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Acute inflammation induced by intrapulmonary LPS requires cluding RelA and p50 subunits (12, 13). The RelA subunit
nuclear factor (NF)-�B RelA. This study elucidates the effects is essential for effectively responding to bacterial stimuli
of intrapulmonary LPS on I�B proteins, endogenous inhibitors in the lungs. The gene-targeted deletion of RelA renders
of RelA, and the effects of deficiency of I�B-�. I�B-�, I�B-�, and mice susceptible to spontaneous pulmonary infections (14).
I�B-ε each complexed with RelA in uninfected murine lungs. Neutrophil emigration and the pulmonary expression ofIntratracheal instillation of LPS induced the degradation of

KC, macrophage inflammatory protein-2, and intercellularI�B-� and I�B-�, as measured by the loss of immunoreactive
adhesion molecule-1 induced by intranasal insufflation ofproteins in non-nuclear fractions. Degradation was apparent
Escherichia coli LPS are inhibited by the absence of RelAby 2 h and sustained through 6 h. In contrast, net I�B-ε content
(14). These data suggest that nuclear translocation of NF-�Bincreased over this period. The small amounts of I�B-� and

I�B-� that were detected in nuclear fractions from the lungs RelA is critical to inducing the gene expression mediating
also decreased over this time frame, whereas intranuclear NF-�B neutrophil emigration elicited by LPS in the lungs.
content (including both RelA and p50) increased. The hypo- NF-�B transcription factors are controlled by the I�B
phosphorylated form of I�B-�, which facilitates transcription family of inhibitor proteins (15). I�B proteins bind to the
induced by NF-�B, was not detected. Neutrophil recruitment Rel-homology domains of NF-�B proteins, masking theand edema accumulation did not differ between wild type mice

nuclear localization and DNA-binding sequences, and pre-and gene-targeted mice deficient in I�B-�, suggesting that
venting NF-�B–mediated gene transcription. The stimulus-I�B-� is not specifically required for these responses. Altogether,
induced phosphorylation, ubiquitination, and proteasomalthese data suggest that RelA is liberated during LPS-induced
degradation of I�B proteins liberates the NF-�B complexes,pulmonary inflammation by the regulated degradation of both

I�B-� and I�B-�. In the absence of I�B-�, I�B-� or other inhibi- which then translocate to the nucleus, bind specific DNA
tory proteins can regulate NF-�B functions essential to acute sequences, and induce the transcription of downstream
neutrophil emigration in the lungs. genes.

Three I�B family members, I�B-�, -�, and -ε, are encodedLower respiratory infections are the leading cause of lost
by distinct genes and are capable of inhibiting NF-�B–disability-adjusted life years worldwide (1). Gram-negative
mediated transcription. The extent to which these proteinsbacteria are common causes of both community- and hospi-
have unique or overlapping functions remains unclear. Theytal-acquired pneumonias (2, 3). LPS from Gram-negative
possess subtle differences in the quality of their biochemicalbacteria is recognized in the lungs by pattern recognition
interactions with individual NF-�B complexes (16–18), butreceptors (4) that initiate local innate immune responses,
no particular NF-�B complexes or NF-�B activities haveincluding neutrophil emigration and edema accumulation.
been demonstrated to require distinct I�B proteins. EachNeutrophil emigration elicited by LPS or Gram-negative
of the I�B proteins is capable of inhibiting NF-�B translo-bacteria in the lungs requires the regulated expression of
cation, DNA binding, and transcriptional activation whena variety of genes, including chemokines (5–7), adhesion
overexpressed (16–18). Degradation of each of the I�B pro-molecules (8, 9), and early response cytokines (10). The
teins is associated with NF-�B translocation and expressiontranscription of many of these genes (including KC, macro-
of �B-associated genes. However, the kinetics of activation-phage inflammatory protein-2, intercellular adhesion mole-
induced degradation and resynthesis appears to differ forcule-1, and tumor necrosis factor-�) is mediated at least in
the three I�B proteins, with I�B-� being degraded andpart by the nuclear factor (NF)-�B family of transcription
resynthesized most quickly and I�B-� most slowly (18–21).factors (reviewed in (11)).
The I�B proteins are inducibly phosphorylated by multipleThe intrapulmonary deposition of bacteria or LPS in-
kinases (22–25); to our knowledge, no specific kinases haveduces the nuclear translocation of NF-�B complexes, in-
been selectively associated with distinct I�B proteins. The
biochemical mechanisms responsible for the independent
regulation of these I�B proteins remain to be elucidated.(Received in original form February 5, 2002 and in revised form May 9,

2002) The regulated expression of these three different pro-
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were killed by inhalation of a halothane overdose at the indicatedonly when it is controlled by the cis regulatory elements of
times. Colloidal carbon-containing lung lobes from mice instilledI�B-� (27). In contrast to I�B-� deficiency, gene-targeted
with LPS, as well as left lung lobes from mice that did not receivemutation of I�B-� does not affect survival or result in spon-
LPS instillation, were excised, snap-frozen in liquid nitrogen, andtaneous inflammatory disease (M.L. Scott and D. Baltimore,
stored at �80�C until protein extraction. Nuclear and non-nuclearunpublished observations), suggesting that I�B-� is not es-
proteins were collected from the frozen lung samples (10, 13), andsential to the basal inhibition of NF-�B.
total protein concentrations were measured using a bicinchonicAlthough all three of these I�B proteins concentrate
acid assay with bovine serum albumin as the standard.NF-�B proteins in the cytoplasm, both I�B-� and I�B-�

