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irrelevant inputs. W ith the multi-tetrode recording
technique, we aimed to find out what happens in this
brain structure when previously irrelevant information
becomes relevant... The new insights we obtained in
these mechanisms will aid us in extending our
knowledge on the neural basis of neurological
disorders involving the frontal lobes including
schizophrenia, ADHD and Parkinson's disease..."
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Introduction

“If a person’s body does what the brain instructs, then the person is not physically
handicapped. He is normal. The body has to take action. Then you will be happy because
you will receive strength, receive the things you need to receive, and achieve your goals.”
- Joshua Jung -

Imagine, you just moved from Amsterdam to Korea for a new job. Your boss invited
you and your colleagues for a dinner in a Korean restaurant for your welcoming party.
When you arrived in the restaurant, your colleagues took off their shoes and sat on the
floor around tables instead of on a chair with shoes. They used a spoon and chopsticks
instead of knife and fork. When you tried to cheek-kiss instead of shaking hands for
saying goodbye after the dinner, your colleagues were shocked and would run away
from you. To ensure your social well-being in the new environment, you would need to
adjust your behavior. This is an example of cognitive flexibility, which is the ability to
change one’s knowledge and adapt one’s response to varying environmental demands
(Spiro et al., 1992), which is a hallmark of executive brain functions.
The term ‘executive function’ is ill-defined because it includes a number of rather
heterogeneous phenomena such as control of attention, anticipation, planning, decision
making, and inhibitory control over response behavior (Shallice, 1982; Fuster, 1985;
Goldman-Rakic, 1995b; Smith and Jonides, 1999; Stuss and Alexander, 2000; Fuster,
2008). Executive functions are thought to be mediated by several cooperating brain
areas (Baddeley and Della Sala, 1996; Funahashi, 2001; Miller and Cohen, 2001).
Sometimes executive functions are cast in terms of goal-directed behavior (Balleine and
Dickinson, 1998; Corbetta and Shulman, 2002; Ridderinkhof et al., 2002; Laurens et al.,
2005) or top-down cognitive control (Tomita et al., 1999; Miller and D'Esposito, 2005;
Rossi et al., 2007; Buschman and Miller, 2007). In this thesis, executive functioning is
predominantly captured by the term ‘top-down cognitive control’, which is defined as
the control derived from previous experience, knowledge or internal representations of
goals rather than intrinsic properties of stimuli present in the environment (Tomita et al.,
1999; Hopfinger et al., 2000; Frith, 2001; Miller and Cohen, 2001; Corbetta and Shulman,
2002; Miller and D'Esposito, 2005; Buschman and Miller, 2007; Johnston et al., 2007).
One of the main brain areas involved in cognitive control is the prefrontal cortex
(PFC) and not surprisingly, patients suffering PFC damage or prefrontal dysfunction such as schizophrenic and Parkinson’s patients - show high distractibility under
conditions of attentional conflict (Chao and Knight, 1995; Rogers et al., 1998; Cools et
al., 2009) and difficulties in shifting attention when previously irrelevant information
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becomes relevant (Goldberg et al., 1987; Downes et al., 1989; Owen et al., 1993; Elliott
et al., 1995; Jazbec et al., 2007).
Much previous neurophysiological work on cognitive control focused on its neural
correlates in the PFC of primates trained to execute well-controlled behavior with low
variability. For instance, neurons in the dorsolateral PFC (dlPFC) showed correlations
between their firing rate and working memory - a type of memory that maintains
information actively and ‘on-line’ (Fuster, 1973; Goldman-Rakic, 1995a) - and
representation of task relevant information (Rainer et al., 1998), goal-directed behavior
in time (Fuster et al., 2000), abstract rule learning (White and Wise, 1999; Wallis et al.,
2001), representation of action sequences (Averbeck et al., 2006) and top-down control
of attention (Buschman and Miller, 2007). Activity in another region of the prefrontal
cortex, viz. the orbitofrontal cortex (OFC; Fig.1-1), correlates, amongst others, with
reward expectancy (Watanabe, 1996; Tremblay and Schultz, 1999; Hikosaka and
Watanabe, 2004), reward value coding (Padoa-Schioppa and Assad, 2006) and emotional
(Rolls, 2004) and behavioral inhibition (Szatkowska et al., 2007). The dorsomedially
located anterior cingulate cortex (ACC) exhibits response activity correlating with action
selection in complicated response conditions (Isomura et al., 2003) and error detection
(Ito et al., 2003). In these studies, each cognitive factor was mainly expressed by an
enhancement of firing activity of a neuronal subpopulation in the brain area that was
recorded from.
Most rodent work on cognitive control was based on brain lesion studies and
pharmacological manipulations, applied to several behavioral paradigms that have been
developed over the past two decades. Rats with mPFC lesions showed impairments in
vigilance, attention and contextually guided behavioral selection (Miner et al., 1997;
Broersen, 2000; Birrell and Brown, 2000). In particular, selective and partial inactivation
of the prelimbic cortex produced a loss of cognitive control under conditions of
response conflict (Marquis et al., 2007). Manipulations of neuromodulatory systems in
rat mPFC, particularly of noradrenalin (NA), serotonin (5-HT), acetylcholine (Ach) and
dopamine (DA)-releasing fibers have been reported to affect cognitive control (reviews :
Dalley et al., 2004; Sarter et al., 2005; Robbins and Arnsten, 2009). Recently,
neurophysiological studies on the PFC of the rat were dramatically expanded, owing to
the multi-electrode recording technique. These studies focused on varying cognitive
capacities, such as working memory (Chang et al., 2002; Baeg et al., 2003; Euston and
McNaughton, 2006), operant conditioning (Mulder et al., 2000), place-reward
association (Pratt and Mizumori, 2001), egocentric versus allocentric navigation
strategies (Rich and Shapiro, 2009) and rule learning (Peyrache et al., 2009). The results
showed, amongst others, that the PFC represents relevant task components, mainly by
an enhancement of neural activity in mPFC, similar to the results of primate studies.
Indeed, although rat mPFC and dlPFC in primates are anatomically distinct (Preuss,
1995), functional similarities between these areas have been indicated (Ongur and Price,
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2000; Brown and Bowman, 2002; Uylings et al., 2003). In rat in vivo electrophysiology,
like in primate studies, behavioral variability is required to be controlled as much as
possible, in order to dissociate neural correlates of motor behavior from those mediating
cognitive control and attentional functions (Euston and McNaughton, 2006; Cowen and
McNaughton, 2007).
Altogether, many studies have been conducted to understand the neural basis of
cognitive control in humans, non-human primates and rodents. However, dynamic
firing patterns of neural ensembles in the brain have been insufficiently characterized in
relation to attention and attentional set shifting. Attentional set can be defined as an
internal representation of a disposition to respond to particular elements of a task or
cognitive problem; attentional set shifting refers to the control processes involved in the
flexible shift of attentional set from one to another (Buchwald et al., 1975; Dias et al.,
1996b). Moreover, very little is known about the neurophysiological correlates of
cognitive control in the rat, particularly under conditions of high behavioral regularity,
offering ways to exclude sensorimotor confounds.
Hence, the general aim of this Ph.D. project was to improve our understanding of
the neural basis of some cardinal prefrontal functions: directing attention to relevant
information while ignoring irrelevant inputs, and shifting of attentional set when a task
rule is changed. Before moving into the details of the project, this chapter will first
provide some background knowledge, starting with theories of attention and cognitive
control.

