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CHaprrER 11

The effects of positive affect and arousal on
working memory and executive attention

Neurobiology and computational models

F. Gregory Ashby, Vivian V. Vaentin and And U. Turken
University of California & Santa Barbara/ Stanford University

Thereis now overwhelming evidencethat moderate fluctuations in fedings can
systematicdly affea cognitive processng (for reviews, see Ashby, lsen, &
Turken, 1999 Isen, 1993. For example, 1sen and others have shown that mild
positive affed, of the sort that people muld experience every day, improves
credive problem solving (e.g., Isen, Daubman, & Nowicki, 1987 |sen, Johnson,
Mertz, & Robinson, 1989, fadli tatesrecdl of neutral and positive material (1sen,
Shaker, Clark, & Karp, 1978 Nasby & Yando, 1982 Teasdale & Fogarty,
1979, and systematicdly changes drategiesindedsion-making tasks(Carnevale
& lsen, 1986 Isen & Geva, 1987 Isen & Means, 1983 Isen, Nygren, & Ashby,
1988 Isen, Rosenzweig, & Young, 199]).

Recently, Ashby et al. (1999 proposed aneuropsychologicd theory of many
of these results. Spedficdly, they assumed that some of the mgnitive influences
of positivemood are dueto increased levels of dopaminein frontal corticd areas
that result from the events eliciting the devationin mood. The starting point for
thistheory isthe huge literature on the neurobiology of reward (for reviews, see
Beninger, 1983 Liebeman & Cooper, 1989 Wise, 1982 Wise& Rompré, 1989,
which in humans, ofteninduces positive dfed. Infad, one of the most common
methods of inducing positive dfed in subjeds is to administer an unexpeded
noncontingent reward (i.e., by giving an unanticipated gft), and there is
consensusinthe neuroscienceliteraturethat unexpeded reward causesdopamine
release from brain stem sites (for reviews, see e.g., Beninger, 1991, Bozarth,
1997, Phili ps, Blaha, Pfaus, & Bladkburn, 1992 Schultz, 1992.
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Thetheory developed by Ashby et a. (1999 was purely neuropsychologicd.
It described some of the neural pathways and structures (and neurotransmitter
systems) that might participate in mediating the neural effeds of positive dfed
and its influence on cognition -- with speda emphasis on creaive problem
solving. In this chapter we describe a omputational extension of that theory.
The computational versionisa mnnedionist network that successully acounts
for the dfeds of positive fedings on three cedive problem solving tasks (i.e.,
word association, the Remote Asciates Test, and the Duncker candle task).
Although these include verbal and performancetasks and have different surface
feaures, for ead task the mnnedionist network we describe has the same
architedure. In addition, the same parameter values are used to represent the
mood effeds of the control and positive dfed groupsin all three goplicaions.
The network also succesdully acounts for the dfeds of amphetamines on a
two-choice guessng task. This demonstration is important because
amphetamines diredly incresse brain dopamine levels, and therefore, we
postulate that in low doses, amphetamines $ould have some of the same dfeds
as podtive dfect. On the other hand, amphetamines gimulate other
neurotransmitter systemsin addition to dopamine (e.g., norepinephrine), and so
some important differences between amphetamines and positive dfed are
expeded in some tasks and conditions.

A seaond godl of this chapter isto explore more fully the concept of arousal,
which is closely related to positive dfed, both empiricadly and theoreticdly.
Generally, conditions that induce positive dfed are dso likely to increase
arousal, and aswe will seg like positive dfed, arousal isthought to increasethe
level of certain neuromodulatorsinfrontal corticd areas. Thus, amagjor challenge
to understanding the neural effeds of positive dfed isto disambiguate itseffeds
from those of arousal.

The next sedion lriefly reviews the literature on the influences of positive
affed on cognition, with afocus on its effeds on credive problem solving. The
third sedion reviews the dopaminergic theory of postive dfed that was
developed by Ashby et al. (1999. The fourth sedion presents and tests a
computational model that wasinspired by thistheory. Next, we examine aousal,
focusing on its neuropsychologicd underpinnings, its effeds on cognition, and
on how it is related to postive dfed. Finaly, we dose with some brief
conclusions.



Positive affed and arousal 247

Positive affect and creative problem solving

It isnow well-recognized that positive dfed leadsto greaer cognitive flexibili ty
and fadlitates credive problem solving acossa broad range of settings (e.g.,
Aspinwall & Taylor, 1997 Carnevale & Isen, 1986 Estrada, Isen, & Young,
1995 Estrada, Young, & Isen, 1994 Fiske & Taylor, 1991 George & Brief,
1996 Greene & Noice 1988 Hirt, Melton, McDonald, & Haradkiewicz, 1996
Isen, 1987 1993 Isen & Baron, 1997, Isen et al., 1985 1987 Kahn & Isen,
1993 Mano, 1997 Showers & Cantor, 1985 Staw & Barsade, 1993 Staw,
Sutton, & Pelled, 1994 Taylor & Aspinwall, 1996. This work suggests that
positive affed increases a person’ s ability to organizeideas in multiple ways and
to accessalternative mgnitive perspedives. In dozensof experiments sipporting
this conclusion, subjeds were assgned randomly to either a neutral or positive
affed condition, and positive dfed wasinduced in avariety of sSmpleways, such
asrecaving asmall unanticipated gift, watching afew minutes of a comedy film,
reading funny cartoons, or experiencing success on an ambiguous task. This
indicates that the dfeds can be prompted realily, by small things in people’s
lives.

A detail ed examination of thisliterature is beyond the scope of this chapter.
Theinterested reader should consult Ashby et d. (1999. Instead, we will focus
only on those empiricd results that will be modeled below. First, in word
association, positive dfed subjedshave been shown to respond to neutral words
(but not to negative words) with abroader range of first associates than control
subjeds(Isenet a., 1985. Similarly, in astudy with young adolescents, positive
affed increased verbal fluency, and children in the positive dfed condition gave
more cdegory words and more unusual examples of the cdegory than children
inthe neutral affea control condition (Greene & Noice, 1988. A similar finding,
with adult subjeds, was obtained recently by Hirt et a. (1996.

Sewnd, positive dfed has been shown to improve performancein several
tasks that typicdly are used as indicators of credivity or innovative problem
solving (Isen et al., 1987). In one of these, cdled Duncker’s (1949 candle task,
apersonisgiven a candle, abox of tadks, and abook of matches, and is asked
to attadh the candle to the wall in such away that it will burn without dripping
wax on the floor or table. To solve the problem, the person can empty the box
of tadks, tack the box to the wall, and then use the box as a platform for the
candle. Thus, the person must use one of the items (the box) in an unacastomed
way -- a dassc aiterion of credivity (e.g., Koestler, 1964. This type of
cognitive flexibility has also been referred to as “breeking set” or overcoming
“functional fixedness' (Duncker, 1945 Wertheimer, 1945. A number of studies
have shownthat positive dfed subjedsperformsignificantly better than controls
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on Duncker’s candle task (Greene & Noice 1988 Isen et a., 1987).

A third task that has been used to study the influence of positive dfed on
cognitive flexibility or credivity is based on the Remote Assciates Test
(Mednick, Mednick, & Mednick, 1964), which was designed in acord with S.
Mednick’s (1962 theory of credivity. In this test, which in its full form was
designed to measure individual differences in creaivity, subjeds are presented
with threewords and a blank line and are asked to respond with a word that
relates to ead of the three words given in the problem. An example is the
following:

MOWER ATOMIC FOREIGN

(The corred answer is POWER.) Seven items of moderate difficulty from the
Remote Associates Test have been used inthereseach ontheinfluenceof affed.
Severa studies have found that positive dfed improvesacairacy inthistest, not
only in college students, but also in asample of pradicing physicians (Estrada &
a., 1994 Isen et d., 1987).

Note that we are not claiming that positive dfed will im prove performance
on al cognitive tasks. In fad, there ae reports that positive dfed impairs
performanceon sometasks (Oaksford, Morris, Grainger, & Willi ams, 1996. For
this reason, we focus on creative problem solving, where the data have been
remarkably consistent.