For electrophoretic mobility shift assay (EMSA), nuclear pro-appear in the nucleus as well. The regulation and function
teins (0.5 mg/ml) incubated with 3.5 nM �[32P]ATP-labeled NF-�Bof these I�B proteins within this organelle may differ. I�B-�
consensus oligonucleotide (Promega, Madison, WI). In supershift

does not completely mask the nuclear localization signals assays, nuclear proteins (0.3 mg/ml) were incubated with 3.5 nM
of RelA, and hence, I�B-� is regularly imported into nuclei �[32P]ATP-labeled NF-�B consensus oligonucleotide and an anti-
along with NF-�B proteins (28–30). However, a nuclear body (Ab) against one subunit of NF-�B (0.2 mg/ml) for 30 min
export signal on I�B-� efficiently returns the complexes to prior to electrophoresis. All polyclonal Ab were purchased from
the cytoplasm via the Crm1 export receptor (28–30). Thus, Santa Cruz Biotechnology (Santa Cruz, CA), including the follow-
I�B-� regularly shuttles through the nucleus, and export of ing: sc-7151 against RelA, sc-1192 against p50, sc-71 against c-Rel,
NF-�B complexes displaced from the DNA by I�B-� may sc-226 against RelB, and sc-298 against p52. Protein-oligonucleo-
be critical to turning off gene expression induced by NF-�B. tide complexes were separated from protein-free oligonucleotides
I�B-� can also be found in the nucleus, but the mechanisms by polyacrylamide gel electrophoresis and detected by autoradiog-

raphy. Independent experiments with proteins collected from theof its import and export are different from I�B-� and remain
lungs of different mice yielded consistent results.to elucidated (28, 29, 31–33). I�B-� in particular may in-

For most Western analyses, nuclear and non-nuclear proteinscrease in the nucleus subsequent to cell stimulation (31, 33).
(30 �g/well) were separated on 4–12% gradient gels by SDS-The intranuclear form of I�B-� appears to be hypophosphor-
polyacrylamide gel electrophoresis (PAGE) and transferred toylated, and incapable of inhibiting NF-�B–mediated gene
Immobilon-P PVDF membranes. Membranes were probed withexpression (31). Since it prevents binding of NF-�B by other
the following polyclonal Ab (Santa Cruz Biotechnology): sc-371I�B proteins (31), hypophosphorylated I�B-� may enhance
against I�B-�, sc-945 against I�B-�, and sc-7156 against I�B-ε.rather than inhibit gene expression mediated by NF-�B.
After washing, primary Ab associated with the membranes wereWe hypothesized that the different I�B proteins perform
detected on autoradiographic film by horseradish peroxidase-con-distinct functions in regulating inflammatory responses to
jugated secondary Ab and the ECL�Plus chemiluminescent sys-LPS in the lungs. The present study characterizes I�B-�, -�,
tem (Amersham Pharmacia Biotech; Piscataway, NJ). Densitomet-and -ε in the lungs during pulmonary inflammation induced
ric data were collected and analyzed using Scion ImagePC software

by E. coli LPS. The functional requirements for I�B-� in (Scion; Frederick, MD).
regulating pulmonary inflammation were specifically exam- For Western analyses designed to differentiate the electropho-
ined using mice with targeted deletion of the I�B-� gene. retic mobilities of basally phosphorylated and hypophosphorylated

I�B-�, gel electrophoresis conditions which separated these iso-
forms were empirically determined. Nuclear and non-nuclear pro-Materials and Methods
teins (30 �g/well) were separated by SDS-PAGE over 20 cm inMice
10% polyacrylamide at a constant current of 24 mA. Proteins

I�B-�–deficient mice were generated by standard procedures using were transferred to Immobilon-P PVDF membranes, and Western
homologous recombination in embryonic stem cells. The targeting

analyses were performed as above. To render I�B-� hypophos-of mouse Nfkbib deleted the genomic DNA encoding nucleotides
phorylated, protein samples were incubated with calf intestinal253 to 987 of the I�B-� cDNA (GenBank Accession U19799, Na-
phosphatase (Promega) at 0.5 U/�l for 30 min at 37�C prior totional Center for Biotechnology Information, Bethesda, MD). This
electrophoresis.targeted deletion eliminated 	 60% of the coding region, includ-

For immunoprecipitations, left lung lobes were homogenizeding all ankyrin repeats. I�B-�–deficient mice and wild type (WT)
in the lysis buffer containing antiproteases designed by Shenkarmice of similar random hybrid genetic background (C57BL/6 

and colleagues for immunoprecipitation of mouse lung proteins129/Sv) were maintained under specific pathogen-free conditions in
(34), and cleared by centrifugation. Aliquots from each extracta full barrier facility. C57BL/6 mice were purchased from Taconic
were saved for Western analyses. Protein concentrations were(Germantown, NY). Mice were 6 to 10 wk of age at the time
determined using the bicinchonic acid assay (Sigma), and aliquotsof experiments. All experimental protocols were approved by the

Harvard Medical Area Standing Committee on Animals. containing 8 mg of lung protein were rotated end-over-end with
primary Ab at a final concentration of 5 �g/ml, overnight at 4�C.
Ab-binding complexes were precipitated with Protein A-sepharose
(Sigma); protein samples which did not precipitate with proteinNF-�B and I�B Proteins in the Lungs
A-sepharose (supernatant fractions) were collected for compari-NF-�B translocation in murine lungs was measured as previously
son. Precipitates were washed three times with lysis buffer con-described (10, 13). Mice were anesthetized by intramuscular injec-
taining antiproteases, and suspended in loading dye. Equal vol-tion of ketamine hydrochloride (100 mg/kg) and acepromazine
umes of protein samples were separated by SDS-PAGE, and themaleate (5 mg/kg). The trachea was surgically exposed, and an
presence of specific proteins in a given preparation (extract, super-angiocatheter was inserted via the trachea into the left bronchus.
natant, or precipitate) was assessed by Western analyses as de-Sterile saline containing 100 �g E. coli LPS serotype O55:B5
scribed above. Immunoprecipitations using proteins collected from(Sigma, St. Louis, MO) and 5% colloidal carbon, to mark the site

of instillation, was instilled in a volume of 50 �l per mouse. Mice the lungs of different mice yielded reproducible, consistent results.
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Neutrophil Emigration and Edema Accumulation
Mice received intratracheal instillations of LPS as described above.
After 6 h, mice were killed by inhalation of a halothane overdose.
Control WT mice received no intratracheal instillations. The hearts
were tied off to maintain pulmonary blood contents, and peripheral
blood samples were collected from the inferior vena cava. Excised
lungs were fixed by intratracheal instillation of 6% glutaraldehyde
at a pressure of 23 cm H2O. Emigrated and sequestered neutrophils
were quantified by morphometric analyses of histologic lung sec-
tions (10, 35). Investigators were blinded to the genotype of the
mice during counting procedures.

