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ABSTRACTN Curiosity has been described as a desire for curiousOO0 (Hoffmann, 1972, p. 7). The dangerous side of curiosity
learning and knowledge, but its underlying mechanisms is its association with exploratory behaviors with harmful con-
are not well understood. We scanned subjects with func- sequences. An ancient example is the mythical Pandora, who
tional magnetic resonance imaging while they read trivia opened a box that unleashed misfortunes on the world. In
guestions. The level of curiosity when reading questions modern times, technology such as the Internet augments both
was correlated with activity in caudate regions previously good and bad effects of curiosity, by putting both enormous
suggested to be involved in anticipated reward. This amounts of information and potentially dangerous social en-
Pnding led to a behavioral study, which showed that sub- counters a mouse-click away.

jects spent more scarce resources (either limited tokens or  Despite the importance of human curiosity, its psychological
waiting time) to bnd out answers when they were more and neural underpinnings remain poorly understood. Philoso-
curious. The functional imaging also showed that curiosity phers and psychologists have described curiosity as an appetite
increased activity in memory areas when subjects guessedfor knowledge, a drive like hunger and thirst (Loewenstein,
incorrectly, which suggests that curiosity may enhance 1994), the hunger pang of an OQinfo-vore®0 (Biederman & Vessel,
memory for surprising new information. This prediction 2006, p. 247), and OOthe wick in the candle of learning®d (William
about memory enhancement was conbrmed in a behavioral Arthur Ward, cited by Wikiquote, 2008). In reinforcement
study: Higher curiosity in an initial session was correlated learning, anovelty bonuis used to motivate the choice of un-

with better recall of surprising answers 1 to 2 weeks later. explored strategies (Kakade & Dayan, 2002). Curiosity can be
thought of as the psychological manifestation of such a novelty
bonus.

Curiosity is the complex feeling and cognition accompanying theory guiding our research holds that curiosity arises from
the desire to learn what is unknown. Curiosity can be béth incongruity, or information gapNa discrepancy between
helpful and dangerous. It plays a critical role in motivatighat one knows and what one wants to know (Loewenstein,
learning and discovery, especially by creative profession&@94). This theory assumes that the aspired-to level of knowl-
increasing the worldOs store of knowledge. Einstein, for exa@@@i§ increases sharply with a small increase in knowledge, so

once said, OOI have no special talents. | am only passioH#etpe information gap grows with initial learning. When one is
sufpbciently knowledgeable, however, the gap shrinks, and cu-

riosity falls. If curiosity is like a hunger for knowledge, then a
Address correspondence to Colin F. Camerer, Division of Humanities small OOprlmlng d_ongO of Informatlon Ir?cr,eases_ the hgnger, and
and Social Sciences, California Institute of Technology, Pasadena, the decrease in curiosity from knowing a lotis like being satiated
CA 91125, e-mail: camerer@hss.caltech.edu. by information.

Volume 20NNumber 8 Copyright 2009 Association for Psychological Science 963




Curiosity, Reward, and Memory

In the information-gap theory, the object of curiosity is aormalized (i.e., the individualOs mean curiosity was subtracted
unconditioned rewarding stimulus: unknown information thafrisam each rating, and the resulting value was divided by that
anticipated to be rewarding. Humans (and other species, sudhdisidualOs standard deviation). The conbdence scale ranged
cats and monkeys) will expend resources to Pnd out informdtimm O to 100%, but was rescaled to range from 0 to 1. Veerbal or
they are curious about, much as rats will work for a food rewttbd responses are not easy to collect in a scanner, so subjects
(Loewenstein, 1994). On the basis of this observation, wepngvided their initial guesses outside of the scanner upon
pothesized that the striatum would be linked to curiosity lmmpletion of the task.
cause a growing body of evidence suggests that activity in the
human striatum is correlated with the level of reward signaliR| Acquisition and Analysis

