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 um 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

References and Notes

1. W. G. Hocking and D. W. Golde, N. Engl. J.
Med. 301, 580 (1979); ibid., p. 639; G. M. Green
G. J. Jakab, R. B. Low, G. S. Davis, Am. Rev,
Respir. Dis. 118, 479 (1977).

2. E. Goldstein, W. Lippert, D. Warshauer, J.
Clin. Invest. 54, 519 (1974); J. A. Graham, D. E.
Gardner, M. Waters, D. L. Coffin, Infect. Im-
mun. 11, 1278 (1975); K. M. Reiser and J. A.
Last, Toxicology 13, 51 (1979).

3. M. Rabinovitch, Semin. Hematol. 5, 134 (1968);
G. L. Fisher, K. L. McNeill, C. B. Whaley, J.
Fongg, J. Reticuloendothel. Soc. 24, 243 (1978);
R. 1. Kavetand J. D. Brain, J. Appl. Physiol. 42,
432 (1977).

4. D. G. Hof, J. E. Repine, P. K. Peterson,
J. R. Hoidal, Am. Rev. Respir. Dis. 121, 65
(1980).

5. J. A. Steinkamp, in Methods of Cell Separation,
N. Catsimpoolas, Ed. (Plenum, New York,
1977), vol. 1, p. 251.

6. M. R. Melamed, P. F. Mullaney, M. L. Mendel-
sohn, Flow Cytometry and Sorting (Wiley, New
York, 1979).

7. Fluoresbrite, fluorescent monodisperse carbox-
ylated microspheres (Polysciences Corporation,
Warrington, Pa,).

8. S. C. Silverstein and J. D. Loike, in Mononucle-
ar Phagocytes, R. van Furth, Ed. (Martinus
Nijé]osff, The Hague, Netherlands, 1980), part 2,
p. 895.

9. This work was supported by the Department of
Energy, the Environmental Protection Agency,
211r51d National Institutes of Health 'grant Al

563.

8 September 1981

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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ed comparable amounts of protein. Em-
bryos grown on serum from two of the
monkeys were abnormal and had a re-
duced protein content (93 = 3 ng). It
was then learned that these two mon-
keys, unlike the other 16, had failed to
become pregnant in 2 years of regular
breeding. Approximately 1 year later
new serum samples from these two mon-
keys again failed to support normal de-
velopment of rat embryos. More impor-
tant, the embryos showed the same
types of abnormalities as had appeared 1
year earlier. Embryos cultured on serum
from one monkey had abnormalities like
those in Fig. 1D; embryos grown in
serum from the other monkey had abnor-
malities like those in Fig. 1E.

A group of monkeys (Macaca nemes-
trina) maintained at the Regional Primate
Research Center (University of Wash-
ington, Seattle) for studies related to
their poor reproductive performance (3)
provided the opportunity to search for a
possible relation between reproductive
history and serum teratogenicity. On the
basis of the results of at least three
pregnancies per animal, these females
have been divided into low- and high-risk
breeders. To date, 45 low-risk and 42
high-risk breeders have been identified
in the colony, with the low-risk group
producing 90 percent live-born offspring
compared to only 45 percent for the high-
risk group.

Serum samples from 12 low-risk and
14 high-risk females were tested. Six of
the low-risk and 11 of the high-risk ani-
mals were bled several times to deter-
mine the reproducibility of the results.
All samples were coded and the repro-
ductive histories of the donors were not
disclosed until the embryo culture test
was completed and evaluations of the
embryo responses were made. On the
basis of these evaluations, the respective
serum samples were classified as terato-
genic or nonteratogenic (Table 1). The

Fig. 1. Rat embryos after 48 hours of culture
on serum from female monkeys with or with-
out a history of fetal wastage. The photo-
graphs on the left (X24) are of live embryos
immediately after removal of the extraem-
bryonic membranes. The photographs on the
right (X100) are of sections of embryos that
were placed in Carnoy’s fixative with mem-
branes intact. Paraffin sections (7 wm) were
cut and stained with Ehrlich’s hematoxylin
and periodic acid-Schiff reagent. (A) Normal
embryos. (B) Morphologically disproportion-
ate embryos with retarded eye development.
(C) Embryos with collapsed neural tubes,
abnormal folding of the neural epithelium, and
retarded eye development. (D) Embryos with
microcephaly, exencephaly, and anophthal-
mia. (E) Embryos with exencephaly, dorsi-
flexion of the trunk (with neural tube fusion),
and anophthalmia.
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serum classifications coincided with the
reproductive histories of the donors for 8
of the 12 low-risk breeders and 12 of the
14 high-risk breeders (P = .009, one-
tailed Fisher’s exact test). The accuracy
of the classifications of the initial sam-

'ples (77 percent) was unchanged when

the results for repeated samples were
included (13 of 17 animals yielded two or
more samples with the same classifica-
tion).