Circulating neutrophils were quantified in peripheral blood
samples. After red blood cell (RBC) lysis, leukocytes were counted
using a hemacytometer, and differential distributions were assessed
in blood smears stained with LeukoStat (Fisher Scientific, Pitts-
burgh, PA).

Pulmonary edema, as measured by the extravascular accumula-
tion of 125I-albumin, was quantified as previously described (10,
35). Specific activities of 125I-albumin and 51Cr-RBC were measured
in blood and plasma samples and in excised, fixed lungs from each
mouse. Hematocrits were calculated from 125I-albumin activities in
the blood and plasma samples. Pulmonary blood volume was de-
rived from the 51Cr-RBC activity in the lung and blood samples.
Volumes of total plasma equivalents in the lungs were calculated
from the 125I-albumin activity in the lung and the plasma samples,
and volumes of intravascular plasma were calculated using the
hematocrits and the pulmonary blood volumes. Volumes of extra-
vascular plasma equivalents in the lungs were derived from the
difference between the volumes of total plasma equivalents and
the volumes of intravascular plasma. Edema fluid accumulation
was expressed as �l per lung of extravascular plasma equivalents.

Statistical Analysis Figure 1. Nuclear translocation of NF-�B proteins induced by LPS
in the lungs. (A ) Increased levels of NF-�B proteins in nuclearFor comparing NF-�B and I�B levels at multiple time points, all
fractions from the lungs of C57BL/6 mice after the intratrachealgroups were compared by ANOVA, and intergroup comparisons
instillation of E. coli LPS. NF-�B proteins were identified by theirwere performed using post hoc Scheffé’s tests. For emigration and
ability to bind a consensus oligonucleotide probe using EMSA.edema studies, WT and I�B-�–deficient mice were compared using
(B ) Complexes induced to translocate in the lungs include bothStudent’s t test. All pooled data were presented as mean and SE
RelA and p50 at each time point examined after LPS instillation.values. Differences were considered significant when P � 0.05.
Components of NF-�B Complexes I, II, and III were identified
by the ability of polyclonal Ab to supershift complexes (please see

Results Results). All EMSA and supershift experiments using protein
from the lungs of different mice were repeated with consistentNF-�B Translocation Elicited by LPS in the Lungs
results.

E. coli LPS induced the nuclear translocation of NF-�B com-
plexes in murine lungs. By 2 h after the intratracheal instilla-
tion of E. coli LPS, a significant increase in NF-�B binding
activity was detectable in the nuclear fractions (Figure 1A). was shifted only by Ab against p50, suggesting that this
The NF-�B activity in the nuclear fractions was further

band contains p50/p50 homodimers. Ab against RelA de-increased after 6 h (Figure 1A). The electrophoretic mobilit-
creased the intensity of a distinct band at either time pointies of the NF-�B complexes differed in the nuclear fractions
(Complex I, present after 2 h, and Complex III, presentfrom lungs collected 2 h compared with that collected 6 h
after 6 h; Figure 1B), but the electrophoretic mobility ofafter the instillation of LPS (Figure 1A). In particular, faster
the supershifted band differed at the two time points. Themoving complexes became apparent after 6 h, while the
intensities of Complexes I and III in Figure 1B were alsoslowest moving complexes became less prominent.
decreased by Ab against p50. These data suggest that Com-The identities of NF-�B proteins translocating to the
plexes I and III both contain RelA/p50 heterodimers. Thenucleus in response to E. coli LPS were investigated using
greater electrophoretic mobility of Complex III comparedsupershift analyses. Ab against c-Rel, RelB, and p52 did
with either Complexes I or II suggests that RelA may benot supershift bands at either time point (Figure 1B). Bands
partially degraded in nuclear fractions from lungs collectedwere supershifted by Ab against RelA or p50 at both time
6 h after LPS instillation, perhaps as a result of neutrophilpoints (Figure 1B), indicating that these proteins translo-
proteases, as has been previously described (12, 36, andcated to the nucleus in response to the pulmonary deposi-

tion of LPS. The band labeled Complex II in Figure 1B unpublished observations).
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TABLE 1

Loss of nuclear IjB-� and IjB-b after LPS
instillation to the lungs

0 h 2 h 6 h

I�B-�* 1.00 � 0.05 0.28 � 0.04† 0.13 � 0.01†

I�B-�* 1.00 � 0.10 0.49 � 0.08† 0.21 � 0.02†

*I�B levels in nuclear fractions, collected from the lungs of C57BL/6 mice 0,
2, and 6 h after LPS instillation, detected by Western analyses. Data are mean �
SE relative densitometric values from four to five mice per time point.

† P � 0.05 compared to 0 h.

(Figure 2A). I�B-� content remained low, with only 30 �
5% of the basal content detected 6 h after LPS instillation
(Figure 2A). Thus, LPS in the lungs induced a rapid, sub-
stantial, and sustained loss of I�B-�.

LPS similarly affected I�B-� content in the lungs. Like
I�B-�, I�B-� levels were decreased to 40 � 11% and 31 �
14% of basal content, 2 and 6 h after LPS instillation,
respectively (Figure 2B).