Theory of attention and cognitive control
Attention is considered a core cognitive function that operates at a systems level,
involving many cooperating brain areas (Posner and Petersen, 1990; Cohen et al., 2004).
The key characteristic of attention is selection and it can be defined, at a neural level, as
enhanced activity for processing a relevant stimulus and suppressed activity for
irrelevant stimuli during information processing (Pashler, 1998; Posner, 2004).
According to Mackintosh’s theory of selective attention in discrimination learning
(Mackintosh, 1975), it is represented as a “chaining” model, in which the subject first
attends to a set of stimuli on each trial (sensory aspects of attention) and then produces
responses determined by the stimuli attended (executive attention). Which stimuli are
relevant or irrelevant is defined by reinforcing feedback. Furthermore, the theory posits
an inverse relationship between the probabilities of attending to different stimuli; if the
probability for one stimulus goes up, those for others must go down due to any
organism’s limited capacity to process information. As an extension of Mackintosh’s
theory, Fuster has pointed out that the prefrontal cortex (PFC) is located at the high end
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of a hierarchy of the brain’s sensorimotor processing system and bridges temporal gaps
between percepts and actions adaptively suited to the current environment (Fuster,
1990). Therefore, the PFC is essential not only for the sensory aspects of attention but
also for the motor (executive) and, moreover, temporal aspects of attention. Miller and
Cohen proposed that the PFC functions as an integrator of behaviorally relevant
information coded in other brain areas and guides behavior by internal representation of
a goal (Miller and Cohen, 2001). Moreover, based on previous results (Dias et al., 1996b;
Miller et al., 1996; Rainer et al., 1998), they specified that active maintenance and
updating of internal representations are requirements for proper attentional control by
the PFC as well as for flexibility of cognitive control. Some types of PFC dysfunction
can be explained as a consequence of inadequate updating processes, especially when
these dysfunctions involve perseveration or increased distractibility (Goldberg et al.,
1987; Chao and Knight, 1995; Miller and Cohen, 2001; Cohen et al., 2004). Cohen,
Aston-Jones and co-workers have proposed that DA and NE may play a crucial role in
these functions (Cohen et al., 1996; Aston-Jones et al., 1999). We will discuss the roles
of the neuromodulators in attentional set shifting processes more intensively in chapter
6. Especially, in addition to selective or ‘focussed’ atatention, Aston-Jones and
colleagues described a “screening” type of attention for updating internal representation
under varying environmental circumstances which may be regulated by NA (AstonJones et al., 1999). So far, we have indicated four main aspects of attention, i.e. sensory,
executive, temporal and screening aspects. Working memory, attentional set shifting and
response inhibition are all processes under the control of executive attention and the
PFC is believed to play a crucial role in this control process (Fuster, 1990; Miller and
Cohen, 2001; Corbetta and Shulman, 2002).
Based on the theories indicated above, we hypothesize that the process of
attentional set shifting involves the formation of an altered representation of a current
goal, a process to which neural assemblies in mPFC contribute. This formation of a
novel goal representation will concur with an inhibition of the ‘old’ set, representing a
previous goal, and with the formation of a new stimulus-response association
(Mackintosh, 1975; Fuster, 1990; Miller and Cohen, 2001). Moreover, in a hierarchical
manner, a specific internal representation would be selectively attracted first by
reinforcement feedback and then, the subject would identify which exemplar of this
internal representation or dimension is rewarded or punished prior to response selection
(Sutherland and Mackintosh, 1971; Robbins, 2007). Regardless of the precise hierarchy
of attentional allocation, one may hypothesize that when previously irrelevant dimension
becomes relevant, attention needs to be redirected to a specific dimension as well as to a
specific stimulus, prior to response selection. In the current thesis we were interested in
investigating whether the activity patterns of a set of recorded mPFC neurons are
rearranged during this reallocation process.
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The Wisconsin Card Sorting Test and multimodal attentional set
shifting tasks as tools to dissociate components of cognitive control
Although related theoretical frameworks of executive function were developed more
than three decades ago, only over the past 10 years the research on the neural basis of
cognitive controls in human, non-human primate and rodents has increased remarkably.
This growth owed a great deal to the design of well-defined cognitive tasks which can
dissect different types of cognitive control, such as the Wisconsin card sorting task
(Anderson et al., 1991; Heaton et al., 1993; Mansouri et al., 2006), the Stroop task
(MacLeod, 1991; MacDonald et al., 2000), task set switching (Rubinstein et al., 2001;
Braver et al., 2003; Ragozzino et al., 2003) and tasks for analyzing specific aspects of
attentional set shifting (Owen et al., 1991; Dias et al., 1996a; Birrell and Brown, 2000).
As this Ph.D. project was mainly concerned with the attentional set shifting paradigm,
the Wisconsin Card Sorting Test and attentional set shifting tasks will be dealt with in a
more detailed way.
The Wisconsin Card Sorting Test (WCST), developed by Grant and Berg (Grant
and Berg, 1948; Heaton et al., 1993), has been widely used to examine cognitive
flexibility in human subjects. It requires subjects to find a valid rule for sorting cards
displaying items with different properties by trial and error. This sorting rule is often
based on three perceptual dimensions (properties) such as the shape, color or number
of objects depicted on the cards. An examiner gives feedback to the subject as to
whether her way of sorting the cards was correct or not. Once the subject has chosen
the correct rule, it must apply it for ten consecutive correct matches. After these trials,
the rule changes without any warning. Therefore, the subject is demanded to flexibly
shift to another task rule. Although the WCST has often been used to examine PFC
function, this test fails to distinguish between frontal and non-frontal lesions
(Anderson et al., 1991; van den Broek et al., 1993; Axelrod et al., 1996), amongst
others because task performance requires many different excutive functions such as
monitoring of current external and internal states, integration of feedback, rule
learning or formation of an attentional set, and suppression of previous sorting rules
(Ridderinkhof et al., 2002; Kopp et al., 2006; Nyhus and Barcelo, 2009). Among the
many cognitive components involved in the WCST task, set shifting seems to be
specific to prefrontal function (Barcelo, 2001; Rubinstein et al., 2001; Shallice et al.,
2008).
To understand different components of cognitive control, well-controlled
experiments are required to dissociate a specific component from other cognitive or
sensorimotor aspects. Recently, an attentional set shifting task was developed in
analogy to the WCST and successfully tested in human, non-human primate and
rodents (Owen et al., 1991; Dias et al., 1996; Birrell and Brown, 2000). This task
included both intradimensional (IDS) and extradimensional set shifting (EDS). In
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IDS new stimuli are applied in previously used dimensions, but the relevance or
irrelevance of each dimension is maintained. The EDS phase of the task holds that
new stimuli are applied in both dimensions and the relevant dimension becomes
irrelevant whereas the previously irrelevant dimension becomes relevant (for a more
complete overview, see chapter 4). The complete paradigm also examines reversal
learning (‘affective shifting’, a previously unrewarded exemplar becomes rewarded,
whereas a previously rewarded exemplar becomes unrewarded, while the relevant,
reward-predicting dimension remains the same), attentional set formation, and the
ability to inhibit and shift attention between stimulus dimensions within a single
session with different behavioral phases (from simple discrimination to extradimensional set shifting). In human and non-human primates, the subject is required
to discriminate stimuli that are considered ´simple´ because their differences are set in
only one perceptual dimension (e.g., line stimuli; simple discrimination (SD) phase).
Next, the subject moves on to compound discrimination (CD), in which another
perceptual dimension (e.g. surfaces with specific shapes, in addition to line stimuli) is
co-presented with the original dimension, which remains relevant in the sense that
stimuli in this dimension remain predictive of trial outcome. Thus, during CD the
subject keeps his attention focussed on the same dimension as was relevant in the
foregoing SD phase, based on reward feedback. Subsequently, new exemplars are
presented to the subject, however the discrimination rule applicable to the SD and CD
phases is maintained (intradimensional set shifting, IDS). In extradimensional set
shifting (EDS), the subject is required to shift his attention from a previously relevant
dimension to a previously irrelevant one (e.g. from line patterns to shapes). Finally, in
a reversal learning phase, the subject needs to reverse the previous stimulus-reward
associations.
Robbins and co-workers showed that different PFC areas mediate different aspects
of set-shifting in schizophrenic and Parkinsonian patients (Downes et al., 1989; Owen
et al., 1993) and marmosets (Roberts et al., 1988; Dias et al., 1996b), i.e. the lateral
PFC in shifting between abstract perceptual dimensions whereas the OFC appears
necessary for shifting of behavioral responses to different stimuli with a specific
correlation to reinforcement (‘affective shifting’ as in reversal learning; Dias et al.,
1996b). Schizophrenic patients showed abnormally strong perseveration, which is the
inability to release attention from a previously relevant perceptual dimension when a
current task rule is changed to render a previously irrelevant dimension relevant. In
contrast, Parkinson’s disease showed more loss of irrelevant learning, i.e., it revealed
an inability to direct attention to a previously irrelevant, but now relevant dimension
(Mackintosh, 1975; Owen et al., 1993).
Lesion studies in rats and mice have implicated the medial prefrontal cortex in
attentional set shifting, as shown in a paradigm where freely moving animals were
allowed to choose between two food bowls filled with a digging medium such as

7

Introduction

sawdust and distinguished by dimensions such as odor, digging medium, texture of the
bowl’s rim and outer surface. Performance of this task was motivated by a food
reward hidden at the bottom of one of the bowls (rat: Birrell and Brown, 2000; Brown
and Bowman, 2002; mice: Brigman et al., 2005; Garner et al., 2006). When the mPFC
was damaged, the rat showed difficulty in shifting attention when a previously
irrelevant dimension became relevant, whereas OFC lesions showed deficits in
affective shifting as in non-human primates (Dias et al., 1996b; Brown and Bowman,
2002; McAlonan and Brown, 2003). As suggested by neurophysiological studies on
PFC functions in primates and rodents, functions related to attentional set and
affective shifting showed area-wise similarities across species - despite the
considerable anatomical differences between the PFC in rats and primates (Preuss,
1995; Brown and Bowman, 2002).

Prefrontal cortex as an integrative brain area
As described above, top-down cognitive control needs to operate across various
cooperating brain areas. The PFC has anatomical connections with a great variety of
brain areas. In this section we will be mainly concerned with the anatomy of rat PFC.
Based on connectivity with the mediodorsal (MD) thalamic nucleus, the rat
prefrontal cortex is divided into three topographically different regions, i.e. the medial,
orbital and lateral prefrontal cortex (Leonard, 1969; Krettek and Price, 1977; Fig.1-1A).
For the interest of this Ph.D. project, medial and orbital PFC will be mainly dealt with
here. The medial PFC can be further divided into two distinct areas based on anatomical
connections: a dorsal component which consists of the frontal association area (Fr2),
the anterior cingulate area (ACg), and the dorsal part of the prelimbic (PLd) area; and a
ventral component that includes the ventral prelimbic (PLv), infralimbic (IL) and medial
orbital (MO) areas (Heidbreder and Groenewegen, 2003; Steketee, 2003; Fig.1-1B).
Although the PL area is well connected with the hippocampal formation and amygdala,
the major input to the dorsal mPFC comes from sensorimotor cortical (nonlimbic) and
thalamic input (Jay et al., 1989; Gabbott et al., 2005). Inputs to the ventral mPFC
originate from limbic cortical and thalamic (MD) structures (Heidbreder and
Groenewegen, 2003; Hoover and Vertes, 2007). The medial PFC is densely connected
with all cortical sensory systems, motor systems, and many subcortical structures (for
general afferent connections, see Conde et al., 1995; Hoover and Vertes, 2007, direct inputs
from visual cortex area 2 (V2): Kim et al., 2003, auditory: Van Eden et al., 1992, piriform
(olfactory): Datiche and Cattarelli, 1996, insular (taste): Guldin and Markowitsch, 1983,
thalamus: Groenewegen, 1988; Wang and Shyu, 2004, amygdala: Cassell and Wright, 1986,
hypothalamus: Floyd et al., 2001, and hippocampus: Jay et al., 1989; general efferent connections:
Gabbott et al., 2005; Vertes, 2004, striatum: Berendse et al., 1992; Gorelova and Yang,
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1997). A summary is shown in Fig.1-1B. Moreover, the mPFC receives monoaminergic
(Noradrenalin; NA, Dopamine; DA and Serotonine; 5-HT) and cholinergic
(Acetylcholine; ACh) innervation from the locus coeruleus (LC), ventral tegmental area
(VTA), dorsal raphe, basal forebrain (medial septum), respectively, and projects back to
these areas (Steketee, 2003).

