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We found unique behaviors among platelets within a few minutes of the intravenous injection of lipopoly-
saccharide (LPS) into mice. Platelets accumulated primarily in the liver at lower doses of LPS, but at higher
doses they accumulated largely in the lungs. When the platelets accumulated in these organs were degraded,
there was a rapid anaphylactoid shock. The platelet response depended on the strain of mouse and on the
source of LPS. Of various LPSs tested, the LPS from the smooth type of Klebsiella O3 (KO3-S LPS) was the
most potent at inducing the platelet response and shock. K-76 monocarboxylic acid, an inhibitor of complement
C5, effectively prevented the KO3-S LPS-induced degradation (but not accumulation) of platelets and the
ensuing rapid shock in BALB/c mice. Moreover, in DBA/2 mice (which are deficient in complement C5),
platelets accumulated in the lungs and liver in response to KO3-S LPS but soon returned to the circulation
without degradation, and there was no rapid shock. The LPS from the rough type of KO3 induced an
accumulation of platelets in the liver and lungs but not a degradation of platelets. On the basis of these results
and those reported by other investigators, we propose that in the platelet response to LPS, the lectin pathway
to form C3 convertase from C4 and C2 is involved in the rapid accumulation of platelets in the liver and lungs
and that the pathway from C5 to C9 is involved in the destruction of platelets and the consequent anaphy-
lactoid shock.

Takada and Galanos (25) found that an intravenous injec-
tion of a lipopolysaccharide (LPS) into mice pretreated with a
muramyl dipeptide induces rapid anaphylactoid shock that
quickly results in death. They further observed that the induc-
tion of the shock depends both on the source of the LPS and
on the strain of the mouse (25, 26). Recently, we found that in
mice not pretreated with muramyl dipeptide, an intravenous
injection of an LPS induces a rapid and extensive accumulation
of platelets predominantly in the liver and lungs, and we sug-
gested that the degradation of platelets in the lungs may be an
important factor in the LPS-induced anaphylactoid shock (9,
23). Moreover, a partial depletion of platelets prevented the
induction of shock by LPS (24).

Recently, we noticed that among the four strains of mice
that showed no anaphylactoid shock in the experiment re-
ported by Takada et al. (26), two (DBA/2 and AKR) are strains
deficient in complement C5 (4, 20). In the present study, we set
out to clarify the mechanisms underlying the rapid accumula-
tion of platelets and the ensuing anaphylactoid shock that are
both induced by LPS while paying particular attention to the
possible role of complement.

MATERIALS AND METHODS
Mice. BALB/c mice (male; 6 to 7 weeks old) were provided by our university,

and C57BL, C3H/HeN, and DBA/2 mice (male; 6 to 7 weeks old) were obtained
from SLC Japan (Shizuoka, Japan). All experiments complied with the Guideline
for Care and Use of Laboratory Animals in Tohoku University.

LPS and other reagents. LPS from Escherichia coli O55:B5 (smooth [S] type)
prepared by the trichloroacetic acid method (1) was obtained from Difco (De-
troit, Mich.). LPS from Salmonella minnesota R 60 (rough [R] type) prepared by
the phenol-chloroform-petroleum ether method (10) and LPS from S. minnesota
S519 (S type) prepared by the phenol-water method (29) were kindly provided by
C. Galanos (Max-Planck-Institut für Immunbiologie, Freiburg, Germany). LPSs
from Klebsiella O3 (KO3) strain LEN-1 (S type), KO3 strain LEN-113 (R type),
and E. coli K-12 (R type) were prepared by the phenol-water method (29, 32).
LPS from Prevotella intermedia ATCC 25611 was prepared by the phenol-chlo-
roform-petroleum ether method as described previously (14). LPS from E. coli
O111:B4 (S type) and Salmonella typhimurium (S type) prepared by the phenol-
water method were purchased from Sigma Chemical Co. (St. Louis, Mo.). The
LPSs were dissolved or dispersed in sterile saline by the use of a vortex mixer and
injected intravenously (0.1 ml/10 g of body weight). All experiments were carried
out at 26 to 28°C. An anticomplement agent, K-76 monocarboxylic acid (13), was
provided by Otsuka Pharmaceutical Co. Ltd. (Tokushima, Japan). This agent was
dissolved in saline with the addition of enough NaOH solution to bring the pH
to about 7.5.

