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ABSTRACT We have studied the pathophysiology of the
vascular obstruction induced by Plasmodumfalkiparum-para-
sitized erythrocytes with the use of an ex vivo microcirculatory
preparation perfused with red cells infected with knobless and
knobby dones of the FCR-3 strain. We find that parasitized
erythrocyte membrane knobs are indispensable for the genera-
tion of the circulatory obstruction. Uninfected erythrocytes in-
cubated in culture and erythrocytes infected with early or late
forms of the knobless dones or the early forms of the knobby
done all failed to obstruct the microcirculation, although ex-
hibiting various effects on bulk viscosity and peripheral resist-
ance during flow. In contrast, late forms of the knobby clone
produced significantly higher peripheral resistance during
flow and significant obstruction as detected by changes in time
of pressure flow recovery as well as by direct videorecorded
microscopic observation. Optical and electron microscopy
showed that the adherence of parasitized cells to the endotheli-
um was limited to the venules and involved the knobs in junc-
tions. In addition, we were able to follow the sequence of
events during obstruction: initial red-cell adherence to the ven-
ular endothelium (sometimes only transitory) followed by pro-
gressive recruitment at the venule surface, finally leading to
total obstruction that involved parasitized and nonparasitized
erythrocytes. Sometimes, retrograde aggregation would ex-
tend the obstruction to the capillaries or even precapillary ar-
terioles. These results show that knobs are necessary and suffi-
cient to produce vascular obstruction and that other factors
(spleen, immunological, etc.) can only have a modulating role.
These results also exclude the possibility that the exclusive ad-
herence to venules is the consequence of "plasma factors"
found in the malaric patients.

The infection caused by Plasmodium falciparum produces
the most severe form ofhuman malaria (1) and the potential-
ly lethal course of this infection is due, among other factors,
to complications caused by sequestration of parasitized red
cells in small vessels. The presence of masses of aggregated
erythrocytes in the microcirculation may lead to hemorrhage
and necrosis in the perivascular areas of the brain, myocardi-
um, liver, intestinal mucosa, skin, and other organs (2). This
process is accompanied by profound anoxia which can result
in shock and death (3).
The mechanism of the P. falciparum-induced microvascu-

lar obstruction is not clearly understood; both the capability
of malaria parasite-infected erythrocytes to produce aggre-
gates through cell-cell interactions (4) as well as parasitized
erythrocyte-endothelial cell interaction (5, 6) have been
suggested as mechanisms for the vascular entrapment of
parasitized cells. Knobs found in the membranes of malaria-
infected erythrocytes (7) have been proposed as the specific
structures involved in both possible mechanisms. Decreased

red cell deformability secondary to increased viscosity of
parasitized red cells may also play a role in obstruction (8).
The work presented here attempts to dissect the differen-

tial contribution of erythrocyte membrane knobs, decreased
deformability, and aggregation (clumping of parasitized and
nonparasitized cells) to the pathophysiology of the microcir-
culation obstruction induced by P. falciparum malaria infec-
tion. Our experimental design makes use of an isolated vas-
culature preparation of the rat mesoappendix [Baez prepara-
tion (9)] artificially perfused with P. falciparum-infected
erythrocytes bearing either the knobby or knobless clone of
a Gambian isolate (FCR-3).
We find that the presence of knobs is indispensable for the

blockage of the microvasculature by mature parasites. We
also find that increased erythrocyte viscosity may be a con-
tributing but not a primary factor in the induction of the
obstruction. Finally, the occluding aggregation or clumping
of erythrocytes is an event secondary to the knob-mediated
red-cell attachment to the endothelium.

MATERIALS AND METHODS
Malara Parasites. Culture conditions. The FCR-3 strain of

P. falciparum, as well as the knobby [A2 (K+)] and the
knobless [D4 (K-)] clones of FCR-3 were kindly provided
by W. Trager (10) and maintained in our laboratory in 5%
erythrocyte suspensions under the candle-jar conditions
(11). For the perfusion experiments, parasites were cultivat-
ed synchronously in 1% red cell suspensions (12) to obtain a
high proportion of parasitized erythrocytes.
Preparation of cells. Different- levels of parasitemia were

obtained by gelatin sedimentation (13) of the FCR-3 strain
and used for the viscosity and hemodynamic studies. As a
control, we used uninfected cells that were maintained in
culture and exposed to the same manipulations. These cells
were also used to dilute the parasitized cells to obtain inter-
mediate parasitemias. The knobby and knobless clones for
hemodynamic studies were obtained directly from cultures
to avoid the manipulations involved in the gelatin sedimenta-
tion. In all studies, erythrocyte suspensions were washed once
in culture medium without serum, followed by two washes
in nonbicarbonate Ringer's solution (154.3 mM NaCl/5.63
mM KCI/2.16 mM CaCl/0.6 mM MgCl2) containing 0.5%
(for viscometry) or 1.5% bovine serum albumin (for hemody-
namic studies), and finally resuspended in Ringer's solution.