Five morphological types, one normal
(Fig. 1A) and four abnormal (Fig. 1, B to
E), were recognized among embryos cul-
tured for 48 hours on serum from low- or
high-risk breeders. Abnormalities ap-
peared in 72 percent of embryos cultured
on serum from high-risk breeders and in
29 percent of embryos grown on serum
from low-risk breeders. In the latter em-
bryos the most frequent abnormalities
were a collapsed neural tube, anomalous
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folding of the neural epithelium, and
retarded eye development. Microcepha-
ly, exencephaly, and anophthalmia were
the most frequent abnormalities associ-
ated with serum from the high-risk
breeders. Although serum from some
monkeys appeared to induce a particular
morphological type, there was no rela-
tion between type of abnormality and
type of reproductive dysfunction in the
donor. (In Table 1, high-risk breeders
M68018 through 74273 have histories of
spontaneous abortion while the remain-
der show a mixture of fetal wastage
problems.) Nevertheless, the most se-
vere abnormalities (Fig. 1, D and E)
were induced by serum from 12 of the 14
high-risk animals; these abnormalities
were induced by serum from only three
of the 12 low-risk breeders (P = .005).
Embryo protein contents varied with

morphological type, and the size differ-
ence between embryos cultured on se-
rum from low-risk animals and embryos
cultured on serum from high-risk animals
was not significant. Similarly, somite
numbers did not differ significantly, indi-
cating that the differentiation of new
somites may occur independent of em-
bryo growth and other aspects of mor-
phological development (4). All embryos
used in this study had beating hearts at
the end of the 48-hour culture period and
were therefore considered alive.
Morphological development of the em-
bryos was found to be more closely
correlated with the reproductive history
of the serum donor (r = .64, P < .01)
than embryo protein content (r = .28,
P > .05) or somite number (r = .30,
P > ,05). The importance of morpholog-
ical development is also apparent from

the results of the initial serum classifica-
tions. Two of the four serum samples
incorrectly judged teratogenic (M71191
and 73446 in Table 1) were incorrectly
evaluated because emphasis was placed
on the small size of the embryos rather
than the frequency of normal embryos
(two-thirds of the embryos were mor-
phologically normal). Plausible explana-
tions for the other two of these errors
include the presence of a temporary te-
ratogen, such as an infectious agent, or
particular sensitivity of these two mon-
keys to stress while being bled. Exces-
sive handling of low-risk female mon-
keys greatly decreases the survival
chances of their offspring (5), and lower
rates of stillbirths have been reported for
free-ranging monkeys (2.7 percent) than
for cage-bred monkeys (15 percent) or
pregnant animals captured in their native

Table 1. Growth and development of rat embryos cultured for 48 hours on serum samples from Macaca nemestrina females with histories of
infrequent or frequent fetal wastage. Rat embryos (CD strain) were isolated after 9.5 days (the morning on which sperm was found in the vaginal
smear was considered 0.5 day) and cultured with the yolk sac and ectoplacental cone intact but with Reichert’s membrane removed (2, 8). Three
embryos were cultured in 2 m] of medium and rotated at 30 rev/min in a room maintained at 37.5°C. At the start and after 4 hours the atmosphere
was 5 percent O,, 5 percent CO,, and 90 percent Nj; after 20 hours, 15 percent O,, 5 percent CO,, and 80 percent N,; after 27 hours, 30 percent
0,, 5 percent CO,, and 65 percent N»; and after 44 hours, 40 percent O,, 5 percent CO,, and 55 percent N,. For protein determinations, individual
embryos without extraembryonic membranes were dissolved in 1 ml of 1N NaOH and duplicate 0.2-ml portions were assayed by the method of
Lowry et al. (9). Abbreviations: AB, abortion before day 130 of the 170-day gestation period; SB, stillbirth of fetuses at least 131 gestational days
old; ND, neonatal death of live-borns from natural causes within 30 days of birth; NS, neonatal survivors (beyond 30 days); N, nonteratogenic; T,

teratogenic. Numbers in parentheses indicate number of determinations used in statistical calculations.

