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Megakaryocyte Quantitation

LAURENCE A. HARKER

From the Department of Medicine, University of Washington School of

Medicine, Seattle, Washington

ABsTrRACT A method is described for the
quantitation of megakaryocytes. In this technic
bone marrow sections obtained at the time of maxi-
mal marrow uptake of previously injected plasma
bound °Fe are counted for radioactivity as well
as the number of megakaryocytes and nucleated
red cells. We calculated the total megakaryocytes
by relating the ratio of megakaryocyte: radioac-
tivity with the total marrow 5°Fe activity at the
time of sampling. A multiple counting correction
factor which is related to cell diameter and section
thickness is required for quantitation of cell num-
bers from section material. The normal megakaryo-
cyte number for the rat is 11.0 X 10%/kg, and 6.1
X 10¢/kg for man.

INTRODUCTION

Measurements of thrombopoiesis are dependent
upon accurate determination of the total mega-
karyocyte mass. The wide variation in reported
estimates of megakaryocyte numbers, as much as
300-fold (1-3), emphasizes the need for a differ-
ent approach to their quantitation. For this pur-
pose the method described in this paper was de-
veloped, based on the isotope-dilution principle,
in which bone marrow is labeled with 5°Fe and
then the number of megakaryocytes is related to
the amount of radioactivity in individual sections
of the marrow.

METHODS

The animals used were male Sprague-Dawley rats
weighing 250 = 25 g with hematocrits ranging from 37
to 43% and platelet counts of 1.33 X 10°/ul = 0.19. High
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dose ®Fe was given to three patients who had metastatic
bronchogenic carcinoma and who were thought to have
less than 2 yr of life expectancy. This selection of sub-
jects was made because of the radiation exposure in-
volved. These three patients were hematologically nor-
mal on the basis of peripheral blood counts, reticulocyte
counts, platelet survival time, plasma iron turnover, and
bone marrow aspirate examination. In addition, the nor-
mal range of the megakaryocyte: nucleated red cell ra-
tio and the normal megakaryocyte diameter were mea-
sured in human bone marrow biopsies obtained from six
female and nine male normal adult volunteers.

We added *Fe for marrow labeling to sterile, freshly-
drawn plasma from subjects known to be free of hepa-
titis in proportions calculated not to exceed 50% trans-
ferrin saturation. This labeled plasma was injected intra-
venously in doses of about 20 uc of *Fe for each rat and
approximately 0.75-1.0 mc for each of the three hemato-
logically normal human subjects. This was calculated to
give a maximal cumulative bone marrow exposure of
approximately 50 rads, and produced no significant
change in peripheral blood counts during the subsequent
6 months.

Bone marrow samples were obtained at the time of
maximal marrow labeling; ie.,, 6 hr in the rat and 18-
24 hr in man. We took rat marrow from the femur as an
intact column by removing the overlying bone with dental
wire cutters and lifting the core of marrow tissue with a
dental spoon excavator. These specimens, as well as sam-
ples of spleen and lung, were fixed in Zenker’s solution ?
for 2 hr. They were then washed, dehydrated, and
blocked in paraffin. Sections were cut at 3 u thickness 2
and mounted on coverslips. Human bone marrow biop-
sies were obtained from both posterior iliac crests with a
10-gauge Silverman needle.3 After fixation in Zenker’s
solution, we decalcified the bone marrow core with 5%

formic acid for at least 24 hr. Subsequent mounting and

120 ml of Zenker’s solution (25 g K:Cr:0,, 50 g HgCl.
made to 1 liter with water), 2 ml of formaldehyde, and
1 ml of acetic acid freshly mixed just before use.

2 American Optical Company, Southbridge, Mass., 820
microtome.

3 Obtained from Becton-Dickinson & Co., Rutherford,
N. J.
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sectioning followed the outline given for animal narrow
sections.

Six randomly chosen tissue sections were measured
for ®Fe activity in a low background gas-flow beta
counter 4 to a statistical error of less than 1%. Back-
ground averaged from 2 to 4 cpm, and net tissue section
activity varied from 250 to 300 cpm in the rat and 15-50
cpm in human material.

