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Increased dopamine release in
the human amygdala during
performance of cognitive tasks
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Accumulating data support a eritical invelvement of dopamine in the meodulation of neurenal activity
related to cognitive processing. The amygdala is a major target of midbrain dopaminergic neurons
and is implicated in learning and memory processes, particularly those involving associations
between novel stimuli and reward. We used intracerebral microdialysis to directly sample extracellu-
lar dopamine in the human amygdala during the performance of cognitive tasks. The initial
transition from rest to either a working memory or a reading task was accompanied by significant
increases in extracellular dopamine concentration of similar magnitude. During a sustained word
paired-associates learning protocol, increase in dopamine release in the amygdala related to
learning performance. These data provide evidence for sustained activation of the human
mesolimbic dopaminergic system during performance of cognitive tasks.

Studies in rodents and non-human primates implicate doparnine
as a modulator of cognitive processing’, In the prefrontal corex,
dopamine potentiates the firing of delay-active neurons thought
1o be eritieal for workling memory”. In the amygdala, dopamine
projections from the midbrain are thought to modulate assoca-
tive learning processes, especlally those involving behavioral
responses to rewarding or aversive stimuli*~®, For instance,
dopamine potentiates sensary input to the amygdala®, and Inhi-
bition of the mesoamypdala dopamine ?:tthway impairs the
retrieval of conditioned fear associations’. Furthermaore, mid-
brain dopamine neurons projecting to the forebrain show
increased {iring rates in non-human primates during certain
reward-contingent learning and memary protocolsi-19,
Dropamine rodulates long-term depression, believed wo be one of
the cellular mechanisms of learning, in the mesolimbic system
of rodents!!, Moreover, the amypdala and prefrontal cortex are
interconnected, and activity In one reglon may influence the other
during cognition, as illustrated by amygdalar modulation of pre-
frontal cortex activity during fear conditioning'?,

Despite evidence from anirmal studies for involvement of
dopamine in learning and memory, there s no direct evidence of
an associated increase in dopamine release in the human brain.
We sought to provide such evidence by sampling extracellular
dopamine in the human ammygdala with microdiabysis during asso-
clative learning and working memory tasks.

REsuLTS
Subjects of the study were paticnis undergoing evaluation for
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epilepsy surgery using chronically implanted intracranial elec-
troencephalographic depth electrodes to identify the location of
the sefzure focus'S, Using magnetic resonance imaging (MRI) and
anpgiographic puldance, electrodes were Implinted sterectaxdenl -
Iy into temporal and frontal Iobe tarpets. Neurochemical sam-
pling was conducted by means of a microdialysis probe Inseried
through the lumen of the depth electrode™. The data are from 16
such probes Implanted in the amygdala in 10 patients, The probes
were placed such that sampling occurmed predominantly from the
cenitral and basolateral nuclel of the amygdala (Fig, 1).
Cognitive testing was conducted three to six days following
probe implantation. Two tests were used in this study: a work-
ing memory task accompanied by a control reading task, and a
word paired-assoclates learning task. The working memory and
remding tasks used in the frst protocol imaolved identical senso-
ry input and mator outpur, but different cognitive processing.
In the reading task, subjects were presented with a sequence of
words, each for one second, with a four-second delay between
conseciithee words, sublects were asked to read each word aloud
as it was prosented. In the memory task, subjects were similarly
presenied with a sequence of words, but this time they were
asked, with the presentation of each word, 1o say alowd the word
Jjust previously presented. Thus, in this working memary task,
the subjects had to ‘keep in mind’ a record of each word until
the next was presented. Dialysare was continuowsly collected and
assayed for dopamine in five-minute blocks during the task peri-
od, s well & during intervening rest periods. To control for order
effect in tmk secuenoe, wo dilferent sequenoes were wsed: mem-
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Fig. 1. Coronal MR section depicting electrodes phced horirontally in
e ledt and right ormygdats [lefl side of the Brain (5 on the right smd vies
versa), Each clectrode had platinum contacts for cloctroencephalographic
riscording along the slectrode, n microdaliis probe and fouer microwines
at the tp (seen particularty well in the image of the clectrode in the right
anmygdnla). ME-related artifact oxaggorates the size of the guide scrows
placed i the skull and the diameter of the electrodes and contacts.

ory-reading-memory (four subjects, six probes). and read-
Ing-memory-reading (four other subjects, six probes).