Determination of the amount of protein in LPS preparations. The protein was
assayed with a Micro BCA protein assay reagent kit (Pierce, Rockford, Ill.); the
assay procedures were performed as described by the manufacturer.

Estimation of platelet accumulation and degranulation. Platelets contain a
large amount of 5-hydroxytryptamine (5HT; serotonin) in their granules, and
free 5HT in blood is rapidly cleared from the circulation (30). Therefore, as
described in our previous papers, by measuring the changes that occur in the
amount of 5HT in the blood and in tissues such as lung, liver, and spleen, it is
possible to assess the translocation of platelets from the circulation to the tissues
(7–9, 19, 23, 24). 5HT in blood and tissues was determined as described in these
papers. Briefly, mice were decapitated and blood (3 or 4 drops) was collected in
preweighed test tubes containing 3 ml of 0.4 M HClO4, 0.1% cysteine-HCl, and
2 mM EDTA-2Na. After being weighed, the tube was cooled in an ice bath. The
lungs, livers, and spleens of the mice were rapidly removed and kept in a jar with
dry ice until use. Determination of 5HT levels in the blood was done on the day
the blood was collected, because the 5HT in blood collected in this way is
unstable. 5HT levels in the tissues were determined within 1 week of collection.
After 5HT had been separated by column chromatography, it was measured
fluorometrically as previously described (7).
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Scoring of rapid shock induced by LPS. The incidence and the score given to
the severity of the rapid shock and the subsequent mortality were recorded
within 30 min of the injection of LPS. The scoring of the shock was as follows:
0, no symptoms of shock; 1, staggering; 2, crawling and prostration; 3, prostration
and weak convulsions; 4, prostration and strong convulsions.

Statistical analysis. Experimental values for 5HT are given as the mean 6
standard deviation (SD). The statistical significance of differences was assessed
by using Dunnett’s multiple comparison test after analysis of variance; P values
of less than 0.05 were considered to indicate significance.

RESULTS

Induction of rapid anaphylactoid shock by LPSs in BALB/c
mice. The abilities of LPSs from various sources to induce
rapid shock in BALB/c mice are shown in Table 1. KO3-S LPS
was the most potent of the LPSs tested. This LPS was lethal at
0.5 mg/kg. In contrast, KO3-R LPS did not produce rapid
shock even at 8 mg/kg. E. coli O55:B5-S LPS, too, induced
rapid shock at 0.5 mg/kg, but it was not lethal. The amounts of
contaminating protein in LPS preparations used in this study
are also shown in Table 1. We cannot explain the action of
KO3-S LPS by its contaminating protein, because KO3-R LPS,
with a dose 16 times or more that of KO3-S LPS, was entirely
inactive at inducing rapid shock.

Dependence of LPS-induced rapid shock on the strain of
mice. As shown in Table 2, KO3-S LPS induced rapid shock in
both BALB/c and C57BL/6 mice. E. coli O55:B5-S LPS in-
duced rapid shock only in BALB/c mice. In contrast, P. inter-
media LPS induced rapid shock in BALB/c, C57BL/6, and
C3H/HeN mice. Interestingly, P. intermedia LPS induced
shock most strongly in C3H/HeN mice, although C3H/HeN

mice proved to be resistant to the other two LPSs. None of the
LPSs produced rapid shock in DBA/2 mice, which are com-
plement C5 deficient.

Time course of 5HT and platelet responses to the LPSs from
S and R types of KO3. As shown in Fig. 1, KO3-S LPS at 2
mg/kg induced marked and rapid changes in 5HT in the blood,
lungs, and liver such that 5HT disappeared almost completely
from the circulation within 4 min of the injection of KO3-S LPS
and 5HT accumulated in the lungs. The amounts of 5HT ac-
cumulated in the lungs and liver at 4 min corresponded to 70
to 80 and 10 to 20% of the 5HT lost from the blood, respec-
tively (calculated as described in our previous papers [9, 23]).
The elevated level of 5HT in the lungs and liver had declined
at 8 min without a recovery in the 5HT level in the blood. At
this dose of KO3-S LPS, severe shock occurred at 4 to 8 min
and most mice had died within 20 min of the injection. We
have previously shown by electron microscopy that in such
shocked mice there is a severe degradation of platelets in the
lungs (9, 23). By comparison with the response to KO3-S LPS,
the changes in 5HT in the blood and lungs induced by KO3-R
LPS were mild, and the elevated 5HT levels in the lungs and
liver declined in parallel with the recovery of the decreased
5HT level in the blood. With KO3-R LPS, the decreased 5HT
level in the blood returned to almost exactly its initial value,
indicating that there was no significant degradation of plate-
lets.