The dopamine hypothesis of positive affect

Ashby et al. (1999 proposed that many of the mgnitive dfeds of positive mood
are dueto increasesin brain dopamine levelsthat co-occur with mild elevations
in mood. There is much evidence supporting this hypothesis. First, of course, is
the already mentioned fad that dopamine isreleased after an animal encounters
an unexpeded reward (e.g., Mirenowicz & Schultz, 1994 Schultz, 1992, and
reward is closely asociated with positive dfed, at least in humans. Seaond,
drugs that mimic the dfects of dopamine (i.e., dopamine aonists) or that
enhance dopaminergic adivity, elevate fedings(e.g., apomorphine, cocane, and
amphetamines) (e.g., Beaty, 1995. Third, dopamine aitagonists (i.e.,
neuroleptics), which dock the dfeds of dopamine, flatten affed (e.g., Hyman &
Nestler, 1993. Fourth, dopamine release and positive dfed are both associated
with increased motor adivity (e.g., Hale & Strickland, 1976 Kelly, Sevior, &
Iversen, 1975 Protais, Bonnet, & Costentin, 1983 Strickland, Hale, &
Anderson, 1975.
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Although Ashby et a. (1999 proposed that dopamine mediatesthe cognitive
effeds (or some of the cognitive dfeds) of pleasant fedings, several lines of
evidence suggest that it does not mediate the pleasant fedings associated with
positive affed. First, dopamine cdisin the ventral tegmental area(VTA) of cas
have been shownto fire to loud clicks and bright flashes of light that have never
been paired with areward (Horvitz, Stewart, & Jambs, 1997). Secnd, stressul
or anxiety-provoking events, which presumably would produce negative dfed
in humans, adually appea to increase dopamine levelsin certain brain regions
(i.e., prefrontal cortex) (Abercrombie & al., 1989 Cenci et al., 1992 Imperato
et a., 1997, Sorg & Kalivas, 1993 Zadharko & Anisman, 1991). Finally, many
reseachers have agued that a primary function of dopamine isto serve & the
reward signa in reward-mediated leaning (e.g., Beninger, 1983 Miller, 1981
Montague, Dayan, & Sejnowski, 1996 White, 1989 Wickens, 1993. Thus, one
posshility isthat at least some of the results that purportedly link dopamine and
reward are actually due to afailure of leaning. Although these results do not
disconfirmthe hypothesisthat dopaminerelease occursduring periodsof positive
affed, they do argue ajainst the stronger hypothesis that dopamine release is
responsible for initiating the pleasant fedings associated with positive dfed.

Ashby et a. (1999 were dso caeful to point out that in addition to
dopamine, other neurotransmitters and neuromodulators are known to influence
mood and emotion. For example, theories of depression have long focused on
norepinephrine and serotonin (e.g., Schildkraut, 1965. Asaresult, a mplete
theory of mood, and probably also a mmplete theory of positive dfed, must
consider many neurochemicds. Even so, Ashby et al. (1999 argued that to
account for the influences of positive dfed on cognition, the most important
placeto begin is with dopamine.

Ashby et al. (1999 developed the dopaminergic theory of positive dfed in
considerably more detail in the cae of frontal cortica functioning. They
postulated that during positive dfed conditions, dopamine is released from the
VTA into the prefrontal cortex and anterior cingulate. They further proposed
that the dopamine projedion into prefrontal cortex fadli tates working memory,
whereas the projedion into anterior cingulate fadli tates exeautive dtention and
the seledion of cognitive perspedive. Thereisgrowing consensusthat prefrontal
cortex isthe key corticad substrate of working memory (areview is beyond the
scope of this chapter; see e.g., Fuster, 1989 Goldman-Rakic, 1987, 1995.
There is also strong evidence that reductions in dopamine levels in prefrontal
cortex cause working memory deficits (Brozoski, Brown, Rosvold, & Goldman,
1979, Gotham, Brown, & Marsden, 1988 Levin, Labre, & Weiner, 1989
Roberts et al., 1994 Willi ams & Goldman-Rakic, 1995. Data on the dfeds of
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increases in prefrontal cortex dopamine levels s1ggest that moderate increases
fadli tate working memory, but large increases cause deficits — in other words,
working memory performanceisoptimized at some intermediate dopamine level
(Lange et a., 192; Luciano, Depue, Arbis, & Leon, 1992 Williams &
Goldman-Rakic, 1995. Based on these data, Ashby et al. (1999 hypothesized
that moderate, but not extreme levels of positive dfed might improve working
memory.

Posner and Petersen (1990 see also Posner & Raichle, 1994 proposed that
the anterior cingulate cortex isakey structural component of the anterior (i.e.,
exeautive) attentional system. Spedficaly, they hypothesized that the (dorsal)
anterior cinguate isinvolved in the seledion of cognitive perspedive and in the
consciousdireding of exeautiveattention. Ashby et a. (1999 reviewed evidence
supporting this general model, and also that dopamine enhances these dbilities.
For example, dopamine antagonists impair cognitive set shifting (Berger et a.,
1989, and petients with Parkinson's disease, which reduces brain dopamine
levels, areimpaired in tasks that require seledion or set shifting (e.g., Brown &
Marsden, 1988 Cooalset a., 1984.

Ashby and his colleagues argued that the ad of switching attention from one
cognitive set to another involvestwo separate operations—first, anew cognitive
set must be seleded, and second, attention must be switched from the old set to
the new one (Ashby, Alfonso-Reese, Turken, & Waldron, 1998 Ashby et al.,
1999. They also proposed, and presented evidencein support of the hypothesis
that the seledion operation is mediated corticdly, by the anterior cingulate and
possbly also by the prefrontal cortex, and that switching is mediated by the head
of the caidate nucleus. A complete review of this evidenceis beyond the scope
of this chapter (i.e., see Ashby et al., 1998 1999. However, we will briefly
mention afew results supporting this general model of exeautive atention. First,
arecent neuroimaging study identified the (dorsal) anterior cingulate e the site
of hypothesis generation in arule-based caegory-leaning task (Elli ott, Rees, &
Dolan, 1999. Semnd, lesion studiesin ratsimplicae the dorsal caudate nucleus
in rule switching (Winocur & Eskes, 1998. Third, injedions of a glutamate
agonist diredly into the striatum increase the frequency with which cas switch
fromonemotor adivity to another in atask wherefood rewards are delivered for
such switching behaviors (Jaspers, De Vries, & Coadls, 199(, 199(M).

Finally, lesioning the dopamine fibers that projed from VTA into the
prefrontal cortex improves the performance of monkeys in an analogue of the
Wisconsin card sorting test, even though it impairstheir spatial working memory
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(Roberts et a., 1994. If switching occurs in the prefrontal cortex, then such
lesions should impair switching performance (as ®e, e.g., in Parkinson's
patients). If the switching occurs in the basal ganglia, then one’s first thought
might be that lesioning dopamine fibers in the prefrontal cortex should have no
direa effed on switching. However, it turns out that such lesions increase
dopaminelevelsin the basal ganglia(Robertset al., 1994). Therefore, if the basal
gangliaare responsible for switching, and if switching is enhanced by dopamine,
then lesioning dopamine fibers in prefrontal cortex should improve switching,
which is exadly what Roberts et al. (1994 found.

Ashby et a. (1999 proposed that much of the improvement in credive
problem solving that is observed under conditions of positive dfed isdueto the
fadlitation of the exeautive dtention systemthat occurswithincreased dopamine
release into the anterior cingulate cortex. We will next test this hypothesis more
rigorously by implementing it within a mnnedionist model of some @mmon
creaive problem solving tasks, and ask whether the model can acount for the
known effeds of positive dfed on performancein these tasks.

A connectionist model of creative problem solving

In this £dion we describe and test a general connedionist model of mental
flexibili ty in credive problem solving tasksthat makes edfic predictions about
any experimental manipulation that increases brain dopamine levels, including
positive affed. We focus on threetasksthat were described in an ealier sedion,
and that are known to be dfeded by postive fedings. The first is word
association, in which the subjed is presented with a stimulus word and then
responds with the first word that comesto mind. As described above, Isen et al.
(1985 found that positive dfed subjeds were more likely to respond with
unusual first asociates (54% of total responses) compared to neutral affect
subjeds (39% of responses), where unusualnesswas defined by the Palermo and
Jenkins (1964 word asociation rorms. Inaddition, subjedsinthepositive dfed
condition showed greaer diversity intheir responsesthan did thoseinthe wntrol
group.

The second task is the Remote Associates Test (Mednick et al., 1964, in
which subjeds are presented with three we words and are asked to find afourth
word that is related in some way to ead of the three aie words. For example,
one set of cue words is gown, club, and mare. In this case, the @rred response
is night (i.e., nightgown, nightclub, and nightmare). As mentioned previoudly,
Isen et a. (1987 found that positive dfed subjeds were significantly more
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acarate on a subset of moderately difficult items from the Remote Asciates
Test than reutral affed subjeds (63% corred versus 50% correa).