(Hare, OODoherty, Camerer, Schultz, & Rangel, 2008; Knutsgfa were acquired using a 3-T Siemens (Erlangen, Germany)
Westdorp, Kaiser, & Hommer, 2000; McClure, York, & Mofrip scanner at Caltech. A set of high-resolution(@%" 1.0
tague, 2004; OODoherty, 2004). mn?) T1-weighted anatomical images was Prst acquired to en-
Guided by these ideas, we explored the neural correlategi}é |ocalization of functional images. Whole-brairt- T2
curiosity in one study and tested the hypotheses derived frofggghted echo-planar images with blood-oxygenation-level-
Pndings in two additional studies. In all studies, subjects wgk$endent (BOLD) contrast were acquired in 32 axial slices
presented with a series of trivia questions chosen to creatg4 64 voxels; 3-mm thickness and 3-mm in-plane resolution)
mixture of high and loepistemicuriosity (Fig. 1a). Subjects at a repetition time of 2,000 ms and echo time of 30 ms. The
read each question, guessed the answer, rated their curiegify sequences were axial slices approximately parallel to
about the question, and rated how conbdent they were that @@y anterior commissureDposterior commissure axis. The
knew the answePJ. Then the question was presented agaiiyR| data were preprocessed using SPM2 (Wellcome Depart-
followed by the correct answer (Fig. 1b). ment of Imaging Neuroscience, Institute of Neurology, London,
In the Prst experiment, subjects read the questions durifigited Kingdom). Functional scans were brst corrected for slice
functional magnetic resonance imaging (fMRI). In the sec@gging via linear interpolation. Motion correction of images was
experiment, they performed the same task without scanningsf¥brmed using a six-parameter afbne transformation followed
their memory for answers was tested in a follow-up session {ponlinear warping using basis functions (Ashburner & Fris-
weeks later. In the third experiment, we behaviorally tesigéh 1999). Finally, images were smoothed with a Gaussian
whether curiosity is indeed a form of reward anticipation.  kernel of 8-mm full-width at half-maximum. The data analysis
was conducted using the random-effects general linear model

EXPERIMENT 1 (GLM) for event-related designs in SPM2.
Method Curiosity Median-Split AnalysiEach subjectOs trials were split
Participants and Task into two conditions (high or low) according to where they fell

Nineteen Caltech students were scanned (averageZiga! relative to that individualOs median curiosity level. Then all bve
3.5 years; 14 males, 5 females; 18 right-handed, 1 |eft_hand@e?_ChS in each trial (Prst presentation, curiosity rating, conb-
They earned $20 for participation. Informed consent was $80ce rating, second presentation, and answer display) were
tained using a consent form approved by the internal revd@sSiPed as being in the high- or low-curiosity condition ac-
board at Caltech. The stimuli used in the task were 40 trig@"ding to the condition to which the whole trial had been as-
guestions on various topics (these and other materials cafigaed. Thus, there were two curiosity conditions for each epoch,
viewed in Experimental Materials in the Supporting Informatigisulting in a total of 10 separate regressors of interest. Each
available on-line; see p. 973). They were designed to meakggEessor was time-locked to stimulus presentation. A GLM
curiosity about semantic knowledge, and pretesting indicafeguding these 10 regressors plus regressors of no interest was
that they evoked a range of curiosity levels (for sample quecgi_mated. The 10regressors of interest were modeled using box-
tions, see Fig. 1a). Participants were instructed that aft@f functions with the length of each epoch (e.g., the presenta-
reading each question, they should silently guess the answeti@fdime for the brst answer) as the corresponding box-car du-
indicate their curiosity about the correct answer and th&gtion. We then calculated contrasts to compare the effects of
conbdence in their guess. Then the question was presehi@( versus low curiosity.

again, followed by the correct answer (for a time line, see Fig.

1b). Curiosity ratings were on a scale from 1 to 7, and for all #§i0sity Modulator AnalysisVe also examined whether the

analyses that follow, the raw curiosity ratings were individudlf@in activations identibed in the median-split analysis in-
creased linearly with curiosity level, rather than being associ-
ated with two levels (high or low) of curiosity. We estimated a

Epistemic curiosity refers to a desire to acquire knowledge and app%'sM in which normalized curiosity was a parametric modulator

mainly to humans (Loewenstein, 1994). for each of the bve epochs.
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Fig. 1. Experimental protocol and behavioral results in Experiment 1: (a) sample questions, (b) trial sequence, and (c) distribution of curiosity

ratings as a function of conbdence. The questions in (a) are examples of items with relatively high (left; average s&r®e 72) and low (right; average

score5 2.28) curiosity ratings. For the scatter plot (c) all conbdence ratings were jittered by adding random numbets # [$0.01, 0.01], to convey

data density. There was also a OOtip of the tongueOO response option, but there were too few of these responses to analyze, so they were excluded. The
large, unplled circles indicate mean curiosity at each conpdence level. Diamonds indicate individual observations. The solid curve is the regogssi

