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Abstract

We report here our initial observations on
the growth and morphology, and developmental
radiosensitivity of giant, multinucleated,
osteoclast-like cells (MN-0S) generated through
in vitro cultivation of hematopoietic progeni-
tor-enriched canine bone marrow samples. Maxi-
mum cell densities of 5.5 x 103 to 6.5 x 103
MN-0S per cm? of growth area were achieved
following 10 to 14 days of culture at 37°C.
Acute gamma irradiation of the initial marrow
inocula resulted in significant, dose-dependent
perturbations of MN-0S formation, growth, and
development. Attempts to estimate radiosensi-
tivity of MN-0S progenitors from canine marrow
yielded a range of D_ values from a low of 212
cGy measured at six days of culture to higher
values of 405 to 542 cGy following 10 to 22 days
of culture. At the intermediate times of cul-
ture (10 to 14 days), the radiation-induced
responses were clearly biphasic, reflecting
either (a) the presence of multiple subpopula-
tions of MN-0S progenitors with varying degrees
of radiosensitivity or (b) the inherent biphasic
nature of MN-OS development involving early pro-
genitor cell proliferation followed by matura-
tion and subsequent fusion. Morphologically,
MN-0OS generated from irradiated marrow inocula
appeared only marginally altered, with altera-
tions expressed largely in a biphasic, dose-
dependent fashion in terms of smaller cell size,
reduced number of nuclei, increased expression
of both surface microprojections, and a unique
set of crystalloid «cytoplasmic inclusions.
Functionally, MN-OS appeared to be impaired by
irradiation of marrow progenitors, as evidenced
by failure to initiate resorptive attachments to
devitalized bone spicules in vitro.
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Introduction

The collection of basic information con-
cerning the biological nature and function of
osteoclasts, i.e., those giant, multinucleated
cells that reside at the bone surface with
primary bone resorptive functions and associated
secondary hematopoietic interactions, has been
hampered by lack of appropriate in vitro culture
methods needed to facilitate functional analyses
at the cellular and molecular levels (Barnes,
1987; Chambers, 1978; Gothlin and Ericsson,
1976; Hall, 1975; Patt and Maloney, 1972). Over
the last several years, progress has been made
in developing such culture methods for osteo-
clasts derived from various species, including
those of primates (Burger et al., 1982; Ibbotson
et al., 1984; Roodman et al., 1985a; Suda et
al., 1983; Testa et al., 1981). To date, how-
ever, work with canine osteoclasts has not been
reported.

In our previous attempts to establish in
vitro long-term "Dexter-type" canine hematopoie-

tic cultures (Coulombel et al., 1983; Dexter
et al., 1977a,b; Gartner and Kaplan, 1980;
Greenberg et al., 1981; Greenberger et al.,

1979; Toogood et al., 1980), we observed, under
a select set of culture conditions, the forma-
tion of giant, multinucleated, osteoclast-like
cells (MN-0S). These cells appeared to be
formed by the fusion of monocytic progenitors
one to two weeks following plating and had many
morphological, cytological, and ultrastructural
properties of normal canine osteoclasts in vivo.

The aims of this paper are (a) to report
our observations concerning the growth charac-
teristics of these giant MN-0S under our newly
established in vitro methods; (b) to character-
ize these cells both morphologically and ultra-
structurally; and finally (c) to assess sensi-
tivity of MN-0S progenitors to ionizing radia-
tion.

Materials and Methods

Collection and Processing of Initial Bone Marrow
Cell Inoculum

Bone marrow samples were collected and
processed according to methods previously de-
scribed (Seed et al., 1982). In brief, marrow




specimens were obtained from normal, healthy
beagle dogs via needle aspiration of either
humeri or iliac crest sites. The specimens (8-

10 mL) were collected in 25-mL syringes contain-
ing 4 mL EDTA-saline solution (1.1% EDTA in 0.9%
saline), diluted to 50 mL with Hank's BSS-serum
wash [Hank's balanced salts solution (BSS) with
10% horse serum, 50 pg/mL streptomycin, and
50 U/mL penicillin] and centrifuged at 1000 x g
for 10 min. The cell pellets were resuspended
in Hank's BSS-serum wash solution, layered on a
Ficol-Hypaque density gradient (1.077 g/L), and
centrifuged at 400 x g for 30 min at 4°C.
Following centrifugation, the T1ight buoyant
density marrow cells at the gradient interface
were collected, washed once by centrifugation,
and resuspended to 107 cells/mL in a nutrient-
complete, "long-term" hematopoietic culture
medium (briefly described below). In all pre-
parative stages, the cells were maintained on
jce (<10°C).

