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About the illustration: schematic models of neural network shifting during 
attentional set shifting 
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In all chaos there is a cosmos, in all disorder a secret order.  
- Carl Jung -  

 

 

 

Summary of results and general discussion 

This project was concerned with what is considered the cardinal function of the 
prefrontal cortex, i.e. cognitive control, and our particular interest was to examine the 
neural mechanisms of control of attention and shifting attentional set involving the rat 
mPFC. To understand the neural basis of attention and attentional set shifting in the 
rat mPFC with the multi-tetrode recording technique, first, a behavioral setup was 
constructed with the aim of presenting multimodal stimuli to rats that can be trained 
to sample sensory stimuli under conditions of strong behavioral regularity, and with 
precise temporal control of stimulus onset. To train animals to associate singular or 
compound stimuli with contingent reinforcement, the cage was equipped with a fluid 
well where positively or negatively reinforcing fluids (sucrose and quinine solution) 
were delivered. Rats learned a Go/NoGo multimodal discrimination task which 
started from a unimodal or simple discrimination (SD, i.e. olfactory) phase in which 
the rat discriminated two odour exemplars and were then transferred to further task 
stages whenever the rat met certain behavioral criteria (compound discrimination, CD; 
intradimensional set shifting, IDS; extradimensional set shifting, EDS; and sensory 
control phase, if possible). The methodological validity of the multimodally cued 
(MMC) system was assessed in chapter 2.  

In neurophysiological research on neural coding, cognition and neural plasticity, 
there is a clear rationale to choose the rat as experimental animal model: a great deal 
of anatomical, behavioral and physiological data are available about this species, and 
its abilities are sufficiently developed and varied to study a broad range of cognitive 
functions. Another species, more closely akin to humans, is the macaque and many 
researchers consider this animal is optimal for studies on top-down cognitive control 
in view of its cognitive abilities, and similarity of the macaque and human brain 
(Petrides and Pandya, 2002). However, as discussed elsewhere (Seamans et al., 1995; 
Ongur and Price, 2000; Brown and Bowman, 2002; Uylings et al., 2003), rodent 
mPFC and primate dorsolateral PFC (dlPFC) have been pointed out to share at least 
some functions in behavior and cognition, especially in the domain of attentional 
control, attentional set shifting and working memory (Dias et al., 1996b; Kesner et al., 
1996; Brown and Bowman, 2002). The mechanisms of cognitive control in primates 
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are likely more complex and applicable to a larger variety of cognitive repertoires than 
in rats. Nonetheless, if a less complex system is governed by fundamental principles 
for guiding the animal to a goal or for controlling attention, these principles may apply 
to more complex systems as well. Therefore, it is important to understand the neural 
mechanism of cognitive control in rather ´simple´ brain systems (if the rat´s central 
nervous system could be considered as such in comparison to primates), using a 
behavioral task which taps into similar cognitive functions as expressed in more highly 
developed systems.  

Because the mPFC of the rat is anatomically well positioned to process multimodal 
information (Fig.1B in chapter 1; Groenewegen et al., 1997; Ongur and Price, 2000; 
Uylings et al., 2003), the study of crossmodal interactions can aid us in understanding 
the integrative capacities of higher associational structures (Macaluso et al., 2001; 
Sugihara et al., 2006). Having thus reiterated our rationale for using the rat as species 
of choice, it should be noted that the behavioral setup we constructed would be 
amenable for further expansion and development. For instance, a further level of 
sophistication in analyzing behavioral regularity may be achieved by addition of eye-
tracking methods. By applying image analysis on the data obtained with a camera that 
was placed inside the MMSC (see Fig.3-1), it should be feasible to track eye and head 
movement of rats more precisely. Thus, by further improving the methodology for 
studying behavior regularity, it is expected that the ethically burdened use of monkeys 
can be further avoided in studies on cognitive control. 

Following methodological validation, ensemble recordings were made from the 
mPFC of rats subjected to several task stages of the multimodal discrimination task, 
i.e, from unimodal to compound discrimination (chapter 3) and the full sequence of 
SD-CD-IDS-EDS or SD-CD-EDS and sensory control phases (chapter 4 and 5) that 
were laid out across single or consecutive sessions. Behaviorally, rats were generally 
well capable of coping with the successive cognitive, attentional and affective 
transitions, as their performance, measured by reaction times and accuracy, remained 
high until the EDS stage was reached. It is interesting to note that all animals were 
slower in shifting their attentional set to a previously irrelevant dimension (EDS, 
Fig.4-3 in chapter 4), as noted in earlier, behavioral literature (Birrell and Brown, 2000).  

