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NF-«B Controls Expression of Inhibitor IkBa:
Evidence for an Inducible Autoregulatory Pathway

Shao-Cong Sun, Parham A. Ganchi, Dean W. Ballard,
Warner C. Greene*

The eukaryotic transcription factor nuclear factor—kappa B (NF-kB) participates in many
parts of the genetic program mediating T lymphocyte activation and growth. Nuclear
expression of NF-kB occurs after its induced dissociation from its cytoplasmic inhibitor
IkBa.. Phorbol ester and tumor necrosis factor—alpha induction of nuclear NF-kB is as-
sociated with both the degradation of preformed IkBa and the activation of IkBa gene
expression. Transfection studies indicate that the IkBa gene is specifically induced by the
65-kilodalton transactivating subunit of NF-«xB. Association of the newly synthesized |kBa
with p65 restores intracellular inhibition of NF-xB DNA binding activity and prolongs the
survival of this labile inhibitor. Together, these results show that NF-kB controls the
expression of IkBa by means of an inducible autoregulatory pathway.

The NF-«B transcription factor partici-
pates in the regulation of multiple cellular
genes involved in the immediate early pro-
cesses of immune, acute phase, and inflam-
matory responses (I). NF-kB has also been
implicated in the transcriptional activation
of several viruses, most notably the type 1
human immunodeficiency virus (HIV-1)
(2, 3). In resting CD4" T lymphocytes,
which serve as a primary cellular target for
HIV-1, the heterodimeric NF-kB complex
is sequestered in the cytoplasm as an inac-
tive precursor complexed with an inhibitory
protein, IkB (IkBa) (4, 5). Expression of
the active nuclear form of NF-kB, com-
posed of 50- and 65-kD subunits, is post-
translationally induced (I, 6) by various
stimuli including mitogens such as phorbol
12-myristate 13-acetate (PMA) (2, 6-8)
and cytokines including interleukin-1 (IL-
1), IL-2, and tumor necrosis factor—alpha
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(TNF-a) (9). These stimulants appear to
activate NF-kB by inducing the phospho-
rylation and release of IkB (10), thereby
allowing the rapid translocation of NF-xB
from the cytoplasm to the nucleus (4, 7, 10,
11). However, the biochemical mechanism
underlying the transient nature of NF-«kB
induction remains poorly understood. In
the present study, an autoregulatory path-
way involving NF-«kB induction of its own
inhibitor is identified.

To assess the dynamics of IkB protein
expression occurring during T lymphocyte
activation, subcellular fractions from hu-
man Jurkat T cells were treated with various
inducing agents and then subjected to im-
munoblotting (Fig. 1A) and gel retardation
(Fig. 1B) analyses. A 37-kD protein was
readily detected in cytoplasmic extracts
from unstimulated cells with peptide anti-
serum raised against the COOH-terminus
(Fig. 1A) or NH,-terminus (12) of IkBoa”
(previously referred to as MAD-3) (13), a -
member of a growing family of proteins
known to inhibit NF-kB DNA binding
activity in vitro (13, 14) and in vivo (15,
16). This endogenous immunoreactive pro-
tein comigrated with authentic IkBa pres-
ent in COS-7 cells transfected with an ex-



ogenous IkBa cDNA expression vector (12).

In cells treated with either PMA or
TNF-a, cytoplasmic IkBa completely dis-
appeared within 40 min of stimulation (Fig.
1A, lane 3) without concomitant expres-
sion in the nucleus (12). During this time,
the DNA binding activity of nuclear NF-kB
reached peak levels (Fig. 1B, lane 3). IkBa
protein reappeared in the cytoplasm after 2
hours of stimulation (Fig. 1A, lanes 4 to 6).
Reexpression of IkBa required de novo
protein synthesis because this response was
completely blocked by several translation
inhibitors, including cycloheximide (CHX;
Fig. 1A), emetine, anisomycin, and puro-
mycin (12). Parallel studies with cells treat-
ed with cycloheximide alone showed only a
gradual decline in IkBa protein levels
(CHX; Fig. 1A) associated with a slight
increase in nuclear NF-kB activity (CHX;
Fig. 1B). These findings presumably reflect
the labile nature of IkBa and the require-
ment for its continuous basal production
(7). Newly synthesized IkBa appeared fully
functional because its reexpression was as-
sociated with a down-regulation of NF-kB
DNA binding activity (Fig. 1B, lanes 4 to
6). These IkBa inhibitory effects occurred
more rapidly when the induced cells were
washed after 40 min of stimulation to par-
tially deplete the agonists (12).