Dose dependence of the 5HT and platelet responses to
KO3-S LPS. At lower doses of KO3-S LPS, 5HT and platelets
accumulated predominantly in the liver (Fig. 2). At 20 mg of
this LPS/kg the accumulation in the liver reached a maximum.
At this dose, there was no increase in 5HT or platelets in the

FIG. 1. Time course of changes in 5HT and platelet levels induced by the
LPSs of KO3-S and KO3-R in BALB/c mice. After injection of each LPS at a
dose of 2 mg/kg, blood and tissues were taken at the indicated times. Each value
is the mean 6 SD from four mice. p, P ,0.01 versus the KO3-R group.

TABLE 1. Abilities of various LPSs to induce shock in
BALB/c mice

Source of LPS Protein (mg/mg of
LPS preparation)

Dose
(mg/kg)

Shocka

Incidence Score Mortality

KO3-S 21 0.5 4/4 4 3/4
1 4/4 4 4/4

KO3-R 14 4 0/5 0 0/5
8 0/5 0 0/5

E. coli O55:B5-S 118 0.5 5/5 2 0/5
1 5/5 4 3/5

E. coli O111:B4-S 34 4 0/5 0 0/5
E. coli K-12-R 76 4 5/9 1 0/9
S. minnesota-S 20 8 4/4 4 1/4
S. minnesota-R 15 8 0/4 0 0/4
S. typhimurium-S 7.4 8 0/4 0 0/4
P. intermediab 5.2 2 4/4 2 0/4

4 5/5 4 2/5

a Incidence and mortality figures are shown as number/total.
b Lacking typical O polysaccharide composed of repeating sugar units (14).

TABLE 2. Dependence of rapid shock on source of LPS and strain of mice

LPS source Dose (mg/kg)

Shocka

BALB/c C57BL/6 C3H/HeN DBA/2

I S M I S M I S M I S M

KO3-S 2 4/4 4 4/4 7/7 4 4/7 0/4 0 0/4 0/5 0 0/5
4 0/4 0 0/4 0/4 0 0/4

E. coli O55:B5-S 2 5/5 4 5/5 0/5 0 0/5 0/5 0 0/5 0/5 0 0/5
4 0/4 0 0/4 0/4 0 0/4 0/4 0 0/4

P. intermedia 2 4/4 2 0/4 5/5 2 0/5 5/5 4 0/5 0/5 0 0/5
4 5/5 4 2/5 4/4 4 1/4 5/5 4 2/5 0/4 0 0/4

a I, incidence; S, shock; M, mortality. Incidence and mortality are shown as number/total.
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lungs. At higher doses of this LPS, large amounts of 5HT and
platelets accumulated, predominantly in the lungs. In contrast,
the 5HT level in the liver decreased at higher doses, suggesting
a degradation of platelets (Fig. 2).

Effect of a C5 inhibitor on 5HT and platelets and on the
rapid shock induced by KO3-S LPS in BALB/c mice. Hong et
al. (13) have reported that K-76 inhibits the activity of C mainly
at the C5 step, although at high concentrations it also causes
some inhibition of other steps. They also suggested that this
agent combines specifically with free C5 molecules and forms
an inactive complex or it causes the irreversible structural
alteration of C5. An intraperitoneal injection of K-76 1 h
before injection of a lethal dose of KO3-S LPS (1 mg/kg)
largely prevented the degradation of platelets in the lungs and
liver (i.e., most of the platelets were returned to the circulation
without degradation) (Fig. 3). In this experiment, rapid shock
was largely prevented: its incidence, severity score, and lethal-
ity were 2 of 4, 0 to 1, and 0 of 4, respectively, compared to 4
of 4, 4, and 4 of 4 in the absence of K-76 (Table 1).

