because of additional mechanisms suppressing
stable B-T interactions in GCs.

During the selection process in GCs, many
GC B cells die and are visible by histology as
“tingible bodies” inside macrophages (/). The cell
bodies of dying GFP" GC B cells were observed
to undergo fragmentation (Fig. 4G), but surpris-
ingly, this occurred outside of macrophages
(movie S11). Blebs of dead GFP" GC B cells
appeared to be taken up by multiple macrophages
(movie S11), although some blebs moved rapidly
away from the original location of cell death, as if
carried by motile cells (movie S2). Indeed, some
GFP" B cell blebs were attached to and carried by
rapidly migrating CFP" T cells (Fig. 4, H and 1,
and movie S12). All T cells that carried GFP"
B cell blebs had a median velocity greater than
10 pm/min (Fig. 4E), suggesting that they were
not undergoing stable interactions with living B
cells. The GFP* GC B cells represent only about
1 to 2% of GC B cells, and we observed about
0.5% of T cells carrying GFP" blebs; by ex-
trapolation, at least one quarter of the GC T cells
may be associated with one or more blebs from
dead GC B cells. A higher frequency of bleb-T
cell interactions were stable compared with live
B cell-T cell interactions (Fig. 4, C and J), sug-
gesting that these dead B cell fragments may
affect the availability of T cell help in GCs.

Our findings reveal that GC B cells are high-
ly motile and exhibit a probing behavior as they
travel over the antigen-bearing FDC network.
The lack of GC B cell pausing suggests that the
selection mechanism does not involve competi-
tion for adhesion to FDCs, whereas the rapid

movement of B cells in close proximity to each
other raises the possibility that high-affinity cells
remove surface-bound antigen from lower-
affinity cells. The observed migration of GC B
cells from light to dark zones is consistent with
GC B cells undergoing repeated rounds of mu-
tation and selection within a given GC (/7). Our
estimate that GC B cells spend only several
hours in the light zone suggests a limited amount
of time to access helper T cells. Given that stable
interactions of GC B cells with GC T cells were
infrequent, it seems possible that T cell help is a
limiting factor driving selection of higher-
affinity B cell clones. In vitro studies have
shown that T cells responding to antigen-
presenting B cells can be sensitive to variations
in the affinity of the B cell receptor across sev-
eral orders of magnitude (/8). We propose a
selection model in which newly arising mutated
GC B cells with higher affinity for antigen
obtain and process greater amounts of antigen in
a given period of time and then outcompete the
surrounding B cells and B cell blebs for the
attention of GC T cells.
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Damage to the Insula Disrupts
Addiction to Cigarette Smoking

Nasir H. Naqvi,* David Rudrauf,™? Hanna Damasio,>* Antoine Bechara

1,3,4%

A number of brain systems have been implicated in addictive behavior, but none have yet been
shown to be necessary for maintaining the addiction to cigarette smoking. We found that smokers
with brain damage involving the insula, a region implicated in conscious urges, were more likely
than smokers with brain damage not involving the insula to undergo a disruption of smoking
addiction, characterized by the ability to quit smoking easily, immediately, without relapse, and
without persistence of the urge to smoke. This result suggests that the insula is a critical neural

substrate in the addiction to smoking.

igarette smoking, the most common pre-
‘ ventable cause of morbidity and mortal-

ity in the developed world (7), is an
addictive behavior. Despite being aware of neg-
ative consequences, many smokers have difficul-
ty quitting, and even those who quit experience
urges to smoke and tend to relapse (2, 3). These
phenomena appear to arise from long-term adap-
tations within specific neural systems. Subcortical
regions, such as the amygdala, the nucleus
accumbens, and the mesotelencephalic dopamine
system, have been shown in animal models to

promote the self-administration of drugs of abuse
(4, 5). Functional imaging studies have shown
that exposure to drug-associated cues activates
cortical regions such as the anterior cingulate
cortex, the orbitofrontal cortex, and the insula
(6-13). Among these regions, the insula is of
particular interest because of its potential role in
conscious urges. The insula has been proposed to
function in conscious emotional feelings through
its role in the representation of bodily (intero-
ceptive) states (/4—16). Activity within the in-
sula on both sides of the brain has been shown to

correlate with subjective cue-induced drug urges
(7, 8, 11). It has also been shown that a high
amount of activity in the right insula during a
simple decision-making task is associated with
relapse to drug use (/7). Given its potential role
in cognitive and emotional processes that pro-
mote drug use, the question arises as to whether
the insula is necessary for maintaining addic-
tion to smoking. We hypothesized that the in-
sula is a critical neural substrate in the addiction
to smoking. We predicted, therefore, that dam-
age to the insula would disrupt addiction to
smoking.