Giant, Multinucleated,

Osteoclast-Like Cell

Cultures

RTiquots (1 mL) of the progenitor-enriched
marrow cells were resuspended to a concentration
of 108/mL in a McCoy's 5A-based nutrient media,
originally described by Greenberg et al. (1981)
for the purpose of long-term culture of murine
hematopoietic elements (Dexter et al., 1977a).
In contrast to Greenberg's original media formu-
lation, the media used in this study lacked the
10°% M hydrocortisone additive. Similar to the
observations of Suda's et al. (1983), our pre-
liminary cell culture work suggested that hydro-
cortisone had a strong inhibitory activity on
MN-0S formation (unpublished observation). In
addition to its basal ingredients, the McCoy's
5A medium was supplemented with additional amino
acids (2 mM L-glutamine, 16 ug/L L-asparagine,
8 ug/L L-serine, 0.8% essential (50X)- and 0.4%
nonessential (100X) amino acids), 1 mM sodium
pyruvate, antibiotics (0.1 g/L streptomycin,
105 U/L penicillin), 2.2 g/L sodium bicarbonate,
25% heat-inactivated (56°C, 30 min) sera (12.5%
horse serum, MA Bioproducts, Walkerville, MD,
plus 12.5% fetal calf serum, Calbiochem,
Ladol1la, CA).

Following resuspension in nutrient medium,
the cells were plated in tissue culture slide
chambers having 1.6 mL volumes and 1.8 cm?
surface growth areas (Lab-Tek, Miles Scienti-
fic). The cultures were incubated at 37°C in 5%
C0, and >95% relative humidity for periods
ranging from 1 to 28 days. Cultures were re-
plenished biweekly with 50% fresh media. Cells/
cultures were harvested at predetermined inter-
vals dictated by the protocols of individual
experiments.

Cell Growth

In order to develop growth curves, repli-
cate cultures were set up and maintained as
described above. Following specific periods of
culture (0, 2, 6, 10, 14, 18, 22 days), cultures
were sacrificed and processed for Tight micro-
scopy by an initial saline wash followed by
methanol fixation and Giemsa staining. The
stained preparations were analyzed in terms of
numbers of both mononuclear and multinuclear
cells per unit of growth area. In general, 10
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to 20
fields
equals

representative and defined microscopic
per sample were counted (each field
1.96 x 1073 cm? or 0.11% of the total
growth surface, representing 1.1 to 2.2% of the
total growth surface per sample analyzed), and
cell yields were recorded.

Radiosensitivity Testing

Two-milTil1ter aliquots of the progenitor-
enriched marrow cell suspensions (107/mL) were
placed into test tubes and gamma irradiated at
25 cGy/min to total doses of 200, 400, 600, 800,
and 1000 cGy with a ©0Co irradiator (Atomic
Energy of Canada, Ltd.). In selected experi-
ments, additional aliquots of cell specimens
were irradiated to 100 cGy as well. All irradi-
ations were carried out at <10°C. Control
samples (0 cGy) were handled similarly, but
sham-irradiated. Following irradiation, the
samples were resuspended in fresh nutrient
medium and plated in culture vessels as de-
scribed above. At selected times following
initial plating (0, 2, 6, 10, 14, 18, 22 days),
replicate cultures were sacrificed and processed
for 1ight microscopy and analyzed as previously
described (for mononuclear/multinuclear cell
yields per unit growth surface). Mononuclear
and multinuclear «cell yields were plotted
against time of culture.

In attempting to estimate standard para-
meters of radiation sensitivity (Do’ D_, and n)
for the generation of these giant MNSOS (from
mononuclear progenitors), the numbers of MN-0S
per field in the control samples (0 cGy) were
determined at selected times of culture and
equated to 100% survival. For each radiation
dose group (i.e., 200-1000 cGy), the number of
MN-0S generated (surviving) was determined and
used to construct standard dose-response curves
via linear regression/break point analyses. The
response parameters of lethality rate (D,),
sublethal capacity (D,), and subcellular target
nunber (n) were derivéh from these analyses.
Electron Microscopy

For both transmission and scanning electron
microscopic examination, replicate cultures were
set up in the manner described above, except
that the multichambered tissue culture vessels
were backed with EM-embeddable, Permanox plastic
slides (Lab-Tek, Miles Scientific). For trans-
mission electron microscopy (TEM), 10 to 14 day-
old cultures were initially fixed for 2-3 h at
room temperature by adding 1 mL of a buffered
glutaraldehyde fixative (1.25% glutaraldehyde,
2% sucrose, 0.05 M phosphate buffer, pH 7.2) to
each of the culture vessels. The specimens were
rinsed in buffer, post-fixed in 1% osmium buf-
fered with 0.1 M phosphate buffer (pH 7.2) for
45 min, and washed again in buffer. Subsequent-
ly, the specimens were dehydrated in ascending
concentrations of ethanol (30, 50, 70, 95, 100%
ethanol), infiltrated initially with 1:1 Epon/
ethanol, and finally embedded in 100% Epon
(after several exchanges in 100% Epon) (Seed
et al., 1977, 1979). Following curing at 60°C
for 48 h, the specimens were freed from the
backing plastic slides by a quick dip in 1liquid
nitrogen. The specimens were then trimmed and
reembedded for both cross-sectional and horizon-
tal ("on-face") sectioning. In order to ensure
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a representative sampling and viewing of the
MN-0S in culture, multiple blocks of each speci-
men were cut, with multiple sections prepared
and examined by a Siemens 101 TEM.

