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Abstract: Bacterial lipopolysaccharide (LPS) sta-
bly induced the protein kinase C substrate, Mac-
MARCKS, in murine resident peritoneal macro-
phages; initial induction of MacMARCKS mRNA
was detected within 15 min and was protein synthe-
sis-independent. This response was observed in the
macrophage cell line RAW264, and occurred also
in response to plasmid DNA, a partial mimetic of
other responses to LPS. In murine bone marrow-
derived macrophages, MacMARCKS was expressed
constitutively due to induction by macrophage
colony-stimulating factor. Nuclear run-on transcrip-
tion revealed that, like tumor necrosis factor a
(TNF-a), MacMARCKS was transcribed constitu-
tively in RAW264 cells. The MacMARCKS pro-
moter was sequenced to 21.7 kb and the transcrip-
tion start site determined. Transient transfections
of RAW264 cells revealed that the 113-bp GC-rich
proximal promoter contained all the elements re-
quired for both high basal activity and 15- to
20-fold activation by LPS. J. Leukoc. Biol. 66:
528–534; 1999.
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INTRODUCTION

The major alanine-rich C kinase substrate (MARCKS) is a
substrate of protein kinase C that binds calmodulin and
components of the actin cytoskeleton, and becomes phosphory-
lated in a wide range of processes including mitogenesis,
neurosecretion, and macrophage activation [1, 2]. Mac-
MARCKS (also known as MARCKS-related protein and F52)
was identified as a major lipopolysaccharide (LPS)-inducible
protein in macrophages [3]. It appears to be involved in
phagocytosis in association with components of the cytoskel-
eton in cells of this lineage [4, 5] and possibly in integrin-
mediated cell adhesion and spreading [6]. MacMARCKS is also
expressed in cells of the central nervous system, where its
subcellular localization implies a function in neurosecretion.
Consistent with a role in cells of this lineage, and its pattern of
expression in the developing mouse embryo and differentiating
PC12 cells [7], mice with introduced null mutations in this gene
have been shown to be anencephalic due to a failure of neural
tube closure [8, 9]. Despite the close association of Mac-

MARCKS with phagocytic vesicles, macrophages derived from
such animals are not deficient in endocytosis [10].

Studies of the transcriptional control of the MacMARCKS
gene have indicated that the entire gene, including 407 bp of
proximal promoter, is able to drive high-level expression of the
gene product when transfected into fibroblasts that lack
endogenous expression of the gene [11]. In this study we have
examined the mechanisms that control the level of expression of
MacMARCKS mRNA and protein in macrophages.

MATERIALS AND METHODS

RAW264 macrophages were obtained from the American Type Culture
Collection and maintained in bacteriological Petri dishes as described [12, 13].
Peritoneal macrophages from female ICR mice were obtained by two rounds of
lavage using ice-cold sterile phosphate-buffered saline. Bone marrow-derived
macrophages were obtained by cultivation of femoral bone marrow cells for 7
days in recombinant macrophage colony-stimulating factor (CSF-1, a gift from
Chiron) as described [12, 13]. Details of experimental treatments are in the
legends to Figures 1–6. Polyclonal antiserum against murine MacMARCKS
was prepared by injecting rabbits with a purified GST-MacMARCKS fusion
protein. Antibody was affinity purified from sera using strips of polyvinylidene
difluoride membrane with recombinant MacMARCKS bound. Detection of
MacMARCKS protein takes advantage of the fact that it is co-translationally
myristoylated. The procedure and detection of MacMARCKS in cells prela-
beled with [3H]myristic acid has been described by Allen and Aderem [14].

For transfection analyses, a 17-kb genomic DNA clone containing the entire
murine MacMARCKS gene was isolated from a 129sv genomic library using a
MacMARCKS 58 cDNA probe. A 1.7-kb Nhe1 fragment was completely
sequenced and was found to cover the 58 end of the gene, including the
transcription start site (see below). This fragment was subcloned into the
luciferase reporter plasmid, pGL2 (Promega) and into pBluescript. 58 Nested
truncations of the promoter were generated by Exonuclease III cleavage using
the Erase-a-Base method (Promega) in pBluescript and the resulting subclones
were also transferred into pGL2. Transfections in the murine RAW264 cell line
were carried out by electroporation as described elsewhere and luciferase
activity was determined after 18–24 h [13, 15]. Activity expressed as relative
light units was normalized to protein measured with the use of a Bradford assay.