Cheerall, a significant change in extracellular dopamine level
ocourred throughout the presentation of the variows tasks (F 55 =
09.39, p < 0.0002; Fig. £). Moreover, the pattern of change was
dependent on the order of the tasks (F) 5 = 295, p< 0.03). The
dopamine level reached during the first task in the sequence was
similar whether the first task was a working memory or a read-
Ing task (mean, 51% versus G6% above baseline, respectively).
However, the dopamine level during the second task in the
sequence (Tollowing an interventng perlod of rest) was dependent
on the nature of the task:; dopamine reached higher levels during
the memory task (mean, 1209 above the indtial rest pertod) than
during the reading task (mean. 30% increase, p < (.05, Duncan
new multiple range post-hoe test). The dopamine level reached
duriny the third task in the sequence did not significantly differ
depending on task type. Thus, on averapge in each of the two task
sequences, peak doparmine levels were reached during the frst
presentation of the memory task (Fig. 2).

The dopamine increase from the inltial rest perlod to the fist
tewsk was apparent in all six probes where working remory was the
first task in the sequence (Fig, 3), and in four of the six probes where
the reading task was presented first (Fig, 4). Doparnine levels often
rermained elevated during the carly phiase of the epsuing period of
rest, such that dopamine was stgnificantly elevated for 15 minutes
or bonger and frequently did not return 1o baseline before admin-
istration of the second task. The inoease in dopamine during the
second and thind tasks in the sequence was more variable between
prrobes, but nevertheless, a pattern of increase during the tasks and
decrease during the intervening rest periods was appareni.

The second protocol. the paired-associates task, differed from
the previous one in that the temporal profile of extracel lular
dopamine levels in the amypgdala was examined throughout a

a0z

learming task sustained over 50-60 minutes. At the beginning of
the paired associates task, following a 20-minute pre-test ress peri-
od. 20 word pairs were presented, each pair for one second, with a
four-second delay berwesn pairs. The subject was asked to learn
the list (encoding phase), Subsequently, the subject was present-
ed with the first word in each pair and, upon presentation of a
rocall cue four seconds later, was required to repond verbally with
the paired assodate (retrieval phase). This sequence of encoding
andd retrieval was repeated seven thmes, with e sume word paies
heing presented, but in random order. Following completion of
the protooo], the sulject rested for 20 minutes (post-learning rest).
Asx before, microdialysate samples were collected at five-minute
intervals throughout the periods of rest and durlng the 1ask. A
Ieaming curve was cornputed for cach subject by recording the
number of cormect ftems learned at each retrieval cycle.

Seven subjects (with 13 probes) underwent this protocol. Aver-
aging data across all 13 probes revealed a statistically significant
pattern of increased dialysate dopamine concentration durlng
performmance of the paired ssodates tek (Fg = 300, p< 0005
Fig, a}. However, the distribistion of performanoe leaming scores
across subjects during the paired associates task was bimodal. Four
patients learned 95% or more of the word palrs and had an lest
T5% correct by the third trial. The remaining three patients never
learmed maore than G0% of the palrs and learned 40% or less of
the itemns by the third trial. When the dopamine data were divid-
ed according to these two groups, two distinet profiles became
apparent. In the first group, the rise in dopamine was transient,
and was colncident with the early phase of the task when maost of
the learning oocured (Fig. 5b), whereas in the second group, the
rise in dopamine was protracted (Fig, Se), The difference in
dopamine response between the two subsets of subjects was sia-
tistically significant (£} y; = 6.05, p < 0.05) and showed a signifi-
cant time dependence [lemm = 257, p=0.02). In general, the
five subjects who did both the paired- associates learning proto-

Flg. 2. Changes in oxtroceliuiar dopamine in the arygdals durieg Lthe
two sequences. reading-memaory-reading and memony=reading -mem-
ory. Dopsming incroased throwaghout the saquence of tho tasks. (Fyag =
9,38, p < 0L000Z). and the pattern of change was dependent on the order
al the tosk soquence (Fyig = 2895 p < 005). Esch bar ropresonts the
migan = s.eum. of dopamine concentration in the last fve-minute sampla
colloetod during each Lest poriod, exprossed bt a poroentnge of the maoan
of three instial five-rmingte rest semples. Data were from s probes in
four patients lor each task sequence. M5, not signiicont. *p < 0,05,
Duncan's new multiple range post-hoe test
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ol and the working memory/reading
task showed an initial increase in
dopamine release in one or both probes,
However, dopamine response magnimde
between the two protocols showed no
sipnificant correlation. Although
dopamine response magnitude varied
between the left and right amygdala in
some patients, no consistent pattern
orcurred across the data set.