Reflecting on the results presented in Chapter 3, we found that, when irrelevant 
information was presented simultaneously with relevant information in the stimulus 
sampling phase, neural responses to irrelevant stimuli tended to occur later in time 
than those to relevant stimuli, which suggests (despite the small number of neurons 
tested) that not only differential firing-rate coding but also the timing of processing 
within and following the sensory sampling period may be instrumental to attentional 
selection and its coupling to motor output. Thus the subset of mPFC neurons 
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showing shifts in response timing suggests that relevant information is processed first, 
when relevant and irrelevant stimuli are presented simultaneously.  

How does the mPFC selectively handle relevant information first? We propose a 
hypothesis on the neural mechanism underlying this phenomenon: the mPFC may 
delay processing of irrelevant information by inhibitory processes which may involve, 
for instance, feed-forward GABAergic circuits regulating processing of sensory inputs 
reaching mPFC, or recurrent GABAergic inhibition within this structure. Moreover, 
depending on reward coupling, synaptic pathways to the mPFC conveying sensory 
inputs may be subject to LTP or LTD induction (cf. Kim et al., 2003), guided by 
principles of STDP (spike-timing dependent potentiation, Abbott and Nelson, 2000), 
and the strength of the afferent input may then determine which input excites mPFC 
pyramidal neurons first and which other input would be delayed because of 
GABAergic suppression exerted by the dominant input. Applying STDP in this 
scheme, the synaptic strenghts of afferent fibers carrying relevant or irrelevant 
information may be modified depending on when an mPFC neuron fires relative to 
the activity of sensory afferents.  

Moreover, in chapter 3 we found that the temporal structure of mPFC ensemble 
activity was largely preserved for correctly performed trials after introducing distracter 
stimuli, but not for erroneous Go responses. This supports the idea that temporal 
mPFC ensemble structure represents the active coding of trial events within task 
context, or attentional set (cf. Mulder et al., 2003), which needs to be maintained from 
trial start to end in order for the trial sequence to be executed as planned. (chapter 3). 
This contrasts with the concept of a ´passive´ monitoring that may follow external 
events and actions, which would be inconsistent with the dissimilarity in firing 
patterns for different types of behaviorally similar Go trials (i.e., Hits and False 
Alarms). We may further examine the concept of ´active task representation´ by 
experimental disruption of mPFC activity using injection of neuromodulatory 
substances (Sawaguchi and Goldman-Rakic, 1994), electrical (Butovas and Schwarz, 
2003) or optogenetic stimulation (Miller, 2006). 

How the mPFC may help to shift an animal´s attentional set was described in 
chapter 4 at the single cell level and chapter 5 at the ensemble level. Our data suggest 
that the mPFC may exert attentional control via different neural mechanisms. When 
the animal was required to maintain its attentional set despite distracters or stimulus 
novelty (CD and IDS), mPFC neurons mainly showed rate modulations, i.e. 
enhancements or decrements of firing rate. When the relevance of dimension was 
changed, however, a set of more profound neural firing changes was observed, 
including the increased incidence of temporal modulation (i.e the onset of neural 
activity that correlated with relevant stimuli shifted to earlier time points), and the 
emergence of a new set of neural activity which correlated with the new relevant 
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dimension (Fig.4-5,6 in chapter 4). Despite the low overall incidence of temporal 
shifts, they consistently took place in an advancing temporal direction (Fig.4-6B, 
Table.4-1), which was statistically significant (P<0.03, binomial test). Thus, the 
temporal reorganization of mPFC firing activity may be crucial to shift attentional set 
to a previously irrelevant dimension. How may this temporal reorganization occur in 
the mPFC network? In the context of attentional control, temporal organization of 
mPFC-related networks may subserve the prioritization and further organization of 
relevant and irrelevant information processing to optimize behavioral control to reach 
a goal. In cognitive control, relevant information needs to be protected while 
irrelevant information can be disregarded. However, when an animal´s strategy in 
coping with the external environment does not satisfy an internal homeostatic drive 
(or, subjectively, a ´desire´) anymore, the system needs to be flexible to obtain 
statistically reliable information about new reinforcement contingencies. Thus the 
system needs to recruit new sets of neurons by prioritization of stimuli in the new 
relevant dimension, which convey information about future outcomes with high 
likelihood. Above we already alluded to mechanisms of inhibition and plasticity as 
potential neural substrates for implementing such prioritization. In general support of 
excitability changes during the IDS-to-EDS transition, some units showed a 
´disinhibition´ (firing-rate increment) correlated to previously irrelevant stimuli and a 
suppression of activity correlated to previously relevant stimuli (Fig.4-6). 