Figure 1-1. Diagrams of the rat prefrontal cortex illustrating its structure
and connections (adapted from Paxinos and Watson, 1998). (A) Coronal
section (3.2 mm anterior to bregma) with a summary of systems functions
involving prefrontal subregions (see text for references). From left (red color),
middle (green color) to right (yellow color): medial prefrontal cortex,
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orbitofrontal cortex and lateral prefrontal cortex. The medial prefrontal
cortex includes the medial orbitofrontal area (MO), and the
orbitofrontal cortex includes the dorsolateral orbital area (DLO), which
are however not presented in the figure. Abbreviations: ACg, anterior
cingulate cortex; PL, prelimbic cortex; IL, infralimbic cortex; VO,
ventral orbital cortex; LO, lateral orbital cortex; AIV, ventral agranular
insular cortex; AID, dorsal agranular insular cortex. (B) Parasagittal
view of the prefrontal area (0.9 mm from midline) with the main
anatomical connections of its subregions. For each subregion,
reciprocal connections are represented with a two-way arrow, whereas
a unidirectional afferent or efferent connection is indicated by a oneway arrow. A box outlined by a thick line shows the set of brain
regions to which the frontal region of interest is connected (Cinelli et
al., 1987; Conde et al., 1995; Reep et al., 1996; Hoover and Vertes,
2007). Abbreviations: BLA: basolateral nucleus of amygdale, BMA:
basomedial nucleus of amygdala, CA1: field CA1 of Ammon’s horn,
CLA: claustrum, CLi : central linear nucleus, DS: dorsal striatum, EC:
entorhinal cortex, LC: locus coeruleus, LDT: laterodorsal tegmental
nucleus, LH: lateral hypothalamus, LS: lateral septum, MD:
mediodorsal nucleus of thalamus, MS: medial septum, NTS: nucleus
tractus solitarii, Par2: secondary somatic sensory area, PB: parabrachial
nucleus, PC: paracentral nucleus of thalamus, PH: posterior nucleus of
hypothalamus, PPC: posterior parietal cortex, PR: perirhinal cortex,
PT: paratenial nucleus of thalamus, PV: paraventricular nucleus of
thalamus, RE: nucleus reuniens of thalamus, RH: rhomboid nucleus of
thalamus, SI: substantia innominata, SN: Substantia nigra, STN:
subthalamic nucleus, SUM: supramammillary nucleus, TR: amygdalopiriform transition zone, V2: visual cortex area 2, VS: ventral striatum,
VTA: ventral tegmental area.

Selective lesion studies in the rat revealed detailed functional properties of each
subdivision of mPFC. In particular, the ACg and dorsal PL appear to be important for
the temporal organization of behavioral sequences (Delatour and Gisquet-Verrier, 2001),
coordination of movement (Kolb and Whishaw, 1983) and selective attention (Corwin
1986; Passetti et al., 2002). In contrast, the ventral PL is involved in working memory
(Ragozzino et al., 1998; Granon et al., 1998), rule learning and habit formation (Killcross
and Coutureau, 2003) and attentional set shifting (Ragozzino et al., 1999b; Birrell and
Brown, 2000). As a central region in the ventral mPFC, the IL plays a role in autonomic
control (Morgan et al., 2003), behavioral inhibition (Chudasama and Robbins, 2003),
and control over expression of fear (Morgan and LeDoux, 1995; Quirk et al., 2006,
Fig.1-1A).
The orbitofrontal cortex (OFC) consists of three subareas: ventral (VO),
ventrolateral (VLO), and lateral orbital (LO) cortex (Krettek and Price, 1977; Reep et al.,
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1996). Like the mPFC, the OFC has afferent and efferent connections with all cortical
sensory systems, motor systems, and many subcortical structures. The OFC appears to
play a unique role in odor-guided learning (Eichenbaum et al., 1980) and social behavior
(Kolb et al., 2004). Lesion effects on odor discrimination learning have been linked to
deficits in odor detection and in forming odor-reward associations (Slotnick and
Schoonover 1992).

Olfactory and visual sensory discrimination learning in the rat
Previously, cognitive functions in the rat have been studied mainly by analyzing
processing via the auditory, olfactory and visual modalities; we will focus on the latter
two modalities here. The olfactory modality has been studied in investigations of
orbitofrontal cortex (OFC) and hippocampal functions (Eichenbaum et al., 1980;
Schoenbaum and Eichenbaum, 1995; Feierstein et al., 2006; van Duuren et al., 2007).
The OFC is known to receive olfactory input directly from the olfactory bulb (OB;
Cinelli et al., 1987). Hodologically, olfactory information is transferred to the mPFC
through several pathways (Fig.1-2C). The primary source of olfactory information
reaching the mPFC may come from the piriform cortex (PIR), although olfactory input
may also be relayed via the OFC and entorhinal cortex (Cinelli et al., 1987; Conde et al.,
1995). Other afferent sources may include the mediodorsal nucleus of the thalamus
(MD), which receives projections from PIR and entorhinal/perirhinal cortex (Conde et
al., 1995; Slotnick, 2001).
Different behavioral tasks have been used to study various types of olfaction-based
learning, using automated olfactometers for temporally controlled application of
odorized air. Examples of these tasks are Go/NoGo olfactory discrimination to study
learning of stimulus-response associations (Eichenbaum et al., 1980), crossmodal
associative learning (Lipton et al., 1999), and rule learning in an olfactory matching-tosample task (Lu et al., 1993). In the current project, a Go/NoGo paradigm was used to
train the rats. In this type of task, the rat is required to discriminate two odors and to
generate different motor responses based on reinforcement. First, the rat samples an
odor stimulus and then moves over to a tray at which reinforcement is delivered: an
odor stimulus designated as ´positive´ (S+) is followed by reward, and a stimulus
designated as ´negative´ (S-) is followed by an aversive outcome (Eichenbaum et al.,
1980, Schoenbaum and Eichenbaum, 1995, Kay and Freeman, 1998, Sara et al., 1999,
Tronel and Sara, 2002; van Duuren et al., 2007). In general, rats require relatively few
sessions for correct odor discrimination performance.
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Figure 1-2. Visual acuity of the hooded rat and a schematic diagram of
anatomical pathways relaying olfactory and visual projections to mPFC.
(A) Comparison of the contrast-sensitivity function for the hooded (Long Evans
and Lister hooded) rat, pigeon, cat and human. Adapted from Keller et al., 2000.
Pigmented rats such as the Lister-hooded strain have optimal visual acuities
between ~0.02 to 1.00 cycles per degree (c/d) based on vertical or oblique
gratings (Dean, 1978). (B) Blurring of visual images to illustrate consequences of
the rat´s relatively low visual acuity compared to humans. Despite this effect,
hooded rats are able to discern larger shapes well enough (lower left). Adapted
from Prusky et al., 2002. The original image, taken to illustrate human vision
(top-left) has been blurred with a Gaussian filtering function. From top-right to
bottom right, acuities of different rat strains with acuities of 1.5 c/d (FisherNorway), 1.0 c/d (Lister Hooded) and 0.5 c/d (Wistar) are simulated,
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respectively. (C) Data for this anatomical diagram were derived from several
references (Dean, 1981; Cinelli et al., 1987; Conde et al., 1995; Reep et al., 1996;
Groenewegen et al., 1997; McDonald, 1998; Groenewegen and Uylings, 2000;
Shi and Davis, 2001; Steketee, 2003; Kim et al., 2003; Hoover and Vertes, 2007).
The indirect pathway from olfactory bulb to mPFC is located on the left side
and from retina to mPFC on the right side. Reciprocal connections are
represented with a two-way synaptic symbol, whereas a unidirectional
connection is indicated by a one-way synaptic symbol. Reciprocal projections
between neuromodulatory systems and mPFC and OFC are shown in the
ellipse. Abbreviations: 5-HT: serotonin, Ach: acetylcholine, DA: dopamine,
DLGN: dorsal lateral geniculate nucleus, DR: dorsal raphe, LC: locus coeruleus,
MD: mediodorsal nucleus of thalamus, MR: medial raphe, MS: medial septum,
NA: noradrenalin, SC: superior colliculus, TeA: temporal association cortex,
VLGN: ventral lateral geniculate nucleus, VTA: ventral tegmental area.