Drscussion

Extraccllular dopamine in the human
armygdala was elevated during the tran-
sltion from rest to performance of p cog-
nitive task. This inltial Increase in
doparmine relezse oorurred not only dur-
Ing working memory and assoclative
learning tasks, but also during simple
reading of a series of words, The ampli-
tude of the increase observed was sub-
stantial; in some subjects, the increase
was more than | 00% above haseline.

In non=human primates, electro-
physiological recording of midbrain
dopamine neurons, the source of the
dopamine innervation of the amyg-
dala", shows them to be particularly
responsive to novel. reward-predicting
stimull'®, The response of these cells §s
attenuated upon training such that once
task performance is established, only a
fiew neurons respond to the conditioned
stimulus®*%, In this situation, the
dopamine neurcns respond only when
the stimulus §s presented 1n an unpre-
dictable manner®, These abservations
have led to the concept of dopamine
neurons boing particularly impaortant
during learning, when the anlmeal adaps
bs Behavior (o new situatbons and directs
its attention 1o salient stimuli in the emvi-
ronment'?, The mesoarmypdalobd
dopamine pathway. in particular, is
Implicated In learning and retrieval of
associations’. Furthermore, the dopamine input to the extendied
amygpdala has been emphasized in ‘asoclative leamning or ‘incen-
tive salience” theories of drug addiction®™18, Tndeed, the ampli-
tude of the dopamine respanse during the various tasks wsed in
this study is comparable to that observed in rodents given mod-
erate doses of cocaine®®,

Our paired associate data are consistent with an involvernent
of dopamine in the human amygdala In learning; elevation in
dlopamine during this 1ask coineided with the learning phase of
the task. In subjects whose maximal learning occurred early in
the task, dopamine levels peaked during this inltlal phase and
rapidly returned to pre-test levels, belore the task ended. Sub-
Jeets whose learning curves were more protracted presented a
dopamine profile that was similarly prolonged. Whereas novelty
ity have been an imponant component of the initial doparmine
response, the sustained nature of the dopamine elevation during
extended periods of learning suppests there was a component
related to the level of copnitive processing,

Dialysate dopamine (nM)
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Fig. 3. Dustysnte dopsmineg con-
Cenlralions Irarm endivitual
probes plased wm the amyqdals of
subjects perfarming the mem-
of y-roading-momary  sequonco.
Each  point  represents  the
dialyzate dopamine concentration
coliected ower & fwve-runute
poriod, with the oxcoption that
subject [ had & 10-min sampling
interval, (One ‘rest” datum point
was lost in this cse) Slight
changes in Mfow rate and conse-
quent increases in C‘dead  time'
may account for the delaoped
inerease in some cases (for cxam-
plie, subject B).

D e S —

Non-humian primate eleetrophysiological data show popula-
tion respornses of midbrain dopamine neurons o cognitve chal-
lenge to be highly transient. of the order of fractions ol a
second® ™, Thus, it is noteworthy that dopamine release was sus-
tained during the paired assoclates learning and, 1o a lesser extent.
the reading and working memory tasks. This discrepancy may
reflect the task differenoes between animal studles and the curment
study, in which it was possible that repeated bursts of dopamine
neuronal firing resulied in sustained dopamine release, Alterna-
tively, the sustained increase in extracellular dopamine may have
resulied from modificatlons at the dopamine terminal flelds in
the armypdala, such as changes in the presynaptic regulation of
dopamline release! or dopamine reuptake®, which would not
be apparent when recording the firing rate of dopamine cells in
the midbrain. Similarly, extended elevations in extracellular
dopamine during learning and memory tasks are reporied in
non-hurman primate®! and rodent*? prefrontal cortex. Further-

‘mare, prolonged elevation in extracellular dopamine occurs in
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the human striatum during goal-directed motor tasks, as shown
by positron emission tomography™. [mmespective of the mecha-
nism, our findings sugpest that sustained elevations in ‘ambient’
extrasynaptic concentrations of dopamine may influence synap-
tie function in the eman amygedala throughout prolonged peri-
s of cognitive activity, rather than briefly during the transition
betwoen low and hiph levels of copnition.