In contrast, LPS instillation did not decrease I�B-ε levels
in the non-nuclear fractions recovered from whole lungs.
Ab against I�B-ε detected multiple bands in the expected
45 kD size range in protein fractions from mouse lungs with
or without LPS instillation (Figure 2C). Multiple isoforms
of I�B-ε have been detected in mouse cell lines, more promi-
nently than in human cell lines, and the slower migrating
bands have been demonstrated to be hyperphosphorylated
forms of I�B-ε (18). The biological significance of this
I�B-ε phosphorylation is unknown. In the present study,
all isoforms, but perhaps especially the slower migrating
hyperphosphorylated isoforms, of I�B-ε proteins detected
by Western blotting increased in the lungs 2 and 6 h after
the instillation of E. coli LPS (Figure 2C). Thus, in contrastFigure 2. Altered I�B levels in response to LPS in the lungs. I�B
to the other I�B proteins, E. coli LPS resulted in a net gain,levels in the non-nuclear fractions from the lungs of C57BL/6
rather than loss, of I�B-ε in the lungs.mice were detected by Western analyses 0, 2, and 6 h after LPS

instillation, and quantitated using densitometry. Graphs depict the
Nuclear I�B Proteinsmean and SE from six mice, with insets demonstrating representa-

tive immunoblots with three mice at each time point. Asterisks (*) Although both are concentrated in the cytoplasm, I�B-� and
indicate significant differences (P � 0.05) compared with hour 0. I�B-� each appear in the nuclear compartment as well (28, 29,
(A ) I�B-� levels decreased within 2 h and remained low at 6 h 31–33). Furthermore, I�B-� content in the nucleus increases
after LPS instillation. (B ) I�B-� levels decreased within 2 h and subsequent to stimulation in some settings (31, 33). The levels
remained low at 6 h after LPS instillation. (C ) I�B-ε levels did of I�B proteins in the nuclear fractions collected from
not decrease but increased 2 and 6 h after LPS instillation. (D ) mouse lungs before and after LPS instillation were exam-Phosphorylated I�B-� in murine lungs. I�B-� was detected by

ined by Western analyses. Although the majority of I�B-�Western analyses after incubation of non-nuclear fractions from
and I�B-� in the lungs was cytoplasmic, both proteins werelungs of two different 0 h C57BL/6 mice with calf intestinal phos-
detected in the nuclear fractions prior to LPS instillation.phatase, as indicated (�). Adjacent (�) lanes show the same pro-
In contrast, I�B-ε in the nuclear compartments was present,teins not treated with phosphatase. Increased electrophoretic mo-
if at all, at levels too low to reliably visualize or quantitate.bility induced by phosphatase was interpreted as evidence of I�B-�

phosphorylation. These results are consistent with the transit of I�B-� and
I�B-� through the nuclear compartment in resting lungs.
Contents of both I�B-� and I�B-� decreased in the nuclear
fraction after LPS instillation (Table 1). I�B-ε remained at

Selective Degradation of I�B Proteins Elicited by LPS in levels too low to reliably quantify. Thus, none of the I�B
the Lungs proteins, including I�B-�, accumulated in the nuclei after
The content of I�B proteins was assessed in the non-nuclear LPS instillation to the lungs.
fractions from the same lungs as that of the NF-�B analyses.

Basal Phosphorylation of I�B-� in the LungsI�B-� was readily detected in the lungs prior to instillation
of LPS. By 2 h after instillation, LPS in the air spaces induced A hypophosphorylated form of I�B-� may emerge subse-

quent to stimulation of NF-�B translocation (31, 32). Elec-a significant loss of I�B-�, to 39 � 4% of the basal content
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trophoretic mobility was used to differentiate hypophos- and those in non-nuclear compartments, before or 6 h after
phorylated forms of I�B-� from basally phosphorylated LPS instillation (data not shown). Thus, these studies did
forms. Incubation with phosphatase prior to electrophoresis not demonstrate an accumulation of hypophosphorylated
increased the electrophoretic mobility of I�B-� collected I�B-� induced by LPS in the lungs.
from the non-nuclear fractions of mouse lungs (Figure 2D).

Complexes Between I�B Proteins and RelA in the LungsThese data demonstrate that hypophosphorylated I�B-�
could be differentiated from basally phosphorylated I�B-� LPS induced the degradation of both I�B-� and I�B-� in
using this assay. Furthermore, the results indicate that the the lungs (Figure 2) and the nuclear translocation of p50/
majority of I�B-� in resting lungs was basally phosphory- p50 and p50/RelA (Figure 1). RelA is essential for LPS-
lated. No differences in electrophoretic mobility were de- induced neutrophil emigration in the lungs (14). To deter-
tected between I�B-� proteins in nuclear compartments mine whether either or both of these I�B proteins physically

interacted with RelA in the lungs, reciprocal co-immuno-
precipitations were performed. Immunoprecipitation of ei-
ther I�B-� or I�B-� coprecipitated RelA, but did not co-
precipitate the other I�B protein (Figures 3A and 3B).
Immunoprecipitation of RelA coprecipitated both I�B pro-
teins (Figure 3C). Thus, in resting lungs, RelA forms com-
plexes with I�B-� and with I�B-�. These data suggest that
the LPS-induced degradation of either I�B-� or I�B-� liber-
ates RelA to translocate to the nucleus in the lungs.

Although I�B-ε levels were not decreased during this
inflammatory response, we immunoprecipitated I�B-ε to
determine whether I�B-ε formed complexes with RelA in
mouse lungs. The immunoprecipitation of I�B-ε coprecipi-
tated RelA, but not I�B-� or -� (Figure 3D). Thus, condi-
tions in which I�B-ε is degraded in the lungs may also result
in the nuclear translocation of RelA.

