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Reversal of Obesity- and
Diet-Induced Insulin Resistance
with Salicylates or Targeted
Disruption of /kk{3

Minsheng Yuan,'* Nicky Konstantopoulos,'* Jongsoon Lee,’*
Lone Hansen,! Zhi-Wei Li,2 Michael Karin,? Steven E. Shoelson}

We show that high doses of salicylates reverse hyperglycemia, hyperinsulin-
emia, and dyslipidemia in obese rodents by sensitizing insulin signaling. Acti-
vation or overexpression of the IxB kinase B (IKKB) attenuated insulin signaling
in cultured cells, whereas IKKB inhibition reversed insulin resistance. Thus, IKK,
rather than the cyclooxygenases, appears to be the relevant molecular target.
Heterozygous deletion (fkk3*/~) protected against the development of insulin
resistance during high-fat feeding and in obese Lep®*/°® mice. These findings
implicate an inflammatory process in the pathogenesis of insulin resistance in
obesity and type 2 diabetes mellitus and identify the IKKB pathway as a target for

insulin sensitization.

Insulin resistance refers to a decreased capacity
of circulating insulin to regulate nutrient metab-
olism. Individuals with insulin resistance are
predisposed to developing type 2 diabetes, and
insulin resistance is an integral feature of its
pathophysiology. Chronic secretion of large
amounts of insulin to overcome tissue insensi-
tivity can lead, in predisposed individuals, to
pancreatic 3 cell failure and concomitant de-
fects in glucose and lipid metabolism. The
prevalence of insulin resistance is high and
rising, but only rare genetic causes have been
identified. The molecular cause of acquired in-
sulin resistance, which is promoted by seden-
tary lifestyle, obesity, fatty diet, and increased
age, and is reversed by exercise and weight
loss, is similarly unknown.

High doses of salicylates [4 to 10 g per
day (g/day)], including sodium salicylate and
aspirin, have been used to treat inflammatory
conditions such as rheumatic fever and rheu-
matoid arthritis. These high doses are thought
to inhibit nuclear factor kappa B (NF-«kB) (1)
and its upstream activator the IkB kinase B
(IKKPB) (2), as opposed to working through
cyclooxygenases (COXs), the classical tar-
gets of nonsteroidal anti-inflammatory drugs
(NSAIDs). High doses of salicylates also
lower blood glucose concentrations (3-7),
although their potential for treating diabetes
has been all but forgotten by modern biomed-
ical science. We have investigated potential
mechanisms of these hypoglycemic effects to

'Joslin Diabetes Center and Department of Medicine,
Harvard Medical School, Boston, MA 02215, USA.
2Department of Pharmacology, University of Califor-
nia, San Diego, La Jolla, CA 92093, USA.
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identify potential mediators of insulin resis-
tance and molecular targets for intervention.
We have found that reduced signaling
through the IKKB pathway, either by salicy-
late inhibition or decreased IKK expression,
is accompanied by improved insulin sensitiv-
ity in vivo. Our findings further indicate that
the IKKB pathway may contribute to insulin
resistance in type 2 diabetes and obesity by
impinging on insulin signaling.

We determined the effect of high doses of
salicylates on the severe insulin resistance
seen in genetically obese rodents. Twelve-
week-old male Zucker fa/fa rats and 8-week-
old male 0b/0b mice were treated for 3 to 4
weeks with 120 mg/kg/day of aspirin or so-
dium salicylate, administered by continuous
subcutaneous infusion. Fasting blood glucose
values and glucose tolerance were improved
in Zucker fa/fa rats (Fig. 1A). Concomitant
reductions in insulin concentrations (Fig. 1B)
indicated a marked improvement in insulin
sensitivity. Glucose tolerance in lean fa/+
animals was normal, and blood glucose con-
centrations were similar after aspirin treat-
ment (Fig. 1C). Nevertheless, lower insulin
concentrations in the aspirin-treated group
(Fig. 1D) demonstrate improved insulin sen-
sitivity, despite milder insulin resistance. The
ability of high-dose aspirin to increase insulin
sensitivity was further established in insulin
tolerance tests (Fig. 1E). Intraperitoneal in-
jection of insulin (2.0 U per kilogram of body
weight) had essentially no effect on blood
glucose concentrations in untreated fa/fa rats.
However, the same insulin dose caused a
decrease in blood glucose when given to
aspirin-treated animals.