In the rat, the visual modality has been applied less in the investigation of learning
and memory as compared to olfaction. When vision is compared across species, the rat
has a relatively limited spatial acuity, but can discern larger shapes well enough (Fig.12A,B). The transfer of visual information from the retina to the mPFC is rather
complicated as compared to olfactory processing (Fig.1-2C). One primary source of
visual information may originate from reciprocal connections between mPFC and
perirhinal cortex, which receives inputs from the visual cortex. Another source may be
the MD nucleus of the thalamus, which receives projections from the superior colliculus
(SC; Dean, 1981; Conde et al., 1995).
Lashley showed for the first time that rats can discriminate visual patterns with either
a black background or, alternatively, a black and white-striped background pattern
(Lashley, 1938). Since then, visual tasks for rats have been advanced with the aid of
computer techniques, such as automated touchscreen methods (Bussey et al., 1994),
computer-controlled Y-mazes (Simpson and Gaffan, 1999), and ´visual´ water mazes
(Prusky et al., 2000). In contrast to olfactory learning, visual discrimination in rats was
reported to require many training sessions (Bussey et al., 1994, Simpson and Gaffan,
1999, Cook et al., 2004, Minini and Jeffery, 2006). In summary, distributed processing of
olfactory and/or visual information converges on the mPFC and is characterized by
reciprocal interactions between mPFC and modality-specific afferent areas. These
circuits are involved in complex sensory and emotional learning. Although rat mPFC
and the dlPFC in primates are anatomically distinct (Preuss, 1995), functional similarities
between these areas have been indicated (Ongur and Price, 2000; Brown and Bowman,
2002; Uylings et al., 2003).
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Ensemble recordings in freely moving rats performing behavioral tasks
In the current project we hypothesized that attentional set shifting in the rat brain
may be regulated by subgroups of distributed neurons and is dynamically controlled by
specialized neural networks incorporating the mPFC. Therefore, it was crucial to our
experimental approach to record large numbers of individual neurons in the same
behavioral session. Multi-electrode extracellular recording techniques have been applied
successfully in behaving rats (McNaughton et al., 1983; Wilson and McNaughton, 1993;
Gray et al., 1995, in our group: Pennartz et al., 2004; van Duuren et al., 2007; Lansink et
al., 2009). The technique we applied is based on so-called tetrodes, which are
microbundles consisting of four thin metal electrodes (tetrode diameter: about 25 um,
photograph in Fig.1-3B). The design of a multi-tetrode microdrive as used in the project
is shown in Fig.1-3A. They are chronically implanted in the brain and yield reliable spike
information about a large number of neurons, with single-unit isolation (up to 50 units
per session in the work described here). The principle of recording with tetrodes is to
use the spatial geometry of the four electrodes making up one tetrode, relying on the
fact that the amplitude of a spike recorded on one lead is a function of the distance
between the neuron and that lead. Almost all of the units in the vicinity of the tetrode
are at a different distance from at least one of the leads of a tetrode. In addition,
effective software tools have been developed for spike sorting, which refers to methods
for isolating spikes emitted by a single neuron from noise as well as from other, nearby
neurons (e.g., Mclust, developed by the group of A.D Redish, and KlustaKwik,
developed by K. Harris and colleagues, Harris et al., 2000; Schmitzer-Torbert et al.,
2005). An example of sorted spike activity is shown in Fig.1-3D.

General aim of the project and outline of the thesis
To probe the neural basis of attention and attentional set shifting, focusing on the rat
mPFC with multi-electrode recording techniques, we first developed a multimodal
stimulus (MMS) system which can present an odor and a visual pattern to the rat
simultaneously. Based on attentional set shifting tasks previously developed for primates
and rats (Owen et al., 1991; Dias et al., 1996b; Birrell and Brown, 2000), we developed a
new multimodal set-shifting task especially suited for neurophysiology. The detailed
behavioral setup and initial experiments conducted with this apparatus are described in
chapter 2. The main challenge and novelty of this task were to allow rats to explore
different perceptual dimensions of a stimulus situation while their behavior was required
to be regular and relatively stereotyped, to be able to tackle sensorimotor confounds of
neurophysiological activity.
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Figure 1-3. Overview of “hyperdrive”, tetrodes and an example of sorted
spikes. (A) Schematic side view of a ´hyperdrive´ (multi-tetrode microdrive)
with a ´flat´ tetrode bundle, based on a design described by Gothard et al., 1996
and Lansink et al., 2007. (a) ´Flat´ bundle of cannulae from which tetrodes are
protruding into the brain, (b) one of the drive screws which are used to move
each tetrode individually in a dorsoventral direction, and (c) printed circuit
board, used for interfacing signals from each electrode wire of all tetrodes with
preamplifiers of a headstage. (B) Photograph of 14 tetrodes (d), exiting a bundle
of guide cannulae (a). (C) Photograph of a Nissl-stained section showing
individual neurons (exemplified by e); microlesion caused by an individual
tetrode track is indicated by f. (D) Example of clustered spikes which were
recorded from the mPFC with a hyperdrive. Three-dimensional plot of clustered
spikes made with a sorting program (MClust) is shown in a two-dimensional
projection on the left side. The peak amplitude of spikes is plotted for three
leads of a tetrode (each dot represents one spike). Each different color
represents a single unit; four units are shown here. Gray clusters represent noise
and units lacking sufficient signal relative to noise (axes; in V, are shown below
the gray clusters). The panel at the bottom right shows the averaged spikes
waveforms of the unit indicated by the arrow in the left-hand cluster plot (from
left to right: lead 1, 2, 3, 4; mean voltage [mV] is shown ± sem values). A
histogram of interspike intervals (ISIs) is shown in the upper right panel.
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Second, we investigated neural representations of active sensory processing in the
mPFC while the rat performed a unimodal to compound transitional task. In the task,
rats started with simple odor discrimination in which they were required to distinguish
two exemplars in the olfactory dimension, one of which (S+, positive stimulus) was
coupled to reward (sucrose solution) and the other (S-, negative stimulus) to an aversive
outcome (quinine solution). In the same session, rats then proceeded to compound
discrimination (CD) in which irrelevant exemplars (visual patterns) were presented
simultaneously with the same exemplars from the first modality. When mPFC neurons
engage in processing of stimuli in a certain sensory dimension (e.g. olfaction), the
question arises how a crossmodal distractor (e.g. a visual stimulus) alters task-relevant
firing patterns in the rat mPFC at the single cell and ensemble level, and how the brain
manages to convert relevant sensory information into appropriate behavioral decisions
when irrelevant information is presented simultaneously. These questions on handling
sensory information and filtering out irrelevant inputs are dealt with in chapter 3.
Third, we asked how firing patterns in the rat mPFC are altered across the
successive stages of an attentional set shifting task. These changes are analyzed at the
single-unit and ensemble level in chapter 4 and 5, respectively. Finally, this book will
be concluded with a general discussion of the results and with future perspectives
(chapter 6).
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Ensemble recordings in awake rats

Abstract
To meet an increasing need to examine the neurophysiological underpinnings of behavior
in rats, we developed a behavioral system for studying sensory processing, attention and
discrimination learning in rats while recording firing patterns of neurons in one or more in
brain areas of interest. Because neuronal activity is sensitive to variations in behavior which
may confound the identification of neural correlates, a specific aim of the study was to allow
rats to sample sensory stimuli under conditions of strong behavioral regularity. Our behavioral
system allows multimodal stimulus presentation and is coupled to modules for delivering
reinforcement, simultaneous monitoring of behavior and recording of ensembles of wellisolated single neurons. Using training protocols for simple and compound discrimination, we
validate the behavioral system with a group of four rats. Within these tasks, a majority of
medial prefrontal neurons showed significant firing-rate changes correlated to one or more trial
events that could not be explained from significant variation in head position. Thus, ensemble
recordings can be combined with discriminative learning tasks under conditions of strong
behavioral regularity.