Levels of MacMARCKS mRNA were determined by either RNase protection
or Northern analysis as described [12], depending on the availability of RNA.
For RNase protection, a 315-base 32P-labeled probe was synthesized correspond-
ing to MacMARCKS coding sequence 1485 to 1745. The RNase protection
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assay was carried out on 5 µg of total RNA with an RPAII kit (AMBION), with a
250-bp b-actin probe as an internal control. For mapping of the transcription
start site of the gene by RNase protection, a 620-bp Xba1-Sac1 fragment of the
gene covering the region from -413 to 1203 was cloned into pBluescript and an
RNA probe was generated with T3 polymerase. RNase protection was
performed using 20 µg of RNA from LPS-stimulated RAW264 cells as template.
The transcription start site was confirmed using primer extension with a 30-bp
oligonucleotide complementary to the 58 end of the MacMARCKS cDNA
(1174 to 1203). The oligonucleotide was 32P-labeled at the 58 terminus and
mixed with 50 µg of RNA from LPS-stimulated RAW264 cells. After
hybridization in buffer A from the Ambion RPAII kit, the primer was extended
with Moloney murine leukemia virus reverse transcriptase (Boehringer-
Mannheim) in the presence of 50 µg/mL actinomycin D. The product was
resolved in parallel with a dideoxy sequencing ladder on 6% polyacrylamide/7
M urea.

RESULTS

Previous studies provided some indication that level of Mac-
MARCKS mRNA was inducible by LPS in murine peritoneal
macrophages [3]. Figure 1A examines the LPS dose depen-
dence of this induction. In these cells, which are relatively
inactive in terms of expression of other LPS-responsive genes
and are known to be poorly endocytic, MacMARCKS expres-
sion was variable in different experiments, but always low.
Addition of as little as 0.1 ng/mL LPS produced a substantial
induction of the level of MacMARCKS mRNA and 1 ng/mL
LPS provided near-maximal induction after 4 h of treatment.
The ability of LPS to induce MacMARCKS mRNA was
paralleled by a substantial increase in the level of protein (Fig.
1A) as described previously.

The kinetics of induction of MacMARCKS mRNA levels in
peritoneal macrophages are examined in Figure 1B. A detect-
able increase in MacMARCKS mRNA was observed only 5 min
after addition of a maximal dose of LPS, but the expression
continued to increase for up to 2 h. Not surprisingly, the level of
MacMARCKS protein, detected by immunoprecipitation from
cells labeled with [3H]myristic acid, increased more slowly but
was still detectable after only 20 min. The induction of
MacMARCKS mRNA by LPS was so rapid that a requirement
for intervening protein synthesis appeared inherently unlikely.
In keeping with this view, MacMARCKS mRNA levels, like
those of TNF-a, were actually found to be induced by treatment
with the protein synthesis inhibitor cycloheximide, and super-
induced on subsequent addition of LPS (data not shown).

Peritoneal macrophages are not available in sufficient num-
bers for more extensive mechanistic studies and cannot be
transfected. For this reason, we examined the LPS-responsive
murine macrophage cell line RAW264 and bone marrow-
derived macrophages (BMDM) cultivated from marrow in the
presence of macrophage CSF-1. In RAW264 cells, Mac-
MARCKS was expressed constitutively at low levels, but could
be very greatly induced by addition of 100 ng/mL LPS (Fig. 2).
Like TNF-a, which was examined in parallel, MacMARCKS
was maximally induced after 1 h, but the peak of expression
was sustained for somewhat longer, being still maximal after 8 h
(Fig. 2). Dose-response curves for induction of the two genes
were indistinguishable (data not shown). Hence, RAW264 cells
can be used as a model to understand LPS regulation of the
MacMARCKS gene. We have shown recently that some actions
of LPS on macrophage gene expression are mimicked by

A

B

Fig. 1. Induction of MacMARCKS mRNA in peritoneal macrophages. (A)
Dose-response analysis of LPS induction of MacMARCKS mRNA and protein.
Top, peritoneal macrophages were stimulated with LPS as indicated for 4 h and
total RNA was isolated and analyzed by RNase protection (Materials and
Methods). The upper band is the 315-bp MacMarcks (MM) protected fragment.
Bottom, peritoneal macrophages were labeled with [3H]myristic acid and
stimulated with LPS as above. MacMARCKS was immunoprecipitated from the
cell lysate with anti-MacMARCKS antibody, resolved on 10% sodium dodecyl
sulfate-polyacrylamide gel electrophoresis and detected by fluorography. (B)
Time course of induction of MacMARCKS mRNA and protein. Peritoneal
macrophages were incubated with LPS (100 ng/mL) for the times indicated and
MacMARCKS mRNA and protein were detected as described for panel A.