For scanning electron microscopy (SEM),
replicate cultures were initially fixed 1in
glutaraldehyde and washed in buffer as described
above for TEM. The specimens were dehydrated in
ascending concentrations of ethanol, then Freon-
113, both at concentrations of 30, 50, 70, 95,
and 100% for 5, 5, 5, 5, and 60 min, respective-
ly. The specimens were then critical point
dried by wusing a 1liquified Freon-13 system
(Bomar Critical Point Dryer). Once critical
point dried, the specimens were mounted on
aluminium studs, borders were painted with
silver paint and uniformly coated with gold by
sputter coating (Denton Sputter  Coater).
Samples were examined with both Cambridge Stere-
oscan (Mark IIA) and JEOL 840 electron micro-
scopes.

Functional Testing

In order to test the functional capacities
of MN-0S derived from both irradiated and nonir-
radiated marrow preparations, devitalized bone
spicules were initially incorporated into the
culture vessels at the time of plating. Follow-
ing 10 to 14 days of culture, the bone spicules
were removed, fixed, and processed for both TEM
and SEM, then subsequently analyzed by methods
described above in terms of both (a) the mor-
phology of MN-0S bone interactions and (b) esti-
mates of numbers of adherent cells per unit of
bone spicule surface area.

Results

Growth and Radiosensitivity

In control, nonirradiated cultures, the
adherent mononuclear cell populations showed a
biphasic increase in size: 6 to 14 days follow-
ing plating, cell counts increased by approxi-
mately fourfold and subsequently increased by
sixfold after 18 to 22 days of culture (Fig. 1).
With 1increasing radiation dose to the initial
marrow cell inocula, the extent of this prolif-
erative response was sharply curtailed in a
dose-dependent manner. At the highest dose
(1000 cGy), the increase 1in mononuclear cell
count was limited to twofold.

Giant MN-0S within control cultures (de-
rived from nonirradiated marrow inocula) were
rarely seen after two days of culture, but they
rapidly increased in number reaching a maximum
at 10 days (Fig. 2). Subsequently, MN-0S num-
bers declined and stabilized at approximately
60% of the peak value after 18 to 22 days of
culture. Irradiating the initial marrow cell
inocula with increasing doses of gamma rays not
only reduced the overall number of MN-0S in a
dose-dependent manner, but prolonged the time
required to achieve these maximum levels (i.e.,
extended the "lag" period).

On the basis of the MN-0S growth curves
shown in Fig. 2 and the cell counts at particu-
lar time points for the various radiation dose
groups (0, 200, 400, 600, 800, 1000 cGy), dose-
response curves for MN-OS progenitor survival
were generated, and standard parameters of
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Fig. 1. A representative experimental
(n=4) of cultured progenitor-enriched
cells showing the change in the average number
of adherent mononuclear marrow cells per micro-
scopic field with time of culture and as a
consequence of irradiating marrow cell inocula.
Error bars represent the standard errors of the
means.

series
marrow

Figs 2s The same series (n=4) of cultured
progenitor-enriched marrow cells as shown in
Fig. 1, except showing the change in number of
giant, multinucleated osteoclast-like cells as a
function of the time-of-culture and radiation
dose to marrow cell inocula prior to plating.
Error bars represent standard errors of the
means.

radiosensitivity were calculated. Beyond six
days of culture, the generation of MN-0S was
such that the apparent radiosensitivity of MN-0S
progenitors irradiated just prior to the time of
seeding (0 day) appeared to markedly decrease.
With the use of linear-regression analysis, and
the assumption of population homogeneity, the
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calculated D, values increased from a low of
212 cGy at six days to markedly higher values
ranging from 405-542 cGy following 10 to 22 days 200 MULTINUCLEATED CELLS - 14 day
of culture. In contrast to the linear nature of
the MN-0S survival response measured early in
the culture period (six day), survival responses
measured at latter culture periods commonly
appeared biphasic. Such biphasic survival
responses were most notable at 10 days of cul-
ture, but still evident at 14 days (Fig. 3).
This suggested either (a) the presence of at
least two responding subpopulations of MN-0S
progenitors or (b) the presence of at least two
cellular processes involved in MN-0S generation
from mononuclear elements. Regardless of either
possibility, the first subpopulation/process is
clearly more radiosensitive than the second.
When assessed at 14 days, the more sensitive
subpopulation/process had estimated D  and D
values of 230 cGy and 90 cGy, respectively, 10 _ i
whereas the second, more resistant subpopulation 0 200 400 800 800 1000 1200
process, had higher D_ and Dq values of 575 cGy (:) DOSE (cGy)
and 178 cGy, respectively.

