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Abstract Disturbances in attentional processes and executive functioning are acommon feature of several

psychiatric afflictions such as schizophrenia, attention deficit/hyperactivity disorder, and obsessive—
compulsive disorder (OCD). The use of animal models has been useful in defining various candidate
neural systems, thus enabling us to trandlate basic laboratory science to the clinic and vice versa. This
chapter provides areview on the contribution of the serotonergic system on the modulation of basic
behavioral operations such as selective attention, vigilance, set shifting, and executive control focusing on
the 5-HT ¢ receptor subtype. Specifically, we have reviewed evidence emerging from several behavioral
paradigms in experimental animals, each of which centers on a different aspect of the attentional and
executive function. These paradigms include the five-choice serial reaction time task (5SCSRTT),
attentional set shifting, the spatial aternation, and the signa attenuation tasks. In each case, the types of

operation that are measured by the given paradigm are defined, and the role of the ascending serotonergic
system in the neurochemical modulation of its behavioral output is examined. In conclusion, referenceis
made to clinical implications for neurological and neuropsychiatric disorders that exhibit deficitsin these
cognitive tests.
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Chapter 23

The Role of Serotonin on Attentional Processes
and Executive Functioning: Focus on 5-HT,
Receptors

Eleftheria Tsaltas and Vasileios Boulougouris

23.1 Introduction

Attention refers to the processes determining an organism’s receptivity to external
or internal excitation and hence the probability that it will engage in the processing
of that excitation (Parasuraman 1998). Although it is often related as a cognitive
function, it is distinct in encompassing a multitude of manifestations that underlie
and sustain the activity of the other cognitive and behavioral performance in several
ways: through the selection and integration of sensory inputs, which is essential for
efficient learning and remembering as well as for the organization of appropriate
responses. Impaired attentional processing may therefore become manifested as
inattention, distractibility, memory impairment, confusion, perseveration, or disin-
hibition. Recognition of the diversity of attention has led to the identification of
three distinct fundamental qualities: selection, enabling the allocation of priority to
certain informational elements to the exclusion of others; vigilance, referring to the
capacity for attentional persistence over time; and control, which optimizes perfor-
mance, for example, by inhibition of concurrent activities (Parasuraman 1998;
Robbins 2002, 2005).

Attempts to uncover neural mechanisms through which brain serotonin systems
influence attentional processes as well as other executive functions are complicated
by the heterogeneity of the receptors through which serotonin acts. At least 14
distinct subtypes of serotonin (5-hydroxytryptamine, or 5-HT) receptors are
expressed within the central nervous system (Barnes and Sharp 1999). They are
highly diverse in respect to their structures, gene regulation, primary effect or
mechanisms, regional and subcellular expression patterns and physiological
actions. However, the multiplicity of 5-HT receptors provides an opportunity for a
fine functional dissection of brain serotonin systems, one receptor at a time.
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Progress in this area has been facilitated by the development of relatively selective
pharmacological tools and by molecular genetic techniques enabling the generation
of animals with planned 5-HT receptor gene mutations. In order to ascertain neu-
roanatomical and neurochemical specificity of experimental interventions, it is
necessary to resort to the use of experimental animal models. This endeavor has
been facilitated by the current availability of comparable cross-species tests of
cognitive function. These enable the identification of common neural substrates
that subserve similar functions across species, increasing the likelihood that the
same cognitive functions are being studied in each species.

In this chapter, the contribution of the serotonergic system to basic operations
such as vigilance, shifting, and executive control are surveyed with emphasis to a
prominent central serotonin receptor subtype — the 5-HT, . receptor. Following a
brief description of the anatomy of 5-HT,, and 5-HT,. receptor, the survey is
focused on evidence from experimental animals. It encompasses data generated by
four different experimental conditions, each of which centers on a specific aspect
of the attentional and executive function.

The first paradigm is the five-choice serial reaction time task, which provides a
direct measure of sustained attention and bears good analogy to the human continu-
ous performance test (CPT), a traditional index of human vigilance. The second
paradigm is attentional set shifting and reversal learning, which has been used to
decompose the types of processes engaged by tests of attentional flexibility such as
the Wisconsin Card Sort Test (WCST). The third paradigm is the reinforced spatial
alternation measuring memory, cognitive flexibility, as well as persistent behavior.
Finally, the signal attenuation paradigm models certain components of executive
control, including attention and inhibition. In each case, the types of operation that
are measured by the given paradigm will be defined. Then, the role of the seroton-
ergic systems in the neurochemical modulation of its behavioral output will be
examined, focusing on the contribution of the 5-HT,. receptor subtype. In conclu-
sion, reference to clinical implications for neurological and neuropsychiatric disor-
ders will be made.

23.2° 5-HT Receptor Subtypes

The true complexity of the serotonergic system is revealed when it is considered
that over 14 different types of 5-HT receptor, assigned to one of seven families
(5-HT_), have currently been identified and that the number is set to rise (Barnes
and Sharp 1999; Hoyer et al. 2002). Investigation of the possibility that these dif-
ferent receptors mediate different functions within the 5-HT system has only begun
more recently with the advent of selective pharmaceutical compounds that can
distinguish between the different receptor subtypes, and this avenue of research is
constantly growing with the continuous development of more selective agents.
Given the increasing interest in the serotonergic system in relation to psychiatric
disorders and the escalating number of drug targets available, a comprehensive
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review of this work would be lengthy undertaking. Discussion that is more detailed
will therefore be limited to 5-HT,, and 5-HT, . receptor subtypes, with the caveat
that this is not a comprehensive delineation of the 5-HT receptors that may be
implicated in the regulation of attentional processes and executive functions.

23.2.1 5-HT,, Receptor Subtypes

There are currently three members of the 5-HT, receptor family (5-HT,,, 5-HT,
5-HT,) all of which are coupled positively to phospholipase C and mobilize intra-
cellular calcium. Investigation of the function of individual members of the 5-HT,
family has only proved possible quite recently with the development of selective
5-HT2A and 5-HT,. receptor antagonists (5-HT,, receptor antagonist: M 100907,
formerly MDL 100907; 5-HT, . receptor antagonists: SB 242084 and RS 102221).
However, there is still a need for more selective agonists, particularly at the 5-HT,,
receptor. Receptor autoradiography studies using tritiated ligands demonstrate high
levels of 5-HT,, receptors in many forebrain regions, and particularly in cortical
areas, including frontal cortex, the nucleus accumbens, caudate nucleus, and HPC
(Lopez-Gimenez et al. 1997; Pazos et al. 1985, 1987).

