diameter. Humified cell wall material,
which can be identified by its character-
istic ultrastructure, also contains some
carbohydrate (W). Small deposits of
amorphous carbohydrate fill pores less
than 0.03 wm in diameter in the clay
fabric, as shown in Fig. 6 (arrow), and
silver-reactive material coats many of
the clay platelets as in the silver methen-
amine-treated soils.

The use of polysaccharide-specific
stains on ultrathin sections provides new
information on the morphology and dis-
tribution of organic matter in natural soil
fabrics. As expected, carbohydrates are
seen to be associated with roots and soil
microorganisms and with dead tissue
fragments and humified materials, but
some is associated with the clay fraction.
The precise morphology and location of
polysaccharides in clay fabrics explains
in part why some carbohydrates are pro-
tected from microbial attack and why
small quantities of added polysaccharide
have so profound an effect on soil stabil-
ity. Some carbohydrates may be immune
to decay simply because they are physi-
cally separated from soil microorga-
nisms.

Although bacterial populations in soils
are large (10° cells per cubic centime-
ter), they are mainly aggregated in rhizo-
spheres and in colonies near cell wall
fragments (5, 6). Very few bacteria lie
in the clay fabric as in Fig. 1, and only
the carbohydrate in their immediate vi-
cinity will be available to them. Since
most bacteria are = 0.3 wm in diameter,
they are unable to enter the finer crev-
ices and lyse the more substantial depos-
its of polysaccharide inside. Bacteria iso-
lated in clay fabrics are therefore fre-
quently devoid of stored material (Fig.
1), in marked contrast to those in adja-
cent rhizospheres (6). Much carbohy-
drate associated with clays will remain
inaccessible to the microflora until the
crevices are opened by the mechanical
action of soil animals or until the bacteria
are brought in contact with carbohydrate
deposits by the effects of experimental
manipulations (/3). It is unlikely that
normal agricultural practices open such
small pores.

As soil dehydrates, surface tension
effects will tend to concentrate polysac-
charides in crevices between adjacent
clay platelets and these will be bonded
strongly where their edges overlap. In
this manner a small amount of carbohy-
drate may give rise to strong boxlike
cardhouse structures (/4), which will be
resistant to dispersion or collapse, espe-
cially if the polysaccharides become irre-
versibly denatured on dehydration.
Since the individual threads of the fi-
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brous polysaccharides produced by
microorganisms are so small in cross-
sectional area, a small mass will contain
a large length of fiber and so will enmesh
large volumes of fabric. This explains
why quantities as small as 0.02 to 0.2
percent of added microbial carbohydrate
markedly stabilize clay aggregates (3).

Because they are electron-dense, Ru/
Os and PA/Ag deposits produce bright
backscatter electron images, and they
may therefore be used to demonstrate
carbohydrates in uncoated fabrics in the
scanning electron microscope as well as
in the transmission electron microscope
mode. Treatment with hydrolytic en-
zymes specific for particular carbohy-
drate linkages in advance of Ru/Os or
PA/Ag treatment allows individual types
of carbohydrate to be located and identi-
fied in soil fabrics (15).

R. C. FOSTER

Division of Soils, Commonwealth
Scientific and Industrial Research
Organization, Private Bag No. 2,
Glen Osmond, South Australia 5064

Hemin Lyses Malaria Parasites
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Foster and A. D. Rovira, in Microbial

Abstract. Malaria parasites isolated from mouse erythrocytes are lysed by
ferriprotoporphyrin IX chloride (hemin) or by a chloroquine-hemin complex in
amounts that could be produced by release of less than 0.1 percent of the heme in
erythrocytic hemoglobin. This effect of hemin may explain the protection against
malaria provided by thalassemia and other conditions causing intracellular denatur-
ation of hemoglobin. The toxicity of the chloroquine-hemin complex may explain the
selective antimalarial action of chloroquine.

