment levels.

The total number of recognizable mega-
karyocytes and the calculated values for
SAChE+ cells found in the bone marrow of
hypoxic mice are recorded in Fig. 2. The total
number of recognizable megakaryocytes in the
marrow of untreated mice was ~4600/mm?
(Fig. 2A). However, after exposure to hypoxia
there was a marked drop in the numbers of
megakaryocytes in the marrow of mice. The
numbers of megakaryocytes seem to level off
at about 44% of the pretreatment level after
2-8 days of hypoxia. However, with continued
time in hypoxic atmospheres, the numbers
decreased significantly (P < 0.005) to about
18% of the pretreatment values on Days 10—
14. Figure 2B shows the numbers of SAChE+
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FIG. 1. Hematocrits (A) and platelet counts (B) of mice
exposed to hypoxia of 6-7% O, for 1-14 days. Each point
is the average of six mice and the vertical bars represent
the standard errors. In those cases where bars are not shown
the standard errors were smaller than the size of the point.
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FIG. 2. The number of megakaryocytes/mm? (A) and
the total number of small acetylcholinesterase-positive
(SAChE+) cellsymm? (B) of bone marrow of mice after
exposure to 1-14 days of hypoxia. Each point is the average
of six mice and the vertical bars represent the standard
errors. In the case where a bar is not shown, the standard
error was smaller than the size of the point.

cells in the marrow of these mice with time in
hypoxic atmospheres. As shown, there was a
significant increase (P < 0.05) in the numbers
of SAChE+ cells at Day 2, but by Days 10—
14 there was a highly significant decrease (P
< 0.005) in the numbers of SAChE+ cells/
mm? of bone marrow; at the later time period
the values were decreased to 36% of the pre-
treatment levels.

Discussion. The present study has shown
that hypoxia causes a significant increase in
hematocrits and significant decreases in the
numbers of platelets, the numbers of recog-
nizable marrow megakaryocytes, and the
numbers of SAChE+ cells. Moreover, the bi-
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phasic platelet response (4, 14) that is caused
by hypoxia was confirmed. Previously, it was
shown that hypoxia causes decreased platelet
counts (1, 2, 14) and lowered platelet produc-
tion, as measured by incorporation of radio-
isotopes into platelets (2, 3). The hypoxic-in-
duced thrombocytopenia was not caused by
excess sequestration of platelets by an enlarged
spleen (1, 2) or expanding blood volumes (14),
and the effect of hypoxia does not appear to
be direct upon thrombocytopoiesis, since
stimulated RBC production was required for
reduced platelet production (2, 6). Also, ex-
posure of Balb/c mice (which have a defective
erythropoietin production mechanism) to
hypoxia resulted in unaltered platelet counts
and normal RBC counts (2).

Other work (5), showed that platelet pro-
duction in exhypoxic-thrombocytopenic mice
was reduced when compared with the results
of mice recovering from thrombocytopenia
induced with RAMPS, probably because of
diminished megakaryocyte precursor cells in
the marrow of exhypoxic mice. Moreover, it
seems clear that hypoxia decreased platelet
production by action on a precursor cell or a
primitive population of megakaryocytes with-
out altering the ability of mice to produce
thrombopoietin (15). Therefore, all of these
previous studies, along with the findings of the
present work, support the hypothesis of stem-
cell competition between precursors of mega-
karyocytic and erythrocytic cell lines as the
cause of the thrombocytopenia in hypoxic
mice. This hypothesis states that hypoxia (or
erythropoietin released in response to hypoxia)
causes progenitor cells (either multi or bipo-
tential progenitor cells) to differentiate into
erythroid cells at the expense of cells of the
megakaryocytic series. Although our hypoth-
esis appears to differ from the theory that cel-
lular commitment to a specific cell line of dif-
ferentiation is a stochastic process, the data of
the present work support the conclusion that
commitment of a large number of cells from
a limited stem-cell pool into the erythroid se-
ries reduces the number of cells that can dif-
ferentiate into the megakaryocytic series.