5-HT,, receptors are located postsynaptically to serotonergic neurons and have
been found on both paminobutyric acid (GABA)-ergic interneurons as well as
glutamatergic cortical pyramidal cells (Burnet et al. 1995; Francis et al. 1992;
Morilak et al. 1993, 1994; Wright et al. 1995). Activation of the 5-HT,, receptors
depolarizes the cell membrane, potentially through a decrease in K* currents
(Marek and Aghajanian 1995; Aghajanian and Marek 1997; Araneda and Andrade
1991). Although it has generally been reported that none of the more selective
5-HT, receptor agonists or antagonists alter levels of 5-HT (e.g., Gobert and Millan
1999; Gobert et al. 2000), it has been suggested that 5-HT,, receptors are involved
in a glutamatergic feedback loop originating from the prefrontal cortex (PFC) and
terminating in the BRMN-—thereforg stimulation of 5-HT,, receptors in this region
may have the capacity to alter 5-HT release throughout the forebrain (Martin-Ruiz
et al. 2001).

23.2.2 5-HT, Receptor Subtypes

The 5-HT,, receptor was originally classified as a member of the 5-HT1 family
(5-HT,.) (Pazos et al. 1987) but has been reclassified following more extensive
investigation of its structure and function (Humphrey et al. 1993). Unlike the
5-HT,, receptors, 5-HT,. receptors are only found within the central nervous sys-
tem (Palacios et al. 1990). However, 5-HT,, receptors are widely distributed within
the brain, and high levels are found in the cortex, limbic system, and basal ganglia.
The majority of studies point to a predominantly postsynaptic location for 5-HT, .
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receptors, but 5-HT,  receptor mRNA has been localized within the DRN, indicat-
ing that this receptor could be found at presynaptic sites as well.

In common with the 5-HT,, receptor, activation of the 5-HT,. receptor also
appears to depolarize the cell membrane (Rick et al. 1995; Sheldon and Aghajanian
1991), although as with the majority of data regarding the 5-HT,, receptor, much
has been inferred through observations that 5-HT-induced increases in activity are
not blocked by a range of other 5-HT-receptor specific antagonists. Hopefully, the
fact that there is now a commercially available 5-HT,. receptor agonist, WAY
161503, will enable clarification of both the physiological and behavioral effects of
5-HT,. receptor stimulation.

23.3 5-HT and the Five-Choice Serial Reaction
Time Task (SCSRTT)

The SCSRTT is an animal test widely used with rodents providing substantial valid-
ity as a direct measure of different components of attention (for details see
Boulougouris and Tsaltas 2008; Carli et al. 1983). In brief, animals are trained to
detect the location of a brief visual stimulus presented pseudorandomly in one of
the five apertures over a large number of trials. The performance measures include
choice accuracy, omissions, premature responses (responses made before the target
stimulus), perseverative responses (additional nose pokes made postpresentation of
the stimulus in any nose-poke aperture), perseverative panel pushes (additional
responses made at the food magazine before or after food retrieval), correct
response latency, and food collection latency.

Optimal performance on this apparently simple task requires the integration of
several cognitive processes. Sustained attention to the goal area for the duration of
the intertrial interval (ITI) is necessary in order not to miss the target, while
divided attention across all five exposed holes is essential in order to scan the
entire visual array. Other processes measured by this task include sensor, motor or
motivational processes, decision making, and inhibitory control (for details see
Boulougouris and Tsaltas 2008). Apart feg aspects of attention and impulse
control, the task is also capable of dissociating performance elements which
usually covary, although they probably rely on processes that are under control of
different neural mechanisms.

Neurochemically speaking, apart from the involvement of the dopaminergic sys-
tem in the modulation of the SCSRTT (discussed in Boulougouris and Tsaltas 2008),
the serotonergic system is also heavily implicated. The SCSRTT is demonstrably
sensitive to serotonergic manipulations: Global, 5,7-dihydroxytryptamine (5,7-DHT)
lesion-induced 5-HT depletion consistently appears to spare response accuracy,
while it increases impulsivity as reflected by increased premature responding and
decreased omissions as well as correct response latency (Harrison et al. 1997,
Winstanley et al. 2003a, 2004; Koskinen et al. 2000). However, systemic administra-
tion of the 5-HT,, receptor agonist 8-hydroxy-2-(di-n-propylamino)tetraline
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23 The Role of Serotonin on Attentional Processes and Executive Functioning

(8-OH-DPAT), which also decreases 5-HT release (Bonvento et al. 1992; Hajos et al.
1999; Celada et al. 2001), does not affect impulsive responding and improves atten-
tional performance (Winstanley et al. 2003a). At higher doses, the selective 5-HT1A
receptor agonist 8-OH-DPAT reportedly increased impulsivity, possibly by activat-
ing presynaptic 5-HT |, receptors (Carli and Samanin 2000). There is an incongru-
ence, then, between the effects of chronic lesion-induced global 5-HT decreases and
the effects of acute global decreases such as those affected by systemic administra-
tion of a 5-HT, , receptor agonist.

The apparent inconsistency is compounded by the observation that systemic and
nfastong of the 5-HT,, receptor antagonist M100907 in the prefrontal cortex (PFC)
decrease impulsive responding (Winstanley et al. 2003a). Moreover, infusions of
M100907 in the medial prefrontal cortex (mPFC) counteracted the loss of executive
control [impulsivity induced by the competitive N-methyl-D-aspartate (NMDA)
receptor antagonist 3-(R)-2-carboxypiperazin-4-propyl-1-phosphonic acid (CPP)],
while 8-OH-DPAT decreased compulsive perseveration (Carli et al. 2006). Thus, an
antagonist of the 5-HT system effectively produces effects opposite of those of
global decrease in 5-HT transmission. This paradox, along with the observation that
2,5-dimethoxy-4-iodoamphetamine (DOI), a 5-HT,, , . agonist does increase pre-
mature responding, probably through activation of the 5-HT,, receptor (Koskinen
et al. 2000), suggests dissociable behavioral contribution of 5-HT receptor subtypes
in the SCSRTT.