After the determination of *Fe activity, the sections
were stained overnight with Giemsa stain and then de-
colorized in 95% ethyl alcohol. We counted all mega-
karyocytes and nucleated red cells under light micros-
copy,® using a micrometer grid in one eyepiece to en-
sure total coverage. The megakaryocytes usually con-
tained characteristic granulated cytoplasm and a poly-
lobulated nucleus, although portions of cells not contain-
ing nuclear material were recognizable as megakaryo-
cytes and counted as such if they were larger than about
8 u in diameter. An equivalent number of splenic sec-
tions were also counted for megakaryocytes and *Fe
activity. Because we saw megakaryocytes only rarely
in sections of lung tissue, no counting was performed on
them. To establish the range of the normal megakaryo-
cyte: nucleated red cell ratio, at least 10,000 nucleated
red cells were counted in duplicate from each of the 15
normal human marrow biopsies.

In serial tissue sections, megakaryocytes appeared as
large, spheroidal cells extending through multiple sec-
tions (Fig. 1), composed of a central cut passing
through the center of the sphere whose diameter repre-
sented the diameter of the sphere, and adjacent sections
whose diameter measurements were analogous to “chord
lengths” of a circle. The tissue sections were relatively
thin (3 ) compared to the diameter of the megakaryo-
cytes, so that only a portion of each megakaryocyte ap-
peared in a single section (Fig. 1). Consequently, in
serial sections of marrow the fact that a single mega-
karyocyte would be counted several times necessitated a
correction for “multiple counting” error. The theoretical
factor for such multiple counting is a function of the cell
diameter and tissue section thickness,® which necessitated
the accurate determination of megakaryocyte diameter.

4 Lowbeta Counter, Beckman Instruments, Inc., Fuller-
ton, Calif., Sharp Laboratory, made available through
grant AMO 7898.

5 Photomicroscope, Carl Zeiss, Oberkochen, Germany.

¢ When given: d/t =i+ f; where d=cell diameter;
t = thickness of the section; {=integer portion of d/¢;
and f = fractional remainder of d/t. A single cell appears
in either i+ 1 or ¢+ 2 sections. The probability (Pi+1)
that a cell of diameter d will appear in 1+ 1 serial section
is: (Ps+1) =1 —f, and the probability (P..2) that a cell of
diameter d will appear in ¢ + 2 serial section is: (Pi.+2) =f.
The average number of serial sections in which a cell of
diameter d will appear is: (i+1)(1—f) + (1 +2)f,
which is 1+ f+ 1 or (d/t) + 1. It follows that the actual
number of whole cells represented in the section (N) is:
N =N'/(d/t+1) where N* equals the number of cells
enumerated in the section.

Ficure 1 Serial sectioning of a megakaryocyte. A typi-
cal example of a megakaryocyte serially sectioned to il-
lustrate the spheroidal character of the cell in sectioned
marrow. The true diameter of the cell is obtained from
the central section. The mean diameter of all the serial
sections, “chord lengths,” is 87% of the maximal diameter
and the mean diameter of sections containing nuclear
material is 93% of the maximal cell diameter.

From serial section studies of 50 megakaryocytes, the
average diameter of all the sections through a single cell
was shown to be 87% of the actual diameter. The average
diameter measurement of sections containing nuclear ma-
terial was 93% of the actual cell diameter. Accordingly,
the mean megakaryocyte diameter was determined from
planimetric measurments of nuclear-containing megakary-
ocytic cuts on random section photomicrographic enlarge-
ments and corrected by a factor of 1/0.93 to give the
true diameter estimate. In six animals, 346 marrow mega-
karyocytes were measured; and in humans, a total of 460
cells were measured from 18 subjects (Table I). Mea-
surements of mean megakaryocytic diameter were almost

TaBLE I
Megakaryocyte Diameter

Factor for

Mean megakaryocytic multiple

No. studied diameter* counting error
s
Rat 6 20.7 + 34 7.0
Man 18 20.8 &+ 3.3 6.7

* These values were obtained from Zenker's formalde-
hyde-fixed marrow which had undergone shrinkage of °
about 259% as compared with glutaraldehyde-fixed
material.
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identical in the normal animal and human subject. Mean
megakaryocytic diameter was shown to be the same in
splenic sections as for marrow.