Viscometry. Viscosity measurements were made at 370C
on a Wells-Brookfield microcone-plate viscometer (model
LVT, Brookfield Engineering Laboratories, Stoughton,
MA). Cone and cup were calibrated frequently with a sili-
cone oil standard [viscosity 5 centipoise (cP; 1 P = 0.1
Pa-sec)]. The sample (1.10 ml) was pipetted into the center
of the cup and viscosity measurements were taken in dupli-
cate at shear rates ranging from 11.5 to 230 sect.

Abbreviations: PRU, peripheral resistance unit(s); tpf, pressure/
flow recovery time.
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Hemodynamic Measurements. Perfusion studies were per-
formed in the isolated, acutely denervated, artificially per-
fused rat mesoappendix (mesocecum) vasculature according
to the method of Baez (9) as modified for the study of eryth-
rocytes (14). Briefly, in anesthetized (sodium pentobarbitol,
30 mg/kg) 120-150 g Wistar rats, the right ileocolic artery
and vein were cannulatedwith heparinized (100 units of sodi-
um heparin/ml of normal saline solution) silastic tubing at a
site 3 cm from the ileocolic junction. Under steady-state per-
fusion with Ringer's solution containing 1.5% bovine albu-
min, the ascending colon and terminal ileum (3 cm each)
were sectioned between ties. After hemostatic ties for all
vascular connections were achieved, the tissue was isolated.
The isolated mesoappendix was gently spread on a translu-
cent Lucite block on a special microscope stage.

Initially, the vasculature was perfused for 12-15 min to
allow stabilization of the tissue and clear the vessels of the
remaining blood cell elements of the host animal. For obser-
vation and measurements, we used a triocular Bausch and
Lomb microscope equipped with a television camera and
video monitor (Sony). Simultaneous videotaping of vaso-oc-
clusive events was carried out with a Panasonic videore-
corder (Model NV9300A).

Arterial perfusion pressure (Pa), which was rendered pul-
satile (310 cycles/min) with a peristaltic pump, and venous
outflow pressure (P,) were monitored with Statham-Gould
P-50 transducers. P, was kept at 3.8 mm Hg (1 mm Hg = 133
Pa) and the venous outflow rate (Fv) was monitored with a
photoelectric drop-counter and expressed in ml/min. After
control measurements of Pa and Fv, a bolus of erythrocyte
suspension (control or parasitized) was gently delivered
through an injection port 15 cm distal to the site of arterial can-
nulation, and the changes in Pa and Fv were recorded. Periph-
eral resistance units (PRU) were determined as described
(15) and expressed in mm Hgrml-1mmin-1 g-1. PRU = P/Q,
where P is the arteriovenous pressure difference and Q is the
rate of venous flow (Fv) per gram of the tissue. Hemodynam-
ic parameters (i.e., Pa and Fv) were recorded on a physio-
graph (model DMP-4B, NARCO Bio-systems, Houston, TX).

In each experiment, pressure flow recovery time (tpf) was
determined following the bolus infusion of samples. tpf is de-
fined as the time (sec) required for Pa and Fv to return to
their base-line levels after the delivery of the bolus sample.
tpf represents total transit time through the mesoappendix
vasculature.

Electron Microscopy. The rat mesoappendix was fixed by
overnight immersion of the tissue in Karnovsky fixative (16),
followed by three washes over the next 24 hr with 0.1 M
cacodylate buffer (pH 7.4) containing 1% sucrose. Areas of
the vasculature with large numbers of entrapped cells as well
as areas with apparently clean vessels were dissected under
a stereoscopic microscope and selected for processing for
electron microscopy.