Responses to Intrapulmonary LPS in the Absence
of I�B-�

The above data implicate the regulated degradation of
I�B-� and/or I�B-� as potential regulatory steps determin-
ing NF-�B function and acute inflammatory responses elic-
ited by bacterial LPS in the lungs. To determine whether
I�B-� has unique essential roles in regulating pulmonary
responses to LPS, biochemical and functional responses to

Figure 3. Biochemical interactions of RelA with I�B proteins.
Whole lung lobes were homogenized, and protein complexes con-
taining RelA, I�B-�, I�B-�, or I�B-ε were immunoprecipitated
using Ab specific for the proteins indicated under IP. An additional
lung homogenate was precipitated with nonspecific (NS) IgG. Pro-
teins present in the whole lung extract (E ), proteins which were
not precipitated but remained in the supernatant (S ), and proteins
which were precipitated (P ) were separated by SDS-PAGE. Sepa-
rated proteins were transferred to membranes, and the presence
of I�B-�, I�B-�, or RelA in the protein samples was assessed by
immunoblot (as indicated under IB). All immunoprecipitations
were repeated with proteins from the lungs of multiple mice with
consistent results. (A ) I�B-� was precipitated by IP of RelA or
I�B-�, but not I�B-�. (B ) I�B-� was precipitated by IP of RelA
or I�B-�, but not I�B-�. Because Ab used to precipitate I�B-�
and -� (but not RelA) were from same species as I�B-�–specific
Ab used in IB, the Ig used for IP heavy chains were revealed by
secondary Ab staining, apparent in the precipitate lanes running
slightly higher than the I�B-� band. (C ) RelA was precipitated
by IP of I�B-� or I�B-�, but not by non-specific IgG. (D ) RelA,
but not I�B-� or I�B-�, was precipitated by IP of I�B-ε.
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Figure 5. Pulmonary in-
flammation induced by
LPS in the lungs of WT
and I�B-�–deficient mice.
LPS was instilled intratra-
cheally, and the lungs
were collected after 6 h.
Baseline values were col-
lected from WT mice.
Data depict mean � SE

Figure 4. I�B and NF-�B in from four to five mice per
I�B-�–deficient mice. (A ) group. (A) Neutrophil emi-
I�B expression detected by gration was not affected
Western analyses of non- by I�B-� deficiency. Emi-
nuclear fractions from the grated neutrophils were
lungs of mice prior to LPS in- quantified as neutrophils
stillation. Membranes were im- within alveolar air spaces,
munoblotted with polyclonal expressed as a percent of
Ab against the indicated I�B the total volume of distal
protein, or were stained for to-

lung, using morphometric
tal protein using BLOT-Fast-

analyses of histologic sec-Stain (Genotech; St. Louis,
tions. (B ) Edema accumu-MO). (B ) Effect of LPS instil-
lation was not affected bylation on I�B protein levels
I�B-� deficiency. Edemaand NF-�B nuclear transloca-
accumulation was quanti-tion in the lungs of WT and

fied as the volume of extravascular plasma equivalents, expressedI�B-�–deficient mice. I�B
as �l/lung, using radiotracer analyses.protein levels were detected

in the non-nuclear fractions
by Western analyses using
polyclonal Ab against the in-
dicated I�B proteins. NF-�B gration and edema accumulation induced by E. coli LPS
levels in the nuclear fractions in the lungs of WT and I�B-�–deficient mice. Neutrophil
were detected by EMSA. emigration was induced by LPS instillation (Figure 5A), as

measured by morphometric quantitation of neutrophils in
the alveolar air spaces. The quantities of emigrated neutro-
phils did not differ between WT and I�B-�–deficient mice
(Figure 5A), suggesting that I�B-� was not essential for
this process. Circulating neutrophil numbers also did not
differ between WT and I�B-�–deficient mice with LPS-
induced pulmonary inflammation (1.5 � 0.3 
 106 and 1.7 �
0.3 
 106 per ml blood in WT and mutant mice, respec-
tively). Similarly, pulmonary edema, as measured by the
accumulation of extravascular albumin in the lungs, was
induced by the intratracheal instillation of LPS (Figure 5B).
Again, the amount of extravasated albumin did not differintratracheally instilled E. coli LPS were compared in WT
between WT and I�B-�–deficient mice (Figure 5B), sug-mice and mice deficient in I�B-� due to gene targeting.
gesting that I�B-� was not essential for this process. There-Gene targeting resulted in the complete loss of immuno-
fore, I�B-� did not perform unique and required roles inreactive I�B-� (Figure 4A). I�B-� and I�B-ε were detected
regulating these acute inflammatory responses to LPS inin non-nuclear fractions from the lungs of I�B-�–deficient
the lungs when studied using gene-targeted mutant mice.mice (Figure 4A), at levels similar to or greater than that

in WT mice. I�B-� remained undetectable after LPS instil-
Discussionlation to I�B-�–deficient mice (Figure 4B). As in WT mice,
The present study demonstrates that LPS in the lungs resultedLPS instillation to I�B-�–deficient mice diminished levels
in decreased levels of I�B-� and I�B-�, consistent with theof I�B-� but not I�B-ε (Figure 4B). The intratracheal instil-
hyperphosphorylation, ubiquitination, and proteasomal deg-lation of LPS resulted in NF-�B translocation in I�B-�–
radation of each of these proteins. The LPS-induced nucleardeficient mice, which persisted at least 6 h, as was the case
translocation of NF-�B could therefore be regulated byin WT mice (Figure 4B). Thus, over this time frame, I�B-�
either or both of these proteins. Coimmunoprecipitationsdoes not appear essential to the nuclear accumulation of
demonstrated that NF-�B RelA, which is essential for neu-NF-�B proteins induced by LPS in the lungs.
trophil emigration and antibacterial host defenses (14),Potential roles of I�B-� in regulating pulmonary in-

flammation were examined by comparing neutrophil emi- complexed with both I�B-� and I�B-� proteins. In contrast
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to RelA, neither I�B-� nor I�B-� accumulated in the nu- sive inflammation in the airways of patients with cystic
fibrosis, as mutation in the CFTR gene in transformed bron-clear fractions after LPS instillation. These data suggest

that the LPS-induced nuclear translocation of RelA in the chial epithelial cell lines confers an increase in hypophos-
phorylated I�B-� and in IL-8 expression induced by tumorlungs results from the degradation of both I�B-� and I�B-�.