line of curiosity against conbPdencePR, and P(1$ P). The estimated regression was calculated as follows: curiosby$ 0.49D 0.3® 1 4.77P(1$ P) 1

residual curiosity.
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Residual Curiosity AnalysiBinally, we investigated the effecincluded the left caudate; bilateral prefrontal cortex (PFC), in-
of curiosity that is dissociated from conbdence |&eand cluding inferior frontal gyrus (IFG); and parahippocampal gyri
uncertaintyP(1$ P).? To do this, we brst regressed curiosity §RHG; Table 1). Activations in the putameB (21,y5 9,z5
PandP(1$ P) (with a constant) and then took the residuals fr@t(18)5 3.15,pep> .99, and the globus pallidusg 12,y 5
this regression to construct a new variable, the residual c#r6,z5 0),t(18)5 3.94,p.p> .99, were signibcantpk .005
osity. Further, to study the interaction between residual curiogitpicorrected)pe, 5 .98, but no activation was found in the
and correctness, we divided the answer-display epochs mtoleus accumbens. The area of signibcant activation in the left
correct- and incorrect-guess conditions. This procedure caudate overlapped with areas of signibcant activity identiped
sulted in a total of six conditions of interest: brst presentatiby,the models using subject-normalized linear curiosity and
curiosity rating, conbdence rating, second presentation, anses&dual curiosity as the regressors (Fig. 2). This bnding is
display preceded by a correct guess, and answer display poasistent with the view of curiosity as anticipation of rewarding
ceded by anincorrect guess. We then estimated a GLM in winiébrmation.
P,P(1$ P), and residual curiosity were parametric modulatoraVhen the answers were revealed, activations in areas linked
for each of these six conditions. to learning and memory were much stronger if the subjectOs prior
guess had been incorrect, rather than correct. Areas differen-
tially activated when subjects guessed incorrectly included the
Results bilateral putamen (right5 $24,y5 $9,z5 6; left:x5 24,

Curiosity and Conbdence Ratings y5 $9,25 12),1(18)5 4.63,pep> .99, andt(18)5 4.77,

The information-gap theory predicts that curiosity should Res> 99, respectively, and left IF&% $54,y5 24,25 18;
crease with statistical uncertainB(1 $ P) (because people Brocaos area, BrodmannOs area 4U8}), 6.64,pep> 99
who know very little have not had their curiosity piqued, aﬂag. 3a). Further, gur|03|ty level mpdulated the activations
those who know a lot are satiated). Reported curiosity wadl#{ing the answer display. After an incorrect guess, left PHG
deed an inverted-U-shaped functioRagaching its maximum &5 $24,y5 $27,z5 $6)and left IFGX5 $54,y5 9,25
whenP was around .50 (Fig. 1c). Curiosity correlated positivél§) activations during the answer display were positively cor-
WithP(1$ P),r5 .44,p< .0005,pep> .99. Most subjects related with residual cunoleB)S .4.69,prep>. .99, and(lB) _
showed this relation; estimated peak curiosity was at vales f 4-48. Prep > .99, respectively (Fig. 3b). Bilateral midbrain
between .45 and .55 in three quarters of the subjects (see TEIONS (16fx5 $12,y5 $24,25 $6;rightx5 12,y5 $21,

S1 in the Supporting Information available on-line). z5 $18),1(18)5 3.37,pep> .99, and(18)S 3.97,prep> .99,
respectively, were also activatedpak .005 (uncorrected),

L . - Prep D .98 (see Fig. S1 in the Supporting Information available
Curiosity and Brain Activit b

oSty ar y i . _on-line), as was the hippocampus ($ 27,y5 $33,z5 $6),
In th's_ s_gcﬂon, we Prst focus on brr_;un act|V|ty.When. queSt'?ﬁ%)S 3.2. The identibed area in left IFG was dorsal to areas
were initially presented and then discuss brain activity Whﬁ%ntibed in the analyses of the question epoch (Fig. 2) and was

answers were presented. Results are reported for brain aﬁﬁﬂsof BrocaOs area, which is important for language compre-

V\{ith .signibcant activity; unless noted otherwise, our Criteriaﬁ%rnsion (Bookheimer, 2002). When subjects guessed correctly,
signibcance werean uncorreqwdlue ofless than .00fep> residual curiosity did not correlate with activity in any of the
.99, and a minimum cluster siz@ ¢f 5. identibed regions.