Tissue was post-fixed with 1% osmium tetroxide/0.1 M
cacodylate buffer (pH 7.4) for 1 hr followed by 1% uranyl
acetate for 1 hr, dehydrated in a graded series of ethanol
solutions followed by propylene oxide, and embedded in
LX112 resin (Ladd Research Industries, Burlington, VT).
Thick (0.5-,um) sections were stained with 1% toluidine

blue to select cross-sections of blocked and empty vessels
for thin sectioning. Thin (80-nm) sections were cut using an
LKB III Ultramicrotome, stained with uranyl acetate fol-
lowed by lead citrate, and viewed in a JEM 100CX electron
microscope (Japan Electronic Optics Laboratory USA) at an
accelerating voltage of 80 kV.

RESULTS

Viscosity Measurements. Control (uninfected) erythrocytes
maintained in culture for 0-6 days underwent a gradual but

small increase in viscosity starting at 24 hr. After 6 days in
culture, the increase in viscosity from initial values was 15.5
and 18.0% at shear rates of 230 and 23 sec-1, respectively.
Fig. 1 depicts the influence of varying degrees of parasitemia
(schizont stage) on bulk viscosity at a shear rate of 230 sec'1
and constant hematocrit (30%). In each case, increasing the
percentage of parasitized cells resulted in a progressive ele-
vation of the bulk viscosity.
Hemodynamic Observations. In these experiments, the iso-

lated mesoappendix vasculature was first perfused with
Ringer's solution at a Pa of 80 mm Hg, followed by a bolus
infusion of infected or uncloned FCR-3-infeeted teddcel1s
(hematocrit 30-40o). Table 1 shows the resulting changes in
PRU along with tpf. In the first three experiments (hemato-
crit 30%), the infusion of parasitized cells (38-50% parasite-
mia) caused a significant increase in PRU as compared to the
control cells. The passage of control cells was followed by
complete recovery of pressure and flow, whereas the pas-
sage of parasitized cells was accompanied by delayed or par-
tial recovery of pressure and flow. The partial recovery and
prolonged tpf indicates microvascular blockage by parasi-
tized cells, an event confirmed by simultaneous television
monitoring and video-replay analysis.
Next, we compared hemodynamic changes caused by

knobless and knobby clones of parasitized cells (schizont
stage) at 30% parasitemia and 40% hematocrit (Table 1, Exp.
4). The infusion of the knobless strain induced 42.7% higher
PRU but only a slightly longer tpf than the control infusion.
In contrast, the erythrocytes parasitized with the knobby
clone caused pronounced hemodynamic changes, evidenced
by a 79.2% increase in PRU and only partial recovery of
pressure and flow. In addition, other experiments done ex-
clusively with knobless strain (3 experiments) or knobby
strain (6 experiments) confirm these results entirely.

Direct Observation of Microcirculatory Flow and Electron
Microscopy. Perfusion with uninfected human erythrocytes
or with cells parasitized by the knobless clone or by ring
stages from either the knobby or the knobless clone was
characterized by eventual complete clearance of the red cells
from the vessels. Careful examination of the microcircula-
tion showed that no cells remained attached to the endotheli-
um.
When schizont-stage parasites (containing some trophozo-

ite forms) of the knobby clone were perfused, blockage of
the vessels was observed, resulting in slow flow. Fig. 2 de-
picts the events following the injection of a bolus of infected
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FIG. 1. Bulk viscosity versus percentage of parasitized red cells
(FCR strain). Shear rate was 230 sec1. The regression line fits the
equation y = 1.791 + 0.0072x; r2 = 0.893, P < 0.0001.
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Table 1. Perfusion experiments with P. falciparum (A2 K+ clone)-parasitized cells

PRU, mm
% Hg-mL--min-'-g-' % PRU

Exp. Cells parasitemia Ringer's Cells increase tpf, sec

1 Control 9.45 12.7 34.4 120
Parasitized (FCR-3 uncloned) 50 9.83 25.7 161.7 Partial

recovery
2 Control 17.27 25.0 45.0 65

Parasitized (FCR-3 uncloned) 38 18.80 49.8 180.0 Partial
recovery

3 Control 10.9 15.4 41.2 55
Parasitized (FCR-3 uncloned) 41 12.7 23.1 82.0 90

4 Control 4.43 5.08 14.7 50
Parasitized knobless clone 30 4.75 6.78 42.7 60
Parasitized knobby clone 30 4.80 8.60 79.2 Partial

recovery

Exps. 1, 2, and 3 were done with parasites grown in culture for 96 hr and concentrated through a gelatin-sedimentation
procedure. Exp, 4 was done with parasites obtained directly from culture after 96-hr incubation. Isolated preparations
obtained from different animals normally show variations in the venous outflow rates due to anatomical and vascular
topographical variations. These differences are reflected in PRU values for Ringer's solution.