Fig. 2. Induction of MacMARCKS mRNA in RAW264 cells by LPS or
plasmid DNA. RAW264 cells were incubated for the times indicated with either
LPS (100 ng/mL) or pBluescript plasmid DNA (2 µg/mL). Northern blots
prepared from total RNA were probed for expression of MacMARCKS and
TNF-a and loading is controlled by probing with an 18S RNA oligonucleotide.
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plasmid DNA, which is recognized by virtue of the presence of
unmethylated CpG motifs [16, 17]. Recognition of the effect of
plasmid DNA is important because it is a constraint upon the
interpretation of transient transfections. Addition of plasmid
DNA to RAW264 cells at concentrations used in transfections
was also able to induce MacMARCKS mRNA. The response
was approximately half as great as with LPS and was less
sustained (Fig. 2). As observed previously with other LPS-
responsive genes such as TNF-a, the response to plasmid DNA
was abolished by treatment with DNase1, eliminating any
possible role for contaminating LPS in the plasmid preparation
(data not shown).

In contrast to peritoneal macrophages and RAW264, in
BMDM MacMARCKS mRNA was found to be expressed
constitutively at high levels. The addition of either LPS or
plasmid DNA did not further elevate the level of mRNA (data
not shown). In the same studies, and many other studies in our
laboratory, LPS-responsive genes such as TNF-a and plasmino-
gen activator-inhibitor type 2 are undetectable in BMDM in the
absence of added LPS, so the constitutive expression of
MacMARCKS cannot be due to LPS contamination [see refs.
16, 17]. We showed previously that CSF-1 regulates the
response of BMDM to the protein kinase C agonist, phorbol
myristate acetate (PMA) in terms of induction of urokinase
plasminogen activator [12, 13]. Hence, we examined the
expression of MacMARCKS mRNA in BMDM starved of CSF-1
and then refed. Figure 3 shows that MacMARCKS mRNA was
reduced to undetectable levels in starved cells and was induced
by re-addition of CSF-1, regaining the steady state elevated
level after 8 h. The subsequent decline observed in Figure 3 is
due to CSF-1 depletion and can be prevented by addition of
higher relative concentrations. MacMARCKS mRNA appears
to be maintained for as long as CSF-1 is present (data not
shown). In contrast to the rapid induction by LPS in responsive
cells, the time course of CSF-1 induction of MacMARCKS was
slow and resembled that of induction of urokinase plasminogen
activator under the same conditions [see ref. 12], whereas a
typical early response gene, the transcription factor Ets-2 [12,
13], was induced more rapidly and transiently.

To examine the mechanism of induction of MacMARCKS by

LPS, we performed nuclear run-on transcription assays using
RAW264 cells. As a positive control for genes that are known to
be induced by LPS we used interleukin-1b (IL-1b) and
plasminogen activator inhibitor type 2 (PAI-2) and, conversely,
we used c-fms as a control gene that is transcriptionally
repressed by LPS. We also examined TNF-a, which is reported
to be regulated both transcriptionally and posttranscriptionally.
The results are shown in Figure 4. Both MacMARCKS and
TNF-a were transcribed constitutively at high levels in RAW264
cell nuclei in the absence of LPS, and addition of LPS produced
only a marginal further increase in transcription of either of
these genes. In contrast, transcription of IL-1b PAI-2 was
clearly induced from a very low basal level by addition of LPS
over an extended time course. Urokinase plasminogen activator
mRNA is induced transiently by LPS [unpublished results]
and, in accord with this pattern, transcription was induced after
1 h but returned to baseline thereafter. Induction of iNOS was
also induced after 6 h, although the level is very low and
difficult to demonstrate photographically. Conversely, transcrip-
tion of c-fms, which was already low by comparison to
MacMARCKS and TNF-a, was repressed still further. All of
these controls demonstrate that there is a clear response to LPS
under the conditions of the experiment, but both MacMARCKS
and TNF-a are transcribed constitutively and neither is
markedly induced transcriptionally by LPS in RAW264 cells.

