Ve

size and thickness of the emitting region.
This requirement is consistent with the
constraint of R < 10' c¢cm set by the
observation that the core of the x-ray-
emitting region is smaller than 1 arc
second and the more severe constraint of
< 3 x 10" cm set by the observation of
intensity variations on the time scale of
1000 seconds.

While thermal bremsstrahlung from
hot plasma is a reasonable interpretation
of the x-ray data, detailed models for the
x-ray emission from 6'C or any of the
other stars in the Orion Nebula do not
exist. Several scenarios for emission
from early-type stars with strong stellar
winds have been proposed. Our data and
other Einstein data on OB stars (5, 6, 22—
24) constrain some of these wind models.
Cold stellar winds seem to be ruled out
by the higher temperatures observed.
Strong shock heating and the formation
of large circumstellar bubbles (25) con-
flict with our observation of a small
emission region for 6'C. Colliding winds
from 6'C and other Trapezium stars (26)
may not be ruled out (see Fig. 2), but
they cannot account for more than a few
percent of the total x-ray emission from
8'C. Hybrid models invoking hot coro-
nas at the base of cold stellar winds (27)
may eventually yield the right explana-
tion for early-type stars. X-ray emission
from late-type stars is also not well un-
derstood. In addition to coronal models
(28), accretion and outflow models (29,
30) have been applied to x-ray observa-
tions with limited success. The observa-
tion of x-ray emission from a wide vari-
ety of field stars by the Einstein Obser-
vatory (31, 32) led Vaiana et al. (31) and
others to suggest that magnetically domi-
nated coronas, similar to that on our sun,
must play an important role in all stars.
Our observations of the Orion Nebula
and other Einstein observations of the
Pleiades and the Hyades (33) suggest
that age and activity, as evidenced by
rotation and magnetic fields, also play a
part-—that is, younger stars with active
coronas produce more x-rays. Further
analysis of the 29-month Einstein data
base should improve our understand-
ing of stellar dynamics and stellar evolu-
tion.

W. H.-M. Ku
Columbia Astrophysics Laboratory,
Departments of Physics and
Astronomy, Columbia University,
New York 10027
G. RIGHINI-COHEN
M. SimoN
Astronomy Program, Department of
Earth and Space Sciences,
State University of New York,
Stony Brook 11794

References and Notes

1. gés\xynn-Williams, Sci. Am. 245 (No. 2), 46

. R. Giacconi et al., Astrophys. J. 230, 540 (1979).

. R. Giacconi, S. Murray, H. Gursky, E. Kellogg,
E. Schreier, T. Matilsky, D. Koch, H. Tanan-
baum, ibid. 188, 667 (1974).

. H. V. Bradt and R. L. Kelley, Astrophys. J.

Lertt. 228, 133 (1979).

W. H.-M. Ku and G. A. Chanan, ibid. 234, L59

(1979).

. F. R. Harnden, Jr., et al., ibid., p. L51.

G. H. Rieke, F. J. Low, D. E. Kleinmann, ibid.

186, L7 (1973).

. R. Cruddace, R. Paresce, S. Bowyer, M. Lamp-

ton, Astrophys. J. 187, 497 (1974).

. The other sources will be described in a later
publication (W. H.-M. Ku, G. Righini-Cohen,
M. Simon, in preparation).

10. P. S. Conti and W. R. Alschuler, Astrophys. J.

170, 325 (1971).
11. H. Abt, personal communication.
12. M. V. Penston, ibid. 183, 505 (1973).
13. D. S. Hall and L. M. Garrison, Jr., Publ.
Astron. Soc. Pac. 81, 771 (1969).