Recently it was found that ferriproto-
porphyrin IX chloride (hemin) lyses Try-
panosoma brucei (1) and normal erythro-
cytes (2) and that the formation of a
chloroquine-hemin complex in erythro-
cytes does not inhibit hemolysis (2).
These observations have important im-
plications for the biology and chemo-
therapy of malaria. Erythrocytic malaria
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parasites exist in an environment rich in
hemoglobin and could be exposed to
toxic amounts of heme when hemoglobin
undergoes denaturation, as occurs spon-
taneously in hemolytic anemias associat-
ed with the production of Heinz bodies
(3). Malaria parasites also degrade hemo-
globin and produce a large amount of
heme, which normally is sequestered in

Fig. 1. Microscopic appear-
ance of isolated P. berghei
(x1100). (A) Control view.
The parasites were suspended
(107 per milliliter) in the stan-
dard medium and incubated.
At the end of the incubation
period glutaraldehyde was
added to achieve a final con-
centration of 2 percent and the
mixture was left at room tem-
perature for 20 minutes. The
mixture was centrifuged and
the pellet was washed once

with standard medium. Smears of the washed pellet were made on albumin-coated glass slides,
air-dried, and stained. (B) Parasites from a portion of the same suspension used in (A),
incubated in the presence of 20 pM hemin. Treatment of the parasites with a complex formed
from 20 wM hemin and S pM chloroquine produced results similar to those seen in (B);

chloroquine alone caused no change.
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Fig. 2. Time course of - 0.4
the effect of hemin on
the turbidity of P.
berghei suspensions.
Isolated parasites
were suspended (107
per milliliter) in the
standard medium and
incubated at 37°C
with no hemin (O) or

Absorbance at 700 nm

with 10 uM (@) or 20 0 10
wM (A)- hemin. (A)

A B
0'—0—0—<)—0__°_O__°
'\.\.__’_.
0 . oL . . A L ,
200 10 20 30
Minutes

The results obtained when no chiloroquine was present in the incubation medium; (B) the results
when SuM chloroquine was present. In the experiments in which both hemin and chloroquine
were present, the two compounds were mixed before beidg ddded to the suspension -of
parasites. Approximately 30 seconds elapsed between the addition of hemin or the chloroquine-
hemin complex and the first measurement of absorbance shown in the figure. The absorbance at
700 nm was measured with a Beckman model 25 spectrophotometer,

malaria pigment (4), presumably in an
innocuous form. On exposure to chloro-
quine, however, erythrocytes infected
with malaria parasites accumulate a
chloroquine-heme complex (5) that could
be toxic. In this report we provide evi-
dence that hemin and a chloroquine-
hemin complex are indeed toxic to ma-
laria parasites.

The NYU-2 strain of Plasmodium
berghei was studied. Two lines (6) of this
strain, one chloroquine-susceptible and
the other chloroquine-resistant, are
available in our laboratory. The former
produces abundant pigment and the lat-
ter no detectable pigment in mouse
erythrocytes. To minimize confounding
of the data by the parasites’ own heme,
the chloroquine-resistant line was cho-
sen for the present study. (Preliminary
experiments with the chloroquine-sus-
ceptible line have shown that it responds
to hemin and the chloroquine-hemin
complex in the same way as the chloro-
quine-resistant line.)

Parasites were obtained from the
blood of heavily infected male Swiss-
Webster mice (parasitemia in excess of
30 percent). The blood from several mice
was pooled and mixed with an equal
volume of a standard isotonic medium
(pH 7.4) (7} containing 1 mg of heparin
per milliliter. White blood cells were
removed by passing this mixture through
a column of Whatman CF 11 cellulose
powder. The erythrocytes were then re-
covered by centrifugation, suspended in
10 volumes of standard medium, and
centrifuged again. To lyse the erythro-
cytes, the washed pellet was suspended
in 20 volumes of 0.015 percent (weight to
volume) saponin (Sigma) in the standard
medium and incubated at 37°C for 30
minutes. Parasites were isolated from
the lysate by centrifugation and washed
three times by suspension in 40 volumes
af cold standard medium and centrifuga-
tion at 4°C. All centrifugations were con-
ducted at 500g for 15 minutes.
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Figure 1 shows photomicrographs of
the isolated parasites, fixed with glutar-
aldehyde and stained with Giemsa.
There wasg minimal contamination by in-
tact erythrocytes. In the absence of he-
min the parasites appeared as small blue
cells with barely visible red nuclei; at
2°C, they retained their normal appear-
ance for several hours (Fig. 1A). After
exposure to hemin from equine blood
(Sigma) or the chloroquine-hemin com-
plex for 10 minutes, the parasites be-
came swollen, and there was a decrease
in cytoplasmic staining (Fig. 1B). The
swelling produced by hemin (20 wAM or
higher) was maximal within 10 minutes
&).