We identified 19 cigarette smokers who had
acquired brain damage that included the insula
(18). Six of these patients had right insula
damage, and 13 had left insula damage. We also
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identified a group of 50 cigarette smokers who
had acquired damage that did not include the
insula. All of these patients had been smoking
more than five cigarettes per day for more than 2
years at the time of lesion onset. The groups
were matched with respect to several character-
istics, including the number of cigarettes they
were smoking at lesion onset, the total number
of years they had been smoking at lesion onset,
and the etiology of their brain damage (Fig. 1 and
table S1).

First, we performed a logistic regression
analysis in which the dependent variable was
whether or not patients quit smoking some time
after lesion onset (i.c., whether or not they were
smoking at the time of the study). The inde-
pendent variable of interest was the extent of
damage in the insula on a given side. An es-
timate of the total extent of the lesion was
entered as a nuisance covariable (Materials and
Methods). We found that the likelihood of quit-
ting smoking after a lesion in either the right or
the left insula was not significantly higher than
the likelihood of quitting after a noninsula lesion
(odds ratio = 2.94, x> = 2.74, and P = 0.10).
When we examined the right and left insulae
separately, we found that the likelihood of quit-
ting smoking was not significantly higher after a
right insula lesion than after a noninsula lesion
(odds ratio = 2.53, xz =2.98, and P=0.08), nor
was it significantly higher after a left insula le-
sion compared with after a noninsula lesion
(odds ratio = 1.44, x*>=1.12, and P=0.29) (Fig. 2
and table S3). One explanation of this null find-
ing is that, whereas the insula-lesioned patients
may have quit smoking due to a disruption of
smoking addiction, the noninsula-lesioned pa-
tients may have quit smoking at a similar rate
because they were concerned about the negative
consequences of smoking. Simply determining
whether the patients were smoking at the time of
the study did not address this distinction.

To more specifically assess a disruption of
smoking addiction, we asked all of the patients
who quit smoking after lesion onset a set of
questions aimed at their recollection of the
experience of quitting. Patients were classified
as having had a disruption of smoking addiction
if they fulfilled all four of the following criteria:
(1) reporting quitting smoking less than 1 day
after lesion onset, (ii) reporting that they did not
start smoking again after they quit, (iii) rating the
difficulty of quitting as less than three on a scale
of one to seven, and (iv) reporting feeling no
urges to smoke since quitting. According to these
criteria, 16 of the patients who quit smoking after
lesion onset were classified as having a disrup-
tion of smoking addiction. The 16 quitters who
failed to meet all four of these criteria, along with
all 37 nonquitters, were considered to have no
disruption of smoking addiction (Fig. 2).

We performed a logistic regression in which
the dependent variable was whether or not pa-
tients underwent a disruption of smoking ad-
diction after lesion onset as defined by the above

Fig. 1. Number (V) of
patients with lesion in each
of the regions identified in
this study, mapped onto a
reference brain. Bounda-
ries of anatomically de-
fined regions are drawn
on the brain surface. Re-
gions names are provided
in the Materials and Meth-
ods. Regions not assigned
a color contained no le-
sions. (Top) All patients.
The horizontal line marks
the transverse section of
the brain shown in the top
row. The vertical line
marks the coronal section
shown in the bottom row.

(Middle) Patients with Insula
lesions that involved the
insula. (Bottom) Patients
with lesions that did not
involve the insula.

Fig. 2. Patients who A

quit smoking after lesion Non- _T°t‘?|
onset and patients who insuLa neuia
underwgnt a djsryption T?':al &

of smoking addiction af-

ter lesion onset. (A) Tree
diagram showing the be- 3
havioral classification of

patients. (B) Pie charts ” Left Right
illustrating the proportion Quitters insula insula
of patients in each ana- ;
tomical group who fell . 0 c.
into each of the behavior- /
al categories. The colors B

16
correspond to the be- No disrinion 3 4
havioral group depicted of smoking
in (A). These actual pro- addiction B Non-quitters
portions are shown in the [ Quitters with no of
Materials and Methods. B Quitters with of