14. M. F. Walker, Astrophys. J. 155, 447 (1969).

15. A. B. Underhill, The Early Type Stars (Reidel,
Dordrecht, Netherlands, 1966).

16. 1. S. Glasby, The Nebular Variables (Pergamon,
New York, 1974),

17. E. D. Feigelson and W. M. DeCampli, As-
trophys. J. Lett. 243, 1.89 (1981).

18. G. H. Herbig, Adv. Astron. Astrophys. 1, 47
(1962).

19. M. Cohen and L. V. Kuhi, Astrophys. J. Suppl.
41, 743 (1979).

W

[ N T R

20. P. P. Parenago, Tr. Stenberg Astron. Inst. 25

(1954).
21. S. H. Pravdo and F. E. Marshall, preprint.
22. F. D. Seward, W. R. Forman, R. Giacconi, R.

E. Griffiths, F. R. Harnden, Jr., C. Jones, J. P,
Pye, Astrophys. J. 234, L55 (1979).

23. K. S. Long and R. L. White, Astrophys. J. Lett.
239, L65 (1980).

24, T. P. Snow, Jr., W. Cash, C. A. Grady, ibid.
244, 119 (1981).

25, R. Weaver, R. McCray, J. Castor, Astrophys. J.
218, 377 (1977)

26. B. A. Cooke, A. C. Fabian, J. E. Pringle,
Nature (London) 273, 645 (1978).

27. 1. P. Cassinelli et al., preprint.

28. G. S. Vaiana and R. Rosner, Annu. Rev. Astron.
Astrophys. 16, 393 (1978)

29. R. Mundt, preprint.

30. J. P. Cassinelli, Annu. Rev. Astron. Astrophys.
17, 275 (1979).

31, G. S. Vaiana et al., Astrophys. J. 245, 163

9
32.
33.

(1981).

D. J. Helfand and J. P. Caillault, preprint.

R. A. Stern, M. C. Zolcinski, S. K. Antiochos,

J. H. Underwood, preprint.

W. H. Warren and J. E. Hesser, Astrophys. J.
Suppl. 34, 115 (1977).

35. G. H. Herbig and M. K. Ray, Astrophys. J. 174,
401 (1972).

36. We thank F. Seward for assistance at the Center
for AstroPhysics, H. Abt for spectral classifica-
tion of 6'E, and F. Fallon for communicating
astrometric positions of some of the Orion stars.
G. Righini-Cohen and M. Simon are guest inves-
tigators with the Einstein Observatory, which is
sponsored by the National Aeronautics and
Space Administration and operated by a consor-
tium of scientists from the Center for Astrophys-
ics, Columbia University, Goddard Space Flight
Center, and Massachusetts Institute of Technol-
ogy. W.H.-M.K. was supported in part by
NASA grant NAS 8-30753.

34.

4 June 1981; revised 17 September 1981

Phagocytosis: Flow Cytometric Quantitation with

Fluorescent Microspheres

Abstract. The phagocytosis of uniform fluorescent latex particles by pulmonary
macrophages.in the rat was analyzed by flow cytometric methods. The percentage of
phagocytic macrophages and the number of particles per cell were determined from
cell-size and fluorescence histograms. A comparison of in vivo and in vitro
phagocytosis data showed that the percentage of phagocytic lavaged macrophages
reflected the availability of instilled particles. With sodium azide used to model
phagocytosis inhibition, it was shown that the percentage of phagocytic cells and the
number of particles per cell can be determined simultaneously.

The phagocytosis of inhaled microor-
ganisms and inert particles by pulmonary
alveolar macrophages (PAM’s) is the pri-
mary cellular defense mechanism within
the lung (/). Any agent that depresses or
alters phagocytic action adversely af-
fects the host’s susceptibility to disease
or destructive lung damage (2). Two fre-
quently used criteria of phagocytosis are
the percentage of cells having phagocyt-
ized one or more particles and the actual
number of particles per cell determined
microscopically (3). The procedure used
to measure these values is tedious and
time-consuming, and only a small sam-
pling of the total cell population is ob-
tained. Other methods, such as the use
of radiolabeled biological material (4),
are faster but provide no information on
the actual proportion of cells that are
phagocytic.