erythrocytes. The Ringer's solution-perfused microvascula-
ture exhibits clear vessel lumens (Fig. 2A). Following the
infusion of infected blood, a fast normal flow was observed
in arterioles and a slow flow in venules, with some cells be-
coming attached to the vessel walls (Fig. 2B). Not all the
cells that initially adhered to the vessel wall remained at-
tached. Some cells were observed detaching and rejoining
the flow. Nevertheless numerous cells remained permanent-
ly attached to the endothelium even under the continuous
flow of Ringer's solution (Fig. 2D).
The specificity of venular attachment (5, 17) was con-

firmed by scanning the preparation. An example is shown in
Fig. 2E, where a venule exhibits several cells attached to the
walls, while the arteriole remains clear. A more striking fea-
ture is the complete blockage at several levels of the vessel
as seen in Fig. 3.

Single cells found attached in otherwise clear vessels were
always found to be parasitized (Fig. 4A). Furthermore, the
sites of interaction between the endothelial cell and the para-
sitized erythrocyte were always at the knobs (Fig. 4B). In
vessels where areas of complete blockage were found, non-
parasitized cells were also observed entrapped, without any
morphological interaction with the endothelium (Fig. 5A). In
contrast (Fig. 5B), when knobs were present, junctions (6)
were found (arrows), accompanied many times by a discon-
tinuous membrane structure of the endothelial cell. These
characteristics were observed even when early trophozoites
with less developed knobs (Fig. SC) attached to the endothe-
lial cells.
The morphology of the rat mesoappendix (18, 19, 20) was

studied by fixing the intact vasculature, both in situ and after
perfusion with Ringer's solution, and examining it with the
electron microscope. Rat erythrocytes were seen in the lu-
men of the vessels in the intact mesenterium. These cells
were removed by perfusion with Ringer's solution, without
causing any morphologically detectable alteration of the vas-
culature. Normal morphological features of the endothelium
were found in all the cases where the perfused cells did not
show attachment tothe endothelial cells (data not shown).

In certain occluded vessels, effects that resemble the dam-
age of anoxia were detected. Altered endothelial cells and
abnormal collagen fibers, associated with the extracellular
matrix of these vessels, were observed (data not shown).

DISCUSSION

To date there has been no conclusive evidence of the exact
role of the membrane knobs observed in the late stages of P.

falciparum-infected red cells. There is, nevertheless, a long-
standing belief, based on morphological observations, that
these knobs are active participants in the attachment to the
endothelium during the deep-vascular, schizogonic phase of
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FIG. 2. Flow properties of erythrocytes infected with P. falci-
parum clone A2 (K+). (A) Clear vessels (a, arteriole; v, venule) seen
during perfusion with Ringer's solution. (B) During perfusion with
infected erythrocytes a fast flow is seen in the arteriole (no individ-
ual cells could be identified), whereas the venule shows a slow flow.
Short arrow points to a cell that initially adhered but that later re-
joined the flow. The long arrow points to a cell permanently ad-
hered. (C and D) Venules seen before (C) and after perfusion (D),
respectively. Numerous cells (e.g., arrow) remain attached to the
walls even under the continuous perfusion of the Ringer's solution.
(E) Venule (v) and arteriole (a) after perfusion with parasitized
erythrocytes. The attachment is limited exclusively to venules. [Bar
= 20 ,Am (see A)].
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FIG. 3. Microcirculatory obstruction by P. falciparum (A2 K+
clone)-infected erythrocytes. Two areas of complete obstruction
found in the venules after the perfusion with Ringer's solution. No
clearance was observed after maintaining this flow for an additional
5 min.

the P. falciparum erythrocytic cycle. The correlation be-
tween the presence of knobs and deep vascular sequestra-
tion during schizogony is also observed in P. coatneyi (4) but
not in P. malariae and P. brasilianum, both of which have
knobs (21) but do not exhibit vascular entrapment.