The results from the run-on transcription assay would
suggest that the MacMARCKS promoter would be constitu-
tively active in RAW264 cells. The 58 flanking sequence was
determined as indicated in Figure 5. This extends the
previously reported sequence [11] by 1.4 kb. The presumptive
proximal promoter is very GC rich, somewhat reminiscent of a
house-keeping gene, and has two possible AT-rich TATA like
elements. The human MacMARCKS promoter has also been

Fig. 3. Induction of MacMARCKS mRNA in bone marow-derived macro-
phages by macrophage CSF-1. Murine bone marrow-derived macrophages were
starved of CSF-1 overnight, then recombinant human CSF-1 (5000 U/mL) was
added. Total RNA was isolated at the times indicated and Northern blots were
prepared and probed for expression of MacMARCKS and Ets-2 as indicated.
18S RNA is used as a loading control.

Fig. 4. Transcriptional regulation of LPS-responsive genes in RAW264 cells.
RAW264 cells were incubated for the times indicated with 100 ng/mL LPS,
nuclei were isolated, and labeled run-on transcripts were prepared (Materials
and Methods). Plasmid DNAs containing full-length murine cDNAs encoding
each of the genes of interest as indicated were slot-blotted onto the membrane,
which was then hybridized with the labeled probes, washed, and exposed to
autoradiography.
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sequenced and is similarly GC-rich [18]. The transcription start
site used in macrophages was therefore determined using both
RNase protection and reverse transcriptase primer extension.
The two approaches yielded the same result and the specificity
of the protected/extended products was confirmed by the
observation of induction in response to LPS (which did not alter
the start sites used). Two starts were detected (the more distal is
designated 11, the second is two base pairs downstream)
around 40 bp 38 of a putative TATA box (ATATA) that is

therefore likely to be a conventional binding site for TATA-
binding protein.

We next examined the promoter activity of the 58 flanking
region by transient transfection of luciferase reporter gene
constructs in RAW264 cells. The 1.7-kb promoter was up to
fivefold more active than the macrophage-specific 3.5-kb c-fms
promoter in these cells, as might be anticipated from Figure 4,
but surprisingly, the activity could be induced by a further 15-
to 20-fold by LPS (Fig. 6). A more extended promoter

B C

Fig. 5. Nucleotide sequence of the MacMARCKS 58 flanking region and mapping of the transcriptional start site. (A) Sequence of 58 flanking region. The
transcriptional start site is indicated by an arrow, the putative TATA box is boxed, and the initiator ATG is underlined. p1.8luc, p6luc, and p78-10 luc refer to the 58

end of deletion constructs fused to the luciferase gene used to define the LPS-responsive elements. The Nhe 1 site used for subcloning is indicated. Pu.1 and Sp1
sites in the proximal promoter are underlined. (B) Mapping of the MacMARCKS RNA initiation site by RNase protection. Anti-sense RNA probes complementary to
a MacMARCKS genomic DNA sequence (-413 to 1 2203) were annealed to 20 µg of total RNA from control (lane 1) or 4-h LPS-stimulated RAW264 cells (lane 2)
and digested with RNase as described in Materials and Methods. The protected fragments were resolved on a 6% sequencing ladder and compared to a sequencing
ladder as indicated. (C) Mapping of the MacMARCKS RNA initiation site by reverse transcriptase primer extension. Fifty micrograms of total RNA from control (lane
2) or LPS-stimulated RAW264 cells (lane 3) were annealed to a 32P-labeled MacMARCKS primer, and the primer was extended by reverse transcriptase as described
in Materials and Methods. Yeast RNA (lane 1) is the negative control. Products were resolved on 6% PAGE/7 M urea and compared to a sequencing ladder as
indicated.
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construct, including an initial 2.3 kb of unsequenced 58
flanking region, was approximately twofold more active but no
more LPS-responsive. By comparison, endotoxin-responsive
HIV-1-LTR assayed under comparable conditions generally
gives less than fivefold trans-activation in response to LPS, in
part because of the effect of the reporter plasmid DNA itself on
the baseline activity [16, 17]. Sequential deletion down to the
proximal 113 bp alone caused almost no diminution of either
basal or LPS-stimulated activity. This most proximal deletion
eliminated a perfect binding site at -120 (GAGAGGAA) for the
macrophage-specific Ets family transcription factor PU.1 as
well as several other candidate upstream regulatory elements.
The 113-bp proximal promoter region is remarkably GC-rich
and contains at least four copies of the perfect consensus
binding site for the basal transcription factor Sp1 as well as
numerous other GC-rich elements that probably also bind this
factor. The lack of induction of the murine c-fms promoter (Fig.
6), which lacks Sp1 sites [19], demonstrates that the response to
LPS is promoter-specific. In other experiments, minimal promot-
ers such as that of the HIV-1-LTR, SV40 and urokinase
plasminogen activator, that contain Sp1 sites but have much
lower basal activity and are less GC-rich, gave a two- to fourfold
activation in response to LPS under comparable conditions
(data not shown).