.The prst ques'tlop-presep'tanon epoc?h was ass.oc'la'ted V\_"th tgscause memory-related regions were differentially activated
hlghj or Iow.-cu.nosr[y condition according to the |nd|V|FiuaI|g(ﬁq response to answers presented after incorrect guesses, and
me(_j|an curiosity l?\_/el' We created_ a contrast that_ |dent|_l;:{ﬁ_g activity was modulated by curiosity, we hypothesized that
regions whose activity was greater in response to high Cu”%‘clim'osity would be associated with memory enhancement for
than in response to low curiosity. Signibcantly activated regionS information (in this paradigm, a correct answer is new in-

formation if it follows an incorrect guess). That is, we hypothe-
sized that after guessing incorrectly, people would be more

2UncertaintyP(1$ P), measures a subjectds uncertainty about a guesdKgly to remember the answer to a question if they were curious
guess is a random variable (more specibcally, a Bernoulli random variabletgittnow it.
two outcomes, correct or incorrect; the two outcomes have probabilties of . . s
(conbdence level) andb1P, respectively. The uncertainty associated with the The_ I_Dndl.ngs from thIS_fMF_ZI StUdy_SUQQeSted th_at curiosity
random variable (or uncertainty about which outcome will occur) is measige@nticipation of rewarding information and that it may en-

by the entropy, which in this case is a monotonic function of the vaFigige hance learnina of new information. We tested these hvpoth-
P).P(1$ P)is a quadratic function with a maximunPe .5 and minima at 9 ' yp

P5 0and 1. For example, suppose that you are 100% (or 0%) sure about§8&S IN separate experiments. We brst describe the experi-

guess. In this case, your conbdence I&/é,1 (or 0). Your uncertainty aboutment that tested the memory-enhancement hypothesis and

the outcome will be minimal. In contrast, if your conbdence level about y; . s
guess is .5, then you are most uncertain about which outcome will occuﬁég-n report the experiment that tested the reward-ant|C|pat|on

cause the two outcomes are equally likely. hypothesis.
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TABLE 1
Brain Regions Exhibiting Greater Activation on High-Curiosity Trials Than on Low-Curiosity Trials During the First
Presentation of the Question

Coordinates

Spatial extent

Region Hemisphere X y z (voxels) t(18)
Caudate Left $9 3 3 10 4.04
Inferior frontal gyrus/BrodmannOs area 45 Left $54 24 21 112 5.71
Inferior frontal gyrus/BrodmannOs area 45 Right 48 24 21 5 4.01
Parahippocampal gyrus Left $33 $39 $12 21 4.04
Parahippocampal gyrus Right 36 $30 $18 5 4.46
Medial frontal gyrus Left $12 36 48 26 4.49
Middle frontal gyrus, premotor cortex Left $27 15 57 70 5.71
Lingual gyrus Right 18  $63 $3 11 4,57
Cerebellum Right 36 $69 $36 34 4.67

Note. All locations are reported in Montreal Neurological Institute coordinates.

EXPERIMENT 2 Twelve returned and provided data used in the analyses. At the
follow-up session, subjects were shown the same questions and
Method asked to recall the correct answers (earning $0.25 for each
Participants and Task correct answer, in addition to $15 for participation). (See Ex-

Sixteen Caltech students (11 males, 5 females) participa?&ﬁi.memal Ma_terials i_n the_Supporting_ Information available

Informed consent was obtained using a consent form appr8\'7'laqe for the instructions given to subjects.)

by the internal review board at Caltech. The task, questions, and

time line were identical to those in Experiment 1 except for soleasures

minor changes: The order of questions was fully randomizedthe brst session, the measured variables were identical to

across the experiment, no Pxation screens were presented,teash of Experiment 1 except that subjectsO guesses were re-

question was presented for a bxed duration of 10 s, armbraled during the task (as a check on postscanner overreporting

countdown screen showing every second was presented forahe&rrect guesses in Experiment 1; the percentage of correct

s before the answer. guesses was not signibcantly different between the experiments),
Upon completing the task, subjects were surprised witlasavas pupil dilation response (PDR) before and after the answer

request to return within 11 to 16 days for a follow-up studysplay. The second session provided a new recall measure.