P. falciparum-infected erythrocytes, particularly during
the late stages of development, adhere to cultured human
endothelial cells (22) and amelanotic melanoma cell lines
(23). The latter cells did not bind red cells infected with a
knobless variant (not cloned) of P. falciparukm. Although
these earlier results are informative and suggest that knobs
are required for adherence, they must be interpreted with
caution because (0 the culture systems do not reproduce the
in vivo architecture of the endothelial layer or the significant
shear stresses encountered by red cells (circulating or at-

FIG. 4. Characteristics of individual cells attached to otherwise
clear vessels. (A) Individual cells attached to the vessel walls were
always parasitized. (Bar = 1.0 Sam.) (B) Enlargement of the area
within the square in A. Contact site showing a knob-mediated inter-
action between the endothelial cell and the parasitized red cell. (Bar
= 0.1 Am.)
tached) during blood flow and (ill the results do not account
for the in vivo specificity of the binding to the venules.
Through the use of cloned knobby and knobless strains of

P. falciparum, we have determined that the knobs are indis-
pensable for the attachment of parasitized erythrocytes to
the endothelium of blood vessels. Other abnormalities, such
as the increase in viscosity and consequently reduced defor-
mability of parasitized erythrocytes [also observed by others
(24)], may have only a secondary or contributing effect on
the obstruction of the microcirculation. These abnormalities
might, however, have a primary function in the spleen se-

FIG. 5. Interaction between parasitized and nonparasitized cells in occluded vessels. (Bar = 0.1 um.) (A) Noninfected erythrocytes show no
direct interaction with endothelial cells and both cells retain their bilayer membrane structures. (B) Parasitized cells at late stage of development
(trophozoites and schizonts) exhibit junctions (arrows) between endothelial cells arid red-cell knob protrusions. (C) Less-developed knobs
found in early trophozoites are also able to interact with the endothelial cell in a manner similar to that seen in B.
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questration of parasitized erythrocytes (25).
The data presented here also show that the process of at-

tachment ofknobby late-stage parasitized red cells to the en-
dothelium can take place without the help of the spleen,
"plasma factors," specific antibodies, or other potential par-
ticipants that can be found in the blood of malaria patients.
Red cell knobs and a venular endothelium seem to be neces-
sary and sufficient elements in the adherence phenomenon.
Of course, these experiments do not exclude the possibility
that splenic or plasma factors (26) could modulate the proc-
ess by either enhancing or inhibiting the normal parasitized
erythrocyte-endothelium interaction. This conclusion has
to be understood to be in the context of "sticky" knobs, as
mutants have been found in which anatomical knobs did not
adhere (27).

Television monitoring and simultaneous videotaping dur-
ing the perfusion of the Baez mesoappendix preparation with
knobby, late-stage parasitized erythrocytes allowed us to re-
cord the sequence of events that characterizes the microcir-
culation obstruction observed with P. falciparum-infected
red cells. First, a few cells became attached to the endotheli-
um (Fig. 2B), some of which were subsequently dislodged
under the shear stress of the blood flow. Erythrocyte attach-
ment was restricted almost exclusively to the endothelial
walls of venules. With time, a considerable number of cells
became permanently adhered to the endothelium wall of
some of the venules, an event that was followed by cellular
aggregation which, in turn, ended in the complete obstruc-
tion of the microcirculation (Fig. 3). In some instances, by
retrograde accumulation, the red-cell plug extended to the
capillaries and even the precapillary arterioles. Electron mi-
croscopy of these plugs demonstrated, not unexpectedly,
that the obstruction comprised a mixture of parasitized and
non-parasitized erythrocytes.
Of considerable interest is the fact that the pattern of

erythrocyte attachment in our ex vivo preparation perfectly
mimicked observations made on autopsy material of human
P. falciparum malaria (5, 17); the erythrocyte adherence and
aggregation is almost exclusively limited to the venules. The
mechanism for this selectivity is not known. Three possibili-
ties need to be considered. The first is that red-cell attach-
ment to the endothelial wall of the venules is due to the rela-
tively low shear stresses and low flow rates characteristic of
these vessels. Second, the venous endothelium may be the
only one that has the specific binding sites (or receptors) for
the P. falciparum-induced erythrocyte knobs. Finally, "fac-
tors" present in the malarial blood may inhibit or promote
the binding of parasitized red cells so as to localize the inter-
action exclusively in the venules. Our data argue strongly
against the last possibility. Further work is necessary to dis-
tinguish between the other alternatives.

We are indebted to Dr. Julie Olson (Division of Hematology) and
Jane Fant (Analytical Ultrastructure Center) for assistance and sug-
gestions. We are particularly thankful to Dr. Silvio Baez for his as-

sistance in the initial stages of this project and for his continuous
encouragement and support. This work was supported by a grant
from the National Institutes of Health (HL21016).