INTRODUCTION
Traditionally, the cognitive neuroscience of sensory processing and attention has
mainly focused on studies in humans (Hopfinger et al., 2000; Macaluso et al., 2001;
Talsma et al., 2007; Debert et al., 2007) and monkeys (Sugihara et al., 2006; Everling et
al., 2006). There is an increasing need, however, to investigate the neural basis of these
processes also in smaller vertebrates, such as rats and mice. Invasive
electrophysiological recording methodology for rodents has been developed to an
advanced level, such that currently tens to more than one hundred single-units can be
recorded simultaneously in freely moving animals (McNaughton et al., 1983; O'Keefe
and Recce, 1993; Wilson and McNaughton, 1993; Gray et al., 1995). To decrease the
ethical burden associated with invasive primate research and take advantage of the
technological and genetic opportunities in behaving rodents, we sought to develop a
behavioral setup for investigating neurophysiological correlates of cognitive processes
that depend on sensory processing in rats that are allowed free movement within a
behavioral cage, but can also display strong behavioral regularity during stimulus
sampling. We define behavioral regularity as stereotyped behavioral topography during
the presentation of stimuli that it is required to distinguish. Achieving behavioral
regularity is important not only for a precise application of stimuli, but also to assess
whether changes in neural response patterns are related to cognitive processes or to
motor confounds. In addition to studying sensory processing, such a setup is useful
for exploring neural correlates of a wide variety of processes, e.g. stimulus
discrimination learning, memory consolidation, integration of multimodal sensory
information, working memory, attention, decision-making and sensorimotor control.
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In primates, it has been feasible to study neurophysiological correlates of attention
by reducing motor or sensory confounds during the relevant period of information
processing. Usually, body, head and eye positions remain stationary during the
presentation of sensory stimuli, and sensory input can be kept constant while
attentional demands are being varied (e.g. Treue and Maunsell, 1996; Steinmetz et al.,
2000). This stationarity can be achieved using head fixation by skull-implanted head
bolts and other measures such as continuous eye tracking. We sought to achieve
behavioral regularity in freely moving rodents to study neural correlates of cognitive
processes without marked sensorimotor confounds.
Much progress has been made in developing behavioral paradigms to test sustained
or divided attention, recognition memory, working memory, attentional set shifting
and many other tasks in rodents (McGaughy et al., 1994; Muir, 1996; Sarter and
McGaughy, 1998; Birrell and Brown, 2000; Robbins, 2002; Brigman et al., 2005; Tse et
al., 2007), but often profound adaptations of these tasks are necessary when motor or
sensory confounds must be minimized, such as in unit recording studies. In contrast,
suitable behavioral methodology has been developed to examine the
neurophysiological processing of unimodal sensory stimuli (Szabo-Salfay et al., 2001;
Polley et al., 2006) and discriminative learning within a single sensory modality
(Schoenbaum et al., 1999; van Duuren et al., 2007), but also this field of research may
benefit further from novel equipment allowing stronger control over and monitoring
of behavior and simultaneous, time-controlled application of stimuli across multiple
sensory modalities in freely-moving rats.
To address this issue, we designed a multimodal stimulus chamber (MMSC) and
surrounding behavioral cage to meet the following requirements: (i) it should allow the
animal to display a stereotyped, regular behavior and body posture during stimulus
sampling, at least for a restricted period of time; (ii) stimuli should be presented to the
animal in an automated and time-controlled manner, in at least two sensory
dimensions (visual and olfactory); (iii) the MMSC and surrounding behavioral cage
have to be compatible with sizable headstages for independent positioning of multiple
electrodes and chronic recordings in targeted brain areas; (iv) the cage should offer
sufficient means to assess behaviorally whether the animal performs a sensory or
cognitive task correctly or not, i.e. it should comprise a subsystem allowing the animal
to behave and be reinforced appropriately. Instead of offering a solid,
multidimensional object for the animal to explore with many degrees of motor
variability, we chose the solution of essentially creating a “hollow” object (i.e., the
MMSC) which can be explored in a time-controlled manner by the rat making head
entries into it. In this paper we describe the MMSC system and training procedures
used to produce behavioral regularity in discrimination tasks so that aspects of
stimulus control and behavior can be clearly related to firing of neurons in freely
moving rats. We validate the system by successfully training rats in it on a sensory
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discrimination task, showing behavioral disruption and adjustment when a second,
distractive set of stimuli from another sensory modality is introduced.

METHODS
Subjects
Before the onset of experiments, male Lister-Hooded rats (N= 4; Harlan, the
Netherlands; body weight 250 g) were allowed to acclimatize for one week in a 12hr
light/12hr dark cycle (light on 08:00) and were housed in pairs. Once the experiment
started, rats were housed solitarily. Food (Harlan Teklad, Global 18% Protein Rodent
Diet) was available ad libitum. Animals had access to a water bottle for approximately
0.5 to 1.5 hours after the end of a behavioral session. All experiments were carried out
in accordance with national guidelines on animal experimentation and were conducted
in a room dimly lit with orange lights.

Apparatus
Multimodal stimulus setup
The multimodal stimulus setup consisted of three subsystems (Figure 2-1): (i) a
behavioral cage, the MMSC, stimulus delivery facilities and a system for commanding
this behavioral setup, being installed on a PC and using a Rabbit 2000 microprocessor
(type RCM2250, Delmation Products, Zoetermeer, the Netherlands), (ii) a behavioral
monitoring system, comprising a videocamera (Cohu2200; Cohu Inc., San Diego,
U.S.A.), a videotracker for tracing the animal´s head position (Neuralynx, Bozeman
MT, U.S.A.), a TV-monitor and DVD recorder; (iii) an electrophysiological data
acquisition system.
The larger behavioral cage (51.6 X 30.0 X 39.6 cm; Figure 2-2A) contained a grid
floor and a fluid well. Both the MMSC and behavioral cage were placed inside a
Faraday cage (Figure 2-1A; 100 X 75 X 125 cm, covered with sound-attenuating
material). The MMSC and adjacent behavioral cage were separated by a wall
containing a head-entry port (Figure 2-2A). The videocamera and a house light were
mounted on one of the inside walls of this Faraday cage. To avoid interference of
videotracked rat positions by light reflections, all parts of the behavioral cage exposed
to the camera were made of dull-black materials. The fluid well was modified after a
design by Schoenbaum and Setlow, 2001; its gravity-fed fluid supply system contained
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4 lines, each operated by a solenoid valve (Versa valve, E5SM series, Doedijns, Cuijk,
the Netherlands), three of which delivered fluid to the well (sucrose, quinine or water
to flush the lines) and one controlled suction. On- and offsets of nose pokes into the
fluid well were detected using an LED detector. In addition, we measured onset and
duration of licking behavior by an optic detector (based on type: Banner,
D12DAB6FP AC-coupled; Clearwater Technologies, Boise ID, U.S.A.). The wall
panel with head-entry port and trial onset light was situated on the opposite side of
the behavioral cage (Figure 2-2A). To promote stationarity of the rat´s head and body
position during stimulus sampling, the head-entry port was placed at a relatively
elevated position above the grid floor (center point: 9.5 cm above floor; diameter 3.0
cm) and a shelf (2 X 7 X 0.7 cm) was installed onto the wall, 4.8 cm below the center
of the port. In practice, rats easily learned to place their forepaws onto the shelf while
poking into the port. Both the MMSC and surrounding behavioral cage were
commanded and monitored by the Rabbit 2000 microprocessor system; software for
behavioral control was written in Dynamic C and Visual C++.

Figure 2-1. Behavioral system for multimodal stimulus presentation and
discrimination learning. The data acquisition system, comprising amplifiers,
oscilloscopes (OSC) and a behavioral monitoring and recording system, is
shown on the left. The multimodal stimulus system is shown on the right and
includes a Faraday cage (a), an odor application system (b), a DC-powered
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ventilator (c), a behavioral cage (d) with attached multimodal stimulus
chamber (MMSC; e). A videocamera (f) was attached to the ceiling of the
Faraday cage and, upon neurophysiological recording, spike and EEG signals
were conveyed to the amplifiers via a headstage, cables and a commutator.

Trial onset was marked by lighting a green LED on the right-hand side of the
head-entry port (Figure 2-2A). To detect head entry and withdrawal, we constructed a
dual-beam infrared light detector (Figure 2-2D; Farnell, Leeds UK, Sharp
photodetector, type 970-7840) using a set of two mirrors 900 angled to each other.
The MMSC contained two air-pipes (for removing odor stimuli), a speaker and a
microphone for presenting and detecting sound stimuli (details of which will not be
presented here) and a computer screen (17" flat monitor) for visual stimuli (Figure 22B). The odor application and removal system was based on a design by Schoenbaum
that used vacuum suction (Schoenbaum, 2002), but we used ventilators in addition to
vacuum lines to quickly remove large-volume odor remnants from the MMSC. A
custom-made camera with telescopic lens was placed inside the MMSC for visual
inspection of the rat´s eye and head position inside the MMSC. The computer screen
displaying visual stimuli was placed opposite to the wall segregating the MMSC from
the larger behavioral cage (Figure 2-2B), so that the rat was facing the screen upon
head entry at a distance of approximately 14 cm. While a large part of the screen was
covered by a wall plate, the visual stimuli were presented through a transparent,
plexiglass window in this plate (12 X 9 cm) to prevent leakage of odor out of the
MMSC.

Odor application system and control of stimulus timing
To achieve optimal timing of odor application, we set up an airflow containing a
preselected odor already well in advance of stimulus onset, and routing this airflow
through a bypass until the moment of odor presentation in the MMSC. First, odorized
air, collected from each of 9 glass vials containing fragrance odorant oil (Tokos B.V.,
Noordscheschut, the Netherlands), was mixed in a 1:1 ratio with clean air pumped in
via a pressure line. At a flow rate of 1.5 l/min, this mixture was led to an odorselection station composed of 10 solenoid valves (type ET-2M-12V DC, Clippard
Instruments, Cincinnati OH, U.S.A.). During the intertrial interval (ITI) an odor
presentation was prepared by opening a series of valves that routed the odorized air
flow via a bypass unit into an exhaust line operated by a modified DC-powered
ventilator (motor type: AXH 230 KC-A, Oriental Motor Co., Torrance CA, U.S.A; fan
type: Cross-Flow Blower, TAS18B-002, Trial S.P.A, Italy; capacity 3.0 l/min.; valve 2
“bypass unit” and switch 4 “fan out”, respectively). Meanwhile, the air flow was
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prevented from entering the MMSC by keeping two other valves closed (valve 1 and
3). Both during trials and ITIs, operation of the exhaust ventilator kept the MMSC
under negative pressure to avoid possible leakage of odor into the behavioral cage.
Once the rat poked his head into the chamber, the exhaust ventilation was turned off
(switch 4 at “fan out” closed) and 300 ms following nose poke onset, the odorized air
was routed into the MMSC by opening valve 1 and closing valve 2, while valve 3
remained closed. Following stimulus sampling (> 700 ms), odorized air was removed
by activating a vacuum line (valve 3; -5 kPa) as well as the bypass route again (valve 2
open and switch 4 on), whereas valve 1 was closed. Following head withdrawal and
fluid sampling, the valve controlling vacuum suction (valve 3) was closed again and
the odor controlling system was returned to ITI state.