Effects of KO3-S LPS in DBA/2 mice. Figure 4 shows the
effect of KO3-S LPS at 2 mg/kg in DBA/2 mice. In BALB/c
mice, this dose is lethal and induces a severe accumulation and
degradation of platelets (Fig. 1). However, in DBA/2 mice, the
decreased level of 5HT in the blood and the increased level in
the lungs soon returned to almost exactly their initial levels
(Fig. 4), a pattern very similar to that induced by KO3-R LPS

in BALB/c mice (Fig. 1), indicating that there was no degra-
dation of platelets. Indeed, in this experiment, KO3-S LPS did
not produce rapid shock. Interestingly, a marked accumulation
of 5HT and platelets in the liver, as seen in BALB/c mice at
lower doses of KO3-S LPS (Fig. 2), occurred in DBA/2 mice,
too (Fig. 5). However, in DBA/2 mice there was no decrease in
the elevated level of hepatic 5HT at higher doses, indicating
that there was no degradation of platelets. As in our previous
studies, a similar accumulation of 5HT and platelets in the liver
at lower doses of the LPSs from E. coli and P. intermedia was
shown in BALB/c and C3H/HeN mice (9, 23).

Accumulation of 5HT and platelets in the spleen. Instead of
a rapid elevation of the type that was seen in the lungs and liver
following injection of either one of the KO3 LPSs in both
BALB/c and DNA/2 mice, the spleen showed a more delayed
elevation of 5HT (Fig. 1, 3, and 4). In fact, the level in the
spleen was rising while the levels in the lungs and liver were
falling. A similar phenomenon has been observed in BALB/c
mice given E. coli O55:B5-S LPS (see Fig. 1 in reference 23)
and in C3H/HeN mice given P. intermedia LPS (see Fig. 1 in
reference 9). These results suggest that some of the platelets
returned to the circulation from the lungs and liver may have
been taken up by the spleen.

FIG. 2. Dose dependence of 5HT and platelet responses to KO3-S LPS in
BALB/c mice. The indicated doses of LPS were injected into mice, and blood
and tissues were taken 4 min after the injection. Each value is the mean 6 SD
from four mice. p, P ,0.01 versus dose 0.

FIG. 3. Effects of K-76, an inhibitor of complement C5, on 5HT and platelet
responses to KO3-S LPS in BALB/c mice. LPS (1 mg/kg) was injected 1 h after
an intraperitoneal injection of K-76 (100 mg/kg). Blood and tissues were taken 5
and 15 min after the injection of the LPS. K-76 itself did not alter the levels of
5HT (data not shown). Each value is the mean 6 SD from four mice.

FIG. 4. 5HT and platelet responses to KO3-S LPS in DBA/2 mice. Blood and
tissues were taken at the indicated times after the injection of LPS (2 mg/kg).
Each value is the mean 6 SD from four mice. p, P ,0.01 versus time 0.

FIG. 5. Dose dependence of 5HT and platelet responses to KO3-S LPS in
DBA/2 mice. The indicated doses of LPS were injected into mice, and blood and
tissues were taken 4 min after the injection. Each value is the mean 6 SD from
four mice. It should be noted that the 5HT and platelet responses in the liver
reached their maximum at 0.1 mg/kg and, at this dose, there was no response in
the lungs. p, P ,0.01 versus dose 0.

5188 SHIBAZAKI ET AL. INFECT. IMMUN.



DISCUSSION

Our recent (9, 23) and present experiments show that intra-
venous injection of LPS into mice induces a rapid response in
the platelets. This response has the following unique charac-
teristics. (i) Platelets accumulate primarily in the liver at lower
doses of LPS, but at higher doses they accumulate largely in
the lungs. (ii) The accumulation of platelets occurs within a few
minutes of the injection of LPS. The platelet response depends
on both (iii) the strain of mouse studied and (iv) the source or
preparation of the LPS (and possibly on the structure of the
LPS). (v) The platelets accumulated in the liver and lungs soon
return to the circulation or are degraded, and the complement
system seems to be involved in this degradation. (vi) The deg-
radation of platelets in the lungs and liver, provided it is of
sufficient extent, induces a rapid anaphylactoid shock. We dis-
cuss these points in the following paragraphs.