Using 20.7 u as the mean megakaryocyte diameter in
the derived formula (d/t) +1, we found the average
number of microtome cuts through the megakaryocyte
was

mean megakaryocyte diameter 20

+1= '7+1=7.9.

thickness of tissue section 3

In order to assess the accuracy of this multiple counting
correction, we found that the average number of cell
slices counted in 50 serially sectioned megakaryocytes
was 352 in rat marrow which gave a factor of 7.0 cuts/
cell, and 334 in human marrow which gave a factor of
6.7. The difference between measured and theoretical
values was probably due to the fact that some of the
smaller sections cut through the periphery of the mega-
karyocytes were not identifiable as such, thereby reduc-
ing the effective diameter of the cell. The difference in
the multiple counting error between rat and human mar-
row was attributed to increased cell distortion in human
material produced by the decalcification process.

Red cell precursors were also tested for “multiple
counting” error by serial section studies. The incidence
of duplicate counting on adjacent serial sections was
determined to be only about 4%.7 Thus, it was not neces-
sary to employ a correction factor in estimates of nucle-
ated red cell numbers.

7 Although the mean diameter of the nucleated red
cells in Zenker’s-fixed marrow sections was 4.8 u, the
“‘effective diameter” was less than 1 u because only cuts
through the central portion of the nucleus were recog-
nized as nucleated red cells. The theoretical duplicate
counting would accordingly be about 15%. The remain-
ing discrepancy between theoretical (15%) and emperic
(4%) duplicate counting was perhaps due to actual loss
of pieces of the nucleus after sectioning or movement
of nuclei in the soft blocking agent during cutting.

In the rat the total marrow *Fe activity at the time
of sampling was determined by direct counting of the
cleaned skeleton (4), and was found to be 33.2*1.8%
of the injected dose in 10 normal male Sprague-Dawley
rats weighing 250 = 10 g at 6 hr after the injection of
plasma-bound *Fe.

In man the marrow activity at sampling time was
considered to be 67% of the injected dose on the basis
of ferrokinetic data (5). During the section preparation
of rat marrow, less than 0.5% of radioiron activity was
lost. However, in the preparation of human biopsy ma-
terial considerable radioactivity was lost during de-
calcification. In order to correct for this loss, we made
direct measurements of *Fe activity of each biopsy speci-
men before and after decalcification and checked the dif-
ference obtained against the activity remaining in the
decalcification solution.8

Calculations

Total megakaryocytes (M) are the sum of the marrow
megakaryocytes (M3) and the splenic megakaryocytes
(M,). Total bone marrow megakaryocytes (M) : My=
m (As/a), where m = megakaryocytes in a single marrow
section (corrected for “multiple counting”) ; a = activity
of ®Fe in the same marrow section; and A, =%Fe ac-
tivity in the total bone marrow. Total splenic megakaryo-
cytes (M,) were similarly calculated from the ratio of
megaryocytes to radioactivity in a single section multi-
plied by the total radioactivity in the spleen. Likewise,
the total nucleated erythroid cell number (E) was de-
rived from the relationship of nucleated red cells to
radioactivity in a section times the radioactivity in the
entire bone marrow.?

8 Armac Counter, Packard Instrument Co., Downers
Grove, Il

9 The formula for total splenic megakaryocvtes (M)
was: M,=m (A./a), and for total nucleated erythroid
cell number (E): E=¢ (Av/a) where m = megakaryo-
cytes in a single splenic section (corrected for multiple

TaBLE I1

Relationship of Radioiron Activity and Cell Enumeration of Six Random Marrow Sections
from a Single Sampling Site in the Rat

Megakaryocytes

No./section

Nucleated red cells

Raw Corrected Activity/ Activity/nucle- Nucleated red cells/
Section 9Fe activity/section count count megakaryocyte No./section  ated red cell megakaryocyte
cpm cpm cpm X 1073
1 265 758 (108) 2.44 21,425 12.4 199
2 257 698 (100) 2.57 20,588 12.5 206
3 242 736 (10S) 2.30 20.746 11.7 198
4 264 732 (105) 2.52 21,262 124 202
5 271 758 (108) 2.50 22,233 12.2 206
6 288 746 (107) 2.70 22,943 12.6 212
Mean 2.51 = 5.0% 12.3 +£ 259 204 % 2.59,
454 L. A. Harker