There is increasing evidence from studies in non-human pri-
mates that doparmine has o major role inoworking memoey! 2,
Midbrain dopamine neurons are activated® and dopamine
release §s Increased In the monkey prefromal cortex?! during
performance of working memary tasks. Computational models
conceptualize dopamine as providing a mechanlsm for stabiliz-
ing active neural representations by providing protection from
Interfering stimuli®. We found that performance of a simple
reading task was assoclated with increased extracellular
dopamine in the human amypdala of the same magnitude as
dopamine increase during a working memory task, when either
task was presented first in the sequenee. Therefore, it would seem
that, in the amyrdala at least, activa-
thon of dopamine release ks ot relar-
ed 1o working memaory specifically,

However, when presented as the sec-
ond task In a sequence of tasks (after _f,n]

Subject E

an intervening period of rest), the

dopamine level reached during 40
working memory was significantly 30
higher, on average, than during the 20

correspoanding reading task. These

results are consistent with a rela- 10

tionship  between  amygdala 00 Ry
dopamine release and novelty. Both
reading and working memory were )
novel tasks when presented first. Subject F
However, reading following the a3
working memory task did not rep-
resenl novelty (as the subjject also E 02
read during the working memory =
task), whereas the working memory D a1
task still entailed novelty even when =
it followed the reading task. Alter- E
natively, the higher level of E‘ 0a
dopamine observed during the o
warking memory task compared to E Subjoct G
reading when presented second, bt = 20
not first, in a sequence may reflect @0
an underlying relationship between = 4=
the dopamine released and the level 2

f cognitive processing, revealed = 10
oF cOg P B
only when the effect of novelty was
reduced upon repeated exposure. L

Factors other than learning and 00

novelty may account for the increas-
o5 in IJ.-LIP.'J!'ILHI.' observed, specilflcal -

Iy, attentional and motivational Subject H
Tactors®®27 These are difficult 1o Sepe 0.4

arate from learning and memory,

glven the Umited temporal resolution 03

of the microdialysis technigue. The \’\l
reading/working memory data can L

certainly he interpreted as having 01

been affected by these factors. The

preater dopamine response during 00

&M

the more engaging working memory task when presented fol-
lowing the reading task may reflect increased attention or moti-
vation, The two temporal patterns of dopamine release observed
in the paired aoclate data may also be explained in these termes if
one considers that motivation andfor attention might have been
heightened when learning occurred.

Perhaps not surprisingly, given individual differences infworoent
1o human subjects, considerable individual variability occurred in
the data, This could be accounted for not only by subject vari-
ahility and by differences in performance, but al=o by variahili-
ty In the esxact reglon within the amygdala from which the probes
sarnpled. For instance, extracellular dopamine levels in the rodent
amygdala vary among the several amygdalold nuclel and along
the rostral-caudal asis within these strictures™,

(n the basis of studies in rodents and non-homan primates,
the three major mesencephalic rostral dopaminergic projec-
tions—1io prefrontal cortex, striaturm and limbic areas—are
believed to medulate a large behavioral repertoire, The curment
data dermonstrated sustained elevation in extracellular dopamine

Left Right

Fig. 4. Dialysate dopamine con-
centrations from individual probes
placed in the amygdala of subjects

performing e readog-mem-
ory=-reading sequence. (One 'rest’
anel one 'reasding’ data point were
kst for subjests G and H rospes-
tivaty) Dotaits as in Fig, 3.
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concentration during cognition in an important part of the
hunan limbic systemn, the amygdala. Although factors such as
nowelty, attention and motivation, in addition to learning per
s, rnay bave contributed 1 the dopamine changes observed, the
temporal correlation of the dopamine respanse with that of the
learning curve supports the concept, arising from the animal lit-
erature, of dopamine as a facilitator of sustained Information
processing in the human brain.

