












TNF-a exposure does not recapitulate the induction of SR-A
mRNA in RAW264.7 cells exposed to LPS

It has been reported that the down-regulation of SR-A expression
by LPS in human THP-1 cells occurs through an autocrine/para-
crine mechanism driven by TNF-a secretion (11). We examined
whether TNF-a treatment of mouse RAW264.7 cells recapitulated
the LPS-induced increase in SR-A transcripts. Cells were treated
with mouse TNF-a or LPS for 24 h, and total RNA was isolated
and analyzed for SR-A transcripts (Fig. 10A, top panel). As ex-
pected, LPS exposure resulted in a 4.5-fold increase in SR-A tran-
scripts relative to 18S RNA levels (Fig. 10B). TNF-a exposure,
however, resulted in a modest decrease in SR-A expression. Be-
cause expression of the M-CSF receptor gene (c-fms) responds to
both TNF-a and LPS, we probed for c-fmstranscripts (Fig. 10A,
middle panel). The level of c-fmstranscripts relative to 18S RNA
decreased by about 40% after TNF-a exposure and by.80% after
LPS exposure (Fig. 10B). Thus, although TNF-a was able to mod-
ulate c-fmstranscripts, it was not able to recapitulate the LPS in-
duction of SR-A transcripts in RAW264.7 mouse macrophages.

Discussion
The capacity of SR-A to mediate the internalization and degrada-
tion of LPS has implicated the receptor in the clearance of LPS by
macrophages (7). The role of SR-A in protecting mice from LPS-
induced shock has been demonstrated recently using SR-A knock-
out animals in a model of endotoxic shock (8). Studies of human
monocyte-derived macrophages appeared to contradict these ideas,
because LPS strongly down-regulated scavenger activity and
SR-A expression in these cells (9, 10). A potential explanation for
this paradox was that the suppression of SR-A transcripts by LPS
was confined to an early period of the differentiation process. Phor-
bol ester-induced differentiation of human THP-1 monocytes in-

dicated that this was not the case, because after conversion to the
macrophage phenotype, as evidenced by increased adherence and
robust expression of SR-A, LPS still significantly decreased SR-A
expression.

In contrast, peritoneal macrophages cultured from two mouse
strains increased SR-A transcript levels by 3-fold when exposed to
an identical serotype of LPS. This up-regulation of SR-A appears
to be a general response of differentiated mouse macrophages, be-
cause J774.A1 and RAW 264.7 macrophage cells also responded
to LPS by increasing steady state levels of SR-A transcripts. Be-
cause these cells may all represent resident tissue macrophages, we
used the WEHI 265.1 line as a surrogate for mouse monocyte/
macrophages (20, 21). After PMA exposure to induce a macro-
phage phenotype, these cells up-regulated SR-A expression in re-
sponse to LPS. In addition, thioglycolate-elicited cells, which are
enriched in infiltrating monocyte/macrophages, also up-regulate
SR-A in response to LPS. The fact that these cells only up-regu-
lated SR-A expression 2-fold in response to LPS is consistent with
the observation that a variety of inflammatory stimuli, such as
thioglycolate broth, elicit SR-A expression in mice (23). Thus, for
resident mouse macrophages, mouse macrophages rich in infiltrat-
ing monocyte/macrophages, and three mouse macrophage cell
lines, LPS induces a different pattern of SR-A expression relative
to that reported for human monocyte/macrophages.

In the J774.A1 and RAW264.7 macrophage lines, LPS treat-
ment increased protein expression by 3-fold, and this increase was
associated with increased cell surface expression. These results
argue for the functional significance of LPS induction, because

FIGURE 7. Cycloheximide treatment of RAW264.7 macrophages
blocks the LPS-induced increase in SR-A transcripts. RAW264.7 cells
were treated with either cycloheximide (10mg/ml) or vehicle (dH2O) in the
presence or the absence of LPS (100 ng/ml). Cell were harvested after 12 h
of treatment, and total RNA was isolated.A, Northern analysis of isolated
total RNA (15mg) for SR-A message levels and 18S ribosomal RNA.B,
Induction of SR-A message levels normalized to the 18S ribosomal RNA
levels (quantitated by phosphorimaging). The graph shows the mean of the
duplicate samples6 SE, with the results representative of two such
experiments.