We have developed a phagocytosis
assay in which cells are incubated with
uniform fluorescent latex particles and
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are analyzed by automated flow cyto-
metric (FCM) cell-analysis methods (5,
6). This technique permits rapid quanti-
tation of the percentage of phagocytic
cells within the total population and the
number of phagocytized spheres per cell.
We measured in vivo phagocytosis by
instilling 1 x 107 to 2 x 107 green fluores-
cent latex spheres (1.83 um in diameter)
(7) suspended in 0.5 ml of saline into the
lungs of anesthetized (15 mg of metho-
hexital sodium, intramuscular) Sprague-
Dawley rats. Two hours later the lungs
were lavaged four times with 5 ml of
saline containing 5 percent newborn bo-
vine serum. Cells were layered over 3 ml
of newborn bovine serum and centri-
fuged for 10 minutes at 360g. The cells
were pelleted while the nonphagocytized
spheres remained at the serum-saline in-
terface. Cells were then washed in saline
and fixed for 30 minutes in 70 percent
ethanol. Before automated analysis, the
cells were centrifuged to remove ethanol
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Table 1. Phagocytic properties of rat alveolar
macrophages exposed in vitro to sodium
azide.

and resuspended in saline. The percent-
age of cells phagocytizing one or more
spheres was determined microscopically.

To measure phagocytosis in vitro,

Percentage of phago-

cells were lavaged from the lungs, centri-  So- P:r:e:ft- cytic cells containing
fuged, and resuspended at a concentra-  dium pﬁago_ More
tion of 10° cells per milliliter in alpha az(;de cytic Oge to than
minimum essential medium supplement- (%) cells sph:;:es five
ed with 5 percent newborn bovine se- . spheres
rum. Then 5 x 107 fluorescent latex ¢ 91 2% 14
spheres in 50 pl of saline were added to 0.1 20 69 31
each milliliter of cell suspension. Cells 0.3 6 76 24
1.0 7 72 28

and microspheres in polystyrene, non-
wettable tubes (Falcon) were maintained
in suspension by means of a shaker plat-
form at 37°C. After 30 minutes, cells
were separated from nonphagocytized
spheres as described above.

Cells were analyzed for fluorescence
(phagocytized spheres) and light scatter
(cell size) as they flowed (1000 per sec-
ond) through a flow cell intersecting the
457.9-nm line from an argon ion laser
excitation source (5). Optical sensors
measured fluorescence and size on a
cell-by-cell basis. Signals were displayed
as frequency-distribution histograms on
an LSI-11 computer data analysis sys-
tem. Cells were also separated on the
basis of fluorescence (number of ingest-
ed spheres) and placed on slides for
microscopic examination.

The microscopic appearance of cells

from lavage samples and the fluores-
cence and light scatter distributions are
illustrated in Fig. 1, A through D. Figure
1B shows the size distribution of lavaged
free cells. Region 1 represents polymor-
phonuclear leukocytes (polys), lympho-
cytes, and large debris. Macrophages
that have or have not phagocytized parti-
cles are contained within region 2. Some
overlap of populations occurs. Since flu-
orescent spheres 1.83 um in diameter are
smaller than the cells, they do not appear
in the cell-size distribution and thus can
be totally discriminated against. There-
fore, by requiring fluorescence signals to
be in coincidence with light scatter sig-
nals from cells, only cells that have
phagocytized spheres are contained in

512 B
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lymphocytes and ,Macrophages
large debris
256
128
2
]
(&)
i 0] 1
o 0 64 128 192 256
384 D2 =
P E D
% =
© 256 128
©
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£ 128 64 +
=}
=
0 0 1 1
0 64 128 192 256 0 64 128 192 256