1. Garnham, P. C. (1980) in Malaria, ed. Kreier, J. P. (Academ-
ic, New York), Vol. 1, pp. 95-137.

2. Spitz, S. (1946) Mil. Surgeon 99, 555-572.
3. Aikawa, M., Suzuki, M. & Gutierrez, Y. (1980) in Malaria, ed.

Kreier, J. P. (Academic, New York), Vol. 2, pp. 47-102.
4. Rudzinska, M. A. & Trager, W. (1968) J. Protozool. 15, 73-88.
5. Luse, S. A. & Miller, L. H. (1971) Am. J. Trop. Med. Hyg. 20,

655-660.
6. Aikawa, M., Rabbege, J. R. & Wellde, B. T. (1972) Z. Zell-

forsch. Mikrosk. Anat. 124, 72-75.
7. Trager, W., Rudzinska, M. A. & Bradbury, P. C. (1966) Bull.

W.H.O. 35, 883-885.
8. Lee, M. V., Ambrus, J. L. & Lee, R. V. (1982) J. Med. (West-

bury, NY) 13, 479-485.
9. Baez, S., Lamport, H. & Baez, A. (1960) in Flow Properties of

Blood and Other Biological Systems, eds. Copley, A. &
Stainby, G. (Pergamon, London), pp. 122-136.

10. Trager, W., Tershakovec, M., Lyandvert, L., Stanley, H.,
Lanners, N. & Gubert, E. (1981) Proc. Natl. Acad. Sci. USA
78, 6527-6530.

11. Jensen, J. B. & Trager, W. (1977) J. Parasitol. 63, 883-886.
12. Raventos-Suarez, C. (1984) in The Red Cell, Sixth Ann Arbor

Conference, ed. Bewer, A. (Liss, New York), pp. 545-546.
13. Jensen, J. B. (1978) Am. J. Trop. Med. Hyg. 27, 1274-1276.
14. Kaul, D. K., Baez, S. & Nagel, R. L. (1981) Clin. Hemorheol.

1, 73-86.
15. Green, H. D., Rapela, C. E. & Conrad, M. D. (1963) in Circu-

lation, Handbook of Physiology, Sect. 2, eds. Hamilton, W. F.
& Dow, P. (Am. Physiol. Soc., Washington, D.C.), Vol. 2, pp.
935-960.

16. Karnovsky, M. J. (1965) J. Cell Biol. 27, 137A-138A.
17. Miller, L. H. (1969) Am. J. Trop. Med. Hyg. 18, 860-865.
18. Beacham, W. S., Konishi, A. & Hunt, C. C. (1976) Am. J.

Anat. 146, 385-426.
19. Rhodin, J. A. G. (1980) in The Cardiovascular System, Hand-

book of Physiology, Sect. 2, eds. Bohr, D. F., Somlyo, A. P.
& Sparks, H. V., Jr. (Am. Physiol. Soc., Bethesda, MD), Vol.
2, pp. 1-31.

20. Wolff, J. R. (1978) in Microcirculation, eds. Kaley, G. & Al-
tura, B. M. (Univ. Park Press, Baltimore), Vol. 1, pp. 95-130.

21. Garnham, P. C. (1966) Malaria Parasites and Other Haemo-
sparidia (Blackwell, Oxford, Great Britain).

22. Udeinya, I. J., Schmidt, J. A., Aikawa, M., Miller, L. H. &
Green, I. (1981) Science 213, 555-557.

23. Schmidt, J. A., Udeinya, I. J., Leech, J. H., Hay, R. J.,
Aikawa, M., Barnwell, J., Green, I. & Miller, L. H. (1982) J.
Clin. Invest. 70, 379-386.

24. Cranston, H. A., Boylan, C. W., Carroll, G. L., Sutera, S. P.,
Williamson, J. R., Gluzman, I. Y. & Krogstad, D. J. (1983)
Science 223, 400-403.

25. Wyler, D. J., Quinn, T. C. & Chen, L. T. (1981) J. Clin. In-
vest. 67, 1400-1404.

26. David, P. H., Hommel, M., Miller, L. H., Udeinya, I. J. &
Oligino, L. D. (1983) Proc. Natl. Acad. Sci. USA 80, 5075-
5079.

27. Leech, J. H., Aley, S. B., Miller, L. H. & Howard, R. J.
(1984) Prog. Clin. Biol. Res. 155, 63-77.

Medical Sciences: Raventos-Suarez et aL