Dependence on the strain of mice. At present, we cannot
explain why C3H/HeN mice are resistant to KO3-S LPS and E.
coli O55:B5-S LPS but sensitive to P. intermedia LPS and why
only BALB/c mice are sensitive to E. coli O55:B55:B5-S LPS.
In the present study, therefore, we decided to use BALB/c
mice and LPSs from KO3, because BALB/c mice responded to
all the LPSs mentioned above (Table 2) and KO3-S LPS was
the most potent at inducing rapid shock in this strain of mice
(Table 1).

Dependence on the structure of LPS. In typical gram-nega-
tive bacteria, wild-type strains form S-type colonies. The poly-
saccharide region of the LPS of S-type bacteria is made up of
an O antigen region (built from repeating units of three to
eight sugars) and a core region. Mutant bacteria lacking the O
antigen region form R-type colonies. The present results ob-
tained with the LPSs from the S and R types of both KO3 and
S. minnesota (Table 1) suggest that the abilities of these LPSs
to induce the platelet response depend on the structure of the
polysaccharide region, especially on the presence or absence of
the O antigen moiety. However, it is possible that the struc-
tures of other regions may also contribute to the activity, be-
cause E. coli K-12-R LPS was more potent than E. coli O111-
B4-S LPS (Table 1).

Return of platelets from lungs and liver to blood. The
amount of 5HT in the lungs and liver is determined by the
number of platelets and the extent of their degradation.
KO3-R LPS injected into BALB/c mice (Fig. 1) and KO3-S
LPS injected into DBA/2 mice (Fig. 4) induced only a transient
decrease in 5HT in the blood, and the elevated 5HT levels in
the lungs and liver declined in parallel with the recovery of the
decreased 5HT level in the blood. These results indicate that
the accumulation of platelets in these organs does not neces-
sarily lead to their degradation and that when they are not
degraded, they are returned to the circulation.

Degradation of platelets and shock. In all the experiments in
the present study, there was a close relationship between the
degradation of platelets and the production of shock. When
the decreased level of 5HT and platelets in the blood returned
roughly to its initial level within the study period, shock was not
produced. These results indicate that it is the degradation of
platelets in the lungs and liver that leads to the rapid shock and
that accumulation of platelets in these organs (without degra-
dation) does not itself induce shock.

Rapidity of response. Many actions of LPS are thought to be
mediated through the production of cytokines. However, we
suspect that a substantial production of cytokines could not be
produced within the space of a few minutes after the injection
of LPS. On this basis, it is unlikely that cytokines are respon-

sible for the rapid accumulation and degradation of platelets
induced by LPS.

Degradation of platelets in the lungs and liver and possible
involvement of the complement system. In our previous studies
of BALB/c and C3H/HeN mice (9, 23), we showed by electron
microscopy that there is a degradation of the platelets that
accumulate in the lungs following LPS injection. DBA/2 mice
have been shown to be deficient in complement C5 (4, 20). In
this strain of mice, the response of 5HT and platelets to KO3-S
LPS (Fig. 4) was similar in extent to the response to KO3-R
LPS in BALB/c mice (Fig. 1), and the decreased level of 5HT
in the blood soon returned to its initial level. Moreover,
K-76COOH, a C5 inhibitor (13), largely prevented both the
LPS-induced degradation of platelets (Fig. 3) and the rapid
shock in BALB/c mice. LPSs possessing a mannose homopoly-
mer in the O antigen polysaccharide region (for example,
KO3-S LPS) have been shown to activate the complement
system much more strongly than LPSs possessing other poly-
saccharides (15, 21, 31). In our study, KO3-R LPS, which lacks
a mannose homopolymer, induced neither a significant degra-
dation of platelets nor rapid shock (Fig. 1 and Table 1). Using
human serum, Paeng et al. (21) compared the abilities of
various LPSs to activate complement in vitro, and showed that
the order of potencies was as follows: KO3 LEN 1 . E. coli
K-12 . E. coli O111. This order is consistent with their relative
abilities to induce shock (Table 1). Taking these results to-
gether, we conclude that the complement system is involved in
the degradation of the platelets that accumulate in the lungs
and liver under the influence of LPS.

