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Early-phase endotoxin tolerance was inducible in mice which were T cell deficient (nude), B cell deficient
(xid), or asplenic, which suggests that these lymphoid cell subsets and the spleen do not contribute significantly
to the induction of acquired lipopolysaccharide hyporesponsiveness. C3H/HeJ mice did not exhibit the
hematopoietic changes observed in mice made endotoxin tolerant, which suggests that multiple mechanisms
may underlie lipopolysaccharide hyporesponsiveness.

Much of our understanding of the cellular mechanisms
which contribute to lipopolysaccharide (LPS) sensitivity has
been derived from studies which involved the use of
C3H/HeJ (Lpsd) mice which, because of a single gene defect,
are highly refractory to the effects of LPS both in vivo and in
vitro (for a review, see reference 19). In conjunction with
syngeneic, fully LPS-responsive (Lps') strains, strong evi-
dence has been put forth that many of the physiologic
changes which result from LPS administration are mediated
indirectly by a number of macrophage-derived immunoreg-
ulatory factors (2-4, 12, 14, 18, 22, 27).
A second model of murine endotoxin hyporesponsiveness

is a state of tolerance toward endotoxin which is acquired
after exposure of a normally sensitive animal to a sublethal
injection of endotoxin. An early phase of endotoxin toler-
ance occurs within the first few days after exposure to LPS,
is transient, and is not 0-antigen specific (8). Studies of
early-phase endotoxin tolerance have also indicated a cen-
tral role for macrophages. Several groups have demon-
strated that macrophages from animals made endotoxin
tolerant are refractory to LPS in vitro (5, 23, 28, 30). In a
recent study (11), we used the early-phase endotoxin toler-
ance system established by Williams et al. (30), in which
serum colony-stimulating factor (CSF) was measured as an
indicator of LPS responsiveness. The induction and mainte-
nance of early-phase endotoxin tolerance in this system (as
measured by suppression of CSF activity) were optimal 3 to
4 days after initial exposure to LPS and correlated tempo-
rally with a marked increase in bone marrow-derived mac-
rophage progenitor cells (macrophage colony-forming units
[M-CFU]). Cell-sizing profiles of the bone marrow cells from
mice made endotoxin tolerant indicated an enrichment for a
denser population of cells which contained the increased
numbers of macrophage progenitors. This suggested that
early-phase endotoxin tolerance might be related to an
overabundance of immature monocytic precursors in the
bone marrow which could, in turn, result in reduced avail-
ability of mature (and more LPS-responsive) monocytic cells
in the periphery. This study extends these findings to an
analysis of early-phase endotoxin tolerance induction in
mice with defects in specific lymphoid compartments.

(This research was conducted by G. S. Madonna in partial
fulfillment of the requirements for the Ph.D. degree from the
Uniformed Services University of the Health Sciences,
Bethesda, Md., 1986.)
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Homozygous expression of the nude allele (nulnu) results
in congenitally athymic mice that possess extremely low
levels of functional T cells (6, 21). Since there have been
several recent reports which suggest the existence of LPS-
responsive T cells (9, 13, 15, 25, 29), nude mice were used to
determine whether T cells were involved in the induction of
early-phase endotoxin tolerance. BALB/c athymic nude
(nulnu) mice and their euthymic (nul+) littermates (Harlan
Sprague-Dawley, Indianapolis, Ind.) were injected intraperi-
toneally with either saline or phenol-water-extracted Esche-
richia coli K235 LPS (25 jxg per mouse) on day 0 and were
challenged 3 days later with E. coli LPS (25 ,ug per mouse).
Mice were bled 6 h after challenge, and sera were tested for
CSF activity as described elsewhere (11). BALB/c control
and athymic mice injected with saline on day 0 responded
comparably to an LPS challenge on day 3 with the produc-
tion of serum CSF (Table 1). Exposure to LPS on day 0
induced tolerance in both athymic and euthymic mice com-
parably, as evidenced by a greatly reduced production of
serum CSF after challenge with LPS on day 3. These
findings suggest that T cells do not contribute significantly to
either the induction of CSF by LPS or the induction of
early-phase endotoxin tolerance.
The xid mutation, originally described in CBAIN mice, is

