flasks are used, but more frequent medi-
um renewals are required and infection is
less stable without periodic subcultures.
A similar infection can be established in
this macrophage culture by use of
amastigotes derived from infected ani-
mals.

Amastigotes were separated from the
host cells and their cellular components
in the material collected from the roller
bottles. The recovery rate was more than
80 percent (Table 1), and isolated para-
sites were devoid of any visible host cell

debris (Fig. 1B). Amastigotes were first

released from heavily infected cells that
were suspended in PBS plus 2 mM
EDTA by needle passage as described
above or by three cycles of vigorous
mixing in a vortex mixer followed by
centrifugation at 3500g for 5 minutes.
The material was then suspended in 45
percent Percoll (Pharmacia) in PBS, lay-
ered over a cushion of 1 ml of 100 per-
cent Percoll, and centrifuged at 3500g for
30 minutes. After centrifugation, amasti-
gotes formed a sharp band at the inter-
face between the 45 and 100 percent Per-
coll solutions while cells and their debris
floated at the top near the meniscus. This
method can also be used for isolating
amastigotes from cutaneous lesions of
mice infected with L. mexicana amazo-
nensis. The amastigotes isolated from
the in vitro culture system proved to be
as infectious to laboratory animals as le-
sion-derived amastigotes. Parasites from
both sources were injected at 107 per ani-
mal into the nose tips of Syrian golden
hamsters (in groups of four for each
parasite source). Two months later, the
lesion sizes were 1.64 = 0.3 and
1.61 = 0.4 cm in diameter for culture-
and lesion-derived amastigotes, respec-
tively.

The 'in vitro system for the L. mexi-
cana amazonensis-mouse macrophage
line compares favorably with the in vivo
animal model for this parasite in routine
maintenance and production of amasti-
gotes. The roller bottle cultures, with
little attention, provide an essentially
perpetual host-parasite system from
which infective amastigotes can be iso-
lated every week in quantities adequate
for investigations. Flexibility is perhaps
the greatest advantage of such an in vitro
system, which can provide parasites on
short notice and infected cells at any
time for various types of assays. These
cultured materials have been used to test
for potential antileishmanial drugs and to
study host-parasite interactions.

K.-P. CHANG
Laboratory of Parasitology,
Rockefeller University, New York 10021
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Arachidonic Acid and Prostaglandin G,

Abstract. Application of arachidonic acid or prostaglandin G, to the brain surface
of anesthetized cats induced cerebral arteriolar damage. Scavengers of free oxygen

radicals inhibited this damage. Prostaglandin H,, prostaglandin E,,

and 11,14,17-

eicosatrienoic acid did not produce arteriolar damage. It appears that increased
prostaglandin synthesis produces cerebral vascular damage by generating free oxy-

gen radicals.

Severe arterial hypertension causes
arteriolar necrosis by mechanisms that
are not well understood (/). In cats,
acute hypertension, induced by experi-
mental brain injury or by intravenous ad-
ministration of vasoconstrictor agents
causes discrete destructive lesions in the
endothelial lining of brain pial arterioles
(24). After the hypertensive episode,
these arterioles display sustained vasodi-
lation and reduced responsiveness to
change in the partial pressure of CO, in
arterial blood (P,CO;) and to changes in
arterial blood pressure. All of these ab-
normalities are minimized or completely
inhibited by treatment with cycloox-
ygenase inhibitors or by topical appli-
cation of free radical scavengers to the
brain surface (3, 4). These findings sug-
gest that the cerebral arteriolar abnor-
malities in acute hypertension are caused
by free oxygen radicals generated as a
result of increased prostaglandin syn-
thesis. It is known that intermediate
steps in the biosynthesis of prostaglan-
dins from their precursor, arachidonic
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acid, produce free oxygen radicals (5-9).
These highly reactive forms of oxygen
are injurious to tissues and may cause
lysis of red cells (/0), destruction of
endothelial cells (//), and peroxidation
of lysosomal (/2) and mitochondrial
membranes (/3).

If this hypothesis for the pathogenesis
of the cerebral arteriolar damage in acute
hypertension is correct, the cerebral ar-
teriolar abnormalities seen in hyper-
tension would be produced by appli-
cation of exogenous prostaglandins, and
this effect of the prostaglandins would
be inhibited by administration of free
radical scavengers. We tested this hy-
pothesis in cats anesthetized with pento-
barbital (30 mg/kg, given intravenously)
and ventilated artificially with a positive-
pressure respirator, after skeletal mus-
cles were paralyzed with decametho-
nium bromide (0.5 mgkg, intrave-
nously). Arterial blood pressure and CO,
concentration in expired air were mon-
itored continuously. The pial micro-
circulation of the parietal cortex was
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viewed through a cranial window (/4).