Induction of IkBa mRNA expression
after PMA or TNF-a stimulation was also
studied (Fig. 1C). Both PMA and TNF-a
induced increases in IkBa mRNA amounts
whereas sustained superinduction occurred
when these agonists were added in the
presence of cycloheximide. The time course
of this response was similar to the induction
kinetics for nuclear NF-kB expression (Fig.
1B). The effects of cycloheximide on IkBa
mRNA expression suggest that this inhibi-
tor is encoded by an immediate early gene
whose expression in T cells is regulated by a
preexisting factor.

To examine the possibility that the ac-
tivation of NF-kB was a prerequisite for the
subsequent induction of IkBa, parallel im-
munoblotting (Fig. 2A), gel retardation
(Fig. 2B), and ribonuclease protection (Fig.
2C) studies were performed with Jurkat T
cells stimulated with either PMA or TNF-a
in the presence of pyrrolidinedithiocarba-
mate (PDTC), a potent free radical scaven-
ger and metal chelator that inhibits NF-kB
induction (17). PDTC efficiently blocked
the induction of NF-kB DNA binding ac-
tivity (Fig. 2B) mediated by either PMA or
TNF-a. It also prevented the induced deg-
radation of IkBa (Fig. 2A, lanes 3 and 7
and lanes 11 and 15). The induction of
IkBa mRNA expression was also blocked
by the addition of PDTC (Fig. 2C), thus
suggesting that NF-kB might transcription-
ally regulate the induction of IkBa gene
expression.

To explore the correlation between the
nuclear translocation of NF-kB and the
induction of IkBa mRNA expression, the
ability of NF-kB to activate IkBa mRNA
and protein production was examined by
performing transfection studies with COS
cells (Fig. 3A). In this regard, NF-«B cor-
responds to a heterodimeric complex com-
prised of 65-kD (p65) and 50-kD (p50)
DNA binding subunits, both of which are
structurally related to the c-rel proto-onco-
gene (18-21). Although undetectable in
cells transfected with a control expression
vector lacking a ¢cDNA insert (pCMV4),
IkBa protein was readily observed on im-