The time course of swelling was evalu-

Enzyme released per 107 parasites

0 i 1 i 1

0 10 20
Hemin (uM)

Fig. 3. Release of glutamic acid dehydrogen-
ase from P. berghei in the presence of hemin,
Isolated parasites were suspended (107 per
milliliter) in the standard medium and incubat-
ed with the desired concentration of hemin at
37°C for 10 minutes. The parasites were then
removed by centrifugation (3000g for 5 min-
utes at 4°C) and the supernatant solution was
used for measurement of glutamic acid dehy-
drogenase activity, The ordinate shows en-
zyme activity expressed as nanomoles of «-
ketoglutarate per minute. The means and
ranges for three experiments are shown. In
control studies without hemin, which were
included in each experiment, no enzyme re-
lease was detectable.

ated by measuring the turbidity of para-
site suspensions. On exposure to hemin
there was a rapid decrease in absorbance
at 700 nm (Fig. 2). Concomitant with the
swelling, glutamic acid dehydrogenase
(E.C. 1.4.1.4) was released from the par-
asites (Fig. 3) (9), indicating loss of intra-
cellular contents. These findings point to
lysis of the parasites.

Addition of chloroquine diphosphate
(Sigma) to hemin to form a complex
delayed but did not prevent lysis (Fig. 2).
Only the effect of 5 wM chloroquine is
shown in Fig. 2, but the responses to 1
and 10 wM chloroquine were also stud-
ied. The delay was less with 1 uM chlo-
roquine and somewhat greater with 10
pwM chloroquine. In equilibrium dialysis
experiments, it has been found that a
maximum of one molecule of chloro-
quine can be bound by two molecules of
hemin (5). In agreement with the eryth-
rocyte model of Chou ‘and Fitch (10),
chloroquine alone did not cause malaria
parasites to swell or lyse.

Considering that the hemoglobin con-
centration in erythrocytes is approxi-
mately 34 g per 100 ml of packed cells
and that the molecular weight of hemo-
globin is approximately 64,000, release
of less than 0.1 percent of the heme in
erythrocytic hemoglobin would be suffi-
cient to produce intraceliular heme con-
centrations as high as 20 pM. The
amount of heme released when hemoglo-
bin undergoes denaturation intracellular-
ly in such conditions as thalassemia and
sickle cell anemia has not been mea-
sured, although denaturation is known to
accelerate heme release (3). Since the
release of only & small proportion of
erythrocytic heme would be enough to
lyse malaria parasites, however, heme
toxicity may explain the protection
against malaria provided by thalassemia
and other conditions associated with in-
tracellular denaturation of hemoglobin.

Chloroquine-susceptible malaria para-
sites may also be exposed to heme from
within, since they degrade hemoglobin
and sequester large amounts of heme in
the form of malaria pigment (4). This
sequestered heme is not available to bind
chloroquine (5) and apparently causes
little or no toxicity. By contrast, when
susceptible parasites are exposed to
chloroquine, heme accumulates in a dif-
ferent form that is available to bind the
drug (5). The biochemical explanation
for accumulation of heme as a drug com-
plex rather than as malaria pigment re-
mains unknown. Nevertheless, erythro-
cytes infected with the chloroquine-sus-
ceptible line of P. berghei accumulate 20
pmole of chloroquine per kilogram or
more as the chloroquine-heme complex
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(5, 6). Since the present results demon-
strate that this amount is more than
enough to lyse isolated malaria parasites,
we propose that the selective antimalari-
al action of chloroquine is due to the
accumulation of a toxic chloroquine-
heme complex. Although the mechanism
underlying this toxicity has not yet been
studied, it may be similar to that ob-
served in the erythrocyte model (/0).
AUGUSTINE U. ORIIH
H. S. BANYAL
ReExHA CHEVLI
Coy D. Fircu
Department of Internal Medicine,
St. Louis University School of
Medicine, Saint Louis, Missouri 63104