Besides discussing the neural mechanisms of attentional set shifting, it is 
worthwhile to consider how the firing pattern changes we observed correlate to 
different cognitive components of the task. Based on our data (Fig.4-6A) and 
Mackintosh’s theory of selective attention in discrimination learning (Mackintosh, 
1975), it is relevant for the current discussion to distinguish two cognitive phenomena 
in cognitive control, i.e. coding of stimulus dimension (sensory aspects of attention) 
and of preparation for action (a component also labeled as ´executive attention´; 
Chudasama et al., 2003; Fuster, 2008). When previously irrelevant information 
becomes relevant, both processes need to be updated in order to adapt behavior to 
new attentional demands. In short, one needs to know which type of stimulus is 
currently relevant, but also how to respond to it.  

Our data suggest that, when the rat succeeded in EDS, the ensemble activity 
correlated to the previously relevant dimension was significantly decreased compared 
to the SD-CD-ID phase; this activity correlated in particular to the transitional stage 
from stimulus sampling to movement, thus when we may assume that decisions were 
made and the animal prepared for action (Fig.3-7 unit B and Fig.4-6A unit B). 
Moreover, new activity correlating to these processes emerged (Fig.4-5 and Fig.5-4). 
However, when the rat performed poorly in EDS, the late activity correlating to action 
preparation was similar to the SD-CD stages (Fig.5-3).  
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Brain areas and neuromodulators involved in attentional set shifting:  
striatum, thalamus, ventral tegmental area, locus coeruleus and mPFC 

Multimodal attentional set shifting task comprises a range of cognitive or 
computational problems which are mediated by several cooperating brain areas, 
including fronto-striatal-thalamic circuitry (Robbins, 1996; Birrell and Brown, 2000; 
Crofts et al., 2001; Meck and Benson, 2002; Kondo et al., 2004; Floresco et al., 2006a; 
Block et al., 2007; Ragozzino, 2007; Ng et al., 2007; Johnston et al., 2007), the frontal-
sensory cortical networks (Yamaguchi and Knight, 1990; Fox et al., 2003), and frontal-
locus coeruleus (LC) and frontal-ventral tegmental area (VTA) interactions (Mantz et 
al., 1988; Aston-Jones et al., 1999). Previous research revealed functional and 
anatomical dissociations between the mPFC, lateral PFC and OFC in rats and 
primates, and even within subregions of the mPFC functional dissociations have been 
demonstrated, e.g. between the dorsal part of mPFC (anterior cingulate area, ACg, and 
dorsal prelimbic area, dPL), and the ventral part of mPFC (ventral prelimbic area, vPL 
and infralimbic area, IL) (reviews: Heidbreder and Groenewegen, 2003; Dalley et al., 
2004).  