The proportion of patients
with a disruption of smoking addiction was higher among both left insula—lesioned patients and right insula—
lesioned patients compared with among noninsula-lesioned patients.
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criteria. As before, the independent variable of
interest was the extent of damage to the insula on
a given side, whereas the estimate of the total
extent of the lesion was entered as a nuisance
covariable. We found that the likelihood of
having a disruption of smoking addiction after
a lesion in either the right or the left insula was
significantly higher than the likelihood of having
a disruption of smoking addiction after a non-
insula lesion (odds ratio = 22.05, x2 =16.64, and
P =0.0005). When we examined the right and
left insulae separately, we found that the like-
lihood of having a disruption of smoking ad-
diction was significantly higher after a right
insula lesion than after a noninsula lesion (odds
ratio = 10.87, xz =12.90, and P = 0.0003) and
was also significantly higher after a left insula
lesion compared with after a noninsula lesion
(odds ratio = 3.61, x> = 10.33, and P = 0.001)
(Fig. 2 and table S3). Although it appears that
effects may be somewhat larger with right in-
sula lesions compared with left insula lesions,
the sample sizes were too small to confirm this
statistically.

We then conducted a similar logistic regres-
sion that included only the patients in our sample
who quit smoking after lesion onset (thus, we
were not required to assume that patients who
continued to smoke after lesion onset had an
intact smoking addiction). We found that five of
five of the patients who quit smoking after a
right insula lesion and seven of eight of the
patients who quit smoking after a left insula
lesion met the criteria for having a disruption of
smoking addiction, compared to 4 of 19 of the
patients who quit smoking after a noninsula
lesion (right insula—lesioned patients versus
noninsula-lesioned patients: odds ratio = 6.55,

x2 = 7.76, and P = 0.005; left insula—lesioned
patients versus noninsula-lesioned patients: odds
ratio = 7.19, x> = 10.06, and P = 0.002). Putting
the right and left sides together, 12 of 13 patients
who quit smoking after a lesion in the insula did
so with a disruption of smoking addiction. Rel-
ative to noninsula-lesioned patients, this trans-
lates into an odds ratio of 136.49 as estimated
by the logistic regression (x> = 15.48 and P =
0.00008) (Fig. 2 and table S3).

In our sample, the patients with insula lesions
tended also to have damage in adjacent areas
(Fig. 1). This raises the question of whether the
observed effects were necessarily due to insula
damage or whether they required damage in one
or more areas adjacent to the insula. To address
this issue, we performed a region-by-region
logistic regression analysis that estimated, for
each region of the brain that we sampled, the
likelihood of having a disruption of smoking
addiction after a lesion that included the region
compared to a lesion that did not include the
region. This analysis included all of the patients
in the sample. We found that the only regions in
which lesions were significantly associated with
an increased likelihood of having a disruption of
smoking addiction were the right and left insulae
(Fig. 3). On the left side, there were near-
significant effects in regions adjacent to the
insula, such as the putamen. We cannot rule out
the possibility that some of these regions inde-
pendently or cumulatively play a role in smok-
ing addiction. For example, evidence from
animal studies suggests that the dorsal striatum,
which includes the putamen, is involved in
learning and expression of drug-use habits (4).
However, for most of these regions the patients
with lesions who had a disruption of smoking

Fig. 3. Whole-brain region-by-region logistic regression analysis. The color of each region
corresponds to a y? statistic given the sign of regression coefficient obtained from the logistic
regression analysis. The only regions that were assigned a color were those for which the number of
patients was sufficient to detect a statistically significant effect (Materials and Methods). Regions
for which there was a statistically significant association between a lesion and a disruption of
smoking addiction (P < 0.05, uncorrected) are highlighted in red. The insula is the only region on
either side of the brain where a lesion was significantly associated with a disruption of smoking
addiction. There were nonsignificant effects in regions on the left side that are adjacent to the
insula; however, patients with damage in these regions also tended to have damage in the insula
(Materials and Methods). The likelihood of having a disruption of smoking addiction was not
increased after damage in the orbitofrontal cortex.
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addiction also had damage in the insula (table
S4), suggesting that apparent effects of lesions in
these regions were due to a bystander effect. We
did find four patients who had a disruption of
smoking addiction after suffering from brain
damage that did not involve the insula. When we
examined their lesions, we found that each of
them had damage in a unique set of regions
(table S5). This raises the possibility that certain
patients may undergo a disruption of smoking
addiction as a general effect of suffering from a
brain injury.