FIGURE 8. Induction of SR-A mRNA by LPS does not involve alter-
native splicing or transcriptional activation. RAW264.7 cells were exposed
to vehicle (dH2O), or LPS (100 ng/ml) for 16 h.A, Total RNA was isolated,
and the levels of SR-AI and II transcripts were determined by RNase pro-
tection assay (lane 1, undigested probe;lane 2, probe digested with 20mg
of yeast transfer RNA;lanes 3and4, probe digested with 20 and 40mg of
RNA (controls);lanes 5and6, probe digested with 20 and 40mg of RNA
(LPS); lanes 7–10, DNA markers).B andD, Nuclear run-on assays were
performed on nuclei isolated from RAW264.7 cells treated with LPS as
described inA or for the indicated times. Shown is a representative exper-
iment with duplicate samples probed for nascent SR-A andb-actin tran-
scripts. Results are representative of three independent experiments.C,
Northern analysis of total SR-A transcripts from cells cultured and treated
in parallel to those used inB.
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overexpression of SR-A increases the internalization and degrada-
tion of LPS, presumably through trafficking to the lysosome (7),
without activating cellular signaling (24). The increase in SR-A
transcripts occurred at a low level of LPS (1 ng/ml), with the
response saturating at 10 ng/ml. These levels are physiologically
relevant, because the 50% lethal dose in 129 mice is 346 6.6
ng/ml, while that in SR-A knockout animals is significantly lower
(4.7 6 1.5 ng/ml) (8). Interestingly, human monocyte/macro-
phages display a similar dose response to LPS, because 1 ng/ml
LPS down-regulates SR-A transcripts, with maximal suppression
seen at 10 ng/ml (9).

The induction of SR-A transcripts by LPS was seen by 8 h,
peaked at 16 h, and persisted for 48 h. These intermediate kinetics
suggested that the LPS effect on SR-A expression may require the
translation of novel protein factors. In support of this idea, we
found that the protein synthesis inhibitor cycloheximide blocked
the induction of SR-A transcripts by LPS. Studies at different times
after stimulation showed that LPS did not enhance the transcrip-
tional activity of the SR-A locus. To analyze LPS effects on tran-
script stability, we used standard conditions of actinomycin D
treatment and found that LPS induction mildly increased mature
SR-A message half-life from 6.86 1.8 to 8.66 2.4 h. This slight
lengthening of half-life induced by LPS did not adequately explain
the increase in SR-A transcripts. However, the effects of LPS on
SR-A transcript levels in the presence of actinomycin D were com-

plex. Control cells appeared more sensitive then LPS-treated cells
to actinomycin D toxicity. We do not believe that this difference
affected the half-life of SR-A transcripts such that it was an over-
estimate. If actinomycin D had artificially stabilized transcripts in
a generalized manner, such an effect should have also been oper-
ative on TNF-a transcripts. This was not the case, as TNF-a tran-
scripts rapidly decayed by 3 h (Fig. 9A). These results indicated
that the increase in mature LPS RNA transcripts was not simply
explained by either transcriptional activation or stabilization of
mature mRNA.

When we tested the effect of actinomycin D at 6 h post-LPS
treatment, a time when the levels of processed transcripts were
actively increasing, we found that mature SR-A transcripts con-
tinued to accumulate for up to 4.5 h after the addition of actino-
mycin D. These results suggests three potential interpretations: 1)
that actinomycin D failed to fully inhibit transcription; 2) that
SR-A transcription was differentially sensitive to actinomycin D;
or 3) that although actinomycin D did inhibit transcription, the
primary SR-A transcripts or intermediates present at the time of
addition of actinomycin only became detectable later as a result of
post-transcriptional mRNA processing. The first interpretation
seems unlikely, because, under the same conditions, gene tran-
scription was inhibited for both TNF-a and FcgRII (which is in-
duced with similar kinetics, but to a greater magnitude than the
SR-A gene). Although we cannot completely rule out that the