Different regions of the mPFC show distinct roles in attentional set shifting and 
cognitive flexibility, while the OFC is specifically involved in reversal learning, perhaps 
by formation and/or maintenance of stimulus-reward associations and by inhibiting 
the expression of the previously acquired associations (Ragozzino, 2007); however, the 
Robbins group has argued that response inhibition is not a specific function of OFC 
(Chudasama and Robbins, 2003). The PL shows a major involvement in shifting 
behavioral strategies, possibly by the initial inhibition of a previously learned strategy 
and the formation of a new strategy (chapter 4 and chapter 5, Ragozzino et al., 2003). 
The ACg has been implicated in monitoring performance, in evaluating actual action-
outcome associations in conflict situations, and in enhancing cognitive flexibility by 
decreasing interference by irrelevant stimuli (Seamans et al., 1995; Ragozzino and 
Rozman, 2007). In contrast, the IL has been implicated in reflexive responding and 
formation or maintenance of stimulus-response habits by inhibiting current tendencies 
toward goal directed action (Killcross and Coutureau, 2003). The IL may also 
contribute to reversal learning by maintaining a new stimulus-response association 
once it has been selected (Killcross and Coutureau, 2003; Chudasama and Robbins, 
2003; Ragozzino et al., 2003; Ragozzino, 2007). These functional dissociations are 
mirrored by a distinct neuroanatomy. Different cortical efferents from PFC to 
striatum are topographically organized (Voorn et al., 2004). More dorsal parts of 
mPFC (ACg and PL) and OFC project to the medial region of the dorsal striatum 
(Berendse et al., 1992; Brog et al., 1993) and to the core region of the nucleus 
accumbens (Gorelova and Yang, 1997). In contrast, the IL has a projection to the 
accumbens shell, which is unique among PFC subregions (Vertes, 2004). This distinct 
connectivity may provide an anatomical basis for the differential roles of mPFC and 
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striatal subregions in attentional set shifting and related forms of cognitive flexibility. 
Therefore, different anatomical areas of PFC and of striatum in rats appear to be 
involved in different cognitive functions, which can be conceived of as being 
organized in a hierarchical fashion. For instance, reversal learning requires switching 
of reward contingencies from one specific stimulus exemplar to the other within the 
same stimulus dimension. However, attentional set shifting requires a shift of 
attentional focus to a previously irrelevant dimension, which is a more abstract 
process in the sense that it must generalize across stimuli or stimulus features (Dias et 
al., 1996b; Robbins, 2007; Ragozzino, 2007). 

Successful attentional set shifting comprises several cognitive subprocesses, such as, 
1) detecting the (non-)invalidity of a previously acquired attentional set in view of the 
behavioral goals becoming available after a trial, such as reward; 2) the shifting of 
attention between two perceptual dimensions, including the inhibition of an ´old´ set 
and the enhancement of activity associated with a new set. How is each subprocess set 
up and represented in the brain? Besides local mechanisms involving GABAergic 
inhibition and synaptic plasticity, Floresco and colleagues recently proposed a 
differential involvement of various nodes in the thalamic-fronto-striatal network in a 
strategy shifting task (Floresco et al., 2006a; Block et al., 2007; Floresco et al., 2009). 
Based on their results and findings from other groups, a subprocess has been 
proposed that, when a change of strategy is required, the MD nucleus of the thalamus 
first detects changes in reward contingencies and relays this information to the mPFC. 
Next, the mPFC would change the strategy to adopt a previously irrelevant task 
strategy and would engage a network including the MD and ventral striatum 
(especially, the nucleus accumbens (NAc) core), for acquiring and maintaining the new 
strategy. In addition, the nucleus accumbens shell would engage in learning to ignore 
the irrelevant stimulus (i.e. learned irrelevance, Weiner et al., 1996). In contrast, the 
dorsal striatum would support both reversal learning and extradimensional shifting; 
not so much the initiation of these processes but rather maintaining the selected 
strategy across trials when behavior needs to be changed, e.g. from visual cue 
discrimination to following an egocentric, motor-based response rule such as ´turn 
right´ (Ragozzino, 2007). Therefore, the thalamic-fronto-striatal network may fulfill an 
important “bottom-up” role in attentional set shifting, as it may provide information 
about changes in reward contingencies and about error signals reflecting discrepancies 
between expected and actual reward. Recent findings on the locus coeruleus (LC) 
suggest that top-down control has a crucial role in attentional set shifting as well. In 
addition to responding to a particular stimulus, LC firing activity shows responses that 
are time-locked to a behavioral action in a task-relevant dimension. Moreover, the LC 
receives major top-down cortical inputs from the OFC and the anterior cingulate 
cortex (ACC; Sara et al., 1995; Aston-Jones and Cohen, 2005). Thus, Aston-Jones and 
co-workers (Aston-Jones and Cohen, 2005) suggested that the major cortical 
projections to LC may facilitate changes in LC firing mode from phasic to tonic when 
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a currently active attentional set requires a change. In association with the inputs the 
LC receives from PFC areas, it may ´scan´ possible new sets or foci of attention 
broadly (summarized in Fig.6-1). 