munoblots of whole cell extracts from trans-
fected COS-7 cells expressing p65, which
contains a powerful transcriptional activa-
tion domain (20-22). In contrast, the p50
subunit of NF-kB, which lacks a potent
transactivation domain (20-22), failed to
augment IkBa protein expression. Consis-
tent with its capacity to act only as a weak
transcriptional activator relative to p65
(21, 23), c-Rel alone, or in combination
with p50, only modestly induced endoge-
nous IkBa protein expression. Combina-
tions of either p65 and p50 or p65 and c-Rel
produced effects that were similar to those
obtained with p65 alone. These functional
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Fig. 1. Degradation and resynthesis of IkBa during T cell activation. Jurkat T cells were stimulated
with either PMA (50 ng/ml) or TNF-a (140 U/ml) in the absence or presence of cycloheximide (CHX;
25 ng/ml). At the indicated times, cells were collected for the preparation of subcellular protein
extracts (24) and total cellular RNA (25). (A) Immunoblotting analysis of IkBa. Cytoplasmic extracts
(20 ng) were resolved by SDS-PAGE, transferred to nitrocellulose membranes, and detected with
peptide antiserum specific for the COOH-terminus (amino acids 289 to 317) of IkBa with the use of
an enhanced chemiluminescence assay (Amersham). (B) Gel retardation assay of nuclear NF-kB.
Nuclear extracts (10 pg) were added to DNA binding reactions (20 pl) (26) containing a *2P-labeled
palindromic kB probe (xB-pd) (27). Resultant nucleoprotein complexes were resolved on native 5%
polyacrylamide gels and visualized by autoradiography. (C) Ribonuclease (RNase) protection
analyses of IkBa mRNA expression. Total cellular RNA (10 pg) prepared in parallel from the cells
was hybridized to a 32P-radiolabeled RNA probe (225 bases) corresponding to nucleotides 824 to
1048 of the IkBa cDNA (73), then treated with RNase A and RNase T1, and subsequently
fractionated on a denaturing urea 5% polyacrylamide gel (28).
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Fig. 2. Effect of PDTC on depletion and induction of IkBe (IxB). Jurkat cells were treated with 0.2 mM
PDTC for 1 hour and then stimulated with either PMA (50 ng/ml) or TNF-a (140 U/ml). Subcellular
protein extracts and RNA were prepared at the indicated times and subjected to immunoblotting
(A), gel retardation (B), and RNase protection (C) analyses as described (Fig. 1).
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Fig. 3. Induction of endogenous IkBa by NF-xB p65. (A) Effect of Rel-related polypeptide
expression on IkBa protein induction. COS-7 (lanes 1 to 7) and Jurkat cells (lanes 8 and 9) were
transfected (75) with pCMV4-based cDNA expression vectors (2 pg/ml for COS and 40 wg/ml for
Jurkat cells) encoding the indicated Rel polypeptides. Whole cell extracts were prepared (15) at 48
hours after transfection and subjected to SDS-PAGE (3.5 pg per lane) and immunoblotting analysis
as described (Fig. 1A). Molecular size markers (in kilodaltons) are indicated. (B) Mutational analysis
of p65-mediated IkBa induction. COS-7 cells were transfected with either wild-type (lane 2) or
mutant (lanes 3 to 5) p65 expression vectors (15) and recipient cell extracts were assayed for |kBa
protein expression as in (A). (C) Induction of IkBa mMRNA by p65. Total cellular RNA isolated in
parallel from COS transfectants in (B) were analyzed by RNase protection assay as described (Fig.
1C). The major protected IkBa RNA fragments are indicated by arrows.

A B antiis Cc
Anti-IxB Anti-p65 Ant;pﬁs
B T 1 2
I I I 1 1 I | I Phase
< . Jsi‘
p65/1xB e s
IkB — s — _  —ixg Anti-lkB
CMV4 65
ST ! : §
‘}’I» % (8 04’ £ (Y ‘06“5;06“%
4 !’9' ,‘f"o ‘f@

Fig. 4. Newly synthesized IkBa is present as a complex with p65 in the cytoplasm. (A) COS cells
were transfected with either unmodified (lanes 1 and 4) or modified (lanes 2, 3, 5, and 6) cDNA
expression vectors encoding the indicated proteins. Whole cell extracts were prepared at 48 hours
after transfection (15), fractionated on a 5% native polyacrylamide gel, and subjected to immuno-
blotting analyses with either anti-IkBa (anti-IxB) (lanes 1 to 3) or p65 antiserum (lanes 4 to 6). (B)
The major immunoreactive species in lane 3 of (A) was separated by SDS-PAGE and subjected to
compositional analysis by immunoblotting with a mixture of IkBa- and p65-specific antisera (lane 2).
Control extract from COS cells cotransfected with IkBa and p65 cDNA expression vectors is shown
(lane 1). (C) Immunofluorescence analysis of COS cells transfected with parental expression vector
(PCMV4; left panels) or p65 cDNA expression vector (p65; right panels). COS cells were grown on
chamber slides (Nunc, Inc.), transfected with effector plasmids, and subjected to indirect immu-
nofluorescence (15) with |kBa-specific antiserum.
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cells were metabolically radiola-

beled with [35S]cysteine and
[35S]methionine and then immedi-

ately cultured in normal medium for the indicated times (in hours). Recipient cells were lysed and
subjected to immunoprecipitation analysis with |kBa-specific antiserum.
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results were also fully recapitulated in inde-
pendent transfection studies performed
with human Jurkat T cells. (Fig. 3A, lanes
8 and 9).