FIGURE 9. Effects of LPS on SR-A
message half-life in actinomycin D-treated
cells. RAW264.7 cells were treated with ei-
ther LPS (100 ng/ml) or carrier (dH2O) for
16 h. The cells were then treated with acti-
nomycin D (10 mg/ml) for the indicated
times, and total RNA was isolated.A,
Northern analysis of isolated total RNA for
SR-A and TNF-a transcripts and 18S ribo-
somal RNA.B, The SR-A message levels
(quantitated by phosphorimaging) were
normalized for total amount of RNA loaded
(20mg, except controls at 5–12 h, for which
40mg was loaded to obtain an adequate sig-
nal), expressed relative to levels at time
zero, and graphed on a semilog scale. The
mRNA half-lives were determined by least
squares regression analysis of the data.C,
RAW264.7 cells were treated with 100
ng/ml LPS for 6 h and then exposed to ac-
tinomycin D (10 mg/ml) for the indicated
times, and total RNA was isolated. SR-A
and TNF-a transcripts and 18S ribosomal
RNA levels were assessed by Northern
analysis (not shown). SR-A and TNF-a
transcripts are expressed relative to 18S
normalized transcript levels immediately
before actinomycin D addition. D,
RAW264.7 cells were treated with 100
ng/ml LPS or vehicle for the indicated
times, and levels of FcgRII transcripts were
determined by Northern analysis.E. Ex-
pression of FcgRII transcripts levels in the
RNA samples shown inC.
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SR-A locus was differentially sensitive to transcriptional inhibi-
tion, such a possibility appears unlikely, because our nuclear
run-on studies did not detect increased SR-A transcript initiation in
response to LPS.

Overall, our results are most consistent with the idea that LPS
induced SR-A transcripts by a post-transcriptional process that af-
fected message maturation or export. It is known that the induction
of lysozyme transcripts by LPS involves regulated sequential
splicing of primary transcripts (25). This type of regulated mRNA
splicing and export is known to occur in response to signaling
pathways involving growth factors, nutritional status, and environ-
mental stress (25–28). However, we were unable to uncover direct
evidence that LPS induced an alteration in the post-transcriptional
processing of SR-A transcripts. This may be because our method
of isolating RNA did not recover all of the nuclear RNA, partic-
ularly the very large (60-kb) primary SR-A transcripts. Still, we
found that LPS did not alter the ratio of type I or II messages, as
determined by RNase protection assays. In fact, the pattern of
SR-A transcript expression visualized by Northern blotting ap-
peared to vary among macrophages of the various mouse stains
and among the cell lines studied. These transcripts represent splice
variants of a single gene (16), with the larger m.w. type II tran-
scripts thought to arise from alternative termination and polyade-
nylation sites in the 39-untranslated portion of the SR-A gene (16).
LPS did not appear to differentially affect the use of alternative
termination or polyadenylation sites, because in the BALB/c-de-
rived peritoneal macrophages all three transcript sizes were in-
duced to a similar extent. Further studies are needed to determine
whether the LPS induction of SR-A transcripts involves regulated
sequential splicing of primary transcripts (25) or alters SR-A mes-
sage export.

These studies highlight the differences between SR-A expres-
sion in mouse and human cells. In contrast to the 6-h half life of
SR-A transcripts in RAW264.7 cells, the half-life of SR-A mes-
sage in differentiated human THP-1 cells is much longer (40 h) and

declines precipitously (10 h) when THP-1 cells are exposed to
TNF-a (11). A further divergence in the regulation of mouse SR-A
was found, because TNF-a did not induce the expression of SR-A
in RAW264.7 cells. Because the biological activity of TNF-a was
confirmed by the down-regulation of c-fmstranscripts, this exper-
iment indicates that TNF-a signaling alone is not sufficient to re-
capitulate the LPS-induced increase in SR-A expression in
RAW264.7 cells.

The finding that mouse macrophages up-regulate SR-A expres-
sion when exposed to LPS is consistent with the in vivo observa-
tion that SR-A protects against LPS toxicity. Injection of LPS into
the hippocampus of wild-type BALB/c mice was correlated with
increased SR-A expression on infiltrating macrophages and micro-
glia (23). Furthermore, macrophages from wild-type mice primed
with Calmette-Guérin bacillus expressed scavenger receptor activ-
ity, and when SR-A knockout mice were challenged with a sys-
temic dose of LPS, they were more susceptible to endotoxic shock
(8). Additional studies are needed to test whether in mice the LPS-
induced up-regulation of SR-A expression increases resistance to
endotoxemia (29).
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