TaBLE III

Relationship of Radioiron Activity and Cell Enumeration of Six Random Marrow Sections
from a Single Sampling Site in Man

Megakaryocytes
No./section Nucleated red cells
Raw Corrected Activity/ Activity/nucle- Nucleated red cells/
Section  %Fe activity/section count count megakaryocyte No./section  ated red cell megakaryocyte
cpm cpm cpm X 1073
1 54.4 922 (138) 0.39 34,180 1.59 248
2 51.7 © 902 (135) 0.38 34,239 1.51 254
3 47.3 813 (122) 0.39 29,136 1.62 239
4 571.7 912 (137) 0.42 35,848 1.61 262
5 58.1 917 (137) 0.42 36,482 1.59 266
6 41.1 769 (115) 0.36 26,986 1.52 235
Mean 0.39 £ 5.19%, 1.57 & 3.09%, 251 £ 5.09,
RESULTS

Representative measurements of sectioned mar-
row from rats (Table IT) indicated the suitability
of such samples for relating radioactivity to mega-
karyocytes and nucleated red cells. The results
obtained from random marrow sections were com-
parable for human material (Table IIT). Similar
observations on marrow samples taken from sev-
eral different sites in the rat (Table IV) demon-
strated no apparent differences in cell distribution.
Similar homogenous distribution of cell types was
found in marrow obtained from multiple right
and left iliac crest sites in three human subjects
(SE not greater than 5%).

As shown in Table V, the total number of

counting) ; ¢ = number of nucleated red cells in a single
marrow section; e = activity of *Fe in the same section;
A, = activity of *Fe in the entire spleen; and A4, =ac-
tivity of *Fe in the entire bone marrow.

megakaryocytes in six normal Sprague-Dawley
rats was determined to have a mean value of 11 X
10® megakaryocytes/kg of which the spleen con-
tributed less than 2% of the total. From similar
observations on erythroid marrow, the number of
nucleated red cells was also determined in these
animals and the mean value was 2.6 X 10° cells/
kg. The nucleated red cell: megakaryocyte ratio
obtained from these calculations, or more directly
from marrow counting, was 236: 1.1°
~ The total number of nucleated red cells per
kilogram in the three hematologically normal hu-
man subjects (Table VI) was of the same order as
in the rat. The total megakaryocyte number in
these subjects was calculated to be 6.1 X 10%/kg,
or about half that measured in the rat. The hu-
man nucleated red cell : megakaryocyte ratio was
10 Assuming a total nucleated cell number in rats of

about 9 X 10° cells/kg, or about 1250 megakaryocytes/10°
nucleated marrow cells.

TaBLE IV
Constancy of Marrow Distribution in the Rat

Counts per minute

Nucleated red cell/

Site Megakaryocyte Nucleated red cell megakaryocyte
X103
Left tibia 3.20 £ 0.12 17.5 £ 0.4 183 + 6.0
Left humerus 3.02 £ 0.14 17.1 £ 0.5 176 + 4.0
Left femur 3.05 £ 0.10 174 £ 0.3 175 £ 5.0
Right femqr 3.04 £ 0.17 174 £ 0.5 174 £ 7.0
Mean* 3.08 £ 2.89, 17.3 £ 1.3% 177 £ 419,

* The sD of the values for six random sections at each site are shown. The SE of the average value appears with the

-mean.
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TABLE V
Total Megakaryocytes in the Rat .