 

 

In addition to findings indicating different neural pathways having varying 
information-processing functions in attentional set shifting, changing attentional 
demands also appear to be coupled to differential patterns of neuromodulator release 
in mPFC (Reviews: Robbins, 1996; Cohen et al., 2004; Dalley et al., 2004; Aston-Jones 
and Cohen, 2005; Sarter et al., 2005; Robbins, 2007; Floresco et al., 2009; Robbins and 

Figure 6-1. Schematic of neural network mediating bottom-up and top-
down components of attentional set shifting based on published evidence 
(Meck and Benson, 2002; Yamaguchi and Knight, 1990; Aston-Jones and 
Cohen, 2005; Ragozzino, 2007; Floresco et al., 2009) and findings and 
hypotheses presented in this thesis. Boxes outlined by thick black lines 
represent areas with a well established role and light orange lines show 
information flow and neuromodulatory effects suggested occurring during 
attentional set shifting. Circles illustrate neuromodulatory areas. Arrows and 
square-lines indicate the direction of information flow and neuromodulatory 
effect, respectively. Abbreviations: ACg, anterior cingulate cortex; DA, 
dopamine; IL, infralimbic cortex; LC, locus coeruleus; MD, mediodorsal 
nucleus of thalamus; NA, noradrenalin; OFC, orbitofrontal cortex; PL, 
prelimbic cortex; VTA, ventral tegmental area.  
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Arnsten, 2009). In addition to our earlier introduction of the neuromodulatory 
systems, we may add here that they often target specific cortical or subcortical cell 
groups. The mesocortical DA system, located in the VTA (ventral tegmental area) and 
SN (substantia nigra), projects most densely to the striatum and prefrontal cortex, 
especially to deep layers of the mPFC (Moore and Bloom, 1978). Noradrenalin (NA) 
is released from fibers originating in the LC and the LC projects to widespread cortical 
and subcortical areas in the brain, especially to superficial layers (when corelease with 
DA) and deep layers in the mPFC (Jones and Moore, 1977; Devoto and Flore, 2006; 
review : Sara, 2009). Serotonin (5-HT) neurons are located in median and dorsal raphe 
nuclei and project to a broad range of brain areas, especially to GABAergic 
interneurons and to the deep layers of the mPFC (Steinbusch, 1981; review: Cools et 
al., 2008). First, dopamine released from fibers originating in the VTA has been 
implicated in signalling errors in reward prediction (Schultz et al., 1997) and may 
thereby contribute to adaptations to violations of established task rules and to the 
formation or adjustment of attentional sets (Crofts et al., 2001; Chudasama and 
Robbins, 2004; Rossetti and Carboni, 2005; Floresco et al., 2006b). Second, evidence 
has accumulated to suggest that noradrenalin originating from the locus coeruleus 
(LC) regulates the balance between focussed and ´scanning´ (i.e., global 
environmental) attention, and plays a crucial role in attentional set shifting (Aston-
Jones et al., 1999; Aston-Jones and Cohen, 2005; Bouret and Sara, 2005; Lapiz and 
Morilak, 2006; Tait et al., 2007; McGaughy et al., 2008; Nagano-Saito et al., 2008). 
Strong NA release in mPFC may induce a reorganization and ´reset´ of mPFC activity 
patterns and its associated network (Cohen et al., 2004; Bouret and Sara, 2005; Dayan 
and Yu, 2006). In contrast, the role of serotonin in PFC has been linked to reversal 
learning, not specifically to attentional set shifting (Winstanley et al., 2006). 

 

A possible mechanism of multimodal attentional set shifting:  
temporal reorganization of mPFC activity in conjunction with 
noradrenalin and dopamine release  

Based on our findings in chapter 3, 4 and 5, a dynamic reorganization of mPFC 
firing activity may be crucial for shifting attentional set to a previously irrelevant 
dimension. But how does a dimensional shifting actually work in the brain? In this 
section we will look deeper into this question, utilizing the knowledge and neural 
hypotheses set out above. First, for dimensional shifting one needs to generalize 
across stimuli, detect family resemblance and carry out categorization. Then, you need 
to direct attention to a selected class or family of stimuli or features. A network for 
detecting family resemblances may give positive feedback to an active representation 
of a stimulus that is currently presented, while suppressing an irrelevant class. 



General discussion 

 110

However, where or how the dimension or rule is encoded in the brain is under debate 
(Duncan, 2001; Wallis et al., 2001; Miller et al., 2002; Freedman and Miller, 2008).  