To investigate the biochemical basis for
p65-mediated induction of IkBa synthesis,
a panel of p65 deletion mutants was tested
in functional transfection studies (Fig. 3B).
The principal transactivation domain of
p65 has been localized to its unique
COOH-terminal region (20-22), whereas
its DNA binding domain resides within its
NH,-terminal rel homology sequences (15,
19, 20). Deletion of either the NH,-termi-
nal 30 amino acids of p65 [p65(31-551)],
which disrupts the DNA binding domain
(15), or the COOH-terminal half of p65
[p65(1-312)], which deletes the transacti-
vation function (15), abolished the ability
of p65 to induce IkBa (Fig. 3B). In con-
trast, a functional mutant of p65 lacking
only 51 COOH-terminal amino acids
[p65(1-500)] retained the ability to induce
IkBa. Parallel studies of RNA isolated from
these transfectants (Fig. 3C) showed a
marked increase in IkBa mRNA expression
in cells transfected with functional forms of
p65 but not with the transcriptionally inac-
tive mutants of p65. Although effects of
p65 on IkBa mRNA stability cannot be
entirely excluded, the finding that IkBa
induction requires fully functional p65
DNA binding and transactivation domains
further strengthens the possibility that p65
activates expression of the IkBa gene at a
transcriptional level. One potential expla-
nation for these results is that the human
IkBa gene contains a functional kB en-
hancer element or elements.

A possible function for NF-kB-mediated
induction of IkBa would be to provide a
tightly controlled mechanism of feedback
inhibition in order to down-regulate the
potent transcriptional activity of the p65
subunit. For this to be the case, newly
synthesized IkBa must be capable of asso-
ciating with NF-kB. To test this hypothe-
sis, extracts from COS-7 cells transfected
with either IkBa or p65 expression vectors
were fractionated on a native polyacrylam-
ide gel and then subjected to immunoblot-
ting (Fig. 4A) with either IkBa-specific or
p65-specific antiserum. IkBa was readily
detected in cells transfected with the IkBa
expression vector but not in mock-trans-
fected cells. The predominant form of IkBa
detected in cells transfected with the p65
expression vector exhibited retarded mobil-
ity relative to free IkBa and virtually comi-
grated with p65. SDS—polyacrylamide gel
electrophoresis (SDS-PAGE) analysis of
the low-mobility immunoreactive species
detected in Fig 4A, lane 3, revealed the
presence of both p65 and IkBa (Fig. 4B). A
direct physical association of IkBa and p65
was further demonstrated in coimmunopre-



cipitation assays (12). Thus, in keeping
with the late inhibition of DNA binding by
NF-«kB (Fig. 1), newly synthesized IkBa
can physically associate with p65. Further-
more, immunofluorescent staining of
COS-7 cells transfected with the p65 ex-
pression vector confirmed that the newly
synthesized IkBa was primarily localized in
the cytoplasm (Fig. 4C), a finding that is
fully consistent with the known subcellular
location of inactive NF-kB complexes in
resting human T cells (4, 11).

Because IkBa rapidly disappears after its
release from NF-«B (Fig. 1), another po-
tential mechanism of IkBa regulation could
involve the stabilization of this labile mol-
ecule when complexed with p65 in the
cytoplasm (7). To compare the relative
half-life (T,,,) of survival of free and p65-
complexed IkBa, pulse-chase experiments
(Fig. 5) were performed in COS-7 cells
transfected with an IkBa expression vector
in the absence or presence of vectors en-
coding p65 deletion mutants differing in
their capacity to complex with IkBa. These
COOH-terminal deletion mutants lacking
a transactivation domain were selected to

preclude the induction of endogenous IkBa -

expression. Mutant p65(1-312) possesses a
fully functional IkBa binding domain
whereas mutant p65(1-270) fails to bind
IkBa (15). In the absence of either of these
truncated p65 proteins, IkBa was rapidly
degraded (T, = 40 min). In contrast, in
the presence of p65(1-312), the intracellu-
lar half-life of IkBa was extended to more
than 4 hours. However, with p65(1-270),
IkBa exhibited a T,,, indistinguishable
from that observed in cells transfected with
IkBa alone. These findings suggest that the
intracellular survival of IkBa is prolonged
when this cytoplasmic inhibitor associates
with p65.