In addition to the effect of irradiation on
MN-OS progenitors, in terms of the absolute
MN-0S number generated, dose-dependent matura- 140 MULTINUCLEATED CELLS: size vs. dose
tional changes in both cell size and the degree
of nucleation were observed (Figs. 4 and 5).
With both parameters (size and nucleation), the
decline was more rapid at Tlower doses than at
higher doses, with the transition occurring at
about 400 cGy. Analyses of size vs. nucleation
revealed that while both parameters were in-
creasingly restricted with increasing radiation
dose, nucleation was affected to a greater
extent than cell size (Figs. 6 A and B).
Morphology and Ultrastructure

By 1light microscopy, representative MN-0S
(generated from nonirradiated marrow progeni-
tors) appeared as large, flat cells with broad
cytoplasmic fringes and scalloped borders 20
(Figs. 7 and 8). In contrast to the smaller,
mononuclear (monocytoid) cells with diameters of

% SURVIVAL

SIZE (1um)

60

40

~ 15 um, these cells had an average diameter of 0 200 400 600 800 1000 1200
122 + 55 ym and an average number of 29 + 28 (:) DOSE (cGy)
nuclei per cell. Both the degree of nucleation

and the nuclear position were variable features.
However, smaller cells with a smaller number of
more centrally located nuclei (6-15) were predo-
minant. |

A number of characteristic hallmarks of T
canine osteoclasts in vivo were routinely ob- 0
served by TEM, incTuding ruffled borders and
localized peripheral surface areas with many
microvilli, periplasmalemmal "clear" zones,
vesiculated cytoplasmic regions, and numerous
large mitochondria having well-defined cristae
(Figs. 10-12). By SEM, the low-lying nature of
these cells was highlighted (Figs. 9 and 13).
The scalloped borders, as shown by 1ight micro-
scopy, were revealed by SEM as short, broad
ridged ruffles, mixed at times with longer, more
slender microvilli (Fig. 14).

With increasing irradiation of the initial 6-
marrow inocula, MN-0S exhibited with increased
frequency the following morphological altera- & ‘
tions: reduction in mean cell size (diameters); 0 200 400 600 800 1000 1200
reduction in mean number of nuclei per cell, DOSE (cGy)
along with an increased peripheralization of

MULTINUCLEATED CELLS: no. nuclei vs. dose ’

26

20

NUMBER NUCLEI PER CELL

®
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Fig. 3. The relationship of radiation dose and

survival response for MN-0S progenitors assayed
at 14 days of culture.

Fig. 4. Change in cell-size of the giant,
multinucleated osteoclast-Tike cells following
14 days of culture as a function of radiation
dose delivered to marrow cell inocula prior to

plating. Error bars represent the standard
errors of the means.
Fig. 5. Change in number of nuclei per cell

assayed at 14 days of culture as a function of
radiation dose delivered to marrow cell inocula
prior to plating. Error bars represent the
standard errors of the means.

Figs. 6 A and B. Relationship between number of

nuclei and cell-size in 14-day-old cultures,
seeded initially with (A) nonirradiated marrow
cells or (B) acutely irradiated marrow cells

(1000 cGy).
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Figs. 7-9.
of giant, multinucleated cells

Representative low-power micrographs
(arrows) of 14-
day-old cultures generated from control, nonir-
radiated marrow cells and viewed by phase-con-

trast microscopy (Fig. 7), bright-field micro-
scopy (Fig. 8), and SEM (Fig. 9). Line markers
equal 100 uym, 100 ym, and 10 um, respectively.
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nuclei (Figs. 15 and 16); increased peripheral
surface ruffling and microvillus expression
(Figs. 17 and 19); and increased coalescence of
large, membrane-bound crystalloid inclusions
(Fig. 18). By comparison, the latter inclu-
sions, although occasionally observed, were much
smaller and fewer in number in MN-0S generated
from nonirradiated progenitors.

Functionality
he capacity of MN-0S to adhere to devital-

ized bone spicules and, in turn, to show signs
of bone resorption was tested. As is shown in
Figs. 20 and 21, relatively large numbers of
MN-0S from nonirradiated preparations readily
adhered to the bone spicules, and many appeared
to be in the processes of bone resorption (Fig.
22). In contrast, when the initial bone marrow
inocula were irradiated, the resulting MN-0S
(following 14 days of culture) were impaired, in
a dose-dependent manner, in their capacity both
to adhere and to initiate morphological signs of
resorption. At the highest dose level tested,
1000 cGy, MN-0S adherence was virtually elimi-
nated (Fig. 23).

Discussion

Two major conclusions can be drawn from the
data presented. First, under a select set of
in vitro culture conditions, subpopulations of
bone marrow-derived monocytes from canines have
the potential to proliferate and fuse, forming
giant, multinucleated cells that share many
common characteristics with osteoclasts in vivo.
Second, the developmental processes invoTved in
the formation of these giant, multinucleated
cells are sensitive to the effects of ionizing
gamma radiation.