The third task is Duncker’s (1945 candle problem, in which subjeds are
given abox of tadks, abook of matches, and a candle, and are asked to attadch the
candle to the wall and light it in such away that no wax drips on the floor. 1sen
et a. (1987 found that positive dfed subjedswere significantly more accurate
(58% corred) onthe candle problem than neutral affed controls (13% correq).

In the candle task, successis more likely if the subjed overcomes the
dominant cognitive set (viewing the box as a @mntainer) and seleds a set that is
lesstypicd (viewing the box as a platform). If dopamine enhances the aility of
the exeautive dtention system to seled more flexibly, then it seems reasonable
to exped postive dfed to improve performance in the cadle task. We
hypothesize that such seledion effeds could aso influence performancein the
word association and remote asociates tasks. For example, in the Remote
Asciates Test, to producethe word night when presented with the aue words
club, gown, and mare, the subjea must overcome the dominant cognitive set that
the corred responseis emanticadly related to the aiewords. Instea, the subjed
must consider alternative ways in which the words may be related, such as by
being part of a cmpound word.

It is also easy to imagine Situations in which the seledion of unusua or
nondominant cognitive sets would lead to unusua responses in the word
asociationtask. For example, consder atrial on which the stimulusword is pen.
To respond, the subjed must seled among the various meanings of this word.
The dominant interpretation (or set) is of pen as a writing implement. In this
case, the subjed is likely to respond with a high frequency associate, such as
pencil or paper. A more unusual interpretation is of pen as a fenced enclosure.
A subjed who seledsthisinterpretationislikely to respond with alow frequency
associate, such as barn or pig. Thus, it is possble that the dfeds of positive
fedings on the word asociation, remote asciates, and candle tasks are dl due
to a common phenomenon — namely, that positive dfed is assciated with
increased dopaminereleaseinto anterior cingulate, whichincreasestheflexibili ty
of the exeautive atention system.

A conredionist model that instantiates this hypothesisis iown in Figure 1.
This model was proposed by Ashby, Turken, and Isen (1996, who cdled it the
credive problem solver. The dternative cognitive sets are represented by the
units P1 and P2 in prefrontal cortex. For example, in the word association task
when the stimulus word is pen, P1 might represent pen as a writing implement
and P2, penasa fenced enclosure. The aiterior cingulate seleds one of the
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Figure 1. Computational architedure of the aeative probem solver connedionist
network (SN = Substantia Nigra, VTA = Ventral Tegmental Areq).

cognitive sets via the units X, Al, and A2. If P1 is the dominant set and the
anterior cingulate is able to overcome this dominance ad selea P2, then the
switching is accomplished via lateral inhibition in the caidate nucleus between
units C1 and C2. Next, eadt of the agnitive set units (i.e., P1 and P2) projeds
bad to adifferent semantic network in some articd language aea(presumably
in the temporal lobe). For example, P1 presumably projeds to a network that
includes the words paper and pencil and P2 to anetwork that includes barn and
pig.

Neuroimaging data support this general model. For example, Frith, Friston,
Liddle, and Fradowiak (1991a) used PET scanning to examine corticad adivity
in normal adults during word fluency and lexica dedsion tasks, as well as a
number of control tasks. Relative to the control tasks, they found increased
adivation in anterior cingulate and (dorsal lateral) prefrontal cortex in the
semantic tasks, and either increased or deaeased adivation in the temporal
language aesas, depending on the type of semantic task. Based on these resullts,
Friston, Frith, Liddle, and Fradkowiak (1991) postulated that in semantic tasks
involving seledion or generation, the prefrontal cortex modulates adivity in
temporal language aeas via (glutaminergic) cortico-corticd projedions. Frith,
Friston, Lidde, and Fradkowiak (1991b) generalized this hypothesis to
nonsemantic tasks. Spedficaly, they proposed that in many tasks requiring
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“willed adion”, the prefrontal cortex modulates adivity in remote, but task
relevant, corticd areas. We adopt the Frith et al. (1991b) assumption here. Later
inthis aion, we smulate the performanceof the creaive problem solver intwo
nonsemantic performancetasks (i.e., the Duncker candle task and a two-choice
guessngtask). Inthese caes, we asaumetherelevant cortico-corticd projedions
are from the agnitive set unitsin prefrontal cortex (e.g., P1 and P2 in Figure 1)
to spedfic motor units in premotor or motor cortex.

We asume the dopamine projedion from VTA into cingulate enhances the
ability of the cingulate to overcome the dominant set, but in a connedionist
network we must be predse dout the dfed of increasing dopamine levelsin the
cingulate. Some dopamine is present even in the neutra affed conditions, so the
effed of positive mood must be to ater adivation patterns in the anterior
cingulate, rather than to initiate aly new processng. The question then, is how
might dopamine modulate adivation functionsin a wnnedionist network? The
next sedion proposes an answer to this question.

A dopamine modulated adivation function

After studying dataon thefiring rates of striatal cdls, Servan-Schreiber, Printz,
and Cohen (1990 proposed that dopamine in the prefrontal cortex increasesthe
gain of a standard logistic adivation function. Let A, represent the output
adivation of unit k and let a; represent the adivation of theith unit that feedsinto
unit k. Then the logistic adivation function (e.g., Rumelhart & McClelland,
1986 asumes
1

~(a, Y wya) + By (1)
1 +e !
where w, is the weight conneding unitsi and k, and o, and f, are the gain and
bias on unit k, respeadively. Servan-Schreiber et al. (1990 assumed that
increasing the amount of dopamine into unit k increases the gain a,. Figure 2
illustrates this model for two different dopamine levels. In this model, dopamine
has two effeds on adivation. First, when dopamine levels are increased, the
sopeof the agivationfunctionincreases. Second, adivation functionsasciated
with different dopamine levels cross Thus, when the net input to unit kiis snall
(i.e., whenthereislittle overall stimulation), dopamine hasaninhibitory effed on
output adivation. However, when the net input islarge (as when there ae many
sources of stimulation or the stimulation isintense), the dfeds of dopamine ae
excitatory. Cohen and Servan-Schreiber (1992 used this model to construct

Ak =
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Figure 2. Activation functions assimed by Servan-Schreiber, Printz, and Cohen (1990. The
effed of dopamineisto increase the dope of the activation function.

connedionist networksto acount for the behavioral deficits of schizophrenics
in several different cognitive tasks.

A somewhat different model was proposed by Ashby and Casale (under
review), who derived their model fromstandard pharmaoologicd techniques. The
two most important assumptions of this technique ae that the magnitude of the
tisaue response is proportional to the wncentration of the final product of the
chemicd readion, and that the tissue response is determined after chemicd
equili brium is readed. The nature of the final product depends on whether the
drug (e.g., the neurotransmitter) adivates aseand messenger system. If it does
(e.g., asisthe cae with dopamine) then the final product isthe concentration of
adivated seoond messenger.

There are two classes of dopamine receptors. The D, classincludes the D,
and D receptors, and the D, classincludes the D,, D,, and D, receptors (e.g.,
Seanan & VanTol, 1994 Sibley, Monsma, Jr., & Shen, 1993. Of these, the D,
and D, receptors are, by far, the most common, and in frontal corticd aress,
thereare goproximately tentimesasmany D, asD, receptors(Lidow, Goldman-
Rakic, Gallagher, & Rakic, 1991). For thisreason, Ashby and Casale focused on
the D, receptor, which isaso-cdled Classll (i.e., dow ading) receptor that is
linked to a G protein that ads to increase intracdlular levels of CAMP (e.g.,
Cooper, Bloom, & Roth, 1991, Strange, 1988.

There is now substantial evidence that dopamine modulates the dfeds of
glutamatethroughthe D, receptor (e.g., Cepeda, Radisavljevic, Peamck, Levine,
& Buchwald, 1992 Smiley, Levey, Ciliax, & Goldman-Rakic, 1994). Glutamate
IS an excitatory neurotransmitter with two classes of recgptors — NMDA and
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non-NMDA (e.g., Hyman & Nestler, 1993. At low levels of stimulation, the
glutamate response is dominated by adivity a non-NMDA (e.g., AMPA)
receptors. At high levels of stimulation, the glutamate response is dominated by
aaivity at NMDA receptors. Recent evidenceindicates that dopamine increases
the efficacy of glutamate by prolonging the adion of the Ca?* second messenger
that is adivated when glutamate binds to the NMDA receotor (Hemmings,
Walaas, Ouimet, & Greengard, 1987 Pessnet a., 1994 Wickens, 1990 1993.