Increased triglyceride concentrations in
the blood of Zucker rats fell from 494 + 68
mg/dl to 90 * 58 mg/dl during 3 weeks of
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aspirin treatment (Fig. 1F). The concentra-
tions of free fatty acid (FFA) dropped as well,
from 3.1 * 0.3 mM to 1.1 = 0.2 mM. The
decrease in the amount of circulating FFA
occurred within 1 week of aspirin treatment,
preceding reductions in the amounts of tri-
glyceride and glucose in the blood. This is
consistent with the hypothesis that increased
FFA concentrations contribute to the patho-
genesis of hyperglycemia and hypertriglycer-
idemia. Cholesterol concentrations were un-
affected. Hepatotoxicity was not observed at
the high aspirin and salicylate doses used,
judging from the consistently normal circu-
lating concentrations of the liver enzyme ala-
nine aminotransferase (ALT), seen through-
out our studies (Fig. 1F). Serum salicylate
concentrations were 0.81 * 0.25 mM.
Ob/ob mice (Lep®”°®) are a more relevant
model for type 2 diabetes, as the animals are
diabetic in addition to being obese and se-
verely insulin-resistant. Fasting blood glu-
cose values and glucose tolerance were sig-
nificantly improved by aspirin treatment (Fig.
1G). Heterozygous, lean Lep®”* mice exhib-
ited postprandial hyperglycemia but were less
insulin resistant. Glucose intolerance in
Lep®”* mice was normalized with aspirin
treatment (Fig. 1H). Insulin concentrations
were reduced during aspirin therapy in both
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Lep®®°® and Lep®”™ mice. Neither aspirin
nor salicylate affected food intake or body
weight in Zucker fa/fa rats or ob/ob mice.
We isolated tissues from treated animals
to analyze various signaling proteins (8—10).
Insulin receptor (IR) tyrosine phosphoryl-
ation, one of the earliest responses to insulin
binding, was barely detectable in the liver and
muscle of insulin-resistant Zucker rats (Fig.
2, A and B). Increased stimulation occurred
in corresponding tissues from aspirin- and
salicylate-treated animals, suggesting an in-
crease in insulin responsiveness. Signaling
from the IR to insulin receptor substrates
(IRSs), phosphatidylinositol 3-kinase, and the
PDK1 protein kinase is required for the main-
tenance of metabolic homeostasis. Phospho-
rylation of the protein kinase AKT, a subse-
quent step in this cascade, correlates with IR
activation in tissues from Zucker rats (Fig. 2,
A and B). The blunted insulin-stimulated phos-
phorylation of AKT in the liver and muscle of
untreated Zucker rats was increased after as-
pirin or salicylate treatment, providing a bio-
chemical correlate for increased in vivo insu-
lin sensitivity. The electrophoretic mobility
of IRS-1 from rat livers increased with aspi-
rin and salicylate treatment [Web fig. 1 (11)],
suggesting a decrease in serine-threonine
(Ser-Thr) phosphorylation (this is a known

inhibitor of insulin signaling). Basal IKK ac-
tivity was elevated in tissues from Zucker
fa/fa rats relative to those from lean fa/+
controls (12).