MEeTHODS

Sl.;!:g}n:h. Su.lljl:l::lx were 10 I.h!lkl:ll_\ (v Females: mupan age, H Y, e
range, 19-43) with pharmacologically resistant epillepsy requiring implan-
tation ol Intrneranial electrodes 1o identily wn eplleptogentc Toou for
peatemstial surgical resection, The sites of implantation of the electrodes
wirre bevedd exclusively om clirdeal eriterin., Sabssguent 1o siorotaxtic plaoo-
ment of the elecirodes, the patients were monitored for one 1o two weeks,
antl spontancous seizures were recorded. Sixteen probes were limplant-
ed [n the amypdala (left side, 10; right side. 6). Neurochemical sampling
wits poncucted 'IJ:.' mians ol a microdinlysis [Jll:lbt‘ Inseried through the
lumen of the depth electrode {1.25 mm diameter), such that a 10-mm
length of actlve membrane was in contact wlth the braln parenchyma.
The electrode and the microdialysis probe, aswell & the technigue of
implantation and micredialysis sampling. have been described in detall
Fm‘wiuu.xlyu. The laeations of the probes were verified by MEL olisined
before removal of the electrodes. The data described here are derived
from probes implamed in the amypdala. Patients doing the tashs
described here were oocasionally Implanted with microdialysis probes in
atheer sites, including extratenporal regions, bt the numbers were oo
small for meaningful analysis. Previous consent for these studies was
abvained lrom the patients accerding (o the protecol approved by Lhe
imstingtional [nternal Beview Board. A |:|Mv|.'|:i|ia| lirmitation of this s |}-
wils the subject population, that s, patients with chronic selzures who
wore on antiepileptic medications, Tasks were not administered for o
least threw hours following o selzure, and if a seleure seourred during the
protocol, the data were discarded, However, in none of the patients par-
tielpating in this study was selzure onset found to be in the amygdala.
Furthermyore, we found no relatlonship bacween the side of the brain
cantaining the seleure onsel zone and the potiern of dopaming relense
on that side during the protocols.

Experimental protocol. The tasks were conducted o the subject sat in
Bt i cpubet oo, The nature of the task to be performed was (st
explained 1o the subject, followed by 2 1520 min period of rest. During
thie taeskes, stimuli wore presented on o laptop computer, For (e read -
i:lgu"mking Ty Eml,r_m:uL :lia|_',.5.:|l,|,~ms r.:ml;irl.ul:u.ls]_lf' oollede in
S=min allquots dusing the tak peeiods as well s during the initial and
intervening rest pericds (with the exception of one subject. implanted
unilatcrally, for whorn the sampling inteeval was 10min), In the major-
ity of cases, tasks were administered in 10-min blocks separated by rest
periods of 15 min. (Tn one case, the tasks were presented for 15 min, amd
in 2 other cases, the rest periods were 10 and 20 min.) Eight subjeas par-
ticipated In this protocol: four subjects (A, B, Cand IX six probes) did
the memary-resding—memaory sequence and te ather four subjects (E,
E G and H; six probes) did the reading—memory-reading sequence. Dir-
inp the paired-asociyies leaming protocol, dizhsate was similarly con-
I:irl1l|:m\.|:,- collecied i S5-min ]:H.'i'll)l’.'\ dl.lr'il'lﬁ 1he ertire tack as well as
during 20 minutes of pre- and post -task rest. Seven subjects (A B EF H,
Tand J: with a total of 13 probes) underwent this protocol, Six of these
had bilteral protes, and the other sulbject (I} had enly a kel probe placed.
Five of these subjects (A B, E. F and H) also pariicipated in the working
miemaryTeading protocol.