Cepeda et a. (1992 applied seledive NMDA and non-NMDA glutamate
agonists in vitro to human corticd tisaue, both in the presence and absence of
dopamine. As predicted, they found that dopamine enhanced the tissie response
to NMDA agonists. However, they also found that dopamine depressed the
tissle response to non-NMDA agonists. The mechanism through which
dopamine inhibits the glutamate response through non-NMDA (e.g, AMPA)
receotors is unknown. When deriving the adivation function, however, the
nature of thismedanism isrelatively unimportant. Therefore, Ashby and Casale
asumed that dopamine deaeases the dfinity of glutamate for non-NMDA
receptors.

Let A, denote the overal output adivation of unit k, and let A, 5pa and
A nvpa denote the adivations produced through the AMPA (i.e., non-NMDA)
and NMDA channels, respedively. Thenfromthe assumptions described above,
Ashby and Casale proposed that:

-0( + ) -0( + )
Ak — e Ak,AMPA Ak,NMDA Ak’AMpA + [1 _ e Ak,AMPA Ak,NMDA] Ak’NMDA , (2)
for some positive onstant 6. The two channel adivation functions are defined

as

Zwika'i
' 3
Paven Zwika'i + Kawpa(DA) )

and
1
Ak,NMDA K

1+ K(DA)| 1 + MPA 4

i Wi &y

Kauea (DA) isthe dfinity of glutamate for the AMPA receptor. As mentioned
above, dopamineinhibitsthe acion of glutamate through non-NM DA receptors,
S0 Kupa(DA) isassumed to increase with dopaminelevel. Ontheother hand, K¢
Y(DA) is proportional to the dficag/ of the glutamate response through the
NMDA channel. Since dopamine fadlitates this glutamate response, K(DA) is
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asaumed to deaease with dopamine level. Finally, Kyypa™ is the dfinity of
glutamate for the NMDA receptor.

Figure 3 shows plotsof the adivation function defined by Equations 2 - 4 for
two different dopamine levels. Note that the Ashby and Casale (under review)
model confirms the intuition of Servan-Schreiber et a. (1990 about two key
properties of the dfedsof dopamine on adivation functions. First, the adivation
functionsin Figures 2 and 3 both show steeper slopes with increasing dopamine
levels. Seoond, the adivation functions in both figures cross In both cases,
dopamine is inhibitory at low levels of input adivation and excitatory at high
levels. The most striking diff erence between the two functions is in asymptotic
adivation levels. The Servan-Schreiber et al. model assumes that large input
adivations drive the unit to saturation for all dopamine levels. In contrast, the
Figure 3 model assumes sturationisvirtually never readed and that increasing
dopamine levels substantially increases asymptotic adivation. According to the
pharmaaologicd theory used by Ashby and Casale, saturation occurs only when
every receptor moleaule and every second messenger moleaule in the tissue ae
adivated. These conditions are virtualy impossble to med, so saturation is
essentially impossble.

Tests of the model

The Ashby et a. (1996 general connedionist model of cognitive set seledion
and switching (i.e., the aedive problem solver) isillustrated in Figure 1, and the
effeds of dopamine on adivation produced within the aterior cingulate (and
prefrontal cortex) are modeled by Equations 2 - 4. Before determining whether
this model could acomunt for the influence of postive dfed on credive
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Figure 3. Activation functions assimed by Ashby and Casale (under review).
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problem solving, Ashhby et a. (1996 applied it to datafrom an experiment where
brain dopamine levels were diredly manipulated. Spedficdly, this applicaion
asked whether the model could acount for the effeds of amphetamines (which,
among other effeds, increase dopamine release) on a probability learning task
reported by Ridley et a. (1988. Amphetamines are known to stimulate other
neurotransmittersaswell asdopamine (e.g., norepinephrine), and thusthe model
described in this dion does not provide a @mplete description of the dfeds
of amphetamines on cognition. Also, we do not exped positive dfect to havethe
same effeds as amphetaminesin all cognitive tasks, even though they may have
some of the same dfeds because of the dopamine release asciated with ead.

Two-Choice Guessing. Ridley et a. (1988 had two groups of normal (human)
adults participate in astandard probability leaning task (e.g., see Estes, 1976.
Prior to the task, one group was administered amphetamines and the second
control group was given a saline solution. On ead tria, two identicd boxes
gppeaed and the subjedswere asked to guesswhich one contained atarget. The
target was equally likely to appea in either the right (R) or the left (L) box, so
there is no strategy that guarantees greaer than chance acaracy. Ridley et al.
arbitrarily defined a perseveration as guessng the same box four timesin arow
(i.e., ether responding RRRR or LLLL) and an alternation as siccessvely
switching on four conseautivetrials(i.e., either responding RLRL or LRLR). The
results are summarized in Figure 4a (averaged aaoss sibjeds). With the Ridley
et a. design, completely random responding leads to an average of 5
perseverations and 5alternations. These data ae charaderized by the following
three qualitative properties. (1) both groups showed more perseverations than
expeded by chance, (2) both groups $rowed fewer aternationsthan expeded by
chance, and (3) the anphetamine group had significantly more dternations than
the control group, which caused an interadion between condition (saline versus
amphetamine) and response type (perseveration versus aternation).

A similar increase in alternation responses has been reported under positive
affed conditions, asone cmponent of amore general increasein variety seeking
(Kahn & Isen, 1993 Experiment 1). Amphetamines are well known to have
smilar effeds on a wide variety of behaviors. Evenden and Robhins (1983
summarized the dfeds of amphetamines as follows:. “responses occurring with
ahigh probability . . .arereduced by the drug, whereas responses occurring with
alower probability may be increased” (p. 72). Of course, one cnsequence of
such an effed is that under amphetamines, subjeds sould be more likely to
adopt an unusual or nondominant cognitive perspedive (or set). This result
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Figur e4. Resultsfrom thetwo-choiceguessng experiment of Ridley, Baker, Frith, Dowdy, and
Crow (1988 (Figure 4a) and from simulations of this experiment by the aeative probem
solver connedionist network (Figure 4b).

supportsthe hypothesis that amphetamines do not simply increase aousal, since
arousal has long been known to fadli tate dominant, not innovative responding.

On the surface this experiment appeas quite different from the tasks for
which the aedive problem solver (i.e., the Figure 1 connedionist network) was
developed. Even so, only minor modifications need to be made to the Figure 1
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network to acount for the Ridley et a. (1988 results. In particular, Ashby et al.
(1996 asumed the units A1 and P1 correspond to one response (say, response
R) and units A2 and P2 correspond to the other (responseL). Rather than projed
to temporal language aeas, they assumed units P1 and P2 projed diredly to the
relevant motor areas in premotor and motor cortex (the wrtico-striatal-palli dal-
thalamic loops could till be operative). Given this dight modification, the
behavior of the aedive problem solver in the Ridley et al. (1988 task was
simulated. Subjedswere asumed to have no initial biastoward either response.
After a mrred guess the habit strength associated with that particular response
was increased, which raised the probability that the same response would be
chosen on the next trial. Following an error, the habit strength associated with
the incorred response was deaeased. Tedhnicd details of al smulations are
described in the Appendix.

The results of the smulations are shown in Figure 4b. The predicted values
were obtained by averaging aaoss1000replicated smulationsof the experiment.
Figure 4b also shows predicted error bars. These were generated by computing
the standard deviation in the predicted frequencies over the 1000replicaions.
The resulting standard deviations were then divided by VlZ, sinceRidley et a.
(1988 used 12subjeds in eat experimental condition. The aedive problem
solver displayed all three qualitative properties ®en in the human data
Spedficdly, both simulated groups $rowed more perseverations than expeded
by chance and fewer aternations, and therewasaninteradion between condition
and response type. In addition, the predicted error bars were dose to the eror
barsobserved by Ridley et a. (1988. Theonly red deviation between the model
and the data was that the aeaive problem solver predicted a few more
perseverations for the saline group than were observed by Ridley et a. (1988.
Overadl, the model was quite succesdul at acounting for the dfeds of
amphetamine on two-choice guessng (espedally given that no red attempt was
made to maximize goodness of-fit).