Studies with cultured cells were used to
investigate potential mechanisms relating sa-
licylate treatment to the in vivo reversal of
insulin resistance. Treatment of 3T3-L1 adi-
pocytes with tumor necrosis factor—a (TNF-
o) induced “insulin resistance,” as judged by
decreases in insulin-stimulated tyrosine phos-
phorylation of the IR B-subunit and IRS-1, to
42 * 11% and 37 * 9%, respectively, of that
in insulin-stimulated cells not treated with
TNF-a (Fig. 3, A and B) (/3). This was
reversed by prior treatment of cells with high
doses of aspirin (5 mM). The amounts of IR
and IRS-1 proteins were similar in all cells.
TNF-o activates the IKK complex (/4).
Phosphatase inhibitors such as okadaic acid
and calyculin A also activate IKKB (135, 16),
but without activating upstream elements in
the TNF-a signaling cascade, and these in-
hibitors also induce insulin resistance in iso-
lated tissues and cultured cells (/7, 18). Ca-
lyculin A reduced insulin-stimulated tyrosine
phosphorylation of the IR and IRS-1, to 29 *
12% and 16 * 2%, respectively, of that in
untreated cells, and this was prevented by
incubating the cells with aspirin (Fig. 3, A

Fig. 1. In vivo effects of aspirin in Zucker fatty rats and ob/ob 25
mice. (A to F) Twelve-week-old male Zucker fa/fa rats and (G
and H) 8-week-old ob/ob (Lep°®’°?) and ob/+ mice were
given free access to food and water. Aspirin (120 mg/kg/day)
was continuously infused for 3 to 4 weeks by Alzet pumps
(pump 2ML2 was used in rats, pump 2002 was used in mice)
implanted subcutaneously between the scapulae of the ani-
mals. In all panels, data are mean * SEM values, diamonds
and dashed lines represent control implantation of.a pump 0
with vehicle only, and solid circles and solid lines represent 3 20|
or 4 weeks of treatment with aspirin. For glucose tolerance
tests (GTT), glucose (2.0 g/kg) was administered by oral
gavage (rats) or intraperitoneal injection (mice) after an
overnight fast. (A and C) Blood glucose and (B and D) serum
insulin concentrations were determined during oral glucose

fa/faGTT L C fa/+ GTT -{200

200
150
100

50

Glucose (mg/dl)
Glucose (mg/dl)

15
10

Insulin (ng/ml)
Insulin (ng/ml)

5 Aspirin
tolerance tests in (A and B) Zucker fa/fa rats or (C and D) A

{\spi‘rin

fa/+ rats; six animals were in each treatment group. In (A) 0530 %0 120 180 0 30 60 120 180 °

and (C), *P < 0.05, **P < 0.01 for vehicle versus aspirin Time (min) Time (min)

treatment, Student’s t test. (B) P = 0.0004 and (D) P = 0.02, = .
for vehicle versus aspirin treatment, integrated areas under b G oblob £ 10} * 3
the curves; Student's t test. (E) For insulin tolerance tests 8§ or ool e 15°° 5
(ITT), insulin (2.0 U/kg) was injected intraperitoneally after X - ontro Control ®. = o Com ASA E
an overnight fast (six Zucker fa/fa rats, P = 0.0001, for o 50} F 140 @
vehicle. versus aspirin treatment, integrated areas under the 8 L Aspirin »- L S S
curves; Student'’s t test). (F) Cholesterol (Chol), triglyceride 8 ol . . r Aspirin 1200 3
(TG), long-chain FFA, and ALT concentrations were measured (] 0 30 60 . 120 o
in sera from fasting Zucker fa/fa rats (for FFA, P < 0.005 for Time (min) Lt —0
three-group analysis of variance; *P = 0.01,t =Oversust = ¢ 6 = S00[F Chol -H .Q_"b/ * £ 08 14° g
1 week of aspirin treatment, **P < 0.002,t = O versust = .g © ?f.' 0OTe 1B [ ¢ ‘--., a - x | 300
3 weeks of aspirin treatment, Dunnett's adjusted pairwise ® ‘5 « 400 * B FFA S | Control ’"-: 9= Con ASA E
comparison. For TG, *P <0.05,t = O versust = 3 weeks of € 5 2 ] 2§ LT 4200 @
aspirin treatment; Student's t tests). Glucose tolerance tests § & 5 200 W ALT ¥ pr @
are shown in (G) ob/ob and (H) ob/+ mice. (G) P = 0.004 § 2 & wr 1100 S
and (H) P < 0.0001 for 10 mice treated with vehicle versus © g’ - L , o ©
10 mice treated with aspirin, integrated areas under the =~ L 1 3 0 0 30 6 120 180
curves; Student’s t tests. [Insets in (G) and (H)] Fasting serum Aspirin treatment (weeks) Time (min)