DISCUSSION

MacMARCKS was identified in macrophages because of its
putative involvement in the activation by LPS of the response of
these cells to subsequent stimulation by the protein kinase C

agonist, PMA [3]. In this study we have shown that very low
concentrations of LPS induces MacMARCKS mRNA within
minutes in macrophages. Like a growing list of LPS-inducible
genes, MacMARCKS was also inducible by plasmid DNA (Fig.
2). The ability of plasmid DNA, via the presence of immunos-
timulatory DNA sequences containing unmethylated CpG, to
partly mimic the response to LPS has been implicated in the
efficacy of plasmid DNA vaccines [see ref. 16].

The data obtained with BMDM clearly distinguish Mac-
MARCKS from other LPS-inducible genes. In contrast to
MacMARCKS, TNF-a is undetectable in BMDM in the pres-
ence or absence of CSF-1, but is massively induced by either
LPS or plasmid DNA [16]. MacMARCKS was inducible by
CSF-1 in BMDM (Fig. 3). The failure of these cells to respond to
further stimulation implies that the responses to LPS and CSF-1
are not additive. The induction of MacMARCKS by CSF-1 may
contribute to the synergistic interactions between CSF-1 and
PMA measured in terms of induction of urokinase plasminogen
activator mRNA [12, 13]. Apart from sensitizing cells to PMA,
CSF-1 and LPS share the ability to induce profound extensive
spreading of macrophages on a substratum. Induction of
MacMARCKS probably functions in regulation of cell adhe-
sion, spreading, membrane trafficking, and endocytosis [1],
despite evidence from the knockout mouse that this function is
partly redundant [10].

Nuclear run-on transcription assays in RAW264 cells showed
that MacMARCKS was transcribed constitutively at a high rate
in RAW264 macrophages and the production of transcripts as
detected by the run-on transcription assay was no more
LPS-inducible than transcription of b-actin, which is not
LPS-inducible at the level of mRNA expression (data not
shown). The finding with TNF-a is completely different from
recent findings of others, in which fivefold transcriptional
activation was observed 2 h after LPS treatment of RAW264
cells [20]. The published experiments did not include positive
controls of other LPS-inducible or repressible genes and the
time chosen is actually well after the major peak of TNF-a
mRNA expression. Our data support the view that TNF-a is
regulated primarily at a posttranscriptional level [21]. The
mechanisms involved in TNF-a and MacMARCKS regulation
are not universal in LPS responses; many LPS-responsive
genes, including IL-1b, PAI-2, and iNOS as shown in Figure 4
are activated primarily at the level of transcription initiation.

In part, the run-on transcription assay was consistent with
the transient transfections. The MacMARCKS promoter is
constitutively highly active in RAW264 cells, more so than the
macrophage-specific c-fms promoter, and the activity was
retained in a deletion containing only the 113-bp GC-rich
proximal promoter (Fig. 6), which contains multiple consensus
Sp1 binding sites (Fig. 5). Although Sp1 is often regarded as a
ubiquitous transcription factor governing the expression of
housekeeping genes, in a previous study of the proximal
promoter of the HIV-1-LTR we observed LPS induction of
nuclear proteins that bound the SP1 consensus sequence
sequences and were recognized by anti-Sp1 antibodies [17].
Others have also reported on activation of Sp1 by LPS [22, 23]
and multiple Sp1 sites are found in the proximal promoters of
many genes that are myeloid-specific and/or related to LPS