In summary, these findings indicate that
IkBa is a physiological inhibitor of the
heterodimeric NF-kB complex whose ex-
pression is induced by NF-kB in activated T
cells. Specifically, this particular inhibitor
is rapidly degraded in PMA- or TNF-a-
stimulated human T cells in concert with
the liberation and nuclear import of NF-
kB. After degradation of released IkBa, the
cytoplasmic reservoir of this *inhibitor is
completely replenished by NF-kB- induced
de novo synthesis of IkBa protein, which is
preceded by a marked increase in IkBa
mRNA expression. Because IkBa mRNA
induction occurs in the presence of transla-
tion inhibitors and requires functional co-
expression of the transactivation and DNA
binding domains of p65, it seems likely that
p65 mediates the activation of IkBa gene
expression by a direct mechanism. This
novel autoregulatory loop provides a dy-
namic mechanism of feedback control for
transcriptional induction mediated by NF-

kB p65, thus ensuring its rapid but transient
pattern of biological action.

REFERENCES AND NOTES

1. M. J. Lenardo and D. Baltimore, Cell 58, 227
(1989); P. A. Baeuerle and D. Baltimore, in Mo-
lecular Aspects of Cellular Regulation, Hormonal
Control Regulation of Gene Transcription, P. Co-
hen and J. G. Foulkes, Eds. (Elsevier/North-Hol-
land, Amsterdam, 1990), p. 409.

2. G. Nabel and D. Baltimore, Nature 326, 711
(1987).

3. J. D. Kaufman et al., Mol. Cell. Biol. 7, 3759
(1987); M. A. Muesing, D. H. Smith, D. J. Capon,
Cell 48, 691 (1987); M. Siekevitz et al., Science
238, 1575 (1987); S. E. Tong-Starksen, P. A.
Luciw, B. M. Peterlin, Proc. Natl. Acad. Sci. U.S.A.
84, 6845 (1987).

4. P.A. Baeuerle and D. Baltimore, Science 242, 540
(1988); Cell 53, 211 (1988).

5. M. B. Urban and P. A. Baeuerle, Genes Dev. 4,
1975 (1990); P. A. Baeuerle, Biochim. Biophys.
Acta 1072, 63 (1991).

6. R. Sen and D. Baltimore, Cell 47, 921 (1986).

7. P. A. Baeuerle, M. Lenardo, J. W. Pierce, D.
Baltimore, Cold Spring Harbor Symp. Quant. Biol.
53, 789 (1988).

. E. Bohnlein et al., Cell 53, 827 (1988).

. A lsrael et al., EMBO J. 8, 3793 (1989); J. W.
Lowenthal, D. W. Ballard, E. Bohnlein, W. C.
Greene, Proc. Natl. Acad. Sci. U.S.A. 86, 2331
(1989); L. Osborn, S. Kunkel, G. J. Nabel, ibid., p.
2336; N. Arima, W. A. Kuziel, T. A. Grdina, W. C.
Greene, J. Immunol. 149, 83 (1992).

10. P. A. Baeuerle and D. Baltimore, Genes Dev. 3,
1689 (1989); F. Shirakawa and B. M. Mizel, Mol.
Cell. Biol. 9, 2424 (1989), S. Ghosh and D. Balti-
more, Nature 344, 678 (1990).

11. J. A. Molitor, W. H. Walker, S. Doerre, D. W.

O ®

REPORTS

Ballard, W. C. Greene, Proc. Natl. Acad. Sci.
U.S.A. 87, 10028 (1990).