Integrating our findings with recent evidence from other groups, one possible 
mechanism of attentional set shifting is cooperation between the noradrenalin and 
dopamine systems in the mPFC (Aston-Jones and Cohen, 2005; Bouret and Sara, 
2005; Floresco et al., 2009; Robbins and Arnsten, 2009). Especially, NA may provide a 
signal for the initiation of shifting attentional set and DA may stabilize the 
representation of a new set in mPFC (Aston-Jones and Cohen, 2005; McGaughy et al., 
2008; Robbins and Arnsten, 2009). In addition, the LC may play a role as a temporal 
filter which selects for the occurrence of task-relevant stimuli (Aston-Jones et al., 
1997; Coull and Nobre, 1998) and the level of DA in PFC has been suggested to relate 
to brain mechanisms for timing, and perhaps also time perception, on a scale of 
seconds to minutes; especially the D2 receptor may be involved in these timing 
processes (Meck and Benson, 2002).  

The local tissue concentrations of NA and DA in mPFC show an inverted U-
shaped relationship with PFC-related cognitive abilities, i.e. either too much or too 
little of the neuromodulators impairs PFC function (Williams and Goldman-Rakic, 
1995; Zahrt et al., 1997; Birnbaum et al., 2004, review : Arnsten, 2009). Both types of 
neuromodulatory neurons display relatively low levels of tonic firing in the alert state 
and fire phasically to stimuli that are relevant and/or predict trial outcome, 
respectively (Schultz et al., 1997; Aston-Jones et al., 2000). However, when the animal 
explores new contingencies and responds to novel stimuli, similar to a mildly stressed 
state, NA neurons show a high, tonic firing rate (Aston-Jones and Cohen, 2005). As 
suggested by local injection experiments, NA stimulation of postsynaptic α2a-
adrenergic receptors (ARs) is thought to increase processing of the relevant stimulus 
(enhancing signal in signal-to-noise ratio) in a working memory task, whereas optimal 
stimulation of D1 receptors would decrease irrelevant stimulus processing (decreasing 
´noise´) within the network in the alert state (Schreibe Servan-Schreiber et al., 1990; 
Arnsten, 2000; Floresco and Magyar, 2006). Moreover, cAMP (cyclic adenosine 
monophosphate) signaling in PFC may play an important role in cognitive function, 
for example, in working memory (Taylor et al., 1999). D1 receptors are generally 
coupled by Gs protein, and thereby activate cAMP signaling pathways, whereas α2a-
ARs receptors couple to Gi protein and inhibit cAMP signaling (Vijayraghavan et al., 
2007; Arnsten, 2007). Alpha2a-ARs are localized next to HCN channels on spines, 
and may thus lower the local concentration of cAMP near the channels via Gi-
mediated inhibition of cAMP production (Wang et al., 2007). HCN channels 
(Hyperpolarization-activated, Cyclic Nucleotide-gated cation channels, mediating 

hI  or 

´H-current´) are localized on the heads and necks of dendritic spines in the superficial 
layers of PFC (Lorincz et al., 2002). During the awake and resting state, HCN 
channels are thought to be open, supplied as they are with ambient cAMP (Nolan et 
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al., 2004). 
hI  current in pyramidal neurons in the deep layers of mPFC has been 

implied in the temporal integration of synaptic inputs, in concert with the actions of 
Kir2 and 

leakK  channels (Day et al., 2005). 

Recently, Arnsten’s group suggested a cellular mechanism of these cAMP-gating 
actions of NA and DA based on animal’s state of arousal, viz. when HCN channels 
are opened, thus in the presence of cAMP, nearby synaptic inputs would be shunted 
by a mix of K+ efflux and Na+ influx, which reduces the membrane resistance so that 
the inputs onto that spine are weakened. When, however, the HCN channels are 
closed, thus under the condition of a low cAMP concentration, synaptic inputs are 
optimally transferred to the cell´s soma (Vijayraghavan et al., 2007; Wang et al., 2007). 
Lapiz and Morilak (2006) have shown that systemic i.p. injection of an α2a-adrenergic 
autoreceptor antagonist improves set shifting and that mPFC infusion of postsynaptic 
α1-ARs antagonist blocks these effects. In contrast, a β-1 adrenergic receptor 
antagonist, which likely couples to Gs protein to increase cAMP signaling, was 
ineffective (Lapiz and Morilak, 2006). Moreover, NA and DA can be co-released in 
mPFC possibly from a common origin which is thought be LC (Devoto et al., 2005) 
and terminals are localized in superficial layers. These terminals are thought to be 
regulated by glutamatergic afferents from the MD thalamic nucleus via AMPA 
receptors (Yamamura et al., 2009). This release could be regulated by α2a-ARs as well 
(Devoto and Flore, 2006). Unlike this NA that is co-released with DA, most 
neuromodulatory neurons (DA, NA (selective terminals from LC) and 5-HT) project 
to the deep layers of mPFC and are thought to be modulated by inhibitory 
GABAergic interneurons (Steinbusch, 1981; Lambe et al., 2000; Yamamura et al., 
2009).  