insulin concentrations (ng/ml); **P < 0.01 for 10 mice treat-
ed with aspirin versus 10 controls treated with vehicle alone. Aspirin treatment did not significantly affect food intake or body weights in any of these
studies. Animal care was in accordance with institutional and NIH guidelines.
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and B). Similar results were obtained after
okadaic acid treatment (/9). The reduced
electrophoretic mobility of IRS-1 due to ca-
lyculin A treatment was reversed with aspirin
(Fig. 3C), further suggesting that aspirin’s
ability to reverse insulin resistance might re-
sult from reduced levels of Ser-Thr phospho-
rylation of components in the insulin action
cascade.

Fao hepatoma cells are an insulin-respon-
sive model for liver as opposed to fat. TNF-a
treatment decreased tyrosine phosphorylation
of the insulin receptor substrate IRS-2 (Fig.
4A) (20). Decreased IRS-2 tyrosine phospho-
rylation was reversed by aspirin or sodium
salicylate. Aspirin and sodium salicylate are
equipotent inhibitors of IKKB (2), whereas
aspirin is ~100-fold more potent toward the
cyclooxygenases (27). Our findings suggest
that IKKf, and not COX1 nor COX2, might
alter insulin signaling. Additional NSAIDs
were used to further evaluate potential mo-
lecular mediators. Ibuprofen and naproxen,
which inhibit both COX1 and COX2, did not
reverse TNF-o—induced insulin. resistance
(Fig. 4C). The selective COX2 inhibitor NS-
398 similarly had no effect. Studies were
conducted with doses of the drugs known to
have biological effects (2, 2/). These phar-
macological profiles further point to IKK as

A

. Control Aspirin Salicylate
Liver . L i
o IB: pY i o -
O I I —
I1B: pAKT o ——
1B: AKT | o o o oo oo
Insulin - + % + e +
8 Control Aspirin Salicylate
Muscle . B id
« IB: pY - o
& BR T
IB: pAKT - _—
IB: AKT | o e i e — _—
Insulin - + - + E +

Fig. 2. Signaling proteins in tissues from aspi-
rin- and salicylate-treated Zucker fa/fa fatty
rats. Animals treated for 3 to 4 weeks with
aspirin or sodium salicylate received intrave-
nous injections of insulin or saline 7 min before
being killed. Tissues were harvested and frozen
immediately in liquid nitrogen. Liver and plan-
taris muscle samples were homogenized and
signaling proteins were identified by Western
blotting (73). (A) Liver or (B) muscle homoge-
nates were immunoprecipitated with antilR and
proteins were identified by blotting with anti-
pY and anti-IR. Alternatively, tissue homoge-
nates were separated by SDS-PAGE and pro-
teins were identified by blotting with anti-
bodies specific to phospho-AKT (pAKT) and
antibodies to AKT. B, immunoblot; IP,
immunoprecipitate.
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the target of these effects and demonstrate
that COX1 and COX2, the classical targets
for NSAIDs, do not mediate the antidiabetic
effects of aspirin and salicylate. This issue
was addressed further using mice with re-
duced COX expression; homozygous and