Megakaryocytes Megakaryocytes Total No. of Megakaryocytes/kg
Animal in bone marrow in spleen megakaryocytes of body wt
X106

1 2.40 0.04 2.44 9.4

2 3.23 0.12 3.35 13.1

3 2.92 0.12 3.04 12.0

4 2.25 0.11 2.36 9.3

5 3.07 0.05 3.12 12.0

6 2.42 0.07 2.49 9.9
Mean 11.0 £ 1.6

directly measured to be 475: 1, or about 600 mega-
karyocytes/10® nucleated marrow cells.** To sup-
port the normality of these values, the nucleated
red cell : megakaryocyte ratio in marrow sections
from an additional 15 normal subjects was deter-
mined, and was found to be 465:1 with a sp of
= 60 (range 325-575). '

DISCUSSION

Three different methodological approaches have
been successfully used to measure the total num-
ber of hematopoietic cells. The first technic in-
volves the determination of the specific cell type
per unit volume of marrow and the direct mea-
surement of the total marrow volume. The tech-
nics involved are not only crude and laborious,
but are obviously limited to animal study, al-
though estimates have been derived for man (6).
In the second approach, total marrow elements are
calculated on the basis of the mitotic index of the
particular cell type related to the time of mitosis,
assuming a steady state of production and no cell
loss within compartments. Despite the number of
assumptions required and the inability to precisely

11 Assuming a totat nucleated cell number in humans
of 10 X 10°/kg (11).

TaBLE VI
Marrow Cell Quantitation in Human Subjects
Subject Nucleated red cells Megakaryocytes
X10°/kg X108/kg
L. B. 2.8 6.8
M. L. 3.2 6.1
H. W. 2.7 5.4
Mean - 2.9 6.1
456 L. A. Harker

measure mitosis time, the method has proven use-
ful in normal man (7, 8). However, the time in-
volved in making the observations and the re-
quirement for a steady-state system render the ap-
proach unsuitable for studying many abnormal
states. A more direct method employs the iso-
tope dilution principle, with %Fe as a marrow
label. In previous reports (9-11) the sampled
marrow was measured as a suspension. Donohue,
Reiff, Hanson, Betson, and Finch (12) observed
cell-free radioactivity in the suspension prepara-
tions, and since they ascribed this radioactivity to
red cell destruction they inserted an appropriate
correction in their calculations of cell numbers.

TaBLE VII
Quantitation of Nucleated Red Cells in Man

Nucleated
Author Method erythroid cells
X10%/kg
Pegg (6) Anatomic data 2.5
Patt (7) Mitosis data 34
Killmann, Cronkite, Mitosis data 3.5%
Fliedner, and Bond (8)
Suit (9) Fe-dilution, 2.6
cell suspension
Donohue, Gabrio, and %Fe-dilution, 3.61
Finch (10) cell suspension
Harrison (11) Fe-dilution, 3.0§
cell suspension
Present report ®Fe-dilution, 2.9

tissue section

* Given as ‘best estimate.”

1 Without cell-free radioactivity correction.

§ Total cellularity multiplied by the fraction of:erythroid
precursor cells in the marrow.



TaBLE VIII
Quantitation of Normal Megakaryocyte No. in Man

Megakaryocytes*
Study Smear Suspension Section
X10%/kg
Range of reported 0.6-56 0.1-4.6 20-200
values (1, 2, 3)
Gormsen (13) 5
Mellarme (14)
Vogel and Bassen (15) 4.6
Nickerson and 25.0 (7.0)1
Sunderland (16)
Custer and 33.0 (6.3)§
Krumbhaar (17) ’
Present report 6.1

* Values are expressed as magakaryocytes/kg based on
total nucleated cellularity of the bone marrow as 10X10%/
kg (11).

1 Corrected for ‘“multiple counting’’ on basis of 4 u thick
sections as reported (16).

§ Corrected for “multiple counting” on basis of 6 x thick
sections as reported (17).

Harrison (11) on the other hand, contended that
the cell-free radioactivity represented loss of cyto-
plasm but not of nuclei from red cell precursors;
he, therefore, made no such correction. There is
no loss of cytoplasm when tissue is sectioned ; thus,
the close agreement of our data with those obtained
by Harrison supports his contention (Table VII).

The data presented here on megakaryocytes are
in agreement with some of the previous reports
using marrow smear (13, 14) and suspension (15)
methods (Table VIII). Published studies employ-
ing section methods gave values four to five times
greater than the present report (16, 17); how-
ever, if appropriate corrections are made for
“multiple counting” (based on the reported tis-
sue section thickness), the results are in good
agreement with the present study.
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