After control measurements were
made of resting arteriolar caliber and re-
sponsiveness to arterial hypocapnia in-
duced by hyperventilation, the space
under the cranial window was filled with
artificial cerebrospinal fluid (CSF) con-
taining one of the agents listed below.
Each solution was prepared fresh imme-
diately prior to the experiment from
stock solutions of these agents and was
allowed to remain in contact with the
brain for 15 minutes. Then, the space un-
der the window was flushed with fresh
CSF. Observations were repeated 1 hour
later to verify the degree of residual arte-
riolar dilation. Subsequently, the ani-
mal’s head was perfused at the animal’s
own blood pressure, first with 0.9 per-
cent NaCl solution, and then with a fixa-
tive solution consisting of 2.5 percent
glutaraldehyde and 2 percent para-
formaldehyde in 0.1M phosphate buffer
(15). The pial vessels, which were stud-
ied in vivo, were examined by scanning
and transmission electron microscopy
with a technique that permits precise
correlations of morphology and function
(15). The density of any endothelial le-
sions seen by scanning electron micros-
copy was quantified by counting the
number of lesions in five random micro-
scopic fields, each measuring 2100 wm?2.
The examination of pial vessels and
counting of the lesions was done by a
morphologist who was not aware of the
nature of the agents used in each animal.

We used 40 cats, randomly assigned to
eight groups. Animals of each of these
groups received one of the following
agents under the cranial window.

1) Arachidonic acid (200 ug/ml).

2) Arachidonic acid (200 ng/ml) admin-
istered 30 minutes after treatment of the
animal with the cyclooxygenase inhibitor
indomethacin (3 mg/kg, intravenously);
this dose of indomethacin causes signifi-
cant inhibition of the pial arteriolar dila-
tion produced by topical application of
arachidonic acid on the brain surface
(16).

3) Prostaglandin E, (PGE,), 10 ug/ml.

4) Prostaglandin G, (PGG,), 10 ug/ml.

5) Prostaglandin H, (PGHj,), 10 ug/ml.
Note that because their molecular
weights are similar, PGE,, PGH,, and
PGG: at 10 pug/ml provide similar molar
concentrations.

6) 11,14,17-Eicosatrienoic acid (200
wg/ml). This unsaturated fatty acid is not
a substrate for cyclooxygenase and
therefore does not stimulate prostaglan-
din synthesis (/7). It was used to deter-
mine whether or not 200 ug/ml of a fatty
acid produces nonspecific effects.
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7) Arachidonic acid (200 ng/ml) plus 20
mM mannitol, a scavenger of the hy-
droxyl free radical (I8, 19); application
of 20 mM mannitol by itself produced 6
percent arteriolar dilation and did not af-
fect the vasoconstrictor response to arte-
rial hypocapnia.

8) Prostaglandin G, (10 ng/ml) plus su-
peroxide dismutase (Biotics Research,
Houston, Texas) (10 xg/ml); this enzyme

catalytically scavenges the superoxide
anion radical (20). Application of super-
oxide dismutase (10 ug/ml) by itself pro-
duced no significant change in either
resting arteriolar diameter or in the re-
sponse to arterial hypocapnia.

The prostaglandin cyclic endoperox-
ides PGG, and PGH, were biosynthe-
sized from radiolabeled arachidonic acid
by using the cyclooxygenase from sheep

Table 1. Cerebral arteriolar abnormalities induced by topical application of prostaglandins and
fatty acids. Values are means * standard error. Control diameters and P,CO, during normo-
capnia and hypocapnia were comparable in all groups. Decreases in P,CO, during hypocapnia
averaged 14 to 17 mm-Hg. Arteriolar dilation reported here represents the residual dilation seen
1 hour after agents were washed away from brain surface.