Word Association. Next, consider the adility of the model to acmunt for the
influence of positive dfed on credive problem solving. Ashby et al. (1999
simulated the performanceof the aeaive problem solver inthe word association
task, the Remote Asciates Test, and the Duncker candletask. Acrossthethree
tasks they assumed one dopamine level for the neutral affed control condition
and another higher level for the positive dfed condition®.

Recdl that Isen et al. (1989 found that positive dfed subjeds were more
likely to respond with unusud associates in aword asociation task than reutral
affed subjeds (54% versus 39%). Ashby et al. (1996 smulated the performance
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of the aeaive problem solver in aword asciation task in which the stimulus
word was palm. For illustrative purposes, they assumed the most common
response of a neutral affea control subjed to be hand, followed in order of
deaeasing frequency by finger, sweaty, tree, Hawaii, reader, steal, lift, and
basketball. The aeaive problem solver model for this particular example is
shown in Figure 5. In this example, the agnitive set units in prefrontal cortex
correspond to the dternative interpretations of palm, as a part of the hand, asa
verb describing a use of the hand, or asa mwmponent of acompound word. Each
of these units then projeds bad to a different semantic network in the temporal
language aea

The performance of the aedive problem solver in thistask isillustrated in
Figure 6. There ae no published data that allow us to spedfy the semantic
networks assciated with the various aternative interpretations of palm (i.e.,
including the achitedure and the numericd vauesof al weightsbetween nodes).
Therefore, when constructing the version of the aedive problem solver shown
in Figure 5, Ashby et al. (1996 chose the various weights  the network

! N Hawaii

part of
the hand @
use of N compound
\
the hand words AN
1 \\ \\ \\ \\
\

\ \

steal

pasketball

Figure 5. The computational architecture assumed by the creative problem
solver connectionist network for a trial of the word association task in which
the stimulus word igalm.
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would reproduce the ordinal relations among the responses assumed in our
illustration. As aresult, the network could mimic any set of data that could be
colleded in the neutral affed control condition. However, oncethe weights are
fixed in this manner, the predictions for the positive dfect condition are dso
fixed?. Therefore, the true test of the model is not whether it can acount for the
data from the control condition, but whether it corredly predicts the relation
between the control and positive dfed data.

Inagreament withthelsenet al. (1985 results, notethat the aedive problem
solver corredly predicts that the first-associate response proportions for the
positive affed subjeds are higher for al unusual asociates (and therefore,
necessarily lower for the most common response). Thelsenet a. (1985 data ad
the credive problem solver both agreethat the most common associate is not
necessrily lost or unavailable to the positive dfed subjeds. Instead, both the
data and the model suggest that other responses are dso cued, so that the
dominant response becomes mewhat less dominant than it is under neutral
affed conditions, and lesstypica responses beaome relatively more accesble.

Remote Associates Test. Among the most reliable dfedsof positive mood isthat
it improves performance in the Remote As®ciates Test (e.g., Estrada & 4.,
1994 Isenet a., 1987). For example, Isen et a. (1987 found that positive dfed
improved performance in that test by 13% (from 50% to 63%) when the test
items were of moderate difficulty. On onetria of this gudy, subjeds were
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hand finger sweaty tree Hawaii reader steal lift basketball
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Figure 6. Simulated data from the creatigmblem solver connedionist network for
a trial of the word association task in which the stimulus wopdlis.
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presented with the cue words gown, club, and mare. In this case, the @rrea
response is night. Ashby et al. (1996 smulated the performance of the aeaive
problem solver on this trial of the Remote As®ciates Test by using the
architedure shown in Figure 7. Here two relevant cognitive sets are that the
corred response isaword that is semantically related to the aue words, or that
it might be part of a @mpound word with ead of the aue words. In the former
case, likely responsesarewordslike dance or party, but the crred response will
be discovered only if the latter cognitive set is adopted. The results of the
smulations areill ustrated in Figure 8. Note that in agreament with the enpirica
literature, acarracy is substantialy higher in the positive dfed condition (since
the @rred response is night).

This version of the model is overly smplefor at least two different reasons.
First, it aimost surely oversmplifies the representation of alternative cognitive
sets or perspedivesfor this problem. A more redistic model would show many
more alternative perspedives. Nevertheless the performance of a version with
more alternative mgnitive setswould be qualitatively smilar to the performance
of the Figure 7 version. Second, the model shown in Figure 7 is a feedforward
connedionist network. As guch, it ignoresthe temporal dynamics of the problem

Anterior
Cingulate

golf wedding

night

nightmare

mare

Figure 7. The wmputational architedure assumed by the aedive problem solver
connectionistetwork for atrial of the remote asciatestask in which the stimuluswords are
gown, club, andmare.
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Figure 8. Simulated data frorthe aeaive problem solver conredionist network for atrial
of the remote associates task in which the stimulus wordsoere club, andmare.

solving process A human subjed who failed initially to solve the problem might
try again. It is graightforward to generalize the network in this fashion; that is,
to make it reaurrent. In fad, the version of the aedive problem solver that
Ashby et al. (1996 applied to the Duncker candletask is reaurrent (seethe next
subsedion). However, because of the uncertainty as to the true nature of the
semantic networksthat are accesed duing the Remote Asociates Test, littleis
gained by making the Figure 7 network recaurrent.

Duncker Candle Task. Isen et al. (1987 found that a positive dfed groupwas
succesgul in the Duncker candle task much more frequently than the neutral
affed control group (58% versus 13% corred). The network architecure of the
creative problem solver when applied to the candle task is $iown in Figure 9.
Here the dominant cognitive set isto view the box as a cntainer for the tads.
To solve the problem, the subjed must switch away from the dominant set and
view the box asan independent objed that might serve asapotentia platformfor
the candle. Once aset or perspediveis ®leded, the motor adions that follow
are predetermined. Thus, in the aedive problem solver, the mgnitive set units
projed to units in the premotor and motor cortices that are asciated with
spedfic motor adions. To this point, then, the network isidenticd to the verson
of the aedive problem solver that Ashby et al. (1996 used to model the Ridley
et al. (1988 two-choice guessng task. Inthe candle task, however, asubjed
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Figure 9. The mmputational architedure assumed by the aedive problem solver
connectionist network for the Duncker (1945) candle.task

who fails might try to solve the problem again. So, the Figure 9 network allows
multiple attempts at a solution. It was assumed that if the subjed failed to solve
the problem after five d@tempts, then he or she would either give up or run out
of time.

Ashby et a. (1996 simulated the performance of thisversion of the aedive
problem solver in the candle task — again, using the same dopamine levels for
the control and positive dfed conditions as in the smulations of the word
asociation and remote asdciatestasks. Theresultsare shownin Figure10. The
successrates of the aeaive problem solver (65% corred in the positive dfed
conditionand 22% inthe wntrol condition) were comparableto thesuccessrates
found in the Isen et al. (1987 study (i.e., 58% corred in the positive dfect
condition and 13% corred in the control condition). On trialswhen the aedive
problem solver was ultimately succesdul, it invariably had some initial failures
and succeealed only becaiseit tried something different on a subsequent attempt
(i.e., it seleded more than one @gnitive perspedive). This same pattern
charaderized the positive dfect human subjedsinthestudy by Isenet a. (1987).
In contrast, the mntrol subjeds were much more likely to adopt repeaedly the
same perspedive throughout the task, thereby attempting the same incorred
solution over and over.
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Figure 10. Successates in the Duncker (1945 candetask observed by lsen, Daubman, and
Nowicki (1987) and as simulated by the creative problem solver.

Discusson

Using the same generd architedure and the same dopamine levelsfor all positive
and neutral affea conditions, the aedive problem solver mimicked the
qualitative influences of postive dfed on word association, the Remote
Associates Test, and the Duncker’s candle task. In addition, the same network
successully acounted for the dfeds of amphetamine on two-choice guessng.

In the gplicaionsto the three cedive problem solving tasks, it should be
stressed once aain that the spedfic versions of the aedive problem solver that
were tested are considerable smplifications. More redistic versions would
postulate the existenceor potential existenceof many more dternative agnitive
setsor perspedives. It isaso important to note that the aedive problem solver
makes no asuumptions about whether these dternative perspedives pre-exist or
whether they are constructed as the task progresses.