>

Fig. 3. Aspirin effects on insulin

heterozygous deletions of either COX1 or
COX2 had no effect on carbohydrate or lipid
metabolism in insulin-resistant mice (22).
IKK complexes contain the heterodimeric
kinases IKKa and IKK( and the scaffolding
protein IKK+y (/4). Either the IKK[ catalytic

signaling in 3T3-L1 adipocytes. > £ L T

3T3-L1 adipocytes were serum- ;' 5 1001 #

starved for 16 hours and treated =% 5o [;a}fﬁ

or not treated with 5 mM aspirin T olem -

for 2 hours and either 6.0 nM  Aspirin (5) -+ -+ -+ -+
"LTTF'Q‘(ﬁ(‘)b‘Ti") T" tl}e ;?:lc()s; Insulin (5) - - + o+ + o+ + +
phatase inhibitor calyculin A (a - Lol Ll oL
2.0 nM for 30 min). After a 5-min ZN:: ¢ I(.S) 4 o

stimulation with 10 nM insulin, C2Veulin(4) - - T T % %
the cells were chilled and solubi-

lized and proteins were immuno- B =

precipitated with (A) anti-R or % £ 150

(B and C) anti-IRS 1. Proteins sep- ~ 5 100

arated by SDS-PAGE were iden- 2 ¢ 50

tified by Western blotting with £ o0

anti-pY, anti-IR, or anti-IRS1. Aspirin (7)

Control blots (not shown) indi-  nsulin (7)

cated that protein amounts of IR~ o @

and IRS1 did not differ signifi- c :

cantly between treatments. Ins, Caveulin(s) - - - = *
insulin. (A and B) Phosphoryl-

ation levels were quantified by C Blot: pY Blot: IRS1
densitometry and expressed rel-

ative to insulin-stimulated con- IP:IRST - o™ o
trols; the numbers of individual

experiments are shown in paren- Ins £ o # S A
theses (*P < 0.01 for minus as- Calyculin -+ + I
pirin, plus insulin, minus versus Aspirin - -+ - -+

plus mTNF-c, or minus versus

plus calyculin A; **P < 0.05 for minus versus plus aspirin of mTNF-« or calyculin A-treated pairs;

Student’s t test).

Fig. 4. (A) NSAID effects in Fao hepa- A _ [

toma cells. Fao cells were serum- > ¢ 1.0t

starved for 16 hours followed by 2-hour &% 5[

incubations at 37°C with 5 mM aspirin, (2 & o0l

10 mM sodium salicylate, 25 pM ibu- == o |

profen, 25 p.l? sodlium naproxen, OI: t2:5 TNEq - - + s

M NS-398 (a selective COX2 inhibi- - ;

tor). Cells were then stimulated sequen- SOOIl SRR
tially with 6.0 nM mTNF-a for 20 min = . F

and 10 nM insulin for 5 min. Cells were & 2 1.0¢

chilled and solubilized and proteins & & 0.5}

were immunoprecipitated with anti-IR &£ E 0.0k

and detected by Western blotting using Ins -

anti-pY. Phosphorylation was quantified TNFe - - + - -+ - -+

by densitometry and is expressed rela-

tive to insulin-stimulated controls; the
numbers of individual experiments are B
shown in parentheses. (B and C) Induc-

tion of insulin resistance with IkB ki-
nases and reversal with dominant inhib-
itors. (B) Myc-tagged NIK or Flag-
tagged IKKB or (C) kinase-deficient
IKKB were expressed in HEK 293 cells. C
The pRK7 (cytomegalovirus) vectors en-
coding the kinases were obtained from

M. Rothe ( Tularik); transfections of 50

to 60% confluent cells (1.5 pg of DNA

per well; six well dishes) using FuGene 6
(Boehringer-Mannheim) were as recom-
mended. Experiments were initiated 36 hours

Ibuprofen (3) Naproxen (3) Cox2 Inh (2)