an X-linked defect which interferes with the development of
functional B cells that bear the Lyb 5 surface antigen (1).
Mice which express this defect are unable to respond to a
number of B cell mitogens, including LPS (26). Although
spleen cells from CBA/N mice are deficient with respect to
LPS-induced mitogenesis (7), these mice are fully responsive
to the toxic effects of LPS and bear macrophages which
respond normally to LPS in vitro to produce interleukin 1
(24). Recently, Mond et al. (17) showed that spleen cells
from C3.CBAIN mice, which are an xid congenic strain, also
failed to respond in vitro to B cell mitogens, including LPS.
These mice were used to probe whether the population of
LPS-responsive B cells which are deficient in these mice
were involved in the production of CSF or the induction of
early-phase endotoxin tolerance. Female C3.CBAIN mice,
homozygous for the xid defect (xidlxid), were the kind gift of
J. J. Kenny, Uniformed Services University of the Health
Sciences. These mice were age matched with congenic
female C3H/HeN mice (Harlan Sprague-Dawley) and were
subjected to the standard endotoxin tolerance regimen. The
results (Table 1) indicate that the xid defect of C3.CBA/N
mice had no effect on the induction of serum CSF after LPS
challenge of mice injected with saline on day 0. In addition,
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TABLE 1. Effect of an early-phase endotoxin tolerance induction
protocol on induction of CSF activity and bone marrow precursor

numbers in control and defective mice

CSF (CFU/ml) response to Day 3 M-CFU/105
the following sequence of . .

MousesrairtreatmentSa:
from mice injected on

Mouse strain or tramns.day 0 with':
treatment

Saline on day LPS on day
0, LPS on 0, LPS on Saline LPS

day 3 day 3

BALB/c 9,530 ± 588 1,330 ± 136 NTd NT
(nul +)c

BALB/c 9,970 ± 884 1,260 ± 220 NT NT
(nulnu)c

C3H/HeN 2,100 ± 140 250 ± 155 78 ± 9 240 ± 2
(+I+)

C3.CBA/N 2,080 ± 185 220 + 56 85 ± 7 255 ± 4
(xidlxid)

Untreatede 4,048 ± 555 856 ± 254 NT NT
Sham splenecto- 4,336 ± 491 816 ± 213 98 ± 4 234 ± 21
mized

Splenectomized 3,800 ± 317 608 ± 118 110 ± 3 192 ± 9

C3H/OuJ (Lps') 7,000 ± 250 1,300 ± 110 107 ± 1 233 ± 10
C3H/HeJ (Lpsd) 0 0 82 ± 6 102 ± 3

a CSF levels were determined with pooled serum samples collected 6 h after
the second injection (five mice per treatment group). Results represent the
arithmetic mean ± standard deviation of duplicate determinations. No CSF
was detectable in serum samples collected from mice injected with saline on
both days.

b Five mice per treatment group. The number of bone marrow macrophage
progenitor cells was determined by plating bone marrow cells in an excess of
CSF as described elsewhere (11). Results represent the arithmetic mean ±
standard deviation of duplicate determinations.

c By FACS analysis of individual spleen suspensions (16), the BALB/c
(nul+) and BALB/c (nulnu) spleens were found to contain 24.4 ± 1.5 and 3.0
± 0.7 Thy 1.2-positive cells, respectively.

d NT, Not tested.
e Outbred HSD(ICR)BR mice were used in this series of experiments.