Indeed, evidence suggests that the 5-HT,, and 5-HT,, receptors have opposing
neurochemical effects. 5-HT,. receptor activation inhibits dopamine release,
whereas 5-HT,, activation enhances dopamine release (Di Matteo et al. 2000, 2001;
Millan et al. 1998). Antagonism of 5-HT, . and 5-HT,, receptors has opposite
effects on some behavioral effects of cocaine (Fletcher et al. 2002). Furthermore, it
has been demonstrated that 5-HT, . and 5-HT,, receptors also have contrasting and
dissociable behavioral contribution on impulsivity in the SCSRTT. The selective
5-HT,. antagonist SB 242084 increases premature responding and decreases cor-
rect response latency (Winstanley et al. 2004; Higgins et al. 2003) (Fig. 23.1a). This
premature responding increase has recently been shown to be mediated by the
nucleus accumbens (NAc) (Robinson et al. 2008) (Fig. 23.1c). When the antagonist
was administered systemically to 5,7-DHT-lesioned animals, the increase in prema-
ture responding emerged over and above the similar effects of the 5,7-DHT lesion
(Winstanley et al. 2004). In contrast, the selective 5-HT,, antagonist M100907 had
no effect on response latency and actually reduced premature responding, an effect
mediated by the NAc (Robinson et al. 2008). The effect of M100907 (administered
systemically) was abolished by 5,7-DHT lesions (Winstanley et al. 2004). This dis-
sociation challenges the hypothesis that general decreases in 5-HT neurotransmis-
sion increase impulsivity. Furthermore, the fact that antagonism of the 5-HT,.
receptor produces a behavioral profile closer to 5,7-DHT lesions than any other
receptor so far tested including the 5-HT,, receptor suggests that the 5-HT,, recep-
tor is central in the serotonergic regulation of behavioral inhibition.

Compulsivity, another form of inhibition deficit, is also accessible by the
S5CSRTT via the measure of repeated responding at the holes (perseverative
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responding), offering a putative index of compulsivity. Winstanley et al. (2004)
demonstrated that 5,7-DHT lesions increased perseverative as well as impulsive
responding, a finding consistent with increased perseverative errors during reversal
in the marmoset after localized 5-HT depletion within the PFC (Clarke et al. 2004)
and after orbitofrontal cortex (OFC) damage (Jones and Mishkin 1972; Rogers
et al. 1999; Schoenbaum et al. 2002; Chudasama and Robbins 2003; Chudasama
et al. 2003). Neither 5-HT,, antagonism (M100907) nor 5-HT,. antagonism (SB
242084) appears to affect perseverative responses (Winstanley et al. 2003a, 2004;
Higgins et al. 2003; Chudasama and Robbins 2003; Chudasama et al. 2003). These
data suggest that different kinds of motor disinhibition differ in their neurobiologi-
cal bases, as impulsivity and compulsivity appear to be differentially regulated by
the 5-HT system.

SYSTEMIC ADMINISTRATION INTRA-CEREBRAL INFUSIONS
OF 5-HT2C RECEPTOR ANTAGONIST OF 5-HT2C RECEPTOR ANAGONIST
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Fig. 23.1 (a) Effects of systemic administration of the 5-HT, . receptor antagonist SB 242084 on
the percentage of premature responses performed during the SCSRTT in ICV 5,7-DHT-lesioned
animals and sham-operated controls (Reproduced from Winstanley et al. 2004. With permission).
(b) Effects of systemic administration of SB 242084 on incorrect responses during spatial reversal
learning (Adapted from Boulougouris et al. 2008). (c¢) Effects of intra-NAc infusions of SB
242084 on the percent correct, omissions, and premature responses during the 5CSRTT
(Reproduced from Robinson et al. 2008. With permission). (d) Effects of intra-OFC infusions of
SB 242084 on incorrect responses during spatial reversal learning (Adapted from Boulougouris
and Robbins 2010)
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23.4 S5-HT and Reversal Learning 207

Tests such as the WCST, which index cognitive flexibility, in fact address several 208
similar yet distinct forms of attentional shifts. For example, if we consider discrimi- 209
nation learning based on compound stimuli involving two perceptual dimensions 210
(e.g., shapes and lines), where exemplars of these dimensions occur in combination 211
with one another on successive trials, one exemplar of one particular dimension 212
being correct (e.g., vertical but not skewed line correct), then (1) when the relevant 213
stimulus dimension (i.e., lines) stays constant but novel stimuli are used (e.g., 214
straight but not curly line correct), this is an intradimensional (ID) shift; (2) when an 215
exemplar from the previously irrelevant dimension (shapes) becomes correct (square 216
but not triangle), then an extradimensional (ED) shift is demanded; finally (3) when 217
the stimuli remain the same, but the previously correct exemplar is now incorrect 218
(triangle but not square), then we refer to reversal learning, a shift which can occur 219
either at the compound discrimination learning stage or after the ID or ED shift. 220

Different tests of attentional flexibility involving ID or ED shifts and reversal are 221
used translationally. Such procedures by necessity engage other processes besides 222
switching attention (e.g., ability to utilize feedback denoting that a shift is neces- 223
sary, ability to overcome “learned irrelevance” of a previously nonoperative percep- 224
tual dimension). However, the precise nature of any failure to make a required shift 225
can be further analyzed (see, e.g., Owen et al. 1993). 226

Accumulating evidence implicated the serotonergic system in reversal learning 227
but not in attentional shifting. Selective 5-HT depletion in the marmoset had no 228
effect on ED or serial ID shifting, but it produced a large deficit in reversal learning 229
due to perseverative responding to the previously rewarded object (Clarke et al. 230
2004, 2008, 2005, 2007). 231

In human volunteers, transient depletion of central 5-HT by the tryptophan 232
depletion technique produced effects on discrimination learning that were 233
especially evident in reversal learning (Park et al. 1994). Another study (Rogers 234
et al. 1999) also reported that tryptophan depletion led to relatively selective 235
effects on human reversal learning (but see also reference Talbot et al. 2006) with 236
no effect on ED shifting. Evers et al. (2005) showed that behavioral reversal was 237
accompanied by significant signal change in the right ventrolateral and dorsome- 238
dial PFC of healthy volunteers performing a probabilistic reversal task. Tryptophan 239
depletion enhanced reversal-related signal change in the dorsomedial PFC only, 240
affecting the blood oxygen level-dependent (BOLD) signal specifically associated 241
with negative feedback. These data indicate that the 5-HT system has a modula- 242
tory role in reversal learning specifically. 243