Control NIK IKKpB
IR pY R
Ins -+ - + - +
Control IKKB K44A
IRpY - - -
Ins -+ - + - 4+ -
TNFg - - + + - - +

after transfection and 16 hours after removal of

serum from the culture medium. (B) Cells were stimulated for 5 min with 10 nM insulin unless
otherwise indicated. (C) Cells were treated for 40 min with 6 nM mTNF-a, followed by 5-min
stimulations with 10 nM insulin. In (B) and (C), protein expression levels ranged from 10 to 20 times

that of the endogenous proteins.
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subunit or NIK, an upstream activator, was
expressed in HEK 293 cells. Insulin stimulat-
ed the activation of IR (Fig. 4B), IRS-2, and
AKT (19); activation was attenuated by ex-
pression of IKKf or NIK (Fig. 4B) [Web fig.
2 (11)], and attenuated activation was re-
versed by treatment with aspirin (/9). IkBa
levels were reduced by IKKf or NIK expres-
sion [Web fig. 2 (/1)]. Because IKKa and
IKKB form heterodimers, overexpression of
kinase-deficient IKKa or IKKP inhibits en-
dogenous components of the complex and
signaling to NF-«kB (23). We therefore asked
whether the expression of dominant inhibi-
tory IKKB(K44A) blocked the induction of
insulin resistance. TNF-a treatment reduced
insulin-stimulated IR activation to 29 * 2%
of untreated controls, and expression of
IKKB(K44A) reversed the TNF-a—inhibited
effects (Fig. 4C) [Web fig. 2 (11)]. Active
IKK thus promotes insulin resistance in cul-
tured cells, and the inactive, dominant inhib-
itory kinase blocks TNF-a induced insulin
resistance.

Studies with mice having targeted dis-
ruption of the Ikkf locus further tested
potential roles of IKK in the development
and reversal of insulin resistance. Jkk =/~
mice die in utero because of enhanced liver
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mice were reportedly normal (24, 25). Fast-
ing glucose and insulin concentrations were
consistently lower in /kkB*/~ compared to
TkkB*’* littermates (Fig. 5, A and B). The
potential protective effect of reduced Ikk(3
gene dose was tested in crosses between
IkkB*'~ and Lep®®”” mice. Fasting blood
glucose concentrations were reduced in
IkkB ™/~ Lep®®® mice compared with those
in IkkB*/* Lep®®? littermates (Fig. 5C). Glu-
cose tolerance in the IkkB*'~Lep°®°® mice
was improved compared to Ikk+/* Lep®®®
littermates (Fig. 5D), although insulin con-
centrations were indistinguishable (72).
These findings are consistent with improved
insulin sensitivity in JkkB*/~Lep°®°® mice
compared to that in JkkB*’* Lep°®°? litter-
mates. Also consistent with improved meta-
bolic control, plasma FFA concentrations
were lower in the IkkB*/~Lep°®°® mice
(1.86 + 0.12 mM) than their TkkB ™" Lep®?°®
littermates (2.24 = 0.09 mM; P = 0.03).
To further assess the effect of a reduction
in TkkB gene dose, mice were fed a diet high
in fat. Fasting glucose and insulin concentra-
tions were consistently lower in TkkB*/~
compared to TkkB*’* littermates (Fig. 5, E
and F). Reduced insulin concentrations in the
IkkB*’~ mice were maintained throughout
glucose tolerance testing in 18-week-old lit-

termates (Fig. S5H). Dietary intake and
weights were indistinguishable between all
pairs of IkkB*/~ and IkkB*’" littermates.
These data demonstrate that a reduction in
Ikk gene dose reduces fasting glucose and
insulin concentrations and protects against
the development of insulin resistance in pre-
disposed rodents.

Our findings demonstrate that increased
IKK activity promotes insulin resistance, in
obese rodents (12) when the kinase is over-
expressed, or when IKK is activated by
known stimulators. Conversely, reductions
either in IKK activity or in the expression of
its IKK@ subunit significantly improved in-
sulin sensitivity. Even a 50% reduction in
gene dosage improved in vivo glucose and
lipid metabolism, which may explain why
weak inhibitors of IKK[, such as aspirin and
sodium salicylate, have significant effects on
glucose and lipid homeostasis. Although not
recognized previously, there is an overlap
between stimuli that activate IKK and condi-
tions that promote insulin resistance, includ-
ing proinflammatory cytokines such as TNF-
a, hyperglycemia, phorbol esters and protein
kinase C (PKC) enzymes, Ser-Thr phospha-
tase inhibitors, and bacterial lipopolysaccha-
ride. These are either in vivo mediators of
insulin resistance or experimental mimics in