z=21

Fig. 2. Brain regions that showed differential activity in high- versus low-curiosity trials during the brst question

presentation in Experiment 1 < .001 uncorrected, prep, > .99, extent threshold % 5). Colored areas showed
greater activation on high-curiosity trials in the median-split analysis (red), the modulator analysis (yellow), and the
analysis of residual curiosity (green). The illustration at the right is a close-up view of the overlapping caudate
activations. Ant 5 anterior; Pos 5 posterior; L 5 left; R 5 right; IFG 5 inferior frontal gyrus.
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Fig. 3. Brain areas that showed differential activation during the answer displays in Experiment 1: (a)
regions that were more active after incorrect guesses than after correct guesses (bilateral putamen
and left inferior frontal gyrus, or LIFG) and (b) regions whose activity after incorrect guesses correlated
with curiosity (LIFG and parahippocampal gyri, or PHG). Ant 5 anterior; Pos 5 posterior; L 5 left;

R 5 right.

PDR was recorded using a Mobile Eyelink Il eye tracker (8R&sults
Research, Osgoode, Ontario, Canada) at 250 Hz. The two_ses: .. .
sions in Experiment 2 were conducted and analyzed in Ma{ljzl%)" Dilation
(Mathworks, Inc., Natick, MA) using the Psychophysics Toolx high-curiosity trials, PDRs ramped up 1 to 2 s before the
(Brainard, 1997) and the Eyelink Toolbox (Cornelissen, Peterset of the answer display, peaked after 800 ms, and then
& Palmer, 2002). Blinks were treated as missing data airdpped back to baseline around 2 s after the onset of the display
removed. We focused on the time interval from 4.8 s before tqBi@. 4a). Average PDR during anticipation (1 s before the onset
s after the onset of the answer display. After normalizationofvthe answer) was signibcantly higher for high-curiosity items
split the pupillary data collected over this interval according tivan for middle-curiosity itemg164.3)5 2.04,p< .03 (one-
the level of curiosity reported: high, middle, or low. Within eatdiled), pe, 5 .92, d 5 0.23, and was modestly higher for
curiosity level, the data were averaged across subjects for ewedgle-curiosity compared with low-curiosity itet{294.8)5
400-ms interval. 1.15,p5 .13 (one-tailed)pep 5 .79,d 5 0.11. When the
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Fig. 4. Results from Experiment 2: (a) average pupil dilation response (PDR) as a function of time
interval (Time 0 5 onset of the answer display) and (b) percentage accuracy on the memory test for
trials on which subjects initially guessed incorrectly. In (a), PDR was individually normalized to
100 (5 16). Results in both graphs are shown separately for high-curiosity trials (top tercile for a
given individual), middle-curiosity trials (middle tercile), and low-curiosity trials (bottom tercile).
Error bars denote standard errors.

answer appeared (0D1,000 ms after the onset of the answet{1®)d 2.10,p< .05,p,5 .91,d5 0.61; middle- and low-
average PDR differed signibcantly across the three trial typesiosity items{(12)5 2.37,p< .02,p¢,5 .93,d5 0.74; and

p< .03 (one-tailed)pe, %.91,d %0.18. high- and low-curiosity itemi%10)5 3.13,p< .01,p¢p5 .97,
d5 1.11 (allps< .05, paired one-tailetltests). These results
Curiosity and Memory support the hypothesis that higher curiosity levels lead to better

Curiosity expressed in the initial session had a strong effectexpllection. When we repeated the analysis using residual
subsequent recall of the answers to the questions that wearésity, and including control variablBsand P(1 BP), we
initially guessed incorrectly (Fig. 4b). The accuracy rates difjain found a main effect of curiosity on recall. Consistent with
fered signibcantly between high- and middle-curiosity iterttes fMRI Pndings, these bPndings suggest that curiosity activates
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Fig. 5. Results from Experiment 3: Group logistic curves relating normalized curiosity to the
probability of spending a token or waiting time to learn the answer to a trivia question. The de-
pendent variables, whether to spend a token (left panel) or to spend assigned waiting time (right
panel), were regressed on subject-normalized curiosity ratings and a constant. For each condition,
we pooled the data across subjects. The shaded areas around the plotted lines indicate the 95%
conbdence intervals.

memory regions differentially in response to surprising (incgpending a token on an answer meant skipping another answer.