It should also be stressed that the present modeling attempts are limited
because the data on the dfeds of fedings on cognition do not sufficiently
constrain the model. When the aedtive problem solving data modeled in this
sedion were olleded, there were no theories that made spedfic quantitative
predictionsabout how positive dfed would influenceperformanceinthesetasks.
Instead, the major interest was on whether there would be effeds. It is possble
that anumber of different models could aceunt for theword association, remote
asociates, and Duncker candle task data awnsidered in this dion just as well
as the aedive problem solver. Thus, the fad that the aeaive problem solver
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was able to acount for the major ordina properties of these data should be
considered more ademonstration of the potential of the dopaminergic theory of
positive affed rather than asarigoroustest of that theory. Also, sincethere now
isatheory that makes rigorous quantitative predictions, future experiments can
colleda and report datain such away that allows more rigorous testing.

Positive affect versus arousal

Environmental conditions that induce positive dfed are dso likely to increase
arousal. This brings to mind a number of questions. 1) Is there any difference
between arousal and affed? 2) What is the neurobiologicd basis of arousal and
how does it differ from postive dfed? 3) How does arousal affect frontal
cortex?4) What are the agnitive dfects of increased arousal and how do these
differ from the dfeds caused by improved affed? This sdion attempts to
answer these questions.

Do arousal and positive dfea differ?

Early theorists defined arousal as a genera state of central nervous g/stem
activity (see e.g., Trevor, 1997). There are two common ideas about how to
manipulate arousal. Oneisthrough exercise (e.g., Zilmann, 1979, and the other
is by inducing an emotional state (e.g., LeDoux, 1996. Typicdly, thisinvolves
negative affed such as fea or anger, but acwrding to some views, arousa
increases with either positive or negative dfed. Thus, if the mgnitive dfeds of
positive affed are due simply to increases in arousal, then exercise and induced
negative dfed should have smilar effeds on cognition.

Some studies have tried to test this hypothesis. For example, in two sets of
experiments, positive dfed subjeds reported more positive affed, but not more
arousal or aertness than reutral affed control subjeds, on amanipulation-chedk
questionnaire that followed the dfed induction (Isen & Daubman, 1984 Isen &
Gorgoglione, 1983. In addition, the results of these experiments correlated
better with the dfed-induction treagments than with the reported levels of
arousal. In another series of studies, Isen et a. (1987 asked four groups of
subjeds to solve the candle problem and to complete a subset of items taken
from the Remote Associates Test. One group served as neutral affed controls.
Positive affed wasinduced inasecnd group. Inathird, exercisegroup, subjeds
stepped up and down on a dnderblock for 2 minutes before the test, which
increased heart rate by about 60%. Findly, the fourth, negative dfed group
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viewed a few minutes of a depressng film (i.e., Night and Fog, a French
documentary of the World War 1l German deah camps). As expeded, the
positive affed subjeds performed better than the control subjeds on both the
candle test and on the Remote Asociates Test items. Equally important, people
in the exercise and negative dfed groups performed no better than the wntrol
subjedson either test. Thus, again, Isen et a. (1987 found evidencethat, unlike
positive dfed, arousal does not improve aedive problem solving.

There is other evidence ajainst the hypothesis that the dfeds of positive
affed on credive problem solving are due to arousal. First, current theories do
not predict that arousal increases credivity, becaise aousa is thought to
increase the likelihood of the dominant response, rather than of an innovative
response (Berlyne, 1967 Easterbrook, 1959. Semnd, severa authors have
suggested that arousal is not aunitary construct and may need to be investigated
differently from the way it has been addressed in the past (e.g., Lacey, 1967,
1975 Neiss 199Q Venables, 1984). Third, other reseachers have recenitly
argued that arousal and pleasantness form orthogona dimensions (eg.,
Lewinsohn & Mano, 1993 Mano, 1997). On the other hand, even though they
may be logicdly independent, pleasantness and arousal may be empiricdly
correlated. Even so, as we will seein the next sedion,, there is considerable
evidence that arousal is asociated with increased adivity in neurotransmitter
systemsother than dopamine (e.g., norepinephrine). And, asnoted, the enpirica
effeds of arousal or negative dfed are different from those of positive dfed.
Thus, in sum, there is substantial reason to believe that the dfeds of positive
affed and arousal are not identicd, as was once proposed (e.g., Duffy, 1934
1941), and that the well-documented improvements in creaive problem solving
that occur under positive dfed conditionsareindeed dueto theinduced positive
affed, and not smply to increasesin arousal.

What is the neurobiologicd basis of arousal?

Arousalisassociated with stimulation d thebrain stemreticular formation(e.g.,
Carlson2007). At least four diff erent neurotransmittersareinvolved, includng
norephinephrine (NE), aceylchdline, serotonin, and histamine (e.g., Marrocco,
Witte, & Davidson, 1994 McCormick, 1992 Wada € al., 1997). Of these,
probably the most attention has been given to NE.

The locus coeruleus, located in the brain stem, isthe largest NE produwcing
nucleus within the ascending reticular adivating system and it releases NE to
a surprisingly diverse aeaof the brain. The densest projedions are to the
hippocampus and reocortex (Ungerstedt, 1971), but it also projedsthroughou
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thecerebral cortex, thalamus, midbrain, brainstem, cerebell um, and spinal cord
(Aston-Jonest al., 1982 Foote & a., 1983. In fad, this snall nucleus
innervatesa greder variety of brain areas than any ather single nucleus yet
described Brain aress that are asociated with attentional processng (e.g.,
parietal cortex, pulvinar nucleus, superior colliculus) receve aparticularly
dense NE innervation from the locus coeruleus (Morrison and Foote 1986).

Spontneousadivity of NE cdlsinthelocus coeruleus change dramaticdly
dependingon the animal’s gage of sleg and waking, with the highest firing
rates occurring when the animal is awake and the lowest during sleg (Aston-
Jones& Bloom, 1981 Foote & al. 1983 Jambs, 1987). NE cdlsin the locus
coerukus aso respond phasicdly to novel or noxious gimuli, including
conditioned stimuli, and they may also be mildly responsive to appetitive events
(Aston-Jones & Bloom, 1981 Jacobs, 1987. Repeded presentation of an
initially novel stimulus causes the firing rate of NE cdls to dedine gradually
(Aston-Jones & Bloom, 1981; Jaaobs, 1987). A simple way to summearizethese
resultsisthat NE cells in the locus coerulegeneraly will fireto any stimulus
that elicits an orienting response from the aiimal. If the same stimulus is
presented in other conditionsthat do not elicit such aresponse (e.g., because of
repeded presentation), then the locus coeruleus response will be small (Aston-
Jones & Bloom, 1981, Foote ¢ a., 1980 Grant et a., 1988.

Because of these results, Aston-Jones and his colleagues proposed that the
primary function of corticd NE isto mediate vigilance (Aston-Jones & Bloom,
1981a, 1981D; Aston-Jones, Rajkowski, & Cohen, 1999. In support of this
hypothesis, Aston-Jones et a. (1994 recorded from NE cdls in the locus
coeruleus of monkeys while they performed a vigilance task, and found that
performance was best when firing rate of the NE cdls was high, and that
performance deteriorated when the firing rate deaeased. Note that acwrding to
this hypothesis, the primary adion of NE is attentional.

A similar hypothesis was put forth by Robhins (1984, who proposed that
NE helps focus attention on task relevant behaviors by attenuating the influence
of distrading stimuli, particularly under conditionsof elevated arousal. Insupport
of this, Carli et a. (1983 found that lesions that resulted in severely depleted
levels of NE in prefrontal cortex, impaired discriminative ailities and readion
timeswhen, and only when, bursts of loud white noise occurred during the delay
period. Similar impairment was $iown by Cole and Robhins (1992 when the
inter-trial interval was made unpredictablein a5-choicereadion timetask. Loud
noise and signal unpredictabili ty bothtendto increase aousal, thereby suggesting
that NE is necessary for acarrate dtentional performance under arousing
conditions. Related results have been found in human studies. For example,
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Tafalla et al. (1997 reported that in an arithmetic task (Lundberg &
Frankenhaeuser, 1979, distrading noise increased NE levelsin urine during a
high effort condition, but not in alow effort condition. Thisresult also suggests
that NE helps focus attention during an aroused state, so that a demanding task
can be adequately performed, whereas NE isnot rearuited for tasksrequiring low
attention, so arousal can affed level of performance Understanding the
interadion between arousal, attention, and NE is thus a fundamental stepping
stone to formulating neurochemica theories of attention (Coull, 1997).