Figure 2-2. Details of the multimodal stimulus chamber (MMSC) and
adjacent behavioral cage. A: the behavioral cage included a head-entry port
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(a) for gaining access to the MMSC, a horizontal shelf upon which the rat put
its forepaws during stimulus sampling (b); a light for signalling trial onset (c), an
LCD screen for presenting visual stimuli (d) and a fluid well (e). B: MMSC,
with head-entry port (a), LCD screen (d) and odor delivery nozzle (f). C: fluid
well, with LED detecting ‘nose down’ response (g), optic sensor detecting
licking behavior (h) and 3 nozzles for fluid delivery (one of which is indicated
by ´i´). D: front panel of the MMSC with head-entry port fitted with LED (j)
and a mirror (k) for creating a dual beam, facilitating detection of head entry.

For fast presentation of visual stimuli, the computer was programmed to retrieve
the appropriate file from a multimedia event list during the ITI. During the ITI the
visual pattern remained occluded by a black screen (“mask”), so that the visual
stimulus was retrieved from memory and prepared for presentation, but not yet
presented to the rat. The latency between the computer command and onset of the
visual stimulus was less than 10 ms. This method of presentation was faster by about
260 ms and more reliable than when the visual stimulus had to be retrieved from
memory upon stimulus presentation. After at least 300 ms had elapsed following head
entry into the MMSC, the black screen was removed; it was reinstated again after the
stimulus sampling period ( > 700 ms) was over.

Figure 2-3. General time schedule of a trial for both simple and compound
discrimination. A trial was initiated by the onset of a trial light. Upon a head
poke by the animal into the MMSC, a single unimodal stimulus was applied (SD)
or two stimuli of different modality were simultaneously presented (CD). Upon
head withdrawal from the MMSC, the rat either generated a NoGo or Go
response. In case of a Go response, the rat walked over to the fluid well
(movement period), put its nose down into this well and consumed a volume of
sucrose or quinine solution. Trials were separated by an intertrial interval.
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Procedure
General aspects of behavioral tasks
Although various types of task were employed, the behavioral setup will be
explained according to the structure of the most basic task used, a simple
discrimination (SD) task. The onset of a trial was marked by a trial light turning on
(Figure 2-2A and 2-3); trained animals subsequently poked their head into the entry
port (Figure 2-2A) and thereby gained access to the MMSC (Figure 2-2A, B). Once
their head was stationary inside this chamber, a visual or olfactory stimulus was
presented for 700 ms. Each stimulus belonged to a pair of stimuli within the same
sensory modality, one of which (S+, the positive stimulus) was coupled to reward if
the animal performed a correct (‘Go’) response (150 l sucrose solution, 0.3 M in
distilled water; Merck) and the other (S-, the negative stimulus) to an aversive stimulus
that punished ‘Go’ responses to this stimulus (150 l quinine solution, 0.02 M in
distilled water; Sigma). The animal learned to generate a Go response following a S+
(“hit”) and a NoGo response following a S- (“correct rejection”). Following stimulus
delivery and head retraction from the port, the Go response consisted of a locomotor
response to the fluid well (Figure 2-2 and 2-3), and an additional ‘nose down’ response
into the fluid well, which was required to last at least 500 ms before fluid was
delivered. The rationale for implementing the locomotor, or movement, period was
twofold. First, it offered an opportunity to consider movement response latency as an
additional measure of learning (Figure 2-6). Second, in previous studies we found
interesting neural correlates of reward expectancy specifically during this trial period
(Van Duuren et al. 2007). When these actions were either omitted or the rat failed to
visit the fluid site within 5 s, performance was classified as a correct rejection (for the
S-) or a ´miss´ (failure to Go following a S+). A ´false alarm´ response was scored
when the rat made an erroneous Go response following a S-. After a reinforcer was
delivered to the well, the rat was allowed to consume it within 8 s, after which a
vacuum line was activated to remove the fluid, and water was directly flushed in and
out again to clean the tray. The duration of the intertrial interval ranged from 12 to 15
s and was selected pseudorandomly. More complicated behavioral tasks included
multimodal compound discrimination (see “fifth phase” of training below).

Behavioral training
Prior to the main experiment, the rat went through five pretraining (‘shaping’)
phases, including habituation to the behavioral cage. In the first phase (one session, 15
min) every head poke into the MMSC, followed by a nose down into the fluid well,
was rewarded with sucrose solution. In the second phase (2-5 sessions, 50 trials per
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session), the animal was required to keep its head in the stimulus port for a period that
varied from 500 ms in early sessions to 1000 ms in later sessions in order to receive a
reward. In the third phase (1-2 sessions, 80 trials per session), upon head entry for at
least 300 ms, a visual or odor stimulus was presented for 700 ms. Reward was
delivered when the rat sustained his head poke for at least 1000 ms and subsequently
moved to and kept its nose in the fluid well for at least 500 ms. If the rat retracted his
snout from the well before 500 ms had elapsed, no reward was delivered and a new
trial was initiated.

Task
Stages
SD Set 1

Relevant
dimension

CD Set 2

Negative
Exemplar(s)

Ylang Ylang

Sandalwood

Lemongrass

Nutmeg

Lemongrass

Nutmeg

Flowers

Flowers

Base odor

Base odor

Visual
Odor

CD Set 1

Positive
Exemplar(s)

Odor

Visual

Figure 2-4. Stimulus presentation schedules of the simple (SD) and
compound (CD) discrimination tasks. Chronological order is from
top to bottom. Four rats were trained to discriminate visual stimuli first
(top row) and then proceeded with simple odor discrimination. This
training was followed, first, by compound discrimination with odor as
relevant dimension (using 4 combinations consisting of two novel odors
and two novel visual patterns; CD set 1) and subsequently with vision as
relevant dimension (CD set 2, using novel examplars in both the visual
and olfactory domain). Note that in the CD phase, the S+ and S- were
combined with exemplars in the irrelevant dimension. The four rats all
experienced the same visual and olfactory examplars in the same order.

In the fourth phase (6-14 sessions, 80 to 112 trials per session), one of two stimuli
from a single modality was presented, with visual stimuli in the initial sessions and
olfactory cues in the latter sessions. A ‘Go’ response was reinforced with sucrose
following the S+; a Go response led to delivery of quinine solution following the S-.
S+ and S- trials were presented pseudorandomly in a 1:1 ratio. Each session contained

26

Chapter 2

several blocks, each composed of eight S+ and eight S- trials. Rats were required to
make at least 70% correct rejections on the S- trials for at least two consecutive blocks
of trials (cf. Garner et al., 2006). This criterion was based on correct rejections
because, in general, the rats showed a much stronger tendency to perform Go
responses than to withhold these. When the rat met the criterion for two consecutive
sessions, it was trained on a novel set of two exemplars in each of the two sensory
dimensions. Thus, by the end of the fourth phase the rat had been trained on a total
of 4 exemplar sets, 2 in each dimension.
In the fifth phase, the rat was first trained on a continued SD schedule to
distinguish two exemplars that had been used in a previous training phase, viz. as the
first stimulus set used within the same modality as currently applied. When the
criterion was met again, compound discrimination (CD) was introduced: in addition to
the modality previously used for SD, new examplars from a second modality were
presented synchronously with the same exemplars from the first modality. The newly
added modality was the irrelevant dimension and thus conveyed no predictive power
about which stimulus in the other modality would be followed by reward or
punishment in case of a Go response. Each of the two exemplars from the relevant
dimension was co-presented with each of the exemplars from the irrelevant dimension
(Figure 2-4). Across sessions, the number of blocks gradually increased from 7 to 9,
resulting in a total of 144 trials per session.