On the receptor level, recent evidence suggests that different 5-HT receptor 244
subtypes have distinct roles in the modulation of reversal learning. Boulougouris 245
et al. (2008) established a double dissociation in the role of 5-HT,. and 5-HT,, 246
receptor subtypes in serial spatial reversal learning. Specifically, systemic adminis- 247
tration of the 5-HT,. receptor antagonist SB 242084 facilitated spatial reversal 248
learning in a dose-dependent manner (Fig. 23.1b). Selective infusions into the 249
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orbitofrontal cortex (OFC) of SB 242084 also promoted reversal learning, whereas
infusions in the mPFC or nucleus accumbens did not. The facilitation of reversal
learning therefore appears to be mediated by 5-HT,. receptors within the OFC
(Boulougouris and Robbins 2010) (Fig. 23.1d). In contrast, systemic treatment with
the 5-HT,, receptor antagonist M100907 dose-dependently impaired reversal learn-
ing, on the first reversal of the series in particular. This deficit emerged as increased
perseveration of the previously correct response, reproducing the effects observed
after selective orbitofrontal 5,7-DHT lesions (Clarke et al. 2004, 2005, 2007) as
well as orbitofrontal cortical lesions in rats and nonhuman primates (Chudasama
and Robbins 2003; Dias et al. 1996; Boulougouris et al. 2007).

The finding that the enhancement of spatial reversal learning via 5-HT,, receptor
blockade is actually mediated by the OFC is apparently at odds with the above-
mentioned lesion studies. This is not the only instance where contrasting effects
between 5-HT depletion and 5-HT receptor antagonism have been reported. For
example, recent studies showed no effect of 5-HT depletion on the delayed discount-
ing task (Winstanley et al. 2003b), while the 5-HT,, receptor agonist 8-OH-DPAT
(shown to turn off 5-HT release at autoreceptors) produces impulsive choice
(Winstanley et al. 2005). Therefore, although the discrepancy could be attributed to
task differences between lesion and antagonist studies (e.g., differences in the
modalities of the reversal learning task used here and by Roberts and colleagues:
object versus spatial response reversal), such explanations would appear rather
superficial. A more interesting hypothesis is that the discrepancy between the lesion
and antagonist studies may reflect incomplete 5-HT depletion from OFC resulting
in 5-HT,. receptor supersensitivity (as may occur in OCD) (Graf et al. 2003;
Yamauchi et al. 2004). This possibility could perhaps be investigated through infu-
sions of 5-HT, . and 5-HT,, receptor antagonists on 5-HT depleted animals.

These findings are of considerable theoretical and clinical importance. At a theo-
retical level, the opposing effects of 5-HT,, and 5-HT, . antagonism on perseverative
responding in spatial reversal learning task (increase and decrease, respectively) con-
trast with the also reverse effects of these agents on impulsive responding in the
SCSRTT (see Sect. 23.3 on 5CSRTT). Specifically, intra-PFC 5-HT,, antagonism
decreases -impulsive responding (Winstanley et al. 2003a; Higgins et al. 2003),
whereas 5-HT, . antagonism increases it (Winstanley et al. 2004). These observations
are relevant to the concept of an impulsivity—compulsivity spectrum in obsessive—
compulsive spectrum disorders (Hollander and Rosen 2000). At a clinical level, these
data also bear on the issue of whether 5-HT, . receptor antagonists might be expected
to be useful in the treatment of human obsessive—compulsive disorder (OCD).

23.5 S5-HT and the Reinforced Spatial Alternation Task

The reinforced spatial alternation task is a behavioral procedure used in animals to
measure memory, executive functions, as well as persistent behavior (Tsaltas et al.
2005; Rawlins and Olton 1982; Rawlins and Tsaltas 1983; Givens and Olton 1995).
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Each alternation trial includes two runs through the T-maze, with both food cups
baited. The animal is placed on the start point with its back toward the closed guil-
lotine door. In the first run (forced, information run), one arm of the maze is
blocked. As soon as the animal reaches the goal and eats the reinforcer, it is moved
on the start point, the obstacle is removed, and the second run (free direction choice
run) begins. The choice run is completed when all paws of the animal are in the
lateral arm. Thereafter, change in choice is prevented. Choice of the arm opposite
to the preceding forced arm is rewarded and of the same resulted in nonreward.

A model of compulsive behavior based on a spontaneous behavioral persistence
tendency in the framework of spatial reward alternation in the T-maze was recently
developed by Tsaltas et al. (2005). This model’s focal behavioral criterion is direc-
tional persistence. It has been established that this model responds isomorphically
with clinical compulsive behavior to a number of serotonergic manipulations, while
it is not influenced by nonserotoninergic antidepressants or benzodiazepines.
Specifically, it has been demonstrated that meta-chlorophenylpiperazine (mCPP), a
nonspecific 5-HT, . agonist, -induced directional persistence is'blocked by chronic
treatment with the selective serotonin reuptake inhibitor (SSRI) fluoxetine but not
with diazepam (benzodiazepine, anxiolytic) or desipramine (tricyclic antidepressant);
these data support the reliability and predictive validity of the model’s target behavior.
Moreover, the focal obsessive behavior of the model has been demonstrated to (1) be
controlled by 5-HT, . and not by 5-HT , receptors, since the specific 5-HT, | agonist
naratriptan had no effect on mCPP-induced persistence (Tsaltas et al. 2005), (2)
exhibit cross-tolerance between SSRI fluoxetine and the nonspecific serotonin
agonist mCPP, suggesting a possible common path of action of the two substances,
and (3) be sensitive to the administration of the agonist of the dopaminergic D,/D,
receptors of quinpirole, supporting the hypothesis of the serotonin—dopamine interac-
tion and contributing to its construct validity (Kontis et al. 2008).

The initial finding implicating the 5-HT, . receptor in the mediation of persis-
tent behavior in this model was further investigated with the use of specific
5-HT,, and 5-HT,, receptor antagonists, M100907 and SB 242084, respectively.
Systemic blockade of the 5-HT,, but not the 5-HT,,, receptor offered protection
against the mCPP-induced directional persistence, thus strengthening 5-HT,.
receptor involvement in compulsive behavior (Papakosta submitted) (Fig. 23.2).
It should be noted that the above findings constitute new evidence in the under-
standing of OCD etiopathogenesis, as well as other psychiatric afflictions where
inflexible behavior is a feature.