Microdialysis. A deailed deseription of the microdialysis prolse con-
stevetion and perfusion procedure, together with the analytisal rmethod
foe reantitation of doparmine b dinkystes bas been provided ehewdene!?,
Briefy, micmdialysis probes were comstructed using a Coprophan mem-
Brane (Akzo Nobel, Wuppertal, Germany: 215 pm o.d., 10 mm actlve
kenpth) and continuously perfused with an artificial cerebrospinal fuid as
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Fig. 5. Incroase in amygdaln dalysate dopamine concentratssn during
execution of a paired associates task. (a) Top, dislysate doparmame kevels
exprisied @ mean percentage # 5cme of baseline for 13 probes Iresm
seven sulyjects; the average of the four rest-period sam ples preseding the
Lk wore avugnad as 1000, The maasn 4 wem, absokie brsal dinksato
dapamine concentration was 056 + 021 nhL Dopamine lovels changad
wgnificamtly over Lho eoursa of tha axpariment (P = 300, p < (005),
Botiom, average Iearning curve for all seven subjects and percentage of
learned pairs a5 0 funclion of tima, Because the retricoval poriods wern
nat in phase with the five-minute diagysis sampling interval throwghout
the task, the performance scores reprosem mterpolated values oncom:
passing each fre-minute dalysate sampling period. Dwiding the data muo
two frowps on the basls of pordormance in the Lask rovesknd two signifi-
cantly diffierent patterns of dopamine  noreste  durmg the Lask
(Fy 19 = B.05, p = D.05). (k) Fowr subjects (B, H. | and |} soven probes) wha
allained nEsr-maimum pEerlormance Corss n.'l.rly m Lhe sk showeed o
trarmdent increase in dopamine at the begnning of the task. (€] Three
subijects (A, E and F; six probes) who prosentod siower learning cunves

“oxhibited 0 protracted olevation in diabysate dopaming leeis,
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arate af 1.2 plimin, Two fused silica tubes, TA) cm bong, were wed for
inflow and outflow, providing an outlow ‘dead tme’ of approximately
20 min. Dialysate samples were immediately frozen on dry lce and sub-
sequently stored at ~B0°C. High performance liguid chrommography
wiih electrochemical detection (HPLC-ECD) was used io determine the
concentration of dopamine in each ssmple, and provided a Bmilt of detec-
o al i||:pmx|nml::|}- 0.5 M T E-I.I] 53|||.|:||::.. |:ﬁ:|.|yhbe (Jn]::uniru.-
concertrmians were normalized for each probe using tw meroge of three
{reading'working rmemary protocol) or four (paired-asocates learning
protocol] pro-task bhaseline sarmples as 100%, The data were then ana-
lyzed by one- or two-way analysis of variance, as appropriate, using the
Superfnova statistical software package [Abacus, Canoga Park, Califor

nla). Duncan's new muldple ranpe post-hoc (st was used to determine
the significance of differences bebween Individual group means, A value
ol p= (L05 was consédered statlstically signilicant.

ACKNOWLEDGEMENTS

Wi thank M. fames for technical mupport, A. Tan for graphics production and
M. Woinmrigh for ediferial avistonce. This stidy was sepparted by NIH
IWINDIS grants NEIT221, NSGEEOS end NSITTI0,

Recenven B OeTone Accermen 2 Noviames 2000

1. Goldman-Bakic, P 5 The corlical dopamine system: role in memory and
cognition, Adv. Frarmscol, 42, T0O7-T11 [1598).

2 Willlams, G. V. & Goldinan-Rakic, P 5. Modulation of memary felds by
doparnise [ recepioss in prefromal cosiex. Marure 376, 572-573 (1983,

1. Fwerlin, B | eral .I'hun-:l.mw:pmrmu b acld legbcn ared rowand. The male of
ey priaky. wentral 5| ristad subsystenes. Ann. NY Amd. Sci 877, 412438 {199%).

4. Kooh, G F. The rale of the striatopallidal and extended amypdala systems in
g addsctinn Anm, NE Acsd. Sei, BTT, A45-A60 (1905).

5. Maren, 5 & Farselow, M. 5. The amygdalaand fear condrliening: has the nat
s erached? Nevron 16, ZI7-240 (1900).

. Fosendrane, | A & Grace, A A Modulalion of bsolateral ammygdala neuronz!
Gring anel alferem drive by dopamine receplor adivation in vivo
T Mparosed. 19, 11027-11039 (1909).

T. Mader, K. & LeDwux. | E. Inhibition of the mesoaomygdala dopaminergic
patlvway impairs the eetrieval of conditioned  fear assocations. el
Meurosed 113, BS1-501 [1555).