How does arousal affect the function of frontal cortex?

Whether the overall effed of NE in prefronta cortex isfadlitative or disruptive
depends on dose. High doses of NE applied to sensory neurons suppressneural
adivity (Armstrong-James & Fox, 1987 Hoffer, Siggins& Bloom, 1971; Stone,
1973, whereaslow doses enhanceboth excitatory and inhibitory synaptic inputs
(Foote, Freedman & Oliver, 1975 Kosd & Vater, 1989; Waterhouse &
Woodward, 1980 Woodward, 1979). An in vitro study found an inverted U-
shaped dose response of NE on glutamate-evoked dschargesin sensory corticd
neurons (Devilbliss & Waterhouse, 1996. This U-shape wrresponds to
behavioral datain which locus coeruleus NE discharge was measured duing a
sustained attention task. Thelevel of NE correlated with performance, such that
performance was poor a low and high levels of NE, and goal at intermediate
levels (Rajkowski et a., 19929).

One explanation of the nonmonotonic &fed of NE dose on performance
comes from studies of spedfic NE receptor types. There aetwo distinct classes
of NE receptors, cdled o and 3 receptors. Suppressant effeds of NE have been
shown to be mediated by 3 receptors, although thisinhibitory effed has not been
tied to working memory performance On the other hand, the o receptors seem
most important for arousal’s effed on prefrontal cortex. Within the dassof o
receptors, there ae two different subtypes, denoted «, and a,, and thereis now
good evidencethat they have opposing effeds on prefrontal corticd function. In
particular, adivation of o, receptorsappeasto have afadlitative dfed, whereas
adivation of a, receptors semsto impair prefrontal corticd function.

A variety of studies support the hypothesis that o, receptor adivation
fadlitates prefrontal cortica functioning. For example, in both ratsandmonkeys,
a, agonists improve performance on avariety of working memory related tasks
that are known to depend on the prefrontal cortex, including delayed response
(Arnsten et d., 1988), delayed match-to-sample (Jadkson & Buccéeusco, 1997),
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and delayed alternation (Arnsten & Goldman-Rakic, 1985 Carlsonet a., 1992).
Such results are even more pronounced in elderly animals, which is espedally
significant becauise NE levelsin prefrontal cortex deaease dramaticdly with age
(Arnsten, 1997 Gaspar et a., 1989 1997). On the other hand, these same a,
agonistshavelittle dfed on memory tasksthat are primarily mediated outside of
prefrontal cortex (PFC), including reaognition memory and reference memory
(Arnsten & Goldman-Rakic, 1985 1990.

Arnsten and Contant (1992 hypothesized that o, agonists benefit delayed
response performance by reducing interference from distrading stimuli. A
seledive o, agonist (i.e., clonidine) improved performancein adelayed response
task when the delay period was free of distradors, but the drug was most
effedive when distrading noise was present (Jackson & Buccduso, 1991
Arnten and Contant, 1992. These findings are mnsistent with NE depletion
increasing distradability (Robertset a., 1976 Carli et a., 1983) emphasizing the
importance of NE medhanisms in attention regulation.

Although o, agonists have agenerally beneficial effed on prefrontal cortica
function, the story is quite different for o, agonists. A number of recent studies
have shown that low doses of o, agonists(e.g., cirazoline, phenylephrine) impair
spatial working memory in rats and monkeys (Arnsten & Jentsch, 1996 Steae
et a., 1996.

If NE binds to both o, and o, receptors and the adions through these two
receptor typeshave oonflicting effeds, then why don’'t these opposite dfedsjust
cancd out? One possble awswer to this important question comes from
pharmaalogica studies of NE binding. Such studies show that NE has a higher
affinity for o, receptors than for a, receptors (Arnsten, 1997). Therefore, for
small increasesin NE, the dfeds of a, adivation will dominate the dfeds of o,
adivation, and the overall effea of NE in prefrontal cortex will befadlitative. As
NE levels increease, the dfeds of o, receptor adivation will also increase, and
eventualy the overal effea of NE will beto impair prefrontal corticd function.
Of course, these dfeds perfealy mimic the well-known Y erkes-Dodson (1908
effed, inwhich small and moderateincreasesin arousa improve performancebut
large increases have adetrimental effed.

As discussed above, a, receptor adivation appeas to fadlitate prefronta
corticd function. Given this, the next important question is to ask how this
fadlitation occurs. As with dopamine, the adion of NE on prefrontal cortex is
thought mainly to be modulatory. In particular, many results suggest that NE
does not transmit spedfic moment-to-moment details. Rather, it appeasto alter
the dficagy of the major excitatory and inhibitory neurotransmitters (glutamate
and GABA, respedively) (Jiang et al., 1996 Kasamatsu & Heggelund, 1982
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Kosd & Vater, 1989 McLean & Waterhouse, 1994 Waterhouse € al., 1990.

Perhapsthe most popular model of the neuromodulatory effedsof NE isthat
a ongtant low level administration of NE increases the signal-to-noise ratio of
synapticaly mediated responses (e.g., Foote, Freedman & Oliver, 1975
Waterhouse, Moises, Woodward, 1980 Waterhouse & Woodward, 1980. Such
relative enhancement of responsesto strong inputs relative to low-level or basal
adivity hasbeen found in several locus coeruleustarget areasincluding cerebral
cortex, hippocampus, midbrain, thalamus, and spina cord (for a review see
Aston-Joneset a., 1991 Foote d al., 1983, and isconsistent with recent neural
modeling work hypothesizing that NE ads to enhance signal-to-noise ratios in
target systems (Servan-Schreiber et al., 1990.

The ontribution of other neurotransmitters to arousal

As mentioned above, in addition to NE, other neurotransmitters have been
implicaed inthe cntrol of arousa, espedally aceylcholine (ACh), serotonin (5-
HT), and histamine. The release of al threeof these neurotransmittersis closely
tied to the degr-wake g/cle, with release increasing as the anima becomes more
adive (e.g., Day, Damsma, & Fibiger, 1991 Steininger et a., 1996 Trulson &
Jaobs, 1979.

ACh has osme of the same dfedsas (low doses of) NE on prefrontal corticd
function. In particular, working memory is fadlitated by drugs that enhance
cholinergic adivity and impaired by drugsthat block the ad¢ion of ACh (Dawson
& Iverson, 1993 Glasky et al., 1994 Robbinset d., 1997). Also, like NE, ACh
increases the signal-to-noise ratio of individual corticd neurons (Drachman &
Sahakian, 1979 Hasslmo, 1995 Sato, Hata, Masui, & Tsumoto, 1987, and
somerecet evidence suggests it does this both by bogating the signal and
decreasinghe noise (Furey, Pietrini, & Haxby, 2000. The basal forebrain
cholinergiccdl s seem to beparticularly influenced bycondtioned visual stimuli
ard by reinforcers, but also by aversive ar-puffs (Wilson & Rolls, 199Q
Richardson & De Long, 1990).

What are the cognitive dfeds of increased arousal and how do these differ from
the dfeds caused by improved affed?

We have dready discussed evidencethat inthe cae of credive problem solving,
positive affed and arousal seem to make @ntrasting predictions. First, we
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reviewed much data suggesting that positive dfed improves credive problem
solving. We dso discussed a more restricted set of data that failed to find any
effed of arousal on credive problem solving (Isenet al., 1987). Thislatter result
isconsistent with theories of arousal that predict arousal increasesthelikelihood
of the dominant response, rather than of an innovative response (Berlyne, 1967
Easterbrook, 1959. If oneisattadked byapredator, then thedominant resporse
(e.g.,tofled isfrequently adaptive, but in tests of credive problem solving, an
innovative response is usually more likely to succeed.

On the other hand, it appedinst in the cae of working memory, positive
affectand arousal make similar predictions. In particular, dopamine, NE, and
ACh released into prefrontal cortex all have simd&eds on performancein
working memory tasks - at low or moderate doses they are faalit ative, but at
high doses theynpair performance Thus, if positive dfed leadsto increased
dopaminerelease in frontal cortex and arousal is asociated with increased
releaseof NE and ACh, then mild to moderate levels of positive dfed and
arousalshoud bah improve working memory. In contrast, extreme levels of
positive dfed or arousal shoud impair working memory. To ou knowledge,
these predictions are largely untested.