preexposure to LPS on day 0 resulted in early-phase
endotoxin tolerance, as assessed by a reduction in serum
CSF after LPS challenge on day 3.
Bone marrow cell-sizing profiles were carried out 3 days

after injection of saline or LPS. Control (saline-injected)
C3.CBA/N and C3H/HeN mice showed a bimodal distribu-
tion of cells by size (Fig. 1) which was similar to that
reported for outbred mice (11). This picture was altered in
both the normal and defective (xid) mice by prior exposure
to LPS, as evidenced by a decrease in the number of cells in
the peak of smaller cells (peak 1) with an increase in both cell
number (C3H/HeN, 18% increase; C3.CBAIN, 19% in-
crease) and average cell size in peak 2. Both strains also
responded to prior LPS exposure with an increase (approx-
imately threefold) in the number of bone marrow-derived
macrophage progenitor cells (M-CFU; Table 1). These re-
sults support the notion that the population of LPS-
responsive B cells deficient in xid mice does not play an
essential role in either LPS sensitivity or the induction of
early-phase endotoxin tolerance.

In the study of Williams et al. (30), it was demonstrated
that early-phase endotoxin tolerance induced in outbred
mice could be reversed by injecting endotoxin-tolerant mice
with spleen cells from control mice 24 h before LPS chal-
lenge. These investigators, therefore, suggested that spleen
cells contribute significantly to the production of circulating
CSF in response to LPS. To assess the contribution of the

spleen in the production of CSF and the induction of
early-phase endotoxin tolerance, outbred HSD(ICR)BR
mice (Harlan Sprague-Dawley) were divided into three ex-
perimental groups: untreated (no surgery), sham splenec-
tomized, and splenectomized. Mice were allowed to recover
from surgery and then were subjected to the tolerance
induction protocol. The results (Table 1) illustrate the fol-
lowing. (i) High levels of LPS-induced serum CSF were
found in all three saline-pretreated groups, regardless of the
presence or absence of the spleen. (ii) All three groups (i.e.,
untreated, sham splenectomized, and splenectomized) were
made tolerant comparably by preexposure to LPS, as evi-
denced by their reduced capacity to produce CSF in re-
sponse to a second injection of LPS.
The effect of the tolerance induction regimen on bone

marrow cell-sizing profiles and M-CFU numbers was also
assessed. Bone marrow cell-sizing profiles from splenectom-
ized and sham-splenectomized mice were obtained 3 days
after injection of saline or LPS. Splenectomy had little effect
on the LPS-induced alterations in bone marrow cell-sizing
profile; i.e., both splenectomized and sham-splenectomized
bone marrow cells exhibited a reduction in cell numbers in
peak 1 and an increase in median cell size and numbers in
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FIG. 1. Cell-sizing profiles from C3.CBA/N and C3H/HeN mice.
On day 0, C3.CBA/N or C3H/HeN mice (five mice per group) were
injected with saline or E. coli LPS (25 p.g per mouse). Three days
later, the mice were sacrificed, the bone marrow cells were ob-
tained, and the cell-sizing profiles were determined with a Coulter
Channelyzer. , Saline treated; . . ., LPS treated. In C3H/HeN
mice, pretreatment with LPS resulted in an increase in the numbers
of cells in peak 2 from 59 to 77% of the cells analyzed. In C3.CBA/N
mice, pretreatment with LPS increased the numbers of cells in peak
2 from 65 to 84% of the cells analyzed.
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FIG. 2. Bone marrow cell-sizing profiles from splenectomized
and sham-splenectomized HSD(ICR)BR mice after saline or LPS
administration. On day 0, splenectomized or sham-splenectomized
HSD(ICR)BR mice (five mice per group) were injected with saline or

E. coli LPS (25 jig per mouse). Three days later, the mice were

sacrificed, the bone marrow cells were obtained, and the cell-sizing
profiles were determined with a Coulter Channelyzer. The arrows

indicate the relative positions of peak 2 bone marrow cells from
control (saline-injected) mice. In splenectomized mice, pretreatment

with LPS resulted in an increase in the numbers of cells in peak 2
from 65 to 82% of the cells analyzed. In sham-splenectomized mice,

pretreatment with LPS increased the numbers of cells in peak 2 from
64 to 80% of the cells analyzed.