apoptosis, whereas heterozygous IkkB*"~

Fig. 5. Glucose tolerance and insulin sensitivity in /kkB*/~
mice. (A and B) /kkB ™/~ mice were backcrossed four genera- 160
tions on a C57BL/6) background. Fasting blood glucose and

Chow Diet High Fat Diet

KB - @

IkkB **

-
N
(=]

fasting insulin concentrations were determined in /kkp*/~ and S 100l
IkkB*/* male littermates. Values represent the mean = SEM g 100 IkkB*+
for wild-type (WT) (diamonds, n = 9) and lkk*/~ (circles, n = E sol

H
(=)

6) mice. (A) P <0.001 and (B) P = 0.02 for integrated areas
under the curves, Student's t tests for WT versus /kk*™/~ mice. ol , .
(C and D) Ikkp+/~ offspring were crossed with Lep®®/* (C57BL/ 4 1220 28 36 3 13 18 23
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cultured cells. Our findings are consistent
with potential links between chronic subacute
inflammation and insulin resistance (26, 27),
whether this is mediated by TNF-a produced
in fat (28-31) or through TNF-a—indepen-
dent mechanisms. As a potentially important
example of the latter, in rodent muscle, FFA
infusion activates PKC-6 (32), a known acti-
vator of IKK (33), and FFA-induced insulin
resistance is suppressed by aspirin treatment
and in TkkB*/~ mice (34). IKK activation
through any mechanism initiates NF-kB—me-
diated transcription, which in certain cells
would enhance the production of TNF-a.
This positive feedback loop could perpetuate
a vicious cycle of low-level inflammatory
signaling, leading to insulin resistance. Our
findings predict that IKK inhibition breaks
this cycle. Too few tools are currently avail-
able to treat patients with insulin resistance
and type 2 diabetes; IKKB may provide a
valuable target for the discovery of new drugs
to treat these conditions.
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Afterimage of Perceptually
Filled-in Surface

Shinsuke Shimojo,"2* Yukiyasu Kamitani," Shin'ya Nishida?

An afterimage induced by prior adaptation to a visual stimulus is believed to
be due to bleaching of photochemical pigments or neural adaptation in the
retina. We report a type of afterimage that appears to require cortical adap-
tation. Fixating a neon-color spreading configuration led not only to negative
afterimages corresponding to the inducers (local afterimages), but also to one
corresponding to the perceptually filled-in surface during adaptation (global
afterimage). These afterimages were mutually exclusive, undergoing monocular
rivalry. The strength of the global afterimage correlated to a greater extent with
perceptual filling-in during adaptation than with the strength of the local
afterimages. Thus, global afterimages are not merely by-products of local
afterimages, but involve adaptation at a cortical representation of surface.

Stimuli such as the one shown in Fig. 1A
(left) (Varin configuration) induce vigor-
ous perceptual color spreading, or filling-in
(1-3), allegedly indicating some activation-
spreading or completion mechanism in the
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Science Laboratories, Human and Information Science
Laboratory, Atsugi, Kanagawa, 243-0198, Japan.

*To whom correspondence should be addressed. E-
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cortical map (4-6). Fixating this stimulus
leads to afterimages of the local inducers,
i.e., the Pacmen/wedges or disks (Fig. 1B,
left and center). An observer can also see a
global afterimage of the perceptually filled-
in surface (the large colored rectangle in
this case) whose apparent color is comple-
mentary to that of the filled-in surface dur-
ing the adaptation (Fig. 1B, right) as the
opponent color theory predicts (7). This
observation, together with the data reported
below, suggests that cortical global pro-
cesses and their adaptation are critical com-
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