23.6 S-HT and the Signal Attenuation Task

Another sophisticated task used to measure both attention and inhibitory control is
that of “signal attenuation.” The signal attenuation model, developed by Joel et al.
(Joel and Avisar 2001; Joel et al. 2001, 2005a, b), is based on the hypothesis that
compulsive behavior results from deficient feedback associated with the completion
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Fig. 23.2 Effects of systemic administration of the 5-HT, receptor antagonist SB 242084. on
mCPP-induced directional persistence in the reinforced spatial alternation task in the T-maze

(Adapted from Papakosta-submitted)

of goal-directed responses: Normal functioning of such feedback prevents pointless
repetitions of responses once their goal has been attained. The goal-directed behav-
ior of this model is instrumental lever pressing for food. The feedback for a suc-
cessful response is a compound stimulus of light and tone. The “feedback deficit”
assumed to underlie compulsive behavior is induced in the model by means of
attenuation of the “signaling property’’ of this compound stimulus (repeated presen-
tation without food and without lever-press opportunity). The behavioral control
condition for this attenuation process is called regular extinction, and it is an identi-
cal training and testing sequence, apart from the omission of the stimulus devalua-
tion stage. The effects of signal attenuation on lever-press responding are assessed
under extinction conditions through comparisons to the effects of regular extinc-
tion. Regular extinction and, to a lesser extent, extinction after signal attenuation
both produce excessive lever presses (ELP), followed by magazine entry (ELP
completed, or ELP-C) extinction after signal attenuation additionally produces ELP
not followed by magazine entry (ELP uncompleted, or ELP-U). According to the
authors, ELP-C reflects rats’ responses to nonreward, while ELP-U reflects
response to the encounter of an attenuated signal and constitutes the model’s focal
behavior (compulsive lever pressing).

It has been demonstrated that the model is sensitive to serotonergic manipula-
tions since administration of SSRIs (paroxetine and fluvoxamine) had an “anticom-
pulsive” effect on “compulsive” lever pressing (Joel et al. 2004; Joel and Doljansky
2003). Although there are no studies investigating the contribution of distinct 5-HT
receptor subtypes, it has been recently reported that the 5-HT,,, but not the 5-HT,,,
receptor subtype is implicated in inhibitory control. Specifically, 5-HT,, receptor
blockade following administration of the selective 5-HT,. receptor antagonist RS
102221 reduced compulsivelever pressing, an effect mediated within the orbitof-
rontal cortex (Flaisher-Grinberg et al. 2008) (Fig. 23.3).

[AUS]


Vasilis Boulougouris
Cross-Out

Vasilis Boulougouris
Replacement Text
 et al. unpublished observations


Author's Proof

[AU9]

23 The Role of Serotonin on Attentional Processes and Executive Functioning

a SYSTEMIC ADMINISTRATION
OF 5-HT2C RECEPTOR ANTAGONIST
80 —
> 7g Ovehicle = [
g [ 2 mg/kg
o 601 Rs102221 r
L
(o] 50 g -
@
o 40 1 L
5
= 30 - F
s 20 4 [
Q
= 10 i
0 ! L
Regular Extinction Signal Attenuation
PROCEDURE
INTRA-OFC INFUSIONS
b OF 5-HT2C RECEPTOR ANTAGONIST
35 4
O vehicle
o 4 !
a7 mers 102221 A
E 251 I
o
s 201 I
2 T
5 151 I
z
g 10 e -
Q
= 54 -
D b
Regular Extinction Signal Attenuation

PROCEDURE

Fig. 23.3 (a) Effects of systemic administration of the 5-HT, . receptor antagonist RS 102221 on
excessive uncompleted lever presses (ELP-U) in the posttraining signal attenuation and regular
extinction procedures. (b) Effects of intra-OFC infusions of RS 102221 on the same behavioral
measure in both procedures (Adapted from Flaisher-Grinberg et al. 2008)

23.7 5-HT, Receptors and Clinical Implications

Studies on the involvement of 5-HT, receptors in attentional processes and
executive control may be relevant to various neuropsychiatric disorders. The
evidence emerging from studies in the SCSRTT suggests that serotonergic
modulation in the mPFC and the NAc can increase attentional selectivity and
decrease impulsivity via 5-HT,, and 5-HT,, receptors. These findings bear clini-
cal relevance, given that some atypical antipsychotics have 5-HT,, receptor
antagonist actions that may potentially contribute to a procognitive effect in
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schizophrenia (Meltzer et al. 2003). The opposing effects of 5-HT,, and 5-HT,_
receptor antagonism on premature responding in the SCSRTT (Winstanley et al.
2004) indicate that selective 5-HT,, receptor antagonists and/or 5-HT,, receptor
agonists may have beneficial effects in psychiatric disorders where coexisting
impulsivity is often present, including attention deficit hyperactivity disorder,
schizophrenia, and substance abuse.

Finally, the Boulougouris et al. (2008) data may be useful in relieving reversal
deficits such as those noted in Huntington disease. In fact, they may deserve con-
sideration as a means of controlling compulsivity in the context of OCD. The latter
is strengthened by the anticompulsive effect of 5-HT, . receptor antagonism on the
reinforced spatial alternation and signal attenuation tasks.

23.8 Conclusions

This survey provides an integrative account of the contribution of serotonin, with
emphasis on the 5-HT,. receptor subtype, to specific aspects of attentional pro-
cesses and executive functioning as they emerge from experimental animal work.
Four tasks allowing translational study have been used to that purpose:

1. The SCSRTT, an analogue of the human CPT, is designed to measure several
attentional operations with an emphasis on sustained attention or vigilance.

2. Attentional set shifting including reversal, intra- and intradimensional shifts, as
the human WCST, tap attentional flexibility, that is the ability of humans and
animals to develop and maintain higher-order rules, and shift attention according
to changing reward contingencies.

3. The reinforced spatial alternation assesses working memory and other executive
functions as well as persistent behavior.

4. Finally, the signal attenuation task addresses the issue of behavioral control by
means of inhibition of activities that no longer serve environmental demands.

Taken together, the findings detailed above highlight the specificity of influences
that the serotonin system has on overall prefrontal executive control, acting to
promote distinct components of prefrontal processing in a context-dependent man-
ner. Future directions must focus toward the definition of the specific aspects of
attentional functions in which the serotonergic system is acting to influence pre-
frontal processing.

_References

Aghajanian GK, Marek GJ (1997) Serotonin induces excitatory postsynaptic potentials in apical
dendrites of neocortical pyramidal cells. Neuropharmacology 36:589-599.