Relative to the first conclusion, other
workers have reported similar culture proce-
dures, developmental patterns and morphological
and functional features of giant MN-0S, derived
from mononuclear marrow cells of a variety of
species, including primates (Burger et al.,
1982; Ibbotson et al., 1984; Roodman et al.,
1985a,b; Scheven et al., 1986; Suda et al.,
1983; Testa et al., 1981; Thesingh and Burger,
1983). We believe, however, that our observa-
tions for canine cells represent the first such
report in this species.

Qur initial observations of MN-OS genera-
tion in vitro were clearly fortuitous; they were
based on a primary intent not to culture and
analyze MN-0S, but rather to develop continuous,
trilineal hematopoietic cell cultures for canine
tissue. As a result, the culture described here
is an amalgam of previously reported procedures
used by workers attempting principally to cul-
ture human hematopoietic elements. For example,
we modified basic "Dexter culture" protocol by
incorporating a mix of sera at high concentra-
tions (12.5% horse serum, plus 12.5% fetal calf
serum), by not incorporating hydrocortisone into
the medium, by refeeding the cultures every four
days rather than weekly, and by incubating the
cultures at 37°C rather than at 33°C (Coulombel

et al., 1983; Dexter et al., 1977a; Gartner
and Kaplan, 1980; Greenberg et al., 1981;
Greenberger et al., 1979; Suda et al., 1983).

1604

Seed, L. V. Kaspar, F. Domann, et al.

Figs. 10-14. Electron micrographs of represent-
ative giant, multinucleated cells generated in
vitro from nonirradiated marrow progenitors
following 14 days in culture. Fig. 10 shows the
characteristic vesiculated cytoplasm (arrow) and
ruffled borders. Fig. 11 shows a multinucleated
cell with characteristically high surface densi-
ties of localized microvilli (arrow). Fig. 12
is a higher-power micrograph of a portion of a
giant, multinucleated cell's cytoplasm, showing
the details of the organelle-rich and organelle-
poor regions. Note the presence of numerous
large, elongated mitochondria (M) and the "clear
zones" along the cell's periphery (arrows).
Figs. 13 and 14 are SEM views showing typical
surface features, both at low and high magnifi-
cation, of representative giant, multinucleated
cells. Line markers represent 5 uym, 5 ym, 2 um,

10 ym, and 10 um, respectively.

Fig. 15. Representative 1ight micrograph 1
(bright field, Giemsa-stained preparations) 1
shows multinucleated osteoclast-like cells, |
generated in vitro from acutely irradiated :
(1000 cGy) inocula following 14 days of culture. i

Note the smaller size of cells (relative to
those multinucleated cells generated from nonir-
radiated inocula), along with the marked peri-
pheralization of nuclei (arrows). Line marker
represents 100 um.

In preliminary experiments, all of these modifi-
cations enhanced the rate of MN-0S development
din vitro; accordingly, they were routinely
applied during the course of the experiments
presented here (preliminary culture data are not
shown).
Developmentally,
similar patterns to

the canine MN-0S exhibit
MN-0S of other species.
Several groups (Ibbotson et al., 1984; Suda et
al., 1983; Testa et al., 1981) working with
feline marrow and standard "Dexter-type" hemato-
poietic culture conditions described the MN-0S
growth curve in terms of an initial Tag period
of several days, followed by a progressive
increase in numbers that reached maximum levels
after 2-3 weeks of culture and a subsequent
small decline in numbers. These MN-0S, generat-
ed in vitro, had sufficient numbers of morphol-

ogical  and cytochemical characteristics in
common with osteoclasts occurring naturally

in vivo to allow them to be classified as such
TTbbotson et al., 1984; Suda et al., 1983; Testa
et al., 1981).
The recent immunocytochemical work of
Oursler et al. (1985) has clearly demonstrated
by using monoclonal antibodies, the antigenic
relationship (and presumably the developmental
relationship) between a unique subclass of
monocytes, the giant, multinucleated cells with
osteoclastic features, and normal osteoclasts
found in situ. With the exception of the latter
immunocytochemical characterizations, virtually
all of the other osteoclast-specific features
have been observed here for canine giant
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Figs. 16-19. Electron micrographs of represent-
ative giant, multinucleated cells generated from
surviving marrow cells 14 days following the
initial plating of acutely irradiated marrow
(600-1000 cGy). Figs. 16 and 17 show typical

peripheralization of cell nuclei, along with
marked regional differences in cytoplasmic
features (e.g., organelle-rich vs. organelle-

poor areas, vesiculated area, etc.). Uniquely
large crystalloid, cytoplasmic inclusions are a
prominent feature of these multinucleated cells
from dirradiated inocula (arrow, Fig. 18).
Fig. 19 is an SEM view showing characteristical-
ly increased surface ruffling and microvillus
expression. Line markers for Figs. 16-19 repre-
sent 5 ym, 2 ym, 1 um, and 10 um, respectively.