Consequently, neuromodulatory mechanisms may support attention and attentional 
set shifting via co-release of NA and DA in the superficial layers of mPFC, cAMP-
gating actions of NA and DA on the HCN channel, AMPA-receptor mediated 
regulation of NA-DA co-release by glutamatergic afferents from MD thalamus and 
inhibitory regulation by local GABAergic interneurons. Therefore, future studies on 
the PFC will need to consider combined neuromodulatory effects in order to dissect 
neural mechanisms of cognitive control. 

 

Future perspectives and conclusion 

Understanding the neural basis of control of attention and attentional set shifting is 
not only important as a fundamental goal of cognitive neuroscience, but also for 
understanding the neural mechanisms of a range of neuropsychiatic disorders 
involving the frontal lobes including schizophrenia, Parkinson´s disease and ADHD, 
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and even normal aging. The novel insights obtained in this project will hopefully aid 
us in extending our knowledge on the neural basis of neurological and psychiatric 
disorders, which involve the conglomerate of PFC areas. 

As J. Fuster has noted, time is of the essence when it comes to understand the 
prefrontal cortex (Fuster, 2001). Integration of information from other brain areas and 
maintaining relevant information over time is not only making the prefrontal cortex an 
essential brain region for cognitive control in general, but also points to a cardinal 
function of the PFC in attentional control specifically in the temporal domain, involving 
the dynamic regulation of mPFC target areas to convert attended information into 
motor decisions and to attend to selective sensory inputs.  

In fact, we have just begun to understand the functional properties of the PFC as a 
“cognitive manager” in neurodynamics, such as when we discussed our initial 
indications for the rat mPFC controlling temporal representation of behavioral 
variables (chapter 4). A main task for the prefrontal cortex is to link sensory stimuli to 
actions and reward-related states by integration of past and present information and 
by estimation of future prospects, in cooperation with other brain areas. Further 
insight into these matters will require a multidisciplinary approach, including 
computational modeling, systemic and intracranial neuropharmacology, electrical and 
optogenetic stimulation methods, and dynamic ensemble analysis with the aid of other 
disciplines, to fit each piece of the prefrontal puzzle onto others. For example, in 
learning theory, temporal difference models have been applied to understand neural 
mechanisms of reinforcement learning, including dopamine function (Sutton, 1988; 
Schultz et al., 1997). These models can and should be expanded to include prefrontal 
functions in reinforcement learning (cf. Pennartz, 1997). Similarly, the adaptive gain 
theory of Aston-Jones and Cohen was introduced to neuroscience, based on the new 
role of the LC in attentional selection and aided by neural network modeling of 
attentional control at a systems level (Aston-Jones and Cohen, 2005). Based on 
detailed knowledge about NA and DA function, such as how they modulate cellular 
and circuit properties (e.g. EPSPs, IPSPs, LTP, LTD in pyramidal neurons as well as 
interneurons, as well as oscillations), we may develop a neural network model 
integrating findings on mechanisms of attentional set shifting.  

Consequently, future directions of research will be formulated to touch the 
“untouchable” area, the PFC. One of these future avenues, we predict, will be to study 
the combined neuromodulatory effects of NA and DA on dynamically recruited 
neural ensemble activity in the PFC and in other brain areas, i.e., striatum, when 
specialized attentional tasks are carried out. Moreover, aided by new techniques, such 
as optogenetic stimulation (Han et al., 2009), we may selectively perturb 
neuromodulatory effects by intervening in specific parts of neural networks (i.e. DA 
cells in VTA, various layers of the PFC or subregions of the striatum). 