Araneda R, Andrade R (1991) 5-Hydroxytryptamine2 and 5-hydroxytryptamine 1A receptors
mediate opposing responses on membrane excitability in rat association cortex. Neuroscience
40:399-412.


Vasilis Boulougouris
Inserted Text
Acknowledgements
VB would like to thank the Bodossaki Foundation for funding.



Author's Proof

23 The Role of Serotonin on Attentional Processes and Executive Functioning

Barnes NM, Sharp T (1999) A review of central 5-HT receptors and their function.
Neuropharmacology 38:1083-1152.

Bonvento G, Scatton B, Claustre Y, et al (1992) Effect of local injection of 8-OH-DPAT into the
dorsal or median raphe nuclei on extracellular levels of serotonin in serotonergic projection
areas in the rat brain. Neurosci Lett 137:101-104.

Boulougouris V, Robbins TW (2010) Enhancement of spatial reversal learning by 5-HT2C recep-
tor antagonism is neuroanatomically specific. J] Neurosci 30:930-938.

Boulougouris V, Tsaltas E (2008) Serotonergic and dopaminergic modulation of attentional pro-
cesses. Prog Brain Res 172:517-42.

Boulougouris V, Dalley JW, Robbins TW (2007) Effects of orbitofrontal, infralimbic and prelimbic
cortical lesions on serial spatial reversal learning in the rat. Behav Brain Res 179:219-228.
Boulougouris V, Glennos JC, Robbins TW (2008) Dissociable effects of selective 5-HT2A and
5-HT2Creceptorantagonistsonserial spatialreversal learninginrats. Neuropsychopharmacology

33:2007-2019.

Burnet PW, Eastwood SL, Lacey K, et al (1995) The distribution of 5-HT1A and 5-HT2A receptor
mRNA in human brain. Brain Res 676:157-168.

Carli M, Samanin R (2000) The 5-HT(1A) receptor agonist 8-OH-DPAT reduces rats’ accuracy of
attentional performance and enhances impulsive responding in a five-choice serial reaction time
task: role of presynaptic 5-HT(1A) receptors. Psychopharmacology (Berl) 149: 259-268.

Carli M, Robbins TW, Evenden JL, et al (1983) Effects of lesions to ascending noradrenergic neurones
on performance of a 5-choice serial reaction task in rats; implications for theories of dorsal nora-
drenergic bundle function based on selective attention and arousal. Behav Brain Res 9:361-380.

Carli M, Baviera M, Invernizzi RW, et al (2006) Dissociable contribution of 5-HT1A and 5-HT2A
receptors in the medial prefrontal cortex to different aspects of executive control such as
impulsivity and compulsive perseveration in rats. Neuropsychopharmacology 31:757-767.

Celada P, Puig MV, Casanovas JM, et al (2001) Control of dorsal raphe serotonergic neurons by
the medial prefrontal cortex: involvement of serotonin-1A, GABA(A), and glutamate recep-
tors. J Neurosci 21:9917-9929.

Chudasama Y, Robbins TW (2003) Dissociable contributions of the orbitofrontal and infralimbic
cortex to pavlovian autoshaping and discrimination reversal learning: further evidence for the
functional heterogeneity of the rodent frontal cortex. J Neurosci 23:8771-8780.

Chudasama Y, Passetti F, Rhodes SE, et al (2003) Dissociable aspects of performance on the
5-choice serial reaction time task following lesions of the dorsal anterior cingulate, infralimbic
and orbitofrontal cortex in the rat: differential effects on selectivity, impulsivity and compul-
sivity. Behav Brain Res 146: 105-119.

Clarke HF, Dalley JW, Crofts HS, et al (2004) Cognitive inflexibility after prefrontal serotonin
depletion. Science 304:878-880.

Clarke HF, Walker SC, Crofts HS, et al (2005) Prefrontal serotonin depletion affects reversal
learning but not attentional set shifting. J Neurosci 25:532-538.

Clarke HF, Walker SC, Dalley JW, et al (2007) Cognitive inflexibility after prefrontal serotonin
depletion is behaviorally and neurochemically specific. Cereb Cortex 17: 18-27.

Clarke HF, Robbins TW, Roberts AC (2008) Lesions of the medial striatum in monkeys produce
perseverative impairments during reversal learning similar to those produced by lesions of the
orbitofrontal cortex. J Neurosci 28:10972-10982.

Di Matteo V, Di Giovanni G, Esposito E (2000) SB 242084: a selective 5-HT(2C) receptor antago-
nist. CNS Drug Rev 6:195-205.

Di Matteo V, De Blasi A, Di Giulio C, et al (2001) Role of 5-HT(2C) receptors in the control of
central dopamine function. Trends Pharmacol Sci 22:229-232.

Dias R, Robbins TW, Roberts AC (1996) Dissociation in prefrontal cortex of affective and atten-
tional shifts. Nature 380, 69-72.

Evers EA, Cools R, Clark L, et al (2005). Serotonergic modulation of prefrontal cortex during nega-
tive feedback in probabilistic reversal learning. Neuropsychopharmacology 30: 1138-1147.
Flaisher-Grinberg S., Klavir O, Joel D (2008) The role of 5-HT2A and 5-HT2C receptors in the
signal attenuation rat model of obsessive-compulsive disorder. Int J Neuropsychopharmacol

11:811-825.

405
406
407
408
409
410
411
412
413
414
415
416
417
418
419
420
421
422
423
424
425
426
427
428
429
430
431
432
433
434
435
436
437
438
439
440
441
442
443
444
445
446
447
448
449
450
451
452
453
454
455
456
457
458
459



Author's Proof

460
461
462
463
464
465
466
467
468
469
470
471
472
473
474
475
476
477
478
479
480
481
482
483
484
485
486
487
488
489
490
491
492
493
494
495
496
497
498
499
500
501
502
503
504
505
506
507
508
509
510
511
512
513

E. Tsaltas and V. Boulougouris

Fletcher PJ, Grottick AJ, Higgins GA (2002) Differential effects of the 5-HT(2A) receptor antago-
nist M100907 and the 5-HT(2C) receptor antagonist SB242084 on cocaine-induced locomotor
activity, cocaine self-administration and cocaine-induced reinstatement of responding.
Neuropsychopharmacology 27:576-586.

Francis PT, Pangalos MN, Pearson RC, et al (1992) 5-HydroxytryptaminelA but not
5-hydroxytryptamine?2 receptors are enriched on neocortical pyramidal neurones destroyed by
intrastriatal volkensin. J Pharmacol Exp Ther 261:1273-1281.