peak 2 after injection with LPS, as compared with the
profiles obtained from saline-treated mice (splenectomized,
17% increase; sham splenectomized, 16% increase) (Fig. 2).
The number of bone marrow M-CFU was also found to be
approximately doubled in both groups 3 days after adminis-

tration of LPS (Table 1). Thus, spleen cells cannot be
considered to be a major source of LPS-induced CSF, as
suggested by Williams et al. (30); this supports the alterna-
tive suggestion by these investigators that other organs, such
as lungs, or resident peritoneal macrophages, may contrib-
ute significantly to the production of LPS-induced CSF.
Changes in M-CFU numbers and alterations in bone marrow
cell-sizing profiles in endotoxin-tolerant, splenectomized
mice were also consistent with the notion that the spleen
plays little role, if any, in these manifestations of LPS-
induced tolerance.
We next sought to determine whether any of the hemato-

poietic changes observed in endotoxin-tolerant mice were
present in the genetically LPS-hyporesponsive, C3H/HeJ
strain. To do this, C3H/HeJ (Lpsd) mice and syngeneic, fully
LPS-responsive C3H/OuJ (Lps') mice (Jackson Laboratory,
Bar Harbor, Maine) were subjected to the same endotoxin-
tolerance regimen which was established for outbred mice.
C3H/OuJ mice responded to LPS challenge in a manner
similar to that of outbred mice, i.e., a dramatic increase in
serum CSF from control (saline-pretreated) mice and a
mitigated CSF response in endotoxin-tolerant mice (i.e.,
those pretreated with LPS) (Table 1). In contrast, C3H/HeJ
mice did not respond with detectable levels of serum CSF
after either treatment. Bone marrow cells from LPS-
responsive (C3H/OuJ) and LPS-hyporesponsive mice in-
jected on day 0 with either saline or E. coli LPS were
cultured 3 days postinjection for determination of M-CFU
numbers. As had been observed in LPS-responsive, outbred
mice previously (11) (Table 1), the M-CFU numbers were
also found to be greatly increased in bone marrow cells
derived from C3H/OuJ mice exposed on day 0 to LPS,
whereas the increase observed in M-CFU numbers from
LPS-treated C3H/HeJ mice was minimal (Table 1). These
results indicate that expression of the Lpsd gene defect
results in: (i) an inability to respond to LPS by producing
serum CSF (as had been reported previously [2]) and (ii) no
alteration in either bone marrow M-CFU numbers (Table 1)
or bone marrow cell-sizing profiles (11). If the mechanisms
by which C3H/HeJ and endotoxin-tolerant mice failed to
respond to LPS were the same, one might expect to have
observed both a shifted bone marrow cell-sizing profile and
increased M-CFU numbers in untreated C3H/HeJ mice.
Neither was observed in this study or in our previous study
(11). However, one report has suggested that M-CFU num-
bers are increased in C3H/HeJ mice when compared with
C3HeB/FeJ (Lps') mice (10). Further studies will be required
to confirm these observations in light of recent findings that
C3HeB/FeJ mice express other gene defects (distinct from
Lpsd) which may compromise the functioning of their mac-
rophages (20).

In summary, the cellular mechanisms which underlie an
early state of induced LPS hyporesponsiveness were inves-
tigated by using various murine models to assess the relative
contribution of certain lymphoid cell subsets. Mice that were
T cell deficient, deficient in a population of LPS-responsive
B cells, or splenectomized were all capable of being ren-
dered fully tolerant toward endotoxin. These findings sug-
gest that these lymphoid cell subsets and the spleen do not
contribute significantly to the induced state of early-phase
endotoxin tolerance.
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