In contrast to I�B-� and -�, the levels of I�B-ε did not necrosis factor-� in vitro (40). In the present study, phospha-
tase treatment increased the electrophoretic mobility ofdecrease in response to LPS in the lungs. These data suggest

that I�B-ε is regulated differently than I�B-� and -� in this I�B-� from the lungs, demonstrating that the protein was
phosphorylated. The I�B-� detected after LPS instillationsetting, and that net I�B-ε degradation is not responsible

for NF-�B translocation in the lungs up to 6 h after LPS possessed the same electrophoretic mobility as I�B-� pro-
teins from uninflamed lungs. These data do not suggest theinstillation. Interestingly, I�B-ε and RelA did form com-

plexes in mouse lungs, suggesting that the degradation of emergence of a prominent hypophosphorylated (and faster
migrating) form of I�B-� induced by LPS in the lungs. Fur-pulmonary I�B-ε in settings other than LPS-induced in-

flammation may contribute to the nuclear translocation of ther, the genetic deficiency of I�B-� did not prevent the
nuclear accumulation of NF-�B proteins through 6 h afterRelA. I�B-ε degradation can be induced in vitro (18), al-

though the degradation of I�B-ε in the lungs has not been LPS instillation, and neither neutrophil emigration nor
edema accumulation were compromised by I�B-� defi-demonstrated to our knowledge.

The nuclear accumulation of NF-�B over several hours ciency over this period. Thus, hypophosphorylated forms
of I�B-� are not essential to promoting NF-�B functionsmay specifically require signaling to I�B-� proteins (19, 20,

31). This postulate is based in part on evidence that, after critical to the acute inflammatory responses elicited by LPS
in the lungs.stimulation by LPS or cytokines, I�B-� re-attains prestimu-

lation values rapidly (typically within 1–2 h), whereas I�B-� As with any work based on targeted mutation as a means
to study the function of a gene, other genes may potentiallyremains at decreased levels for longer times (typically 


4 h). Such distinctive kinetics have been observed after LPS be regulated in ways that are not typical of animals without
the mutation, appropriating functions normally mediatedstimulation both in vitro, with the 70Z/3 cell line and with

cultured murine peritoneal macrophages (19, 21), and in by the targeted gene. The genetic deficiency of I�B-� results
in increased expression of I�B-ε, as detected by Westernvivo, in the liver and in the lungs after intraperitoneal injec-

tion (21, 37). However, in the present study, the intratra- blots of the non-nuclear fractions from embryonic fibro-
blasts (18), although the overexpressed I�B-ε is incapablecheal instillation of LPS decreased the pulmonary levels of

both I�B-� and I�B-� for at least 6 h. After LPS instillation of performing I�B-� functions that are essential to homeo-
stasis ex utero (26). In the present study, two of threeto the lung, I�B degradation was likely initiated by receptors

recognizing LPS, but it may have been prolonged by sequen- I�B-�–deficient mice demonstrated increased levels of both
I�B-� and I�B-ε compared with WT mice, as detected bytial activation of additional receptors (such as adhesion

molecules and cytokine receptors) during neutrophil emi- Western blots of the non-nuclear fractions from uninstilled
lungs. Thus, I�B-� and/or I�B-ε may have been altered ingration from the pulmonary capillaries into the alveolar air

spaces. the lungs of the I�B-�–deficient mice prior to LPS instilla-
tion. It is possible that alterations in I�B-�, I�B-ε, or otherPulmonary inflammation induced by intra-alveolar IgG

immune complexes in rats is associated with a different genes, resulting indirectly from targeted mutation of the
I�B-� gene, may have prevented the identification of I�B-�pattern of I�B regulation than that observed in the present

study with pulmonary inflammation induced by intratra- functions that are critical to regulation of acute inflamma-
tory responses in the lungs of normal mice. The presentcheal LPS. Intrapulmonary formation of IgG immune com-

plexes induces a slower degradation of I�B-�, with I�B-� results indicate that I�B-� does not possess unique attri-
butes, unavailable to other gene products, that are essentialcontent in the lungs decreasing progressively until it eventu-

ally reaches a nadir 4 h after the intratracheal instillation to mediating neutrophil emigration and edema accumula-
tion elicited by intrapulmonary LPS.of IgG (38), and no decrease in I�B-� protein (39). In

contrast, the present study demonstrates that LPS induced Altogether, the present results and previous studies sug-
gest that I�B proteins play diverse roles in different settingsa rapid drop in the levels of I�B-�, apparent less than 1 h

after LPS instillation (data not shown) and reaching a nadir of pulmonary inflammation. The intratracheal instillation
of LPS elicits signaling events (and downstream cellularby 2 h. Furthermore, I�B-� content decreased in parallel

with I�B-� content after LPS instillation. Thus, I�B proteins and physiological changes) that are directly relevant to in-
fection of the distal lung with Gram-negative bacteria. Thedisplay distinct patterns of regulation and may serve distinct

functions in pulmonary inflammations induced by IgG im- present data are, to our knowledge, the first to report the
effects of intrapulmonary LPS on I�B proteins. These find-mune complexes and E. coli LPS.