rectly guessed) answers, resulting in greater accuracy of §iteen our previous bPnding that high curiosity was correlated

sequent memory for the correct answers. with activity in the striatal region, we hypothesized that when
subjects were more curious, they would anticipate higher reward
from learning information, so they would be more likely to spend

EXPERIMENT 3 a token. Other results were possible, however. Subjects could
allocate tokens on the basis of their conbdence in their guesses,

Method impatiently use all their tokens in the beginning, alternate
Participants spending and saving, or exhibit some other pattern unrelated to

Participants in this follow-up experiment were assigned to on@H5fosity. - _ _
two conditions: a token condition (10 Caltech students; meahhe second conditionimposed a different cost: After guessing,
ages 23.41 3.3years; 5males, 5females) and atime conditipiects had to wait until the answer appeared. They were told
females). Informed consent was obtained using a consent feakany amount of time from 5 to 25 s would be equally likely.

approved by the internal review board at Caltech. Subjects could quit waiting and skip to the next question at any
time, but then they would not get to see the correct answer to the

Task and Measures preceding question. We hypothesized that subjects would be

The task and time line were like those of Experiments 1 ang'9re likely to spend time, to wait longer, for the answers that

except for two features: Subjects had to spend scarce tokeH¥¥rere more curious about.

time to learn answers, and 10 questions were added to the

original 40 questions (see Experiment 3 Procedure, Experi-

mental Materials, and Fig. S2 in the Supporting Informati@esults

available on-line). A reward is an object or event that eliclisgistic regressions showed that spending tokens (1 if a token

approach and is worked for (Wise, 2004). Requiring subjecta/és spent; 0 otherwise) and spending time (1 if a subject waited

spend tokens or time measured their willingness to pay foruntil the answer appeared; 0 otherwise) were both strongly

formation they were curious about. The different conditiasrelated f§ < .001, pep > .99) with curiosity (Fig. 5). We

tested the robustness of the effect of curiosity to changes irothtained the same signibcant pattern of results Whamd

type of resource that was spent. P(1$ P) were included in the equations, and when residual
In the token condition, subjects had to spend 1 of their 26riosity was used as the predictor. At the individual-subject

experimental tokens to bnd out the answer to a question. $uwl, correlations between curiosity and spending were signib-

jects read each question, reported their curiosity and conbdenand,p< .01,p,5 .97, for 28 of the 30 subjects (see Fig. S3in

levels, and typed their guess. After guessing, they could pdlgel Supporting Information available on-line). A regression

token to see the answer immediately. The tokens did not henadysis showed that subjects waited for an additional 3.7 s as

cash value, but because there were 25 tokens and 50 questibes,normalized curiosity level increased by 1 standardized unit.
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DISCUSSION Therefore, we investigated the reward-anticipation interpre-
tation further in a separate behavioral study. In Experiment 3,
In turn-of-the-century psychology, curiosity was consideredsabjects were allowed to either spend a token or wait to see the
important drive, but research on it subsequently waned (Lasswer to a question. Both actions incurred a costNa lost op-
wenstein, 1994). With this study, we have attempted to reyigetunity or lost time. People are generally willing to spend
interest in curiosity, measuring it by self-report and using fMithe and resources to obtain objects that they Pnd rewarding.
to study neural correlates of reported curiosity. The bndimgsis, enhanced willingness to spend resources to bnd out
suggest hypotheses about memory and reward anticipatiorthe answers to more curiosity-provoking questions is consistent

The correlations between reported curiosity and both latetith the reward interpretation and not with the idea that
PFC and caudate activity are consistent with the informatigie fMRI results indicate only effects of attention or incentive
gap hypotheses that curiosity is linked to anticipation of infgalience.
mation, and that information is a secondary reinforcer. CuriositRecent computational neural network models suggest another
was correlated with activity in the caudate when a question w@ipatible interpretation involving memory (Frank, Loughry, &
Prst presented. Itis well established that the caudate is involggReilly, 2001; OOReilly & Frank, 2006). Question stimuli
in reward anticipation, or reward learning, across a wide varigiyger differing levels of curiosity; the basal ganglia may send
of primary and secondary reinforcers (Delgado, Locke, Steng@ra stronger signal to enable the lateral PFC to update,
& Fiez, 2003; Delgado, Nystrom, Fissell, Noll, & Fiez, 200@)aintain, and internally represent questions eliciting higher
including social rewards such as benevolent reciprocity (Fehfi&iosity, whose answer may be anticipated to be more re-
Camerer, 2007; King-Casas et al., 2005), social cooperaji@nding. This internal representation in the lateral PFC, par-
(Rilling et al., 2002), altruistic punishment (de Quervain et alicularly in the left IFG, is a crucial component of long-term
2004), and winning an auction (Delgado, Schotter, Ozbaynémory consolidation and is critical in the learning of new in-
Phelps, 2008). formation (Paller & Wagner, 2002).