B Schulie, W, Aploella, B & Ljungherp, T Hesponses of mankey dopansine

e by peweard and enncdBionnd sulmall during wicosive sepa ol kearning

z delayed response Lask. [, MNewrosc. 13, H03-913 (1943,

Lpngbeg, T, Aplecla, Y & Schale, W, Besponam af inonkey midbrasn

dopamine neurons during delayed alternation performance. B, Kes 56T,

9

206

21.

28

. Ljumghierg. T., Apicella. P & Schultz, W. Respomses of

137-241 (1501).

Schwbiz, W, Predictive reward signs) of dopesnine nearons [, |'|.'r1.|ﬂ|||\l|lr,|-u1' &N,
1-27 (1998).

Themas, M, ]. Malenka, B C. & Bonsii 4. Modulstion of long-term
depression by dopamine in te mesolimbbe syitem. | Newrosel 20, 5581-5580
{2000,

Garcia, B, Vouimba, B M., Baudry, M. & Thompsan, B F The amggdala
rssbulites prefrontal coftes activity relative to condilloned ear. Nanere 402,
A9E-296 {1994).

Fried, 1. & al Cerobral microdlabals comblivd wilh singbe-neuron and
clectroemrephalographic recording in newrosurgica! patienes. | Neuromrg. 31,
HET-T05 (1090).

. Fallon, L H., Kozell, I A, E Maoore, B Y. Catecholsmme mneration of ibie

lamal Forebrain II. Amypdala. suprarhinal coslex and entochinal cortes.
X, Coanp Newnwd, 1RO, 500- 532 (197E]).

mandesy dlopamine
neurans during karning of lehavional roaction, | Moaophsiol 67, 145- 163

{15992).

. D6 Chiara G. et al Dhug addiction o a disoder of sisociative learning. Role of

miscleus sceumibens slellfontmdeal amypdals dopensine. Ao NY Acsd Sel.
BTT. 401485 (1995).

. Robinson, T, E & Beridpe, K, C. The meural basis of drug craviegz an

Incentlve-semsliieation twory of addiction. Drain Re. Rev 18, 247-201
(1553).

. Spanagel. B & Weis, F The dapanmine by pothesis of roward: past and current

siates, Trencs Nerroser, 22, 521-527 (15494).

. Chesselet, 3. E Presymaptic megulation of neurstransmitter release in the

lrzin [acts and bypoihesis. Newruvoiemer 12, 347-375 (L9840},

Dizniels. G. M. & Amara. 5. G. Regulated trafficking of the human dopamine
trmnagiarer, Clathein-medinied lsiernallzation and lysosomal degradstbon in
respanse b phobal vilers | Biol Clere 274, 35TH-35800 (1999).

- Watanabwe, M., Kodasne, T, & Hikosaka, K. Increase of pxtracellular dopamiie

in primate profontal cortex during & working memory sk J Newroplysiol
7B, 27952748 (1957),

. Huri, K., Tanaka, |. & Nosvra, M, Elects of discrimination lenming on the ral

ampgedals dopamine release: a microdislyss siudy. Hain B 621, 296-3(H)
(1953},

. Koepp, M. L ef 2l Evidence lor siriacal dopamine relense during = viden game.

Navure 363, 266-258 (19948).

. Semaguchi, T, & Goltras-Rakée, P25 D doginméne rooepton in pacfrontnl

cortex: imvolwement In working memeory, Scienoe 251, 9047-950 (1991).
Dhsrstewitz, . Kele, M. & Cunturkun, 0. A nesrocoinputalional Uwory of
Lhe dopamdnergie modulstion of working memory funobons, | Neormer, 14,
ER0T-2B22 (1598,

Pieroe, B C, & Kalivas, PAY, A circuiiny model ol the exgiresalon of behevsosa)
sesditlzation (o amphetamine-like psyclestimulants, Bralr e, Res 25,
192-21F [19497).

Balivas, I' W, & Naknmurn, M. Neural systems log bolundoeal activation and
reward. Corr Opin. Neernbiol 9, 123-227 (1200).

Young, A M, & Rees. K. K, Dopamine releme in the ammgdaloid complex ol
Lhee rat, studied by broin microdmatysis. Meonoser, Lesr 249, 49-52 (15498).

natire aotrrmscivner = volume 4 no 2 * february 206H