Figs. 20-23. Electron micrographs of devital-
ized bone spicules (B) and adherent gijant,
multinucleated cells (arrows) generated either

from nonirradiated marrow progenitors (Figs. 20-
22) or from acutely irradiated (1000 cGy) marrow
progenitors (Fig. 23). Line markers represent
100 pym, 50 wm, 2 pm, and 100 um, respectively.
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multinucleated cells in culture. The more
important of these features include (a) a gener-
al set of morphological descriptors (Chambers,
1978) (including large cell size, multiple
round-to-oval nuclei that are generally cluster-
ed centrally along with cytoplasmic organelles,
and a clear peripheral zone of cytoplasm that is

bounded by scalloped or ruffled borders),
(b) the presence of appropriate cytochemical
features (Ibbotson et al., 1984; Minkin, 1982;
Roodman et al., 1985a), most importantly, a
strong, tartrate-resistant acid phosphatase
activity following vitamin D3 induction (data

not shown), (c) a collection of rather unique
and identifying ultrastructural features
(Ibbotson et al., 1984; Suda et al., 1983; Testa
et al., 1981) including a high density of peri-
pheral, surface-associated microvilli and the
presence of large numbers of large, elongated,
and often branched mitochondria within organ-
elle-rich areas of the cell's cytoplasm, and
(d) characteristic  functional properties
associated with bone resorption (adherence to
devitalized bone spicules in vitro). Despite
the latter, however, the "acid test" for osteo-
clastic activity, namely, the quantitative mea-
sure of resorptive capacity, remains to be test-
ed (Boyde et al., 1985; Jones et al., 1986a, b).

The second major conclusion drawn from our
observations is that MN-OS generation and devel-

opment is sensitive to the effects of irradia-
tion. Radiation-induced disturbances in MN-0S
development take a variety of forms, including

both time- and dose-dependent reductions in cell
number, cell size, and the degree of nucleation.
Our results showed that with increasing time of
culture, radiosensitivity of the MN-0S progeni-
tors apparently decreased; e.g., Do values
(based on the assumption of dose-dependent,
linear responses) increased from 212 cGy at the
earliest sampling period (six days) to well over
500 cGy at the latest sampling period (22 days).
These values are considerably higher than those
reported by Scheven and colleagues, who employed
a rather novel in vitro assay involving coculti-

vation of both 7irradiated and nonirradiated
MN-OS progenitors with "periosteal membrane-
stripped", 17-day-old metatarsal bones, with

subsequent sampling and analysis of MN-0S devel-
opment in situ (Burger et al., 1982; Scheven et
al., 1987). With this latter technique, D,
values for MN-0S progenitors derived from vari-
ous murine tissue sources ranged from 94 cGy for
MN-0S from 17-day-old fetal calvarium periostea,
to 101 cGy for adult bone marrow, to 169 cGy for
fetal liver (15 day) (Scheven et al., 1987).
Clearly, the radiosensitivity of MN-0S
progenitors is variable, dependent on both the
nature of the source of MN-0S progenitors and on
the culture assay conditions. In this regard,
interesting dose response relationships were
noted for the canine MN-0S progenitors assayed

during the middle period of culture, 10 to 14
days following initial plating. The plotted
survival response curves appeared to be bipha-
sic. The presence of such biphasic responses
would tend to indicate that the target cell
population was mixed, composed of at least
two subpopulations, each with distinct




radiosensitivities (Alper, 1979). The more
sensitive of the two had an estimated D  value
of 230 cGy, while the D0 value of the more
resistant subpopulation was 575 cGy.

Despite the suggestion that the expression
of biphasic dose responses by irradiated MN-0S
progenitors was due to the presence of multiple
progenitor subpopulations, equally plausible,
alternative mechanisms could account for such
responses. For example, the biphasic nature of
the dose response curve might have nothing to do
with mixed populations, but rather might reflect
radiation-induced disturbances of the two funda-
mental processes involved in MN-0S development.
The first process, inherently more radiosensi-
tive than the second, would involve progenitor
cell proliferation essential for production of
fusible mononuclear cells. The second, more
resistant process, would involve the fusion of
matured daughters of the mononuclear MN-0S
progenitors. Accordingly, the apparent shift in
radiosensitivity of MN-0S progenitors with time
of culture might be explained in terms of the
radiation-induced alterations of these two
processes and their temporal patterns of expres-
sion. For example, when radiation-induced
responses were assayed early (e.g., six days),
the apparently increased sensitivity of MN-0S
progenitors would be attributed to the radiation
dose-dependent temporal delay in production of
potentially fusible MN-OS progenitors, essential
for MN-0S development. Conversely, the appar-
ently marked decrease in radiosensitivity of
MN-0OS progenitors assayed during a late period
of culture (22 days) would be attributed to a
time-dependent renewal in proliferative activity
following the initial radiation-induced lag of
surviving MN-OS progenitors. This time-depend-
ent renewal would yield increased numbers of
potentially fusible mononuclear progenitor cells
for generation of MN-0S.