Decrease in

. arteriolar
Num- Number ;:::_g;:lr diameter with
ber  ofendo- "4 iion arterial
Treatment of thelial le- ( t hypocapnia
ves-  sions per pe:';en (percent of
sels ~ 2100pum®* ool control)
Before After
Arachidonic acid 28 189 £22 35+6.3 14+08 9= 19t
Arachidonic acid after indo- 31 3.6 = 1.6* S5+£70¢« 1509 13 +1.1
methacin
11,14,17-Eicosatrienoic acid 22 4 = 1.9* 4+25 1709 16=1.0
PGG, 20 133 £18 30=+6.3 12+0.8 8= 1.3%
PGH, 31 0 =+ 0* 3+23* 14+08 13+1.2
PGE, 29 0 =+ 0% 1+4.0 15+09 14+ 1.1
PGG:; plus superoxide dismutase 28 88+ 1.0 17x26* 13+x08 12+0.8
Arachidonic acid plus mannitol 24 3506 1445 1509 15=%1.2

*Significantly (P < .05) different from either arachidonic acid or PGG, means [Tukey’s t (27) after analysis of
variance}. tSignificantly (P < .05) different from corresponding value before treatment (z-test).

Fig. 1. Representative scanning electron micrographs of the luminal surface of pial arterioles
from animals treated with (A) topical PGG,, (B) arachidonic acid, (C) arachidonic acid after
intravenous administration of indomethacin, and (D) PGE,. Note the presence of endothelial
lesions in the vessels treated with PGG, and arachidonic acid and the absence of endothelial
lesions in the vessels treated with arachidonic acid after indomethacin or PGE,. Magnification,
x5000.
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seminal vesicle microsomes. After bio-
synthesis and isolation, PGG, and PGH,
were dissolved in acetone and stored at
—40°C until experimental use. The en-
doperoxides were quantified from the
specific activity of the radioactive ara-
chidonic acid substrate. Confirmation of
the purity of the endoperoxides was
obtained by the method of Hamber et al.
21), whereby endoperoxides were re-
duced to PGE,, by triphenylphosphine.
Analysis of the reduced endoperoxides
by high-pressure liquid chromatography
yielded only PGF,,, evidence that the
endoperoxides were pure. Additional
confirmation of the authenticity of the
endoperoxides was obtained by showing
that they induced platelet aggregation in
vitro. A stock solution of PGE, was pre-
pared by dissolving PGE, in 100 percent
ethanol. Stock solutions (10 mg/ml) of
sodium arachidonate and of 11, 14 17-
eicosatrienoic acid were prepared by dis-
solving three parts of the fatty acid
(Nuchek Preparations, Elysia, Minne-
sota) and one part of sodium carbonate
(by weight) in distilled water. A stock so-
lution (10 mg/ml) of the sodium salt of in-
domethacin (Sigma, St. Louis, Missouri)
was prepared by dissolving three parts of
indomethacin and one part of sodium
carbonate (by weight) in distilled water.
From these stock solutions, appropriate
solutions were prepared in artificial CSF
having the same composition of CSF as
for cats. The CSF was equilibrated with
6 percent oxygen, 6.5 percent carbon
dioxide, and 87.5 percent nitrogen, to
give the same pH and gas tensions as
natural feline CSF (/4). When necessary,
the pH of the final drug-containing solu-
tions was adjusted to 7.35. The ethanol
or acetone vehicles, in the same concen-
tration as in the various solutions, had no
effect on pial arteriolar caliber (22).
Arachidonic acid and PGG, produced
sustained vasodilation, reduced respon-
siveness to arterial hypocapnia, and a
large number of endothelial lesions
(Table 1 and Fig. 1). These lesions were
similar to those that followed acute hy-
pertension resulting from experimental
brain injury or administration of vaso-
constrictor agents (2—4). There were two
types of lesions. When seen with scan-
ning electron microscopy, one consisted
of a domelike protrusion into the lumen
of the vessels, and the other had the ap-
pearance of a crater. With transmission
electron microscopy, the domelike le-
sions appeared as large vacuoles, where-
as the craters appeared as localized de-
fects at which the superficial layer of the
cell membrane had been ruptured or
completely eliminated. The administra-
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tion of arachidonic acid after treatment
with indomethacin, and the administra-
tion of 11,14,17-eicosatrienoic acid,
PGE,, or PGH, produced significantly
less, or no, sustained vasodilation, sig-
nificantly fewer lesions, and no change in
the responsiveness to arterial hypo-
capnia. Similarly, the administration of
superoxide dismutase with PGG, or of
mannitol with arachidonic acid resulted
in fewer endothelial lesions, less vasodi-
lation, and no change in the responsive-
ness to hypocapnia compared to that
seen in the absence of the free radical
scavengers. There was no significant
change in mean arterial blood pressure
or in P,CO; as a result of the application
of any of the agents used.