Channel number

Fig. 1 (left). (A) Photomicrograph (phase-contrast microscope) of pulmonary free cells and
spheres lavaged from Sprague-Dawley rat lungs instilled with spheres 1.83 wm in diameter. (B)
Cell-size distribution based on small-angle light scatter measurements of lavaged free cells. (C)
Fluorescence distribution of macrophage-phagocytized spheres obtained by displaying only
fluorescence signals associated with light scatter signals from cells. (D) Cell-size distribution-of
lavaged macrophages containing phagocytized spheres obtained by displaying only small-angle
light scatter signals associated with fluorescence signals. The instrumental reproducibility was
greater than 98 percent, as determined by repeated analysis of the same sample. Fig. 2
(rlght) Photomicrographs of rat pulmonary alveolar macrophages containing spheres 1.83 pm
in diameter separated from peaks 1 to 5 of the fluorescence distribution of phagocytized spheres

the fluorescence distribution. Figure 1C
shows the fluorescence distribution of
macrophages having phagocytized spheres.
Peaks 1 through 5 represent the number
of PAM’s having phagocytized one, two,
three, four, or five spheres, respectively,
as verified by the sorting of cells from
each peak (see Fig. 2). Macrophages
containing more than five spheres are
located in channels 180 to 255, with the
number in channel 255 represented by a
line that goes off scale.

Gated analysis methods were used to
demonstrate that region 2 of the cell-size
distribution (Fig. 1B) contains macro-
phages that have phagocytized spheres.
By displaying only cells associated with
fluorescence signals (Fig. 1C), we ob-
tained the size distribution of macro-
phages containing ingested spheres (Fig.
ID). This distribution illustrates that
macrophages are located primarily in re-

“gion 2. Data from the fluorescence and

size distributions can then be used to
determine the percentage of cells con-
taining one or more spheres and the
percentages of phagocytic cells having
ingested one to five spheres or more than
five spheres. By dividing the number of
PAM'’s having phagocytized one or more
spheres by the number of cells within
region 2, we calculated that 25 percent of
the cells were phagocytic. These data

(Fig. 1C). (A) Cells separated from peak 1; (B) cells separated from peak 2; (C) cells separated from peak 3; (D) cells separated from peak 4; and
(E) cells separated from peak 5. Cells sorted from peaks 1 through 5 are mononuclear, phagocytic, and have been identified on the basis of their

morphological features as macrophages.
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were further categorized into the per-
centages of phagocytic PAM’s contain-
ing one (27 percent), two (15 percent),
three (11 percent), four (8 percent), five
(7 percent), and more than five (32 per-
cent) spheres. The average percentage of
cells with one or more spheres measured
on 41 normal rats was 28.2 = 8.2 per-
cent.

Since this percentage was lower than
anticipated, we designed experiments to
determine if all macrophages in the al-
veolar region were being exposed to
spheres and if the spheres were in high
enough concentration. Rats were again
instilled in vivo with green fluorescent
spheres for 2 hours. Samples were
washed to remove nonphagocytized
spheres and then incubated in vitro for
30 minutes with red fluorescent spheres
1.65 pum in diameter (7). Microscopic
examination showed that 35 percent of
the PAM’s had both red and green
spheres, more than 60 percent contained
only red spheres, and less than 5 percent
had no spheres. Thus there were PAM’s
within the lungs that had not phagocyt-
ized green spheres but were capable of
phagocytizing red spheres in vitro.
These results suggested that the instilla-
tion of 1 x 107 to 2 x 107 spheres was
insufficient to distribute them to all mac-
rophages within the lungs. To alleviate
this problem, we killed the rats, surgical-
ly exposed the trachea, opened the tho-
racic cavity, and instilled 15 ml of green
fluorescent spheres (5 x 107 per millili-
ter) into the lungs hydrostatically (25 ¢cm
H,0) by way of the trachea. After 30
minutes the lungs were lavaged and the
percentage of phagocytic cells was quan-
titated microscopically and by FCM
analysis. The results showed that more
than 90 percent of the cells were phago-
cytic.