Number of each type of hi‘ma.l Morphological types Pr gteln Somites
Serum pregnancy outcome evaluation induced by serumi# (micro- (pairs
danor* e of :ach gra;ls per
: serum -
AB SB ND NS samplet A B C D E embryo) embryo)
Low-risk
M66291 0 0 0 4 N,N,N,N§ 11 1 120.9 (12) 21.0 (10)
M71128 0 0 0 4 N.N 5 122.6 (5) 20.0 (5)
T71182 0 0 0 5 N 2 1 101.8 (2) 19.5 (2)
M71191 0 0 0 3 T 2 1 88.8 (2) 23.0 (1)
M72184 0 0 0 4 N,N 6 119.5 (5) 19.0 (5)
69491 1 0 0 4 T,T 2 3 1 86.4 (5) 15.6 (5)
72398 0 1 0 3 N 2 1 100.3 (3) 19.0 (1)
73446 1 0 0 3 T 2 1 69.6 (3) 21.0 (2)
- 73485 0 0 0 3 N§ 5 107.3 (5) 20.0 (3)
74264 0 0 0 3 N 3 98.7 (3) 21.7 (3)
74278 0 0 0 3 N,T,N 5 3 97.3 (7) 18.3 (8)
74281 0 0 0 4 T,T 2 4 80.7 (5) 14.4 (5)
Total 2 1 0 43 N, 14, T, 7 45 4 7 5 2 99.5 + 4.87(12) 19.4 = 0.79 (12)
High-risk
M68018 2 1 0 1 N§ 5 137.8 (5) 23.7 (3)
M72193 3 0 0 2 TN 2 1 1 2 57.0 (5) 19.7 3)
72045 4 0 0 1 T 3 118.0 (3) 20.0 (3)
72344 3 0 1 1 N,N,T 6 3 135.1 (8) 20.9 (8)
72413 2 1 0 1 T,T 1 3 2 70.7 (6) 17.5 (4)
73209 3 0 1 1 T,T 2 1 3 44.6 (5) 12.3 (3)
73481 3 1 0 2 T,T,T 2 6 1 87.1 (8) 18.3 (6)
73578 2 0 1 1 T,T 6 83.9 (4) 14.0 (5)
74273 3 1 0 0 T,T 1 5 71.6 (4) 15.5(4)
M72058 1 2 1 0 T 3 91.5 (3) 17.7 3)
M72094 1 0 2 0 T,T 3 3 73.0 (5) 19.0 (3)
71333 1 1 1 2 T,T 6 46.6 (4) Il
71418 1 2 1 0 T,T,T 4 1 4 77.8 (8) 17.0 (8)
73184 1 1 2 1 T,N,T 4 5 96.4 (8) 17.8 (6)
Total 30 10 10 13 N, 5 T, 24 25 7 3 37 17 85.1 = 7.89 (14) 17.9 = 0.89 (13)

*Donors with alphanumeric designations were colony-born; the others were wild-born. The first two digits represent the year in which the animal entered the colony

and the last three represent their order of entry in that year. ere b
1Types A to E correspond to the types shown in Fig. 1, A to E.
dp IEmbryos were too small for somites to be counted.

drawn at least 1 month apart.

for both trials. fMean = standard error.

68

tEvaluations were based on embryo morphology and size. Commas separate evaluations of samples
§ A single sample was tested twice; the evaluation was the same
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environment and brought to the United
States (50 percent) (6). The two cases in
which serum samples were incorrectly
judged nonteratogenic may be explained
by a disorder, such as an anatomical
defect in a reproductive organ (7), that
would not be expected to find expression
in maternal serum.