References and Notes

1. S. R, Meshnick, K.-P. Chang, A. Cerami, Bio-
chem. Pharmacol. 26, 1923 (1977).

2. A, C. Chou and C. D. Fitch, J. Clin. Invest. 66,
856 (1980),

3, H. S. Jacob and K. H. Winterhalter, Proc. Natl.
Acad. Sci. U.S.A. 65, 697 (1970); J. Clin. Invest.
49, 2008 (1970); T.

G. Gabuzda, in Drugs and

Hematologic Reactions, N. V. Dimitrov and J.
H. Nodine, Eds. (Grune & Stratton, New York,
1974), p. 49.

4. J. D. Fulton and C. Rimington, J. Gen. Micro-
biol. 8, 157 (1953); K. A. Yamada and I. W.
Sherman, Exp. Parasitol. 48, 61 (1979).

5. A. C. Chou, R. Chevli, C. D, Fitch, Biochemis-
try 19, 1543 (1980); C. D. Fitch and R. Chevli,
Anttmwrob Agents Chemother. 19, 589 (1981).

6. C. D. Fitch, N. G. Yunis, R. Chevll Y. Gonza-
lez, J. Clin. Invest. 54,24 (1974), C. D. Fitch, R.
Chevli, Y. Gonzalez, J. Pharmacol. Exp. Ther.
195, 389 (1975).

7. C. D. Fitch, R. Chevli, Y. Gonzalez, Antimi-
crob. Agents Chemother. 6, 757 (1974).

8. A stock solution of 1 mM hemin was prepared
freshly on the day of an experiment by dissolv-
ing 16.3 mg of hemin in 25 ml of 0.02N NaOH
and kept on ice until final dilutions were made
with the standard medium. After dilution the pH
of solutions containing hemin was 7.4

9. The method of B. W. Langer, Jr., P. Phisphum-
vidhi, and D. Jiampermpoon [Exp. Parasitol. 28,
298 (1970)] was used to measure glutamic and
dehydrogenase activity

10. A. C. Chouand C. D. Pltch J. Clin. Invest. 68,
672 (1981). In the erythrocyte model, exposure
to hemin impairs the ability of the cell mem-
brane to maintain cation gradients, and there is
massive loss of potassium, the cell swells, and
lysis eventually occurs.

11. This work was supported by the United Nations/
World Bank/World Health Organization Special
Programme for Research and Training in Tropi-
cal Diseases.

30 June 1981; revised 6 August 1981

Thymosin Stimulates Secretion of

Luteinizing Hormone—Releasing Factor

Abstract. Partially purified thymosin fraction 5 and one of its synthetic peptide
components, thymosin By, but not thymosin oy, stimulated secretion of luteinizing
hormone-releasing factor from superfused medial basal hypothalami from random
cycling female rats. In addition, luteinizing hormone was released from pituitary
glands superfused in sequence with hypothalami. No release of luteinizing hormone
in response to thymosin was observed from pituitaries superfused alone. These data
provide the first evidence of a direct effect of the endocrine thymus on the hypo-
thalamus and suggest a potentially important role for thymic peptides in repro-

ductive function.