In conclusion, MN-0S production appears to
be highly dependent on two interactive, time-
dependent processes. The first is a prolifera-
tive response that yields, under the constraints
of time and radiation dose, an expanded number
of potentially fusible mononuclear cells. The
second is a fusion response, limited by numbers
of potentially fusible progenitors and again by
radiation dose. The two processes are linked by
a time-dependent maturational process in which
immature, nonfusible, proliferative progenitors
mature into fusible, nonproliferative elements.
This conclusion is implicit in the above-sug-
gested mechanisms of radiation-induced disturb-
ances in MN-0S development.
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Discussion with Reviewers

J. D. Szekely: Have you done any characteriza-
tion of the cytoplasmic inclusions shown in Fig.
18? Were they ever seen in nonirradiated cells?
Have they been reported in normal osteoclasts
isolated from normal bone marrow?

Authors: In terms of characterizing these
crystalloid inclusions, we have not gone beyond
the TEM work done here. Regarding their preva-
lence, the 1larger of these inclusions appear
restricted to the multinucleated osteoclast-like
cells derived from irradiated progenitors. A
similar but smaller sized inclusion has been
observed occasionally seen in both MN-0S derived
from nonirradiated marrow progenitors in vitro
as well as from naturally occurring osteoclasts
in vivo.

J. D. Szekely: Could you give more detail on
how the survival curve parameters were calcula-
ted on the multicomponent survival curves such
as the one shown in Fig. 3? How did these 14-
day values (DO, D_, n) compare to those calcula-
ted at other postirradiation times?

Authors: As noted in the Methods section, the
nunbers of osteoclast-like cells were manually
counted by Tlight microscopy per field in the
various control and irradiated specimens at
various times of culture (e.g., 0, 200-1000 cGy
specimens at 6, 10, 14, 18, 22 days). Cell
counts within the control specimens (0 cGy
specimens) were equated to 100% survival and
were used to estimate percent survival values
for the irradiated specimens. For each culture
time point, the percent survival values were
plugged into a specially designed biphasic-
response model computer program, which has the
capacity to analyze response data either in
terms of simple linear responses or multiphasic
responses. Lethality rates (Do) were estimated
from the slopes of the response curves as 1l/e-.
D, values, or quasi-threshold values for lethal-
igy responses, were estimated from the linear
regression/breakpoint analyses (a) for the more
radiosensitive subpopulation, by the radiation
dose required to reduce survival below 100% and
(b) for the more radioresistant subpopulation,
the radiation dose required for expression of

initial lethality events (i.e., the radiation
dose at the '"breakpoint" in the survival
curves). N values or quasi-target number were

estimated by the survival values at the Y-inter-
cept following back extrapolation. It should,
perhaps, be pointed out that such values for the
more radioresistant subpopulation are at best
rough estimates and are intended to serve only
as points for comparison. They are based on a
very limited number of data points, and the
extended dose-response relationships need to be
performed in order to fully verify these values.
Dose-response parameters (DO, D., n) for
the two presumptive subpopulations of %steoc]ast
progenitors were estimated as follows:




Mononuclear marrow progenitors
of osteoclast-like cells
Dose-Response Parameters

Subpopulation #1 Subpopulation #2

Days Do Dq n Do Dq n
6 212 42 1.22 = = =
10 147 228 4.69 587 288 1.09
14 230 90 1.47 575 178  0.93
18 458 347 2.12 707 1183 0.86

3 parameter values given in cGy.

W. Chelack: In the work presented in this
paper, the irradiations appear to have been done
in growth media with high serum levels which is
known to have large effects on D.. Were irradi-
ation experiments done HBSS or BBS for compari-
son? pH effects on D, are also well documented.
Was pH controlled during irradiation?

Authors: A1l irradiations were carried out
under the standard conditions as specified in
the Methods section. Specific experiments
designed to assess the effects of varying serum
concentrations on the observed radiosensitivity
of the MN-0S progenitor cell population were not
carried out. Although such serum effects in
modulating radiosensitivity of MN-OS progenitors
would be of interest, it is doubtful that they
significantly alter the overall developmental
response patterns as noted here in this study.
As to the question of pH, the pH of the suspend-
ing solutions were adjusted prior to irradiation
(pH 7.2) and were maintained both during and
following irradiation.

W. Chelack: Was culture of MN-0S attempted with
conditioned media or growth factors at much
Tower cell numbers, e.g., 103 - 10%/dish to see
if colonies of these elements would grow? This
would make radiation survival curves easier to
interpret.

Authors: We agree. However, we did not attempt
to supplement the MN-0OS cultures with growth
factors or conditioned media. The suggestion to
specifically develop "clonal assays" for mononu-
clear MN-0S progenitors is a good one that will
be pursued.