The results indicate that smokers who ac-
quire insula damage are very likely to quit
smoking easily and immediately and to remain
abstinent. In addition, smokers with insula dam-
age are very likely to no longer experience
conscious urges to smoke after quitting. These
findings are consistent with previous functional
imaging evidence showing that activity in the
insula is correlated with subjective drug urges
(7, 8, 11). Additionally, the results provide
evidence that subjective urges are an important
factor in maintaining smoking addiction. How-
ever, urges may not be the only factor that pro-
motes smoking. Recent theories of addiction
propose that usual drug use in addicted individ-
uals is driven primarily by automatic or implicit
motivational processes, such as habits (4) and
incentive salience wanting (/9). Conscious
urges come into play when there is an impedi-
ment to drug use, such as an attempt to quit or to
resist relapse (20). The present results are con-
sistent with this view. However, it remains to be
seen whether insula damage spares the auto-
matic tendency to smoke. It also remains to be
seen whether patients with insula damage still
obtain pleasure from smoking, because pleasure
and urge may be dissociable facets of smoking
reward (/9).

Our sample included a number of patients
with damage to the orbitofrontal cortex (Fig. 1),
aregion that, like the insula, has been implicated
by functional imaging studies to play a role in
conscious drug urges (6, 8, 9, 1/—13). We found
no association between lesions in the orbito-
frontal cortex and a disruption of smoking ad-
diction (Fig. 3 and table S4). One explanation of
this result is that smokers who acquire orbito-
frontal damage experience a reduction in con-
scious urges but continue to smoke because their
automatic tendency to smoke is still intact. At
the same time, these patients may have a low
likelihood of attempting to quit smoking after
suffering from a brain injury, because the
orbitofrontal region is critical for decisions that
override the automatic tendency to obtain im-
mediate rewards in order to avoid future negative
consequences (27, 22). Insula-lesioned patients,
in contrast, may not have such severe decision-
making deficits and thus may be likely to at-
tempt to quit smoking after suffering from a
brain injury.

The results of this study suggest that the
insula is a critical neural substrate for the urge to
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smoke, although they do not in themselves in-
dicate why the insula, a region known to play a
role in the representation of the bodily states
(16), would play such an important role in urge.
A clue may be provided by the account of one
patient in our sample who quit smoking im-
mediately after he suffered a stroke that dam-
aged his left insula. He stated that he quit
because his “body forgot the urge to smoke”
(23). His experience suggests that the insula
plays a role in the feeling that smoking is a
bodily need. Indeed, much of the pleasure and
satiety that is obtained from smoking is derived
from its bodily effects, in particular its impact on
the airway (24, 25). In addition, nicotine with-
drawal is associated with changes in autonomic
and endocrine function (26, 27), which may
contribute to its unpleasantness. Current evi-
dence suggests that the insula plays a role in
conscious feelings by anticipating the bodily
effects of emotional events (/4, 15). The insula
may therefore function in the conscious urge to
smoke by anticipating pleasure from the airway
effects of smoking and/or relief from the aver-
sive autonomic effects of nicotine withdrawal.
Thus, damage to the insula could lead a smoker
to feel that his or her body has “forgotten” the
urge to smoke.

An important question pertains to whether
insula lesions cause a disruption of motivated
behaviors other than smoking. In a follow-up
survey, we found that none of the patients with
insula damage who had a disruption of smoking
addiction admitted to any reductions in their
pleasure from eating, their desire to eat, or their
intake of food. This does not preclude the pos-
sibility that these patients had some impairment
of taste perception (28, 29) or had deficits in
other motivated behaviors that we did not assess.
One possibility is that motivated behaviors that
are fundamental to survival, such as eating, are
supported by redundant neural mechanisms that
are difficult to disrupt with a lesion in a single
brain region. A related possibility is that the in-
sula is critical for behaviors whose bodily effects
become pleasurable through learning; although
the bodily effects of eating are inherently plea-
surable, the bodily effects of smoking are ini-
tially aversive and become pleasurable as
addiction develops (25). It would be interesting
to see how insula damage affects other learned
pleasures.

Our findings suggest that therapies that mod-
ulate the function of the insula will be useful in
helping smokers quit. For example, sensory
replacements for smoking, such as denicotinized
cigarettes and irritant inhalers, are highly effec-

tive in reducing urges and promoting abstinence
(30, 31). Such therapies may work by engaging
sensory representations of the airway within the
insula, thereby satisfying the “bodily need” to
smoke. Future pharmacologic therapies may
target neurotransmitter receptors that are ex-
pressed within the insula. In addition, the efficacy
of various smoking cessation therapies may be
monitored by measuring activity within the
insula with functional brain imaging. Lastly, the
findings of this study demonstrate that conscious
feelings, such as urges, are an important com-
ponent of addiction.
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