In the present study, the numbers of
SAChE+ cells in bone marrow were elevated
at Day 2, but thereafter the numbers of these
precursor cells were significantly reduced. The
reason for the increase in SAChE+ cells at this
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early time period is not known, but this finding
may be related to the biphasic platelet re-
sponse. We showed earlier (14) that the total
circulating platelet counts and masses were
increased at this early time period, lending
support to the claim that it is a true increase
in platelet numbers in the circulation. It seems
possible that megakaryocytes may ‘‘shed”
platelets into the circulation in response to the
stress of hypoxia, very much like platelets are
released into the circulation by postsurgical
thrombocytosis. These mature platelet-pro-
ducing megakaryocytes may, in the process of
“shedding” platelets, release substances that
cause an increase in the number of SAChE+
cells.

In further support of this feed-back mech-
anism, the present work showed that the
number of megakaryocytes in the marrow of
mice was reduced (P < 0.025) at one day after
exposure to hypoxia. This reduction in mega-
karyocyte number may partially be the result
of destruction of megakaryocytes by platelet
“shedding,” since, Jackson and Edwards (4)
found increased numbers of naked mega-
karyocyte nuclei in the marrow of rats exposed
to discontinuous hypobaric hypoxia. It seems
possible that a feed-back mechanism by these
“spent-megakaryocytes” that “shed” platelets
on a precursor cell caused a temporary influx
of SAChE+ cells in the marrow at day 2.
However, the most obvious finding in the
present study was a highly significant decrease
in the number of SAChE+ cells of mice after
exposure to hypoxia. The reasons for the sud-
den precipitous drops in the number of
SAChE+ cells after day 2 and again after day
8 are unknown, but may be related to com-
petition, to a similar feedback mechanism dis-
cussed above, or other factors. However, the
findings of the present work support the hy-
pothesis that hypoxia causes thrombocyto-
penia by stem-cell competition between the
erythrocytic and megakaryocytic cell lines.

1. Birks JW, Klassen LW, Gurney CW. Hypoxia-induced
thrombocytopenia in mice. J Lab Clin Med 86:230-
238, 1975.

117

2. Langdon JR, McDonald TP. Effects of chronic hyp-
oxia on platelet production in mice. Exp Hematol 5:
191-198, 1977.

3. Cooper GW, Cooper B. Relationships between blood
platelet and erythrocyte formation. Life Sci 20:1571-
1580, 1977.

4. Jackson CW, Edwards CC. Biphasic thrombopoietic
response to severe hypobaric hypoxia. Brit J Haematol
35:233-244, 1977.

5. McDonald TP. A comparison of platelet production
in mice made thrombocytopenic by hypoxia and by
platelet specific antisera. Brit J] Haematol 40:299--309,
1978.

6. McDonald TP. Platelet production in hypoxic and
RBC-transfused mice. Scand J Haematol 20:213-220,
1978.

7. Jackson CW. Cholinesterase as a possible marker for
early cells of the megakaryocytic series. Blood 42:413-
421, 1973.

8. Long MW, Henry RL. Thrombocytosis-induced
suppression of small acetylcholinesterase-positive cells
in bone marrow of rats. Blood 54:1338-1346, 1979.

9. Kalmaz GD, McDonald TP. Effects of antiplatelet
serum and thrombopoietin on the percentage of small
acetylcholinesterase-positive cells in bone marrow of
mice. Exp Hematol 9:1002-1010, 1981.

10. Kalmaz GD, McDonald TP. Assay for thrombopoi-
etin: A new, more sensitive method based on mea-
surement of the small acetylcholinesterase-positive
cell. Proc Soc Exp Biol Med 170:213-219, 1982.

11. Lange RD, Simmons ML, Dibelius NR. Polycythemic
mice produced by hypoxia in silicone rubber mem-
brane enclosures: A new technique. Proc Soc Exp Biol
Med 122:761-764, 1966.

12. Karnovsky MJ, Roots L. A “direct-coloring” thio-
choline method for cholinesterases. J Histochem Cy-
tochem 12:219-221, 1964.

13. Cullen WC, McDonald TP. A comparison of stereo-
logic techniques for the quantification of megakaryo-
cyte size and number. Exp Hematol, in press.

14. McDonald TP, Cottrell M, Clift R. Effects of short-
term hypoxia on platelet counts of mice. Blood 51:
165-175, 1978.

15. McDonald TP, Cottrell M, Clift R. Effects of hypoxia
on thrombocytopoiesis and thrombopoietin produc-
tion in mice. Proc Soc Exp Biol Med 160:335-339,
1979.

Received April 1, 1986. P.S.E.B.M. 1986, Vol. 183.
Accepted June 5, 1986.