Previous studies have found that the expectation of feedbadihe PHG and left IFG were activated in response to wrong
is sufbcient for activation of the caudate (Aron et al., 2004). Quesses, and the level of activation was correlated with the level
experimental design included feedback in the form of the ascuriosity. These regions are thought to be involved in suc-
rect answers presented to the subjects. If there is brain actigdgsful verbal memory encoding (Brewer, Zhao, Desmond,
in anticipation of positive feedback, it should be modulated Bjover, & Gabrieli, 1998; Paller & Wagner, 2002; Wagner et al.,
conbdence leve, (the more conbdent one is in being right, th998). In conjunction with the caudate and left PFC activations
more positive feedback one expects). The parametric desigvheh questions were brst presented, this activity suggests that
the analysis (correlating activity with curiosity levels and thegriosity strengthens memory of correct answers when people
with residual curiosity) precludes the possibility that the ofpitially make incorrect guessesNthat is, that curiosity is linked
served caudate activation was driven solely by expectatioahe reward value of information and also enhances learning
feedback from accurate guesses (because residual curiositfrangl new information.
conbdence were uncorrelated by construction). The Pnding thetiis conjecture led to Experiment 2, in which we measured
activity in the left PFC is correlated with curiosity is also coRrDR and memory. Because pupil dilation is known to be linked
sistent with the idea that curiosity is associated with an intringicarousal, attention, interest, and cognitive effort (Beatty, 1982;
value of learning, because neurons in the left PFC receive inggés & Polt, 1960), and because anticipatory pupillary re-
from neurons in the substantia nigra via the dorsal striatum. $penses increase following a stimulus that predicts rewards
dorsal striatum responds to magnitude of primary rewards @®@Doherty, Dayan, Friston, Critchley, & Dolan, 2003), the ob-
reward prediction (Leon & Shadlen, 1999; Rogers et al., 1988)\ed correlation of curiosity with pupil dilation is consistent
and shows sustained phasic activations during reward expgth both reward anticipation and learning of novel information.
tation (Watanabe, 1996). The Pnding that curiosity enhanced later recall of novel infor-

There are also studies that have reported striatal activationgistion suggests that curiosity helps to consolidate novel infor-
response to negatively valenced stimuli (Knutson, Adams, Femgtion in memory. Having established that curiosity is a form of
& Hommer, 2001) or during nonreward activity such as workiag/ard anticipation, we can also tie this research to the work of
memory and motor preparation (Cairo, Liddle, Woodwardpdcock, Thangavel, Whitbeld-Gabrieli, Knutson, and Gabrieli
Ngan, 2004; Simon et al., 2002). Because our task did invg@06), who showed that anticipated monetary rewards modulate
working memory and motor preparation, the striatal activati@fivations in the mesolimbic and parahippocampal regions and
we found could have been due to increased attention, incengixgnote memory formation prior to learning. Our results com-
salience, or other activities (as some studies suggest). Giverplaaient theirs by showing that endogenous internal motivation
people tend to be more attentive to an object that is morerremifested in curiosity recruits neural circuits similar to those
warding, the fMRI evidence alone cannot rule out these int@at are recruited by exogenous incentives, and has a similar
pretations in favor of the reward-anticipation interpretation. effect on learning.
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We also found bilateral putamen activation during the answeram, Carmina Caringal, Noah Myung, Daniel Holland, the John
display after incorrect guesses. Although no explicit rewardd@Doherty lab, the Caltech Magnetic Resonance users group, and
punishment was involved, subjects might have perceiygé audiences at Economic Science Association and Functional

guessing incorrectly as an unexpected inherent, or self-, pRaging Laboratory meetings for help and comments.
ishment, and the severity of this punishment might have been

based on conbdence in the answer (e.g., subjects would have felt

worse about an incorrect guess if they had been very conbdent REFERENCES

about that guess than if they had not been conbdent). The ) o
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