Givens B, Olton DS (1995) Bidirectional modulation of scopolamine-induced working memory
impairments by muscarinic activation of the medial septal area. Neurobiol Learn Mem
63:269-276.

Gobert A, Millan MJ (1999) Serotonin (5-HT)2A receptor activation enhances dialysate levels of
dopamine and noradrenaline, but not 5-HT, in the frontal cortex of freely-moving rats.
Neuropharmacology 38:315-317.

Gobert A, Rivet JM, Lejeune F, et al (2000) Serotonin(2C) receptors tonically suppress the activity
of mesocortical dopaminergic and adrenergic, but not serotonergic, pathways: a combined
dialysis and electrophysiological analysis in the rat. Synapse 36: 205-221.

Graf M, Kantor S, Anheuer ZE, et al (2003) m-CPP-induced self-grooming is mediated by
5-HT2C receptors. Behav Brain Res 142:175-179.

Hajos M, Hajos-Korcsok E, Sharp T (1999) Role of the medial prefrontal cortex in 5-HT1A
receptor-induced inhibition of 5-HT neuronal activity in the rat. Br J Pharmacol
126:1741-1750.

Harrison AA, Everitt BJ, Robbins TW (1997) Central 5-HT depletion enhances impulsive
responding without affecting the accuracy of attentional performance: interactions with dop-
aminergic mechanisms. Psychopharmacology (Berl) 133:329-342.

Higgins GA, Enderlin M, Haman M, et al (2003) The 5-HT2A receptor antagonist M100,907
attenuates motor and “impulsive-type” behaviors produced by NMDA receptor antagonism.
Psychopharmacology (Berl) 170:309-319.

Hollander E, Rosen J (2000) Impulsivity. J Psychopharmacol, 14: S39-S44.

Hoyer D, Hannon JP, Martin GR (2002) Molecular, pharmacological and functional diversity of
5-HT receptors. Pharmacol Biochem Behayv 71:533-554.

Humphrey PP, Hartig P, Hoyer D (1993) A proposed new nomenclature for 5-HT receptors.
Trends Pharmacol Sci 14:233-236.

Joel D, Avisar A (2001) Excessive lever pressing following post-training signal attenuation in rats:
a possible animal model of obsessive compulsive disorder? Behav Brain Res 123:77-87.

Joel D, Doljansky J (2003) Selective alleviation of compulsive lever-pressing in rats by D1, but
not D2, blockade: possible implications for the involvement of D1 receptors in obsessive-
compulsive disorder. Neuropsychopharmacology 28:77-85.

Joel D, Avisar A, Doljansky J (2001) Enhancement of excessive lever-pressing after post-training
signal attenuation in rats by repeated administration of the D1 antagonist SCH 23390 or the
D2 agonist quinpirole, but not the D1 agonist SKF 38393 or the D2 antagonist haloperidol.
Behav Neurosci 115:1291-1300.

Joel D, Ben-Amir E, Doljansky J, et al (2004) “Compulsive” lever-pressing in rats is attenuated
by the serotonin re-uptake inhibitors paroxetine and fluvoxamine but not by the tricyclic anti-
depressant desipramine or the anxiolytic diazepam. Behav Pharmacol 15:241-252.

Joel D, Doljansky J, Roz N, et al (2005a) Role of the orbital cortex and of the serotonergic system
in a rat model of obsessive compulsive disorder. Neuroscience 130:25-36.

Joel D, Doljansky J, Schiller D (2005b) Compulsive’ lever pressing in rats is enhanced following
lesions to the orbital cortex, but not to the basolateral nucleus of the amygdala or to the dorsal
medial prefrontal cortex. Eur J Neurosci 21:2252-2262.

Jones B, Mishkin M (1972) Limbic lesions and the problem of stimulus—reinforcement associa-
tions. Exp Neurol 36:362-377.

Kontis D, Boulougouris V, Papakosta VM, et al (2008) Dopaminergic and serotonergic modulation
of persistent behavior in the reinforced spatial alternation model of obsessive-compulsive
disorder. Psychopharmacology (Berl) 200:597-610.



Author's Proof

[AU10]

23 The Role of Serotonin on Attentional Processes and Executive Functioning

Koskinen T, Ruotsalainen S, Puumala T, et al (2000) Activation of 5-HT2A receptors impairs
response control of rats in a five-choice serial reaction time task. Neuropharmacology
39:471-481.

Lopez-Gimenez JF, Mengod G, Palacios JM, et al (1997) Selective visualization of rat brain
5-HT2A receptors by autoradiography with [3HIMDL 100,907. Naunyn Schmiedebergs Arch
Pharmacol 356:446-454.

Marek GJ, Aghajanian GK (1995) Protein kinase C inhibitors enhance the 5-HT2A receptor-mediated
excitatory effects of serotonin on interneurons in rat piriform cortex. Synapse 21:123-130.

Martin-Ruiz R, Puig MV, Celada P, et al (2001) Control of serotonergic function in medial
prefrontal cortex by serotonin-2A receptors through a glutamate-dependent mechanism.
J Neurosci 21:9856-9866.

Meltzer HY, Li Z, Kaneda Y, Ichikawa J (2003) Serotonin receptors: their key role in drugs to treat
schizophrenia. Prog Neuropsychopharmacol Biol Psychiatry 27:1159-1172.

Millan MJ, Dekeyne A, Gobert A (1998) Serotonin (5-HT)2C receptors tonically inhibit dop-
amine (DA) and noradrenaline (NA), but not 5-HT, release in the frontal cortex in vivo.
Neuropharmacology 37:953-955.

Morilak DA, Garlow SJ, Ciaranello RD (1993) Immunocytochemical localization and description
of neurons expressing serotonin2 receptors in the rat brain. Neuroscience 54:701-717.

Morilak DA, Somogyi P, Lujan-Miras R, et al (1994) Neurons expressing 5-HT2 receptors in the
rat brain: neurochemical identification of cell types by immunocytochemistry.
Neuropsychopharmacology 11:157-166.

Owen AM, Roberts AC, Hodges JR, et al (1993) Contrasting mechanisms of impaired attentional
set-shifting in patients with frontal lobe damage or Parkinson’s disease. Brain 116: 1159-1175.

Palacios JM, Waeber C, Hoyer D, et al (1990) Distribution of serotonin receptors. Ann N 'Y Acad
Sci 600:36-52.