In addition to stimulating NF-�B translocation subsequent ings indicate that the nuclear translocation of RelA and
p50 induced by LPS in the lungs is associated with theto its degradation, a hypophosphorylated form of I�B-� can

actively promote NF-�B translocation and NF-�B–mediated degradation of both I�B-� and I�B-�, but not I�B-ε. Be-
cause both I�B-� and I�B-� complex with RelA, the trans-gene expression. Hypophosphorylated I�B-� proteins com-

petitively inhibit the interaction of NF-�B proteins with location of this NF-�B subunit induced by LPS in the lungs
requires the degradation of both of these I�B proteins.other I�B proteins, but they do not prevent the nuclear trans-

location or transcriptional activity of NF-�B (31). The hypo- Studies with I�B-�–deficient mice demonstrate that I�B-�
proteins do not possess unique properties which are essen-phosphorylated form of I�B-� may contribute to the exces-
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epsilon, a novel member of the I kappa B family, controls RelA and cReltial to NF-�B translocation or to acute inflammation in-
NF-kappa B activity. EMBO J. 16:1413–1426.

duced by E. coli LPS in the lungs. Thus, I�B-� or other 19. Thompson, J. E., R. J. Phillips, H. Erdjument-Bromage, P. Tempst, and S.
Ghosh. 1995. I�B-� regulates the persistent response in a biphasic activa-proteins, in the absence of I�B-�, can regulate the NF-�B
tion of NF-�B. Cell 80:573–582.functions induced by intrapulmonary LPS that are required 20. Johnson, D. R., I. Douglas, A. Jahnke, S. Ghosh, and J. S. Pober. 1996. A

for acute neutrophil emigration. sustained reduction in I�B-� may contribute to persistent NF-�B activa-
tion in human endothelial cells. J. Biol. Chem. 271:16317–16322.

Acknowledgments: The authors thank Dr. David Baltimore (California Institute 21. Velasco, M., M. J. Diaz-Guerra, P. Martin-Sanz, A. Alvarez, and L. Bosca.
of Technology) for generously providing the I�B-�–deficient and WT mice, and 1997. Rapid up-regulation of I�B-� and abrogation of NF-�B activity in
Drs. Zhimin Yuan and Eric S. Silverman (Harvard School of Public Health) for peritoneal macrophages stimulated with lipopolysaccharide. J. Biol.
expert advice related to the biochemical characterization of I�B proteins. These Chem. 272:23025–23030.
studies were supported by U.S. Public Health Service grant HL 52466. J.P.M. 22. Liu, L., Y. T. Kwak, F. Bex, L. F. Garciamartinez, X. H. Li, K. Meek,
is a Parker B. Francis Fellow in Pulmonary Research. W. S. Lane, and R. B. Gaynor. 1998. DNA-dependent protein kinase

phosphorylation of I kappa B-alpha and I kappa B-beta regulates NF-
kappa-B DNA binding properties. Mol. Cell. Biol. 18:4221–4234.

References 23. Heilker, R., F. Freuler, R. Pulfer, F. Di Padova, and J. Eder. 1999. All three
I kappa B isoforms and most Rel family members are stably associated

1. Michaud, C. M., C. J. L. Murray, and B. R. Bloom. 2001. Burden of disease: with the I kappa B kinase 1/2 complex. Eur. J. Biochem. 259:253–261.
implications for future research. JAMA 285:535–539. 24. Heilker, R., F. Freuler, M. Vanek, R. Pulfer, T. Kobel, J. Peter, H. G.

2. Richards, M. J., J. R. Edwards, D. H. Culver, and R. P. Gaynes. 1999. Zerwes, H. Hofstetter, and J. Eder. 1999. The kinetics of association and
Nosocomial infections in medical intensive care units in the United States: phosphorylation of I kappa B isoforms by I kappa B kinase 2 correlate
National Nosocomial Infections Surveillance System. Crit. Care Med. with their cellular regulation in human endothelial cells. Biochemistry
27:887–892. 38:6231–6238.

3. Ruiz, M., S. Ewig, A. Torres, F. Arancibia, F. Marco, J. Mensa, M. Sanchez, 25. Peters, R. T., S. M. Liao, and T. Maniatis. 2000. IKK epsilon is part of a
and J. A. Martinez. 1999. Severe community-acquired pneumonia. Risk novel PMA-inducible I kappa B kinase complex. Mol. Cell 5:513–522.
factors and follow-up epidemiology. Am. J. Respir. Crit. Care Med. 26. Beg, A. A., W. C. Sha, R. T. Bronson, and D. Baltimore. 1995. Constitutive
160:923–929. NF-�B activation, enhanced granulopoiesis, and neonatal lethality in

4. Martin, T. R. 2000. Recognition of bacterial endotoxin in the lungs. Am. J. I�B�-deficient mice. Genes Dev. 9:2736–2746.
Respir. Cell Mol. Biol. 23:128–132. 27. Cheng, J. D., R. P. Ryseck, R. M. Attar, D. Dambach, and R. Bravo. 1998.

5. Frevert, C. W., S. Huang, H. Danaee, J. D. Paulauskis, and L. Kobzik. 1995. Functional redundancy of the nuclear factor �B inhibitors I�B-� and
Functional characterization of the rat chemokine KC and its importance I�B-�. J. Exp. Med. 188:1055–1062.
in neutrophil recruitment in a rat model of pulmonary inflammation. J. 28. Johnson, C., D. Van Antwerp, and T. J. Hope. 1999. An N-terminal nuclear
Immunol. 154:335–344. export signal is required for the nucleocytoplasmic shuttling of I kappa

6. Schmal, H., T. P. Shanley, M. L. Jones, H. P. Friedl, and P. A. Ward. B alpha. EMBO J. 18:6682–6693.
1996. Role for macrophage inflammatory protein-2 in lipopolysaccharide- 29. Tam, W. F., L. H. Lee, L. Davis, and R. Sen. 2000. Cytoplasmic sequestration
induced lung injury in rats. J. Immunol. 156:1963–1972. of Rel proteins by I kappa B alpha requires CRM1-dependent nuclear

export. Mol. Cell. Biol. 20:2269–2284.7. Greenberger, M. J., R. M. Strieter, S. L. Kunkel, J. M. Danforth, L. L.
30. Huang, T. T., N. Kudo, M. Yoshida, and S. Miyamoto. 2000. A nuclearLaichalk, D. C. McGillicuddy, and T. J. Standiford. 1996. Neutralization

export signal in the N-terminal regulatory domain of I kappa B alphaof macrophage inflammatory protein-2 attenuates neutrophil recruitment
controls cytoplasmic localization of inactive NF-kappa B/I kappa B alphaand bacterial clearance in murine Klebsiella pneumonia. J. Infect. Dis.
complexes. Proc. Nat. Acad. Sci. USA 97:1014–1019.173:159–165.