It isdifficult to make spedfic predictions abou how the dfeds of arousal
and positive dfea might differ in other cogntive tasks. From a theoretica
perspeatse, one of the problemsisthat many of the neural effeds appea to be
similar (e.g., increasing signal-to-noise ratio). In additipogitive gfed and
arousaloften co-occur. It isnot difficult to predict that before much progress
occursin this areg a much more extensive data-base must be wlleded
(especially behavioral data).

Conclusions

The dopaminergic theory of positive dfed that was proposed by Ashby et al.
(1999 asuumesthat during periods of mild postive dfed, thereisa concomitant
increased dopamine release, primarily in the mesocorticolimbic system. The
theory further assumes that the resulting elevated dopamine levels in anterior
cingulate increase agnitive flexibility and fadlitate the seledion of cognitive
perspedive or set, thereby improving credive problem solving abili ty. Note that
thistheory does not assume that positive dfed simply turns dopamine on or off.
Insted, it is assumed that moderate levels of dopamine ae present even under
neutral affed conditions. The induction of mild positive dfed is assumed only
to increase dightly these normal dopamine levels.
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A computational version of the theory was described that takes the form of
a conredionist network cdled the aedive problem solver. Standard
pharmaawmlogicd tedhniques were used to derive the theoreticd effeds of
dopamine on the adivation function of unitsin the portion of the network that
correspondsto the anterior cingulate. Thenetwork succesgully acounted for the
effeds of amphetamines on atwo-choice guessng task and it acaounted for the
effeds of postive fedings on three ceaive problem solving tasks (word
asociation, the Remote Asociates Test, and Duncker’s candle task). Although
the focus of this chapter was primarily on positive dfed, the aedive problem
solver provides a general model of credive problem solving that could be used
to model data from many different experimental tasks and colleded from a
variety of different subjed populations. In addition, the model makes ecific
predictions about the effeds on creaive problem solving of any experimental
fador that systematicaly alters corticd dopamine levels. Thus, the potential
contribution of the model is considerably greder than the rather narrow
applications considered here.

We aso briefly discussed the neurobiologicd basis of arousal. This is
important because aousal often seamnsto co-occur with states of positive dfed.
Because of thisempiricd correlation, a mmplete understanding of the cognitive
effeds of positive mood requires an acairate theory of arousal.
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Notes

1. These were not the same dopamine levels as assuumed in the simulations of the saine and
amphetamine conditi ons of the two-choice guessng task. There is no reason to expect a 10 mg dose of
amphetamine to cause the sameincrease in brain dopamine levels asthe giving d asmall unenticipated
gift. Also, intravenous infusion of saline could alter moaod, especially since the Ridley et a. (1988
experiment was double blind. Thus, it seemed reasonable to assume that the dopamine levels in the
Ridley et al. saline group might differ from the dopamine levelsin the neutral affect groups of the Isen
credive problem solving studies.

2. At this point, the only freeparameter is the dopamine level associated with the positive dfect group.
However, manipulating this parameter confers littl e flexibilit y since the same dopamine level was
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asumed for the positive dfect conditionsin all threecredive problem solving appli cations (i.e., word
asciation, the Remote Associates Test, and the Duncker cand e task).
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Appendix
The creative problem solver conrectionist network

Thisappendx describes the detail s of the Ashby et al. (1996) smulations of the creative
problem solver under high andlow dopamineleve condtionsin the four tasks described
in the chapter. In each simulation, the two experimental condtions were assumed to
differ only in dopamine leve, and this difference was instantiated via the activation
function described in Equations 2 - 4. The activation function parameters, Kyypa ando
werefixed at the values 1 and 2, respectively. The parameters Ke(DA) and Kypa(DA)
were assumed to vary with dgpaminelevel. Numerical valuesfor these parameters were
selected via trial-and-error. A singe value ofKg(DA) was chaosen for the word
association, remote associates, andthecandetasks, sincethe experimental manipulation
was identical in all three(i.e., Kg(DA) = 1.25 for the positive affect condtions, and
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Ke(DA) = 5 for the neutral affect condtions). The value of K,ypa(DA) was st
arbitrarily to /Kg(DA) in al simulations (i.e., therefore, K ypa(DA) = 0.8 for the
positive aff ect condtions, and K,ypa(DA) = 0.2 for the neutral aff ect condtions). For
the two chace guessng task, in which dgamine levels were manipulated by
amphetamineadministration, diff erent valueswereused (Kg(DA) = Kaypa(DA) = 1.0for
the amphetamine group, and K(DA) = 2.5 and K,,,pa(DA) = 0.4 for the saline group).

Theweghts between all nodes in the semantic networks (i.e., seeFigures 5 and 7)
were chosen so that the performance of the creative problem solver matched the
performance of the neutral affect control subjects (seetext for more details). Each
cognitive set unit (e.g., P1 and P2 in Figure 1) was asdgned an initial bias or salience.
Let B, denate the salience of cognitive set Pi. For example, in Figure 7, the set or
perspective Semantic Relations was assgned a higher sali ence than the set Compound
Words.

The selection qoeration performed by the anterior cingulate was modeled in the
following way. First, one of the anterior cingulate units Ai (wherei =1 or 2 in all
simulations except word asciation, wherei = 1, 2, or 3; i.e,, seeFigures 5, 7, and 9)
was Hected randamly (acocordingto a uniform distribution). Second unit X generated
a value of randam magnitude (denated byX and namally distributed with a mean o 2
and a variance of 1). The conrections between node X and nods Ai are modulated by
dagpamine (i.e., see Figure 1), so the third step was to treat X as the input to the
activation function shown in Equations 2 - 4 (i.e, so Y w,& = X). Call this output
activation value act(X). Fourth, the net input activation d cogritive set unit Pi was:

act(Pi) = B + act(X)
if unit Ai was slected in step 1 Otherwise,
act(Pi) = B.
Finally, unit Pi became the active cogritive set if
act(Pi) = max{act(P1), act(P2), . . .,act(Pn)],

(where n is the total number of alternative cogritive set units). Each cogritive set unit
projected to a different semantic network (i.e., seeFigures 5, 7, and 9). The weights
between every pair of nodesin semantic networks assciated with inactive cogntive sets
wereall set to zero. To generate modd predictions, 100 simulations were run for each
condtion d each task.

For thetwo-choice guessngtask, theinitial valuesfor the sali ence parameterswere
set to O for each resporse (i.e, , B, = B, = 0). At the end d each trial, the salience for
the emitted response was updated. If the response was reinforced (i.e., correct), the
salience was increased by 0.35, otherwise it was decreased by the same amount. If this
method produced a negative value, the salience was &t to 0. Stimulus generation
procedures were the same as used by Ridley et a. (1988.

The word association and remote associates tasks were simulated using the
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architectures shown in Figures 5 and 7. For the word association retwork, the initial
salience of the cogritive set part of the hand was st to 0.15, the salience of use of the
hand was =t to 0, and the sali ence of compound wordswas st to 0.35. For the remote
associates network, theinitial salience of the cogritive set semantic rdationswas st to
0.55, andthe sali ence of compound wordswas st to 0.2. For both networks, theweghts
between every pair of nodes in the semantic network is own in Table 1. In both tasks,
the adivation values of the nodes representing the stimulus words were set at 1 oneach
trial, andthe activation function for each nocaein the semantic networks was linear. The
probabili ty that the word represented by any gven node would be chasen for that trial
was determined by dividingtheactivationlevd of that node by the sum of the activations
of all words in the semantic network.

For the cande task, the architecture shown in Figure 9 was used. The initial
sali ence of the cogritive set box asa container was 0.3 andtheinitial salience of box as
a container was 0. As described in thetext, a trial was considered a failure only if the
network fail ed to solve the problem on five succesdve attempts.

Table 1. Weights between Word Nodes in the Semantic Network Portion d the Creative
Problem Solver Network.

Networ k
Word Remote
Association Associates
Word Pair Weight Word Pair Weight
palm-basketball 0.3 club-party 1.1
palm-steal 0.6 gown-dress 0.6
palm-lift 0.5 mare-horse 0.1
palm-sweaty 0.2 club-dance 0.2
palm-hand 0.7 gown-dance 0.2
hand-finger 0.4 club-gdf club 0.5
palm-palm reader 09 gdf club-gaf 1.0
palm-palmtree 0.3 gown-wedding gavn 1.0
palm tree Hawaii 0.2 weddng gavn-wedding 1.0
club-nightclub 0.6
nightclub-night 1.0
gown-nightgown 0.6
nightgown-night 1.0
mare-nightmare 0.6

nightmare-night 1.0