Multi-electrode array, surgery and data acquisition
After pretraining, the animals (body weight : 400 - 460 g at time of surgery)
underwent surgery and implantation of a tetrode recording array (‘hyperdrive’; Gray et
al., 1995; Gothard et al., 1996; Lansink et al., 2007). A tetrode is a microbundle of 4
tiny electrode wires (each ~ 13 m in diameter) twisted together (McNaughton et al.,
1983; O'Keefe and Recce, 1993; Gray et al., 1995; Lansink et al., 2007; van Duuren et
al., 2007). The array contained 12 tetrodes, two reference electrodes, each with a
diameter of ~25 m, and two extra electrodes for recording EEG (a twisted pair of
Teflon-coated stainless-steel wire, diameter: 50 m). Tetrodes were mounted on
independently movable drivers, emerging at the bottom end of the hyperdrive from a
‘flat’ (i.e., roughly ellipsoid) bundle (approximate dimensions: 0.8 by 2.0 mm) and
fitting into the mediolateral width of the medial prefrontal cortex.
Before surgery, the rats were given oral ampicillin (30 mg/kg, Eurovet, the
Netherlands) mixed with 10% sucrose solution on a 3 day on / 2 day off regimen.
Animals were anesthetized with Hypnorm (0.06 ml/ 100 g body weight, i.m.; 0.2
mg/ml fentanyl and 10 mg/ml fluanison; Janssen Pharmaceutics, Beerse, Belgium)
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and dormicum (0.03 ml/ 100 g, s.c.; midazolam 1.0 mg/kg; Roche, Woerden, the
Netherlands) and mounted in a Kopf stereotaxic frame with bregma and lambda in
the horizontal plane. Surgery involved the stereotaxic implantation of the ‘flat’ tetrode
bundle through a rectangular craniotomy (~ 2 X 3 mm) above the right medial
prefrontal cortex (center point, AP: +3.0 mm, ML: as close to the sagittal sinus as
possible). After removing the dura and placing the bundles flush on the cortical
surface, the cortex was covered with a layer of Silastic (i.e., a biocompatible, silicone
elastomere, World Precision Instruments, Berlin, Germany). One hole was drilled over
the right hippocampus (AP: -3.8 mm, ML: 2.4 mm) and the extra EEG electrodes
were inserted into dorsal hippocampus (DV: 3.3 mm). The hyperdrive and electrodes
were kept in place with dental cement and eight anchor screws, one at the
contralateral side serving as ground.
Upon recovery from anesthesia, rats were administered 0.3 ml/ 100 g of diluted
Fynadine (10% in physiological saline, s.c.; Flunixinum 50 mg/ml, Schering-Plough
Animal Health, Brussels, Belgium) for analgesia, and received oral doses of ampicillin
(30 mg/kg) for three days consecutively and on a ‘10 days off / 10 days on’ regimen
for the duration of the experiment. Starting at the day of surgery, tetrodes were
gradually moved down towards the prelimbic cortex across a period of 7 days. The
two reference electrodes were placed in the superficial layer of the dorsal frontal
cortex or anterior cingulate cortex (Fr2, ACC; Paxinos and Watson, 1998). After a
week of recovery, the rats performed the same task as in the fifth phase of training
and with the same examplars, while at the same time parallel spike and EEG
recordings were performed across 64 channels.
Neuronal signals were passed through a 54-channel unity-gain amplifier headstage
(Neuralynx) and amplified, filtered (5,000X and 0.6-6 kHz for spikes, 10,000X and 1475 Hz for EEG recordings) and transmitted to the Cheetah Data Acquisition system
(Neuralynx). Signals that crossed an amplitude threshold triggered a brief (1 msec)
digitization at 32 kHz on all channels of the tetrode, and the spike waveforms were
stored on a PC. A circular array of light-emitting diodes (LEDs) was mounted on the
headstage to track the animal’s position during behavioral recording at 25 frames/s. A
behavioral-event signal, generated by the rabbit system, was delivered via a serial-toparallel converter (type: AVR-H128, ATMega, Lelystad, the Netherlands) to the TTL
input port on the Analogue-Digital Interface (Neuralynx) to synchronize neural and
behavioral-event data. In addition, the behavior of all rats was recorded on DVD.
Spikes were sorted off-line on the basis of the amplitude and principal components
of events recorded on all four tetrode channels by means of semiautomatic and
manual clustering algorithms (KlustaKwik and MClust), resulting in a spike time series
for each of the isolated cells (for further details, see Lansink et al., 2007 and van
Duuren et al., 2007).
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Data analysis
Neural data were analyzed by custom-made code and toolboxes in Matlab
(MathWorks, Gouda, Netherlands). To assess correlations between neuronal firing
rate and task events, we produced a smoothed peri-event time histogram (PETH)
using a local regression method (Loader, 2004; ‘logfic’ toolbox in open-source
Chronux algorithms, http://chronux.org) after averaging across trials. The smoother
was a quasi-Gaussian function with window using 0.3 fixed bandwidth. After
smoothing, a two-sample Kolmogorov-Smirnov (KS) test was used to detect
differences in firing patterns in trials with positive (rewarding) versus negative
(punishing) outcome. Changes in firing rate during the trial period were defined as
activity increments or decrements relative to baseline firing levels, which were
measured in the time window from -9 to -2 sec before the onset of the trial light. In
order to avoid assumptions on particular spike train distributions (e.g., Poisson), we
used a bootstrapping method to estimate the distribution of mean firing-rate values
for each bin of the ITI. By this method the collection of spike counts per trial was
randomly resampled for each time bin 1000 times with replacement, and next a 95%
confidence interval in mean firing rate was calculated by using a corrected percentile
method (cf. Wiest et al., 2005). Only correct trials were considered.
In order to examine variation in the rat’s head position during the stimulus
sampling period, we used video-tracking data to calculate the mean Euclidean travel
distance of the rat’s head center per trial, calculated by summation of all sample-tosample changes in head position over the relevant stimulus periods. To assess whether
the rat assumed a different head position depending on the type of trial and
impending response, we first applied a two-way Anova test (with trial type - hits vs.
correct rejections and SD vs. CD as factors and Euclidan distance as dependent
measure). Moreover, we computed the mean X- and Y-positions of the rat’s head
during stimulus sampling in simple and compound discrimination sessions, as well as
95% confidence intervals around the mean using bootstrapping.

Histology
After finishing a recording experiment, small electrolytic lesions were made at the
tetrode endpoints in the brain area of interest by passing current (25 uA, 10 s per
lesion) through one of the leads of each tetrode. One day later rats received an
overdose of Nembutal (0.2 ml/ 100 g body weight; CEVA Sante Animale, the
Netherlands) and their brains were fixed through transcardial perfusion with 0.9 %
NaCl solution followed by 4% paraformaldehyde in 0.1 M Phosphate buffer (pH 7.0,
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Klinipath, the Netherlands). Brains were cut in coronal sections (40 m) using a
Vibratome (Leica, type VT-1000S, Wetzlar, Germany) and Nissl-stained.

RESULTS
Behavior
All four rats learned to perform the SD and CD tasks at least until criterion,
although the number of sessions needed to reach criterion varied across rats (e.g.
Figure 2-5). Learning was well monitored by tracking the percentage of correct
rejections (Figure 2-5). Acquisition of correct rejections for individual rats and mean
percentage of hits as a function of progressive visual SD sessions is plotted in Figure
2-5A, while Figure 2-5B represents acquisition of the olfactory SD task.

Figure 2-5. Performance in simple discrimination learning. (A) The percentage of
correct rejections (NoGo responses to S-) in the visual discrimination task was
plotted in black as a function of session number for four individual rats indicated
by different symbols. The mean percentage of hits (Go responses to S+) of the
same rats is shown in gray. Inset shows average performance in each block of the
last session in the main panel. Criterion was at 70 % correct rejections in two
consecutive blocks. (B) Idem for olfactory discrimination, which followed the
visual task in time.

Response latencies (i.e., time lapsed between the rat´s withdrawal from the MMSC
and its nose poke into the fluid well) for hits and false-alarms are depicted in Figure 26A for visual discrimination. By the ninth visual training session, the average latency
for hits was significantly shorter than for false alarms (Figure 2-6A, p<0.05 for
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sessions 9-12, paired t-test following ANOVA). Except for the initial session, the
response latency differences were not significantly different for subsequent simple
olfactory discrimination studied in the same four rats (Figure 2-6B), possibly because
task acquisition in the olfactory dimension proceeded more quickly than with visual
stimuli (p < 0.05, paired t-test; the number of sessions to reach criterion for visual SD
was 11.25 + 1.89, mean ± s.e.m.; for olfactory SD: 4.25 + 0.48, respectively).

Figure 2-6. Response latencies in simple discrimination learning. (A) Response
latency in simple visual discrimination plotted as function of session number; open
triangles symbolize mean latency for false-alarm (erroneous go) responses, filled circles
symbolize hits (correct Go responses). The mean latency was different (*, P < 0.05,
ANOVA) for these two types of responses in the final four sessions. (B) Idem for simple
olfactory discrimination; the latency for hits and false-alarm responses differed significantly
only in the first session (marked by *).

Figure 2-7A illustrates correct rejections subsequent CD task, using odor as
relevant (i.e., outcome-predicting) dimension and vision as irrelevant, distracting
dimension. All four rats attained criterion performance in the first session, which was
composed of an initial set of SD trials (using only odor as stimulus; trial blocks labeled
SD1-SD3 in Figure 2-7A), followed by a switch to compound stimulation (blocks
CD1-CD5) as soon as criterion was reached. The distracting visual stimulus resulted in
a mild and short-lasting decrease in performance in only one rat (change from SD3 to
CD1: +3.1 + 9.4 %; n.s., N=4).
In contrast, when the rats were trained in a simple discrimination paradigm with
vision as relevant dimension, addition of odors as irrelevant stimuli in the CD phase
led to a strong but temporary deterioration of performance (change from SD to CD1:
-56.3 + 10.8 %, p<0.05, N=4, paired t-test).
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Figure 2-7. Discriminative performance before and after the transition from
simple to compound discrimination learning. The percentage of correct
rejections is plotted as a function of trial blocks, each of which contained eight S+
trials and eight S- trials. (A) presents the transition from simple olfactory
discrimination to the compound phase, where odor remained the relevant
dimension. This session followed the olfactory SD task (Figure 2-5 and 2-6B) in
time. In (B) rats performed simple visual discrimination and proceeded with the
compound phase, keeping vision as relevant dimension. This session followed the
transitional SD-to-CD olfactory task (Figure 2-7A) in time. See Figure 2-5 for
plotting conventions and behavioral criterion.