Reference to the normal biosynthetic
pathway for prostaglandins in vascular
tissue (23), which proceeds from arachi-
donic acid to PGG, to PGH, and then to
PGI; or to stable prostaglandins such as
PGE,, shows that the key compound for
the induction of vascular damage is
PGG:s. This is evidenced by the produc-
tion of vascular damage by PGG; itself,
but not by PGH, or PGE,. Similarly,
arachidonic acid, which leads to in-
creased synthesis of PGG,, produced
damage. Inhibition of this increased syn-
thesis by indomethacin inhibited the vas-
cular damage. 11,14,17-Eicosatrienoic
acid, which does not stimulate prosta-
glandin synthesis, did not cause vascular
damage.

The demonstration that PGG, is the
important agent implicated in the pro-
duction of vascular damage points to the
probable mechanism by which this is
brought about. It is known that the con-
version of PGG, to PGH, releases free
oxygen radicals (5). The exact nature of
these radicals is not known. It is likely
that several types of pxygen radicals are
involved, including the superoxide anion
radical, hydrogen peroxide, singlet oxy-
gen, and the hydroxyl radical (5-9). The
sequential formation of new radicals can
be accomplished by reactions initiated
by radicals formed earlier (24). The fact
that mannitol inhibited the vascular dam-
age produced by arachidonic acid and
that superoxide dismutase inhibited the
vascular damage produced by PGG, sug-
gests the involvement of the hydroxyl
free radical and of the superoxide anion
radical. In both instances inhibition of
vascular damage was incomplete, possi-
bly because the concentration of the rad-
ical scavengers was suboptimal or be-
cause their access to the vascular wall
was limited.

The demonstration that increased
prostaglandin synthesis induced by ex-

ogenous arachidonic acid is capable of
producing vascular damage in cerebral
arterioles and that this damage seems to
be the result of free oxygen radicals gen-
erated by the conversion of PGG, to
PGH, is consistent with the hypothesis
that a burst of prostaglandin synthesis
initiated by acute hypertensjon leads to
generation of free oxygen radicals which
are immediately responsible for cerebral
vascular damage. Whether this mecha-
nism has relevance to vascular damage
caused by sustained humﬁm hypertension
is not known. Pronounced transient ele-
vations in arterial blood pressure occur
frequently in both normal individuals
and in patients with hypertensnon 25).
The cerebral vessels of spontaneously
hypertensive rats have endothelial le-
sions similar to those which we have ob-
served after acute hypertension (26).
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2-Aminoethylphosphonic Acid Metabolism During Embryonic

Development of the Planorbid Snail Helisoma

Abstract. In freshly laid egg masses of Helisoma sp., more than 95 percent of the
phosphorus is found in alkylphosphonic acids, as determined by phosphorus-31 nu-
tlear magnetic resonance spectroscopy. These compounds are metabolized during
embryonic development, as shown by differential acid hydrolysis and experiments
with phosphorus-33-labeled phosphoric acid. Further, nuclear magnetic resonance
spectroscopy indicates phosphonic acid involvement in related snail families, includ-
ing the schistosomal vector Biomphalaria glabrata.

Alkylphosphonates are compounds
containing a direct carbon-to-phos-
phorus bond. Compounds of this class
were first observed in nature in 1959,
when Horiguchi and Kandatsu (/) isolat-
ed 2-aminoethylphosphonic acid [(AEP),
structure I] from hydrolyzates of sheep
rumen protozoa. Since then, AEP and
related alkylphosphonates have been de-
tected in many invertebrate and some
vertebrate species as components of lip-
ids (2) and as components of high-molec-
ular-weight proteoglycans (3). Although
the unique properties of these molecules
have led to hypotheses about their func-
tions, much still needs to be learned
about their biology (4). One useful char-
acteristic of these compounds is their
resistance to hydrolytic conditions that
break most ester phosphorus bonds. Al-
kylphosphonic acids can thus be deter-
mined in biological samples as ‘‘non-
hydrolyzable’” phosphorus. Another
technique that has proved useful is the
direct determination of these compounds
by phosphorus-31 nuclear magnetic reso-
nance spectroscopy (*'P NMR); this is
due to the large differences in chemical
shift between ester phosphorus and
phosphonate phosphorus.