Experimental evidence supports the
concept that the thymus gland partici-
pates in the development of the neuroen-
docrine system in mammals (7). With
regard to reproductive function, we have
previously documented that congenitally
athymic nude mice have reduced pitu-
itary concentrations of luteinizing hor-
mone (LH) and follicle-stimulating hor-
mone (FSH) and that these hormones
can be restored to normal by thymic
transplantation on the first day of life (2).
Furthermore, hypothalamic concentra-
tions of luteinizing hormone-releasing
factor (LRF) appear reduced in athymic
animals whereas gonadal function in vi-
tro seems intact (3). In the experiments
reported here, we attempted to deter-
mine if thymosin fraction 5, a partially
purified thymic preparation known to
play an important regulatory role in the
function of the thymus-dependent lym-
phoid system (4), and two of its compo-
nent peptides, thymosin «; and B4 (5),
might also be important in reproductive
function. To investigate the role of thy-
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mic peptides in the regulation of gonado-
tropin secretion, we used medial basal
hypothalami (MBH) or pituitary glands
that were obtained from randomly cy-
cling female rats and were superfused in
a sequential double chamber system.
Sprague-Dawley rats were decapitated
at 0900 hours and the MBH and pituitary
gland were removed. In some studies,
the MBH was placed into the first 0.1-ml
plastic chamber of a double chamber
superfusion system, and the pituitary
was placed into the second chamber. In
other studies, either the MBH or pitu-
itary was perfused singly in the corre-
sponding chamber of the series. The
superfusion system, including the ana-
tomical boundaries of the dissected
MBH tissue, have been described (6).
The sequential chambers were perfused
with Medium 199 (Gibco) saturated with
95 percent O, and 5 percent CO, at 37°C
at a flow rate of 3 ml per hour. Bacitracin
(5 pl, 2 mM; Sigma) was added to the
collection tubes to prevent the enzymic
degradation of LRF. The dissected tis-

sue was allowed to equilibrate for 2
hours, and then the collection of 0.5-ml
fractions of media was initiated. After
fractions were collected for 1 hour, 20 ug
of thymosin fraction 5; or 4 x 107''M
synthetic thymosin «; or B4 in a volume
of 10 pl in Medium 199, or Medium 199
alone as a control, was injected into the
first chamber and samples were collect-
ed for an additional 2 hours. The frac-
tions were stored at — 20°C until assay.
The LH or LRF in these effluent samples
was measured by radioimmunoassay as
described (2, 7). All samples from a
given study were measured in the same
assay. For LH the intra-assay coefficient
of variation was 6.4 percent when ap-
proximately 50 percent of the hormone
was bound and for LRF it was 3.8 per-
cent. The sensitivities of these assay
systems were 10 ng/ml for LH (with NIH
RP-1 being used as the reference prepa-
ration) and 2.5 pg/ml for LRF (with a
synthetic preparation being used as stan-
dard). Thymosin fraction 5, thymosin a;,
thymosin B4, and Medium 199 did not
displace iodinated hormone in either as-
say system. Statistical significance of the
changes in the hormone concentrations
was determined by the Student’s f-test
for unpaired data.

Figure 1A shows that the injection of
either thymosin fraction 5 or Medium
199 caused no change in LH when the
pituitaries from female rats were super-
fused without MBH. In contrast, when
the MBH and the pituitary from individ-
ual female rats were superfused in se-
quence, the LH released from the pitu-
itaries into the efflux increased in re-
sponse to thymosin in comparison to the
LH concentrations in the effluent from
those receiving only Medium 199
(P < .05). The final effluent concentra-
tions of LH from thymosin-treated pitu-
itaries superfused with MBH's were 200
percent increased over basal levels. The
administration of thymosin fraction 5
produced significant increases in mean
LRF concentrations in the effluents from
MBH’s in comparison to control groups
that received only Medium 199 (Fig.
1B).

In other experiments (Fig. 1C), injec-
tion of thymosin 4 but not thymosin o or
Medium 199 alone elicited release of LH
from pituitaries superfused together with
MBH. Furthermore, thymosin B, stimu-
lated a greater than 100 percent increase
in secreted LRF over basal levels (Fig.
1D). _

To our knowledge this is the first time
that thymosin fraction 5 and at least one
of its component peptides, thymosin B4,
have been shown to directly affect the
reproductive system by inducing release
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