Papakosta VM, Boulougouris V, Kalogerakou S, et al. 5-HT2C but not 5-HT2A receptor blockade
modulates pharmacologically induced persistence in the spatial alternation model of obses-
sive-compulsive disorder (submitted manuscript).

Parasuraman R (1998) The attentive brain: issues and concepts. In: Parasuraman R, ed. The
Attentive Brain. Cambridge, MA: MIT Press, pp. 3—15.

Park SB, Coull JT, McShane RH, et al (1994). Tryptophan depletion in normal volunteers pro-
duces selective impairments in learning and memory. Neuropharmacology 33:575-588.

Pazos A, Cortes R, Palacios JM (1985) Quantitative autoradiographic mapping of serotonin recep-
tors in the rat brain. II. Serotonin-2 receptors. Brain Res 346:231-249.

Pazos A, Probst A, Palacios JM (1987) Serotonin receptors in the human brain — IV.
Autoradiographic mapping of serotonin-2 receptors. Neuroscience 21:123-139.

Rawlins JN, Olton DS (1982) The septo-hippocampal system and cognitive mapping. Behav Brain
Res 5:331-358.

Rawlins JN, Tsaltas E (1983) The hippocampus, time and working memory. Behav Brain Res
10:233-262.

Rick CE, Stanford IM, Lacey MG (1995) Excitation of rat substantia nigra pars reticulata neurons
by 5-hydroxytryptamine in vitro: evidence for a direct action mediated by 5-hydroxytryptam-
ine2C receptors. Neuroscience 69:903-913.

Robbins TW (2002) The 5-choice serial reaction time task: behavioral pharmacology and func-
tional neurochemistry. Psychopharmacology (Berl) 163:362-380.

Robbins TW (2005) Chemistry of the mind: neurochemical modulation of prefrontal cortical func-
tion. J Comp Neurol 493:140-146.

Robinson ES, Dalley JW, Theobald DE, et al (2008) Opposing roles for 5-HT2A and 5-HT2C
receptors in the nucleus accumbens on inhibitory response control in the 5-choice serial reac-
tion time task. Neuropsychopharmacology 33:2398-2406.

Rogers RD, Blackshaw AJ, Middleton HC, et al (1999) Tryptophan depletion impairs stimulus-
reward learning while methylphenidate disrupts attentional control in healthy young adults:
implications for the monoaminergic basis of impulsive behavior. Psychopharmacology (Berl),
146:482-491.

514
515
516
517
518
519
520
521
522
523
524
525
526
527
528
529
530
531
532
533
534
535
536
537
538
539
540
541
542
543
544
545
546
547
548
549
550
551
552
553
554
555
556
557
558
559
560
561
562
563
564
565
566
567



Author's Proof

568
569
570
571
572
573
574
575
576
577
578
579
580
581
582
583
584
585
586
587
588
589
590
591
592
593
594
595

E. Tsaltas and V. Boulougouris

Schoenbaum G, Nugent SL, Saddoris MP, et al (2002) Orbitofrontal lesions in rats impair reversal
but not acquisition of go, no-go odor discriminations. Neuroreport 13:885-890.

Sheldon PW, Aghajanian GK (1991) Excitatory responses to serotonin (5-HT) in neurons of the
rat piriform cortex: evidence for mediation by 5-HT1C receptors in pyramidal cells and 5-HT2
receptors in interneurons. Synapse 9:208-218.

Talbot PS, Watson DR, Barrett SL, et al (2006) Rapid tryptophan depletion improves decision-
making cognition in healthy humans without affecting reversal learning or set shifting.
Neuropsychopharmacology 31:1519-1525.

Tsaltas E, Kontis D, Chrysikakou S, et al (2005) Reinforced spatial alternation as an animal model
of obsessive-compulsive disorder (OCD): investigation of 5-HT2C and 5-HT1D receptor
involvement in OCD pathophysiology. Biol Psychiatry 57:1176-1185.

Winstanley CA, Chudasama Y, Dalley JW, et al (2003a) Intra-prefrontal 8-OH-DPAT and
M100907 improve visuospatial attention and decrease impulsivity on the five-choice serial
reaction time task in rats. Psychopharmacology (Berl) 167:304-314.

Winstanley CA, Dalley JW, Theobald DE, et al (2003b) Global 5-HT depletion attenuates the
ability of amphetamine to decrease impulsive choice on a delay-discounting task in rats.
Psychopharmacology (Berl) 170: 320-331.

Winstanley CA, Theobald DE, Dalley JW, et al (2004) 5-HT2A and 5-HT2C receptor antagonists
have opposing effects on a measure of impulsivity: interactions with global 5-HT depletion.
Psychopharmacology (Berl) 176:376-385.

Winstanley CA, Theobald DE, Dalley JW, et al (2005) Interactions between serotonin and dop-
amine in the control of impulsive choice in rats: therapeutic implications for impulse control
disorders. Neuropsychopharmacology 30:669-682.

Wright DE, Seroogy KB, Lundgren KH, et al (1995) Comparative localization of serotoninlA,
1C, and 2 receptor subtype mRNAs in rat brain. ] Comp Neurol 351:357-373.

Yamauchi M, Tatebayashi T, Nagase K, et al (2004) Chronic treatment with fluvoxamine desen-
sitizes 5-HT2C receptor-mediated hypolocomotion -in rats. Pharmacol Biochem Behav
78:683-689.



Author's Proof

Author Queries

Chapter No.: 23 0001196222

Queries

Details Required

Author’s Response

AUl

OK as meant?

AU2

Please spell out acronyms at first mention in chapter.

AU3

OK as meant?

AU4

Permission needed here?

AUS

Permission needed here?

AU6

Cross-ref. OK?

AU7

OK as meant?

AU8

Permission needed here?

AU9

Permission needed here?

AU10

Please update if available here.




	Chapter 23: The Role of Serotonin on Attentional Processes and Executive Functioning: Focus on 5-HT2C Receptors
	23.1 Introduction
	23.2 5-HT Receptor Subtypes
	23.2.1 5-HT2A Receptor Subtypes
	23.2.2 5-HT2C Receptor Subtypes

	23.3 5-HT and the Five-Choice Serial Reaction Time Task (5CSRTT)
	23.4 5-HT and Reversal Learning
	23.5 5-HT and the Reinforced Spatial Alternation Task
	23.6 5-HT and the Signal Attenuation Task
	23.7 5-HT2 Receptors and Clinical Implications
	23.8 Conclusions
	References