0
l

NH,-CH,CH,-P-OH

l
OH

2-Aminoethylphosphonic acid,
structure I

This réBo’rt presents evidence for a
novel role for AEP as a phosphorus
source in the embryonic development of

SCIENCE, VOL. 209, 12 SEPTEMBER 1980

the freshwater pulmonate snail Helisoma
sp., of the family Planorbidae.

Spectrum A of Fig. 1 shows the 3'P
NMR spectrum of freshly laid intact egg
masses of Helisoma sp. Of major signifi-
cance in this spectrum is the great abun-
dance of phosphonate phosphorus, as in-
dicated by the large downfield signal at
+21.5 ppm. Of equal significance is the
absence of detectable free or esterified
orthophosphate in the egg masses, as in-
dicated by the absence of any reso-
nances in the region of the spectrum near
0 ppm. These initial results with the in-
tact eggs were confirmed by running
samples of acid-hydrolyzed egg masses
and hydrolyzed adult snails (Fig. 1,
spectra B .and C). It is notable that the
egg masses$ contain resonances from two
phosphonates; We had previously deter-
mined that the compound giving rise to
the major peak (85 percent of total phos-
phorus) was 2-AEP by using thin-layer
chromatography, 3P NMR, and 'H
NMR to compare the isolated compound
and authentic 2-AEP (5). The compound
giving rise to the minor peak has not yet
been identified. We have also deter-
mined that the phosphonates in the intact
eggs are components of high-molecular-
weight molecules consisting mainly of
carbohydrate (a phosphonoglycan) and
are not found free or as components of
lipids. The adult snail also contains ap-
preciable phosphonate phosphorus (10 to
15 percent of the total phosphorus) as 2-
AEP. These 3P NMR results were con-
firmed by colorimetric measurements of
total and hydrolyzable phosphorus by
the procedures of Snyder and Law (6)
and Kirkpatrick and Bishop (7) (data not
shown).

0036-8075/80/0912-1245$00.50/0 Copyright © 1980 AAAS

Because the phosphorus composition
of Helisoma sp. may be different at dif-
ferent developmental stages, we mea-
sured the changes over time in total
phosphorus and hydrolyzable phos-
phorus in developing egg masses. The re-
sults (Fig. 1D) demonstrated that as the
embryonic snails developed there was a
marked increase in the amount of hydro-
lyzable phosphorus per milligram of dry
weight, with no change in the total phos-
phorus content. Whereas hydrolyzable
phosphorus represented only 3 to 5
nmole per milligram of dry weight in
freshly deposited egg masses, it was 110
nmole per milligram of dry weight in 12-
day-old egg masses (just prior to hatch-
ing).

We also exposed egg-laying adult Heli-
soma sp. to H3**PO, (carrier-free), and
monitored the aqueous medium. We de-
termined that the snails took up 92 per-
cent of the [*3PJorthophosphate from the
medium after 24 hours (average of two
experiments). After 48 hours of exposure
to the phosphorus-33, we moved the
snails to nonradioactive medium and col-
lected the egg masses laid by the radio-
active adults. Portions of the egg masses
were used for determining the initial
levels and distribution pattern of phos-
phorus-33 incorporation. Other portions
were allowed to develop in phosphorus-
free medium so that changes in the phos-
phorus-33 labeling pattern as a function
of time of embryonic development could
be monitored. This experiment showed a
progressive diminution of phosphorus-33
in AEP, with a concomitant increase in
phosphorus-33 in orthophosphate re-
leased by acid hydrolysis (Fig. 2). The
results demonstrate that the carbon-to-
phosphorus bond in AEP was being bro-
ken and acid-labile phosphorus was
being produced as the embryos devel-
oped.

The bottom two radiochromatographic
strip scans in Fig. 2 show that, in the in-
fant snail, most of the phosphorus-33
was in the form of acid-labile phos-
phorus, whereas in the rigid structural
material left behind after the infant snails
hatched, approximately 87 percent of the
remaining phosphorus-33 was in the
form of AEP. Indeed, there was very
little hydrolyzable phosphorus in the
empty cases, since the **P-labeled mate-
rial that ran toward the front was the un-
identified phosphonate compound (com-
pound X) rather than orthophosphate.
These results indicate that alkylphos-
phonic acids, particularly AEP, may
play a role in the development of the
planorbid snail Helisoma sp.

Based on the efficient uptake of
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