Fig. 6. Transient transfection analysis of the effect of LPS on activity of
MacMARCKS promoter-luciferase reporter genes in RAW264 cells. RAW264
cells were transiently transfected by electroporation with the MacMARCKS
promoter-luciferase reporter constructs as indicated. Clone 6 contains 267 bp
and p78-10luc 113 bp of MacMARCKS promoter, respectively, while pGL-B is
the parent promoterless vector. The 3.5-kb murine c-fms promoter is a
macrophage-specific promoter that is known not to be LPS-responsive.
Twenty-four hours posttransfection cells were harvested and luciferase activity
was determined as described in Materials and Methods. Results are the average
plus or minus standard deviation of triplicate determinations. The experiment is
representative of three separate experiments.

532 Journal of Leukocyte Biology Volume 66, September 1999 http://www.jleukbio.org



actions, including CD14, CD11b, mannose receptor, and the
TNF-a genes [23–29]. In many of the promoters that are
constitutively active in macrophages [e.g., 28, 29], Sp1 has
been found to cooperate with the macrophage-specific transcrip-
tion factor PU.1 bound to adjacent motifs. In transient transfec-
tions, elimination of the perfect PU.1 box motif at -120 did not
reduce basal or LPS-stimulated MacMARCKS promoter activ-
ity in RAW264 cells but it seems likely that this site contributes
to myeloid-specific expression in the endogenous chromatin
context. Given the multiplicity of GC-rich elements in the
MacMARCKS promoter, another LPS-inducible protein, EGR-1
[26, 30], probably also contributes to LPS-inducible activity in
transient transfections. GC-rich proximal promoters are very
widespread among genes expressed in other cell types. In
general, multiple Sp1 binding sites are functionally redundant,
with deletion of individual sites causing small reductions in
activity in transient transfection [31, 32]. A recent study of the
mouse aprt gene suggests that some apparently redundant Sp1
elements contribute to protection of the gene against methylation-
dependent inactivation, a function that could only be assessed
in transgenes or stable transfections.

The obvious question that arises from our study is why the
transcriptional activation that is apparent in transient transfec-
tions despite the possible contribution of plasmid DNA to the
basal promoter activity was not observed in run-on transcription
assays. One possibility is that Sp1-dependent induction of
MacMARCKS is masked by parallel induction of a wide range
of other cellular genes (including the b-actin gene used as a
control) that also contain Sp1 sites. Alternatively, transient
transfection by electroporation introduces a very large number
of DNA templates into cells. The presence of so many Sp1
binding sites in the MacMARCKS promoter may titrate the
endogenous pool of nuclear proteins so that it falls into a range
where the induction by LPS causes a more marked increase in
activity of the transfected gene(s). Finally, in the case of LPS
induction of TNF-a in a murine macrophage cell line, there is
evidence that LPS acts to increase transcription elongation
[33]. In the run-on transcription assay we have not distin-
guished initiation and elongation, having used a full-length
cDNA as probe, so it remains possible that elongation is also a
site of regulation of MacMARCKS. In principle, transcription
elongation may be generated by DNA structures or proteins
bound at the point of premature termination or by alterations in
the intrinsic processivity of RNA polymerase molecules gener-
ated at the site of initiation. Because events occurring on the
promoter influence the ability of RNA polymerase to complete a
mature luciferase transcript, and therefore to make a luciferase
protein, transient transfections actually measure both initiation
and elongation. Yankulov et al. [34] have provided evidence in
model systems that RNA polymerase II processivity is con-
trolled by transcription factors bound to the proximal promoter
and can be as important as the stimulation of initiation in
determining the expression of a reporter gene. Hence, the
reporter gene analysis and run-on transcription assays are not
necessarily incompatible.

The addition of LPS to macrophages generates a cascade of
different signaling pathways that appear to involve all the
known signaling molecules in different combinations in differ-

ent macrophage populations [35]. This complexity is com-
pounded by the fact that endogenous cytokines induced in
response to LPS rapidly initiate autocrine loops that may
amplify, terminate, or ramify the primary signal [35]. No two
genes that respond to LPS in macrophages are regulated by
precisely the same signaling pathway, and the data obtained
with MacMARCKS indicate that it is also regulated in a
gene-specific manner. Although this complexity is daunting, it
offers the hope that it will be possible to dissect LPS action to
eventually separate those aspects that are responsible for
endotoxin toxicity.
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