Selective accumulation of platelets in the liver and lungs,
depending on the dose of LPS. KO3-S LPS strongly binds to a
mannose-binding protein (MBP) (15). MBP is related struc-
turally and functionally to the first component of the classical
complement pathway, C1q (12, 18, 27). MBP is believed to
circulate in a complexed form with a proteinase (called MBP-
associated serine proteinase, MASP) corresponding to C1r and
C1s. MBPs have a collagen-like domain and a lectin domain.
The collagen-like domain is involved in the activation of com-
plements, and the lectin domain is the binding site for poly-
saccharides or LPS. In the classical pathway of the complement
system, the antigen-antibody-C1 complex activates C4 and C2
to form C3 convertase (the assembly of the activated C4 and
C2). The LPS-MBP-MASP complex can also activate C4 and
C2, and this pathway is now called the lectin pathway (12, 18,
26). The receptors for MBP, which are identical to those for
C1q, are present on many cell types, including platelets, endo-
thelial cells, most leukocytes, fibroblasts, and specialized epi-
thelial cells (12). Therefore, it seems likely that MBP might be
involved in the KO3-S LPS-induced accumulation and degra-
dation of platelets that occurs in the liver and lungs. The
different dose-dependent response of platelets seen in the liver
and lungs might be consistent with the presence of receptors
with different affinities for the LPS-MBP-MASP complexes.

Comparison with platelet responses to LPS in other species.
Rapid falls in platelet counts and their partial or complete
recovery to initial levels also occur in other species given in-
travenous injections of endotoxin. As early as 1960 and 1961,
Davis et al. (5, 6) found that simultaneously with the rapid fall
in platelets in rabbits or dogs there is an equally rapid rise in
the plasma 5HT level. Later (1972 to 1974), the rapid platelet
fall was shown to depend on the complement system in cats
(17), rabbits (2), guinea pigs (16), and dogs (3). In C3-C9-
depleted rabbits and guinea pigs (treated with cobra venom
factor) and in C4-deficient guinea pigs, the rapid drop in plate-
lets was not observed (2, 16).
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Hypothesis for the mechanisms underlying the platelet re-
sponse to LPS. Although the studies by other investigators
mentioned above did not examine the accumulation of plate-
lets, their results, taken together with our present results, sup-
port the idea that the pathway to form C3 convertase from C4
and C2, in which C4a and C3a are also produced, is involved in
the LPS-induced rapid accumulation of platelets in the lungs
and liver and that the pathway from C5 to C9, in which C5a
and a complex of C5-C9 (called the membrane-attack com-
plex) are formed, is involved in the destruction of platelets in
these organs. Our tentative hypothesis is summarized in Fig. 6.

It is of interest that KO3-S LPS is a very potent inducer of
the platelet response. To our knowledge, it is the most potent
LPS at inducing lethal shock. This finding, together with those
described above, might provide a clue leading to the clarifica-
tion of the mechanism underlying the pathogenic activities of
Klebsiella, especially of Klebsiella pneumoniae, and thus to a
better understanding of the origins and development of pul-
monary diseases.

It has been shown that CD14 acts as a receptor that binds
LPS, triggering inflammatory responses, such as the produc-
tion of cytokines (28). CD14-deficient mice are resistant to
endotoxin shock (11). However, as described above, it is un-
likely that cytokines are responsible for the rapid response of
platelets to LPS, and it is not known that CD14-mediated
actions of LPS are markedly dependent on the strain of mice.
Moreover, as shown by Takada et al. (26), P. intermedia LPS
can induce anaphylactoid shock even in LPS-resistant C3H/
HeJ mice, which were recently shown to carry a mutation in the
Toll-like receptor-4 gene, leading to defective LPS signaling
(22). Therefore, it seems unlikely that CD14 is required for
anaphylactoid shock.

Finally, although the primary role of platelets is believed to
be in hemostasis, our findings might suggest a new role of
platelets in innate immunity: platelets, without the help of
cytokines, may have a role in preventing the entry of bacteria
from the circulation into extravascular tissues in the liver and
lungs. However, we still cannot explain (i) why KO3-R LPS
induces platelet accumulation but not degradation (i.e.,
whether MBP is involved in the action of this LPS), (ii) why

platelets accumulate selectively in the liver or lungs, depending
on the dose of LPS, or (iii) why the platelet response to LPS
depends on the strain of mice.
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