Thus, rat embryos can be cultured
successfully on monkey serum, and
changes in the serum which might be
expected to occur in relation to the men-
strual cycle do not appear to adversely
affect the serum’s ability to support em-
bryo growth and development. Further-
more, through evaluations of serum tera-
togenicity it was possible to correctly
identify two high-risk breeders in a group
of 18 rhesus monkeys, and 12 of 14 high-
risk breeders in a group of 26 pig-tailed
monkeys. To our knowledge this is the
first observation of a relation between
the biological effects of serum and the
reproductive histories of the serum do-
nors. These results would be expected if
such factors as endocrine dysfunction,
immunological incompatibility, nutri-
tional deficiencies, and chronic infec-
tious agents—implicated in human fetal
wastage (7)—cause comparable prob-
lems in monkeys. Nevertheless, rat em-
bryo cultures may be particularly suited
for the detection of either serum factors
that inhibit embryonic development or
deficiencies of essential nutrients be-
cause they can grow and develop on high
concentrations of serum (90 percent by
volume or higher) and because they can
be cultured during the period of rapid
organogenesis, when development is
particularly sensitive to interference.
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Reversal of Induced Ischemic Neurologic Deficit in
Gerbils by the Opiate Antagonist Naloxone

Abstract. Microsurgical unilateral occlusion of the right common carotid artery in
140 adult male gerbils produced homolateral cerebral ischemia and a neurologic
deficit (stroke) in 42 percent (group A); the other 58 percent did not develop signs of
stroke (group B). Intraperitoneal injection of the opiate antagonist naloxone (I
milligram per kilogram of body weight) reversed the signs of stroke within 3 to §
minutes in ten out of ten group A gerbils; the effect lasted up to 30 minutes, after
which stroke returned. Repeated injections of naloxone reversed stroke, but all ten
gerbils died within 48 hours of ligation. However, nine other group A gerbils
implanted with 10-milligram naloxone pellets had continuous reversal of signs of
stroke, and four survived for more than 2 weeks. Twenty-one out of 24 group B
gerbils injected intraperitoneally with morphine sulfate (5 to 30 milligrams per
kilogram) 9 hours after ligation developed stroke within 3 to 20 minutes; morphine-
induced stroke lasted 4 to 24 hours and could be reversed by intraperitoneal injection
of naloxone. Ten out of 11 other group B gerbils injected intraperitoneally with the
stereoisomeric opiate agonist levorphanol 9 hours after ligation developed signs of
mild stroke that were reversed by intraperitoneal injection of naloxone. Ten other
group B gerbils injected intraperitoneally with dextrorphan, the inactive enantiomer
of levorphanol, 9 hours after ligation did not develop signs of stroke. Intraperitoneal
injection of an enkephalin analog (Sandoz FK33824; 15 milligrams per kilogram) 9
hours after ligation did not produce stroke in ten other group B gerbils. These
findings suggest the involvement of endorphins and opiate receptors in the patho-
physiology of stroke and suggest the possible clinical use of opiate antagonists in

humans in the acute phase of stroke.

Recently, Brandt et al. (I) reported a
hyperendorphin syndrome in a child with
necrotizing encephalomyelopathy. After
a protracted clinical course, the child
lapsed into coma; intravenous adminis-
tration of less than 1 mg of naloxone
reversed his coma in four out of seven
trials. High concentrations of endorphins
were found in cerebrospinal fluid sam-
ples collected during the course of thera-
py and in the postmortem brain. As part
of an ongoing experimental protocol de-
signed to study the effects of neuropep-
tides on the function of the central ner-
vous system, we recently found that
hemiplegia secondary to cerebral ische-
mia in two patients could be reversed
totally for up to 20 minutes by intrave-
nous injection of 0.4 mg of naloxone
(1a). Injection of placebo saline had no
effect. Significantly, reversal of hemiple-
gia was not accompanied by any change
in vital signs. Hemiplegia in both pa-
tients could be reversed repeatedly by
intravenous injection of naloxone; in one
patient, reversal of hemiplegia was ob-
tained by naloxone injection over the

course of several months. Moreover, in
one of these patients, after the hemiple-
gia had resolved spontaneously, intrave-
nous injection of morphine sulfate pro-
duced hemiplegia that was immediately
reversed by intravenous injection of nal-
oxone (0.4 mg). The hemiplegic condi-
tion of a third patient who had radio-
graphically documented areas of cere-
bral infarction could not be reversed by
intravenous injection of naloxone.

Because of this remarkable reversal of
hemiplegia by naloxone, we studied the
effects of naloxone on surgically induced
ischemic neurologic deficit in gerbils that
developed hemiparesis after occlusion of
the right common carotid artery. We
compared the opiate receptor binding
capacity between the ischemic hemi-
spheres and the contralateral hemisphere
in these animals. We also studied the
induction of stroke caused by the injec-
tion of morphine sulfate and the effects
of stereoisomeric opiate agonists in ger-
bils that had not developed hemiplegia
after occlusion of the common carotid
artery.
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