W. Chelack: Is the biphasic nature of the
radiation survival curve due to differentiation,
i.e., do MN-0S arise from common hematopoietic
osteoclast stem cells and differentiate to
either osteoclasts or blood elements?

Authors: We are working under the assumption
that there are two fundamental processes in-
volved in osteoclast formation: (a) clonal

proliferation of a mononuclear osteoclast pro-
genitor and (b) fusion of matured mononuclear
cells into multinucleated giant cells. There-
fore, in terms of the question asked - Yes, we
do believe that the biphasic nature of the MN-0S
survival curve rests, in part, with differentia-
tive (maturational) processes.
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M. Tavassoli: The most interesting finding is
the biphasic survival curve of these cells,
indicating a mixture of two populations. Alter-
natively, the inherent biphasic nature of devel-
opment of these cells may be the explanation for
this phenomenon. Do the authors have any com-
ments on these observations?

Authors: If the question here is "Which alter-
native do we favor?", we would have to say the
latter. We offer several reasons for saying
this: first, other than the biphasic dose-
response curves themselves, we have no other
supporting evidence for the existence of multi-
ple subpopulations of MN-OS progenitors; and
secondly, the alternative explanation is deci-
dedly more attractive by virtue of the substan-
tial variation in the apparent radiosensitivity
of MN-0S progenitors when time-of-culture 1is
considered. If multiple subpopulations of MN-0S
progenitors truly exist, then the dose-response
relationships should remain constant over the
time course. As they do not, other processes

have to be brought into consideration (e.g.,
developmental processes).
M. Tavassoli: How do the authors intend to

further explore these two alternative explana-
tions for survival data?

Authors: If the biphasic dose-response curves
are due to the interactions of two distinct
developmental processes, then, by "splitting"
the radiation dose over the time course of
osteoclast cell development, we should be able
to effectively separate the two developmental
processes (i.e., the initial clonal prolifer-
ative response from the secondary maturation and
fusion step). Alternatively, a second, more
direct approach might be to conduct a rigorous
series of cell fractionations of MN-0S progeni-
tor-enriched marrow preparations in an attempt
to isolate distinct subpopulations with varying
radiosensitivities.

Z. Somosy: What is the authors' evidence for
the homogeneity of their model cell culture?
Authors: The homogeneity of the osteoclast
progenitor cell population clearly remains an
open question. In evaluating the data stemming
from the irradiation of freshly isolated, mar-
row-derived mononuclear progenitors, we attempt-
ed to "fit" the survival data with both simple
linear and bilinear responses. In the case of
the former, "homogeneity" was presumed. Other
than the biphasic nature of the dose-response
curves determined at sampling times > 6 days, we
have no strong evidence to argue for or against
homogeneity.

Z. Somosy: What is the probable role of the
membrane bound crystalloid cytoplasmic inclu-
sions?  Why do they accumulate after irradia-
tion?

T. D. Allen: Would the authors like to specu-

ate on the origin of the crystalloid inclusions

observed after irradiation? Are the multinucle-
ate cells still phagocytic or do the inclusions
arise as a result of radiation damage directly
within the cell?
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Authors: At this point, we really do not know
the nature of these curious crystalloid inclu-
sions nor do we know the role they play in the
radiation-elicited responses. These inclusions
appear larger and more numerous in the MN-0S
cultures seeded with heavily irradiated MN-0S
marrow progenitors (e.g., 1000 cGy). It is
possible that these inclusions represent coa-
lesced primary lysosomal vacuoles containing
crystalline arrays of degraded cellular material
damaged as a consequence of the irradiation
insult.

T. D. Allen: In the radiation sensitive forma-
tion of these multinucleate cells, would you
like to speculate on the cytoplastic elements
which may become damaged by radiation with
respect to subsequent fusion, as nuclear pheno-
mena are unlikely to be involved. Have the
authors data, for instance, to indicate whether
or not putative fusion becomes Timited by
reduced mobility as a result of irradiation?
Authors: Concerning the nature of the radiosen-
sitive subcellular target(s) responsible for the
process of cell fusion, we speculate that the
“target" is not a single physical entity, but,
rather, lies in the inherent biophysical nature
of the Tlipid bilayer, in particular 1is its
fluidity and mobility of embedded proteins
islands. As the Tatter are critical in the
process of cell fusion, it dis reasonable to
assume that restricted cell fusion, as a dose-
dependent function of ionizing radiation expo-
sure, is a consequence of such alterations in
bilayer fluidity and the subsequent restricted
lateral mobility of cell surface, charge-bearing
transmembrane proteins within the bilayer.

As to the question relating to cell mobil-
ity as a function of radiation dose, we have not
made such determinations, although, clearly, it
would be of interest, especially in terms of
limiting cell fusions.

T. D. Allen: In our own cultures from cats,
there were often a few fibroblastic cells visi-
ble in the culture--does this occur with these
cultures?

Authors: Fibroblastic cell growth in these
cultures was rarely seen.
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