12. S.-C. Sun et al,, unpublished data.

13. S. Haskill et al.,, Cell 65, 1281 (1991).

14. H. Ohno, G. Takimoto, T. W. McKeithan, ibid. 60,
991 (1990); N. Davis et al., Science 253, 1268
(1991); J.-l. Inoue, L. D. Kerr, A. Kakizuka, |. M.
Verma, Cell 68, 1109 (1992); F. G. Wulczyn, M.
Naumann, C. Scheidereit, Nature 358, 597 (1992).

15. P. A. Ganchi, S.-C. Sun, W. C. Greene, D. W.
Ballard, Mol. Biol. Cell 3, 1339 (1992).

16. A. A. Beg et al., Genes Dev. 6, 1899 (1992).

17. R. Schreck, P. Rieber, P. A. Baeuerle, EMBO J. 10,
2247 (1991); M. Meyer et al., ibid. 11, 2991 (1992).

18. S. Ghosh et al., Cell 62, 1019 (1990); T. D. Gil-
more, ibid., p. 841; M. Kieran et al., ibid., p. 1007.

" 19. G. P. Nolan, S. Ghosh, H.-C. Liou, P. Tempst, D.

Baltimore, ibid. 64, 961 (1991).

20. S. M. Ruben et al., Science 251, 1490 (1991).

21. D. W. Ballard et al., Proc. Natl. Acad. Sci. U.S.A.
89, 1875 (1992).

22. M. L. Schmitz and P. Baeuerle, EMBO J. 10, 3805
(1991).

~23. J.-l. Inoue et al., Proc. Natl. Acad. Sci. U.S.A. 88,

3715 (1991).

24. E. Schreiber, P. Matthias, M. M. Muller, W.
Schaffner, Nucleic Acids Res. 17, 6419 (1989).

25. N. M. Gough, Anal. Biochem. 173, 93 (1988).

26. A. Thornell, B. Hallberg, T. Grundstrom, Mol. Cell.
Biol. 8, 1625 (1988).

27. D. W. Ballard et al., New Biol. 1, 83 (1989).

28. M. Gilman et al., Eds., Current Protocols in Mo-
lecular Biology, (Wiley, New York, 1987).

29. We thank P. Morrow and K. Koerber for technical
assistance, A. Baldwin for the IkBa cDNA, S.
Ruben and C. Rosen for the p65 cDNA, and our
laboratory colleagues for helpful discussion. This
work was supported by NIH training grant
5T32CA09111 to P.A.G.

13 October 1992, accepted 5 March 1993

Activity-Dependent Regulation of
Conductances in Model Neurons

-Gwendal LeMasson, Eve Marder, L. F. Abbott*

Neurons maintain their electrical activity patterns despite channel turnover, cell growth, and
variable extracellular conditions. A model is presented in which maximal conductances of
ionic currents depend on the intracellular concentration of calcium ions and so, indirectly,
on activity. Model neurons with activity-dependent maximal conductances modify their
conductances to maintain a given behavior when perturbed. Moreover, neurons that are
described by identical sets of equations can develop different properties in response to

different patterns of presynaptic activity.

Most neurons survive for almost as long as
the animal in which they are found and can
retain stable electrical properties for much
of the animal’s lifetime. This stability re-
sults from a dynamic equilibrium because
the ion channels that control the electrical
activity of each neuron are replaced by
protein turnover and because the neuron
may change size or shape. Realistic models
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of neurons, with multiple active currents,
are sensitive to small changes in parameters
(I, 2). How then do neurons maintain
stable electrical activity?

We suggest a model in which the intrin-
sic properties of a neuron are regulated by
its activity. This model uses the intracellu-
lar Ca** concentration as an indicator of
activity, although other intracellular corfe-
lates of electrical activity might be in-
volved. In the model, the maximal conduc-
tance of each ionic current is a dynamical
variable rather than a fixed parameter.

We modified the model of Buchholtz
and co-workers (3) that was derived from
voltage-clamp data from the lateral pyloric
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