31. Suyang, H., R. Phillips, I. Douglas, and S. Ghosh. 1996. Role of unphosphory-8. Qin, L., W. M. Quinlan, N. A. Doyle, L. Graham, J. E. Sligh, F. Takei, A. L.
lated, newly synthesized I�B-� in persistent activation of NF-�B. Mol.Beaudet, and C. M. Doerschuk. 1996. The roles of CD11/CD18 and
Cell. Biol. 16:5444–5449.ICAM-1 in acute Pseudomonas aeruginosa-induced pneumonia in mice.

32. Phillips, R. J., and S. Ghosh. 1997. Regulation of I kappa B-beta in WEHIJ. Immunol. 157:5016–5021.
231 mature B cells. Mol. Cell. Biol. 17:4390–4396.9. Kumasaka, T., W. M. Quinlan, N. A. Doyle, T. P. Condon, J. Sligh, F. Takei,

33. Huang, T. T., and S. Miyamoto. 2001. Postrepression activation of NF-kappaA. L. Beaudet, C. F. Bennett, and C. M. Doerschuk. 1996. The role
B requires the amino-terminal nuclear export signal specific to I kappaof ICAM-1 in endotoxin-induced pneumonia evaluated using ICAM-1
B alpha. Mol. Cell. Biol. 21:4737–4747.antisense oligonucleotides, anti-ICAM-1 monoclonal antibodies, and

34. Shenkar, R., H. K. Yum, J. Arcaroli, J. Kupfner, and E. Abraham. 2001.ICAM-1 mutant mice. J. Clin. Invest. 97:2362–2369.
Interactions between CBP, NF-kappaB, and CREB in the lungs after10. Mizgerd, J. P., M. R. Spieker, and C. M. Doerschuk. 2001. Early response
hemorrhage and endotoxemia. Am. J. Physiol. Lung Cell. Mol. Physiol.cytokines and innate immunity: essential roles for TNFR1 and IL1R1
281:L418–426.during Escherichia coli pneumonia in mice. J. Immunol. 166:4042–4048.

35. Mizgerd, J. P., H. Kubo, G. J. Kutkoski, S. D. Bhagwan, K. Scharffetter-11. Pahl, H. L. 1999. Activators and target genes of Rel/NF-�B transcription
Kochanek, A. L. Beaudet, and C. M. Doerschuk. 1997. Neutrophil emigra-factors. Oncogene 18:6853–6866.
tion in the skin, lungs, and peritoneum: different requirements for CD11/12. Blackwell, T. S., L. H. Lancaster, T. R. Blackwell, A. Venkatakrishnan, and CD18 revealed by CD18-deficient mice. J. Exp. Med. 186:1357–1364.J. W. Christman. 1999. Differential NF-�B activation after intratracheal 36. McDonald, P. P., C. Bovolenta, and M. A. Cassatella. 1998. Activation of

endotoxin. Am. J. Physiol. 277:L823–830. distinct transcription factors in neutrophils by bacterial LPS, interferon-
13. Mizgerd, J. P., J. J. Peschon, and C. M. Doerschuk. 2000. Roles of tumor gamma, and GM-CSF and the necessity to overcome the action of endoge-

necrosis factor signaling during murine Escherichia colipneumonia in nous proteases. Biochemistry 37:13165–13173.
mice. Am. J. Respir. Crit. Care Med. 22:85–91. 37. Calkins, C. M., D. D. Bensard, J. K. Heimbach, X. Meng, B. D. Shames,

14. Alcamo, E. A., J. P. Mizgerd, B. H. Horwitz, R. Bronson, A. A. Beg, M. E. J. Pulido, and R. C. McIntyre, Jr. 2001. L-arginine attenuates lipopoly-
Scott, C. M. Doerschuk, R. O. Hynes, and D. Baltimore. 2001. Targeted saccharide-induced lung chemokine production. Am. J. Physiol. Lung
mutation of tumor necrosis factor 1 rescues the RelA-deficient mouse Cell. Mol. Physiol. 280:L400–408.
and reveals a critical role for NF-�B in leukocyte recruitment. J. Immunol. 38. Lentsch, A. B., B. J. Czermak, N. M. Bless, and P. A. Ward. 1998. NF-
167:1592–1600. kappa B activation during IgG immune complex-induced lung injury:

15. Ghosh, S., M. J. May, and E. B. Kopp. 1998. NF-�B and Rel proteins: requirements for TNF-alpha and IL-1 beta but not complement. Am. J.
evolutionarily conserved mediators of immune responses. Annu. Rev. Pathol. 152:1327–1336.
Immunol. 16:225–260. 39. Lentsch, A. B., J. A. Jordan, B. J. Czermak, K. M. Diehl, E. M. Younkin,

16. Li, Z., and G. J. Nabel. 1997. A new member of the I kappa B protein V. Sarma, and P. A. Ward. 1999. Inhibition of NF-kappa B activation
family, I kappa B epsilon, inhibits RelA (p65)-mediated NF-kappa B and augmentation of I kappa B-beta by secretory leukocyte protease
transcription. Mol. Cell. Biol. 17:6184–6190. inhibitor during lung inflammation. Am. J. Pathol. 154:239–247.

17. Simeonidis, S., D. Stauber, G. Chen, W. A. Hendrickson, and D. Thanos. 40. Venkatakrishnan, A., A. A. Stecenko, G. King, T. R. Blackwell, K. L. Brig-
1999. Mechanisms by which I kappa B proteins control NF-kappa B ham, J. W. Christman, and T. S. Blackwell. 2000. Exaggerated activation
activity. Proc. Natl. Acad. Sci. USA 96:49–54. of nuclear factor-kappa B and altered I kappa B-beta processing in cystic

fibrosis bronchial epithelial cells. Am. J. Respir. Cell Mol. Biol. 23:396–403.18. Whiteside, S. T., J. C. Epinat, N. R. Rice, and A. Israel. 1997. I kappa B