Finally, to determine if microspheres
were being phagocytized or instead were
being nonspecifically bound to the cell
surface, rat PAM’s were exposed in vitro
to 0, 0.1, 0.3, and 1.0 percent sodium
azide and green fluorescent spheres. Ex-
perimental FCM data showed (Table 1)
that 91 percent of PAM’s that were not
exposed to sodium azide had associated
spheres, whereas only 6 to 7 percent had
spheres associated with them when ex-
posed to 0.3 to 1.0 percent sodium azide.
The microscopically determined phago-
cytoses were within 5 percent of the
FCM results. Decreased phagocytosis,
induced by sodium azide, was also
shown in terms of a reduction in the
number of particles per cell. Thus, as
determined by FCM, the percentage of
PAM’s containing one to five spheres
increased, whereas the percentage con-

taining more than five spheres de-
creased. These data show that, as the
inhibitor concentration increased, the
percentage of phagocytic PAM’s de-
creased and those PAM’s that were
phagocytic had fewer spheres.
Although Sprague-Dawley rats were
used in these studies, results may differ
among rat strains and animal species.
Since the microspheres contain surface
carboxyl groups, they can be coated with
opsonins, antibodies, or other chemicals
for studying specific receptor-mediated
phagocytosis (8). This technology has
broad application for the rapid and accu-
rate determination of phagocytosis by
many cell systems, including the study of
the effects of environmental toxicants.
JOHN A. STEINKAMP
JULIE S. WILsON
GEORGE C. SAUNDERS
CArRLETON C. STEWART
Los Alamos National Laboratory,
Los Alamos, New Mexico 87545
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Serum from Monkeys with Histories of Fetal Wastage Causes

Abnormalities in Cultured Rat Embryos

Abstract. Rat embryos in the mid-head-fold stage were cultured on female monkey
serum for 48 hours. On the basis of embryo response, the investigators, with no
knowledge of the donors’ reproductive histories, correctly identified the serum from
two high-risk breeders among 18 rhesus monkeys and the serum from 12 of 14 high-
risk breeders among 26 pig-tailed monkeys as teratogenic. Of the embryo response
parameters examined, abnormality type and frequency were more closely correlated
with donor reproductive histories than embryo protein content or somite number.

The feasibility of evaluating the terato-
genicity of serum by using cultured
whole rat embryos was first demonstrat-
ed with serum samples taken from rats
injected with cadmium chloride or cyclo-
phosphamide (7). Depending on dosage
and the amount of time between terato-
gen administration and blood collection,
the serum had reproducible effects on
embryo survival, abnormality type and
frequency, and protein and DNA con-
tent. The possibility of extending this
approach to studies of humans was sup-
ported by the observation that rat em-
bryos can grow and develop for 48 hours
on human serum when glucose is added
(2). Furthermore, serum samples from
patients undergoing cancer chemothera-
py or taking anticonvulsant medication
were found to be teratogenic (2). Still,
the relevance of these observations to
the outcome of actual pregnancies could
only be inferred. We now report a rela-
tion between the reproductive histories
of female monkeys and the teratogenicity
of their serum.

Our original objective in using mon-
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keys as serum donors was to introduce
primate metabolism as part of a general
teratogen-screening procedure involving
rat embryo cultures. Serum from 18 fe-
male rhesus monkeys (Macaca mulatta)
from the California Primate Research
Center (University of California, Davis)
was tested. The samples were prepared
in accordance with the procedures used
for human serum (2), including centrifu-
gation immediately after withdrawal,
heat inactivation, sterile filtration, and
the addition of antibiotics, water (10 per-
cent by volume), and glucose to a final
concentration of 3 mg/ml. Seventy-five
rat embryos at mid-head-fold stage (1)
were cultured in this serum for 48 hours.
Serum samples from 16 of the monkeys
supported excellent embryo growth and
development. Only one of the'75 em-
bryos was considered abnormal, and the
mean protein content per embryo was
124 = 3 ug. Rat embryos were also cul-
tured on serum taken from four of these
monkeys at the start of menstruation or
on days 8 or 20. All the embryos were
morphologically normal and accumulat-
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