Neurophysiological data
Two rats, both having undergone pretraining and the SD and CD tasks illustrated
in Figure 2-5 and 2-7, were fitted a microdrive containing a tetrode array converging
into a flat bundle impinging upon the medial prefrontal cortex. Rats recovered within
a few days after surgery, and were able to maintain head position as they did prior to
surgery. Post-mortem histology confirmed that the tetrodes penetrated into the medial
prefrontal cortex, comprising the dorsal regions FR2 and CG1 (Paxinos and Watson,
1998) as well as prelimbic cortex.
We analyzed a total of 9 recording sessions during which rats performed a visual (5
sessions) or olfactory (4 sessions) discrimination task. These sessions yielded a total of
301 well-isolated single units with an average of 33.4  3.8 units per session. Firing
patterns were analyzed by constructing smoothed PETHs synchronized to the onset
of a trial event. Of these units, 196 units (65.1 %) displayed responses to task events
that were statistically significant relative to baseline activity. Most of these units with
task correlates (60.7%, N=119) showed firing rate increments whereas task events
correlated to decrements were observed in a remaining 39.3% of units (within a time
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window of -1.5 to 3.5 s relative to stimulus onset at t=0 s). In short, all events or
phases relevant for task performance were well represented in mPFC populations,
including neural responses during stimulus sampling, movement, waiting and
consuming fluids. Figure 2-8 presents two examples of single units displaying
differential activity in hit and correct rejection trials during the sampling period of SD
tasks. One unit showed a firing rate increment mainly at and after a late stage of
stimulus presentation in the visual SD task, but also discriminated between the hit and
correct rejection (Figure 2-8A; P < 0.05, KS test). A second unit, recorded in a
different rat performing odor discrimination, showed a similar firing pattern, although
the difference between the neural responses was not significant (Figure 2-8B; P > 0.05,
KS test).

Figure 2-8. Examples of peri-event time histograms (PETHs)
synchronized on stimulus onset, taken from two medial prefrontal singleunits. (A) Raster plots of PETHs for correct responses on S+ (left) and S(right) trials in a simple visual discrimination task. A correct response on the
visual S+ consisted of a Go response towards the fluid well (outcome: sucrose
solution), whereas a correct response on the S- was a NoGo response. The
graph below the raster plots shows the smoothed mean firing rate for Correct
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S+ (black) and Correct S- (grey) trials, departing from a bin size of 50 ms. The two
curves were significantly different at P< 0.05 as indicated by a horizontal bar on
top of the curves. (B) Idem as (A), but now for a simple odor disrimination task.
Curves for Correct S+ (black) and Correct S- (grey) did not significantly differ (P >
0.05).

Head movement during stimulus sampling
In a total of 10 sessions from the two rats (SD: 6 sessions, 3 with odors, 3 with
vision; CD: 4 sessions) we analyzed behavioral variation during the stimulus sampling
period, as assessed from changes in head position. The total head travel distance per
trial did not differ significantly between hit and correct rejection and SD vs. CD trials
(hit during SD: 4.24 + 0.08 mm vs. correct rejection during SD: 4.31 + 0.12 mm; hit
during CD: 4.15 + 0.11 mm vs. correct rejection during CD: 4.17 + 0.20 mm; 2-way
ANOVA, p>0.05). Likewise, no significant difference was found in the mean X and Y
positions plotted as a function of time from stimulus onset (Figure 2-9). Despite the
great similarities in head positions during hit and correct rejection trials, the graphs
illustrate that the stimulus sampling period was not marked by a complete stationarity
of the head, but rather by a slight net movement in the order of a few millimeters.
Thus, head movement was present, but in a relatively stereotyped, regular manner.

DISCUSSION
A behavioral setup was constructed with the aim of presenting a multimodal,
´hollow´ object to allow rats to sample sensory stimuli under conditions of strong
behavioral regularity. Stimuli could be presented in an automated and temporally
precise way, and the surrounding cage was equipped with a fluid port where rewarding
(sucrose) or aversive stimuli (quinine solution) were delivered. Furthermore, the
MMSC and surrounding cage permitted stable ensemble recordings from animals that
had been chronically implanted with an array of individually movable tetrodes,
connecting to a sizable headstage (diameter: 5.6 cm) positioned above the rat’s head.
Although in this study we only trained rats to perform sensory discrimination learning
under undistracted (SD) or distracted (CD) conditions, the behavioral setup is useful
to study a much wider range of cognitive processes, including attentional control,
multisensory integration, working memory and sensorimotor control.
Considering that the associative learning procedures were completed by all four
rats tested in this study and ensemble recordings were made from 2 rats, it can be
concluded that the overall requirements set in the Introduction were largely met,
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although this conclusion deserves further comments. First, primary evidence for
associative learning in a SD task with visual or olfactory stimuli was presented in
Figure 2-5 and 2-6. Whereas the percentage of correct rejections can be regarded as a
safe measure of discriminative operant conditioning in a task where animals produce
Go responses by ‘default’, the difference in response latency for hits vs. false alarms
provided an additional measure of learning. The latency for hits to visual stimuli
became gradually shorter than for false alarms may be explained, on the one hand, by
a strengthening of the stimulus-reward association and its utilization in hit trials,
whereas on the other hand an increased latency in false alarm trials was likely coupled
to an increased ability to withhold responding until finally this type of response was
minimized altogether (Figure 2-6A).

Figure 2-9. Mean head position during the stimulus sampling period of
the simple discrimination task (both visual and olfactory sessions were
included, N=3 and N=7, respectively). Graphs show mean head position for
Correct S+ and Correct S- trials in SD tasks (A,B; solid and dashed lines,
respectively) and SD (dash-dotted line) vs. CD (dotted line) in Correct S+ (C,D)
and Correct S- trials (E,F). Mean head position was computed based on frame-
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to-frame positions of the center of the rat’s head as estimated by the Cheetah
Neuralynx system for videotracking LEDs on the rat’s headstage (sampling
rate: 25 frames/s). Grey bands flanking the mean-position curves indicate
95% confidence intervals, which were obtained by a bootstrapping method
(Zoubir and Iskander, 2004). Dark grey areas reflect overlap in confidence
intervals between Correct S+ and Correct S- trials or between SD and CD
trials. X position (A, C and E) and Y position (B, D and F) are plotted as a
function of time elapsed from stimulus onset. Although the head was not
stationary during stimulus sampling, there was no significant difference
between Correct S+ and Correct S- trials in SD, or between SD and CD
studied for Correct S+ and Correct S- trials separately.

Despite the observation that the same four rats were capable of visual as well as
olfactory discrimination learning (Figure 2-5), it is interesting to note that all animals
were slower in acquiring visual as compared to olfactory conditioning. Following
initial SD acquisition, the odor also appeared to act as a stronger distractor than the
visual stimulus, in the sense that task performance was more heavily disrupted upon
the SD-CD transition in the visual task (Figure 2-7B) versus the olfactory task (Figure
2-7A). Although the serial position of these two tasks in the overall training schedule
was different, this interpretation is supported by the fact that all rats were well above
criterion before the distracting stimuli were introduced. That the rats were faster in
acquiring olfactory discrimination relative to the visual task is well in agreement with
the literature, although few studies (Brushfield et al., 2008) have directly compared
learning in both modalities within the same animals (for olfactory discrimination:
Eichenbaum et al., 1980, Schoenbaum and Eichenbaum, 1995, Kay and Freeman,
1998, Sara et al., 1999, Tronel and Sara, 2002; van Duuren et al., 2007; for visual
discrimination: Bussey et al., 1994, Markham et al., 1996, Simpson and Gaffan, 1999,
Cook et al., 2004, Minini and Jeffery, 2006).
A further comment should be made concerning the requirement of temporal
precision of stimulus delivery. On the one hand, the fast and reliable responding after
reaching criterion demonstrates that animals were capable of appropriate stimulus
sampling during the 700 ms presentation period, which implies that odor puffs were
sufficiently discrete in both time and space to enable animals to perform olfactory
conditioning efficiently. In this respect, the rats effectively functioned as ‘biosensors’
for validating the systems for visual and olfactory presentation. On the other hand,
this approach clearly sets limits to the extent that temporal precision of odor pulses
can be claimed, whereas fast on- and offset of visual stimuli was reliably achieved
using the masking method (see Methods). To achieve trial-discrete odor presentation,
our system was equipped with a dual-exhaust system consisting of a powerful, fast fan
and a vacuum line, while a bypass system connected to the fan subserved rapid odor
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onset and largely avoided the problem of ‘dead space’ (i.e. in between multiple valves
for flow switching and the MMSC). These technical measures illustrate how odor
application can be applied to larger chamber volumes on at least a trial-discrete basis.
Behavioral regularity during stimulus sampling is of outstanding importance when
one wishes to exclude motor confounds while examining neural correlates of stimulus
processing, attention or related cognitive processes. First, execution of a relatively
stereotyped sampling behavior was facilitated by the physical layout of the wall panel
which required the animal to place its forepaws on a shelf below the head-entry port
(Figure 2-2). Second, the behavioral setup was equipped with a system for
videotracking head position by way of headstage-LEDs. The mean travel distance of
the head during stimulus sampling did not differ significantly during Correct S+ vs.
Correct S- trials during SD and CD. Furthermore, in the course of sampling the mean
X- and Y-positions of the head did not differ significantly between these trial types
(Figure 2-9), even though these coordinates varied on average by a few millimeters
during the sampling period. The videotracking system, relying on headstages that are
attached to a cable and are situated ~5 cm above the animal’s head, has a similar error
margin. Altogether, these data indicate that a high degree of body-head regularity is
achievable in rats processing sensory inputs.
The neural correlates observed during visual or olfactory SD performance
pertained to all temporal phases of learning trials (stimulus, response, waiting and
reinforcement phases) and included subsets of stimulus-selective responses (Figure 28; whether this selectivity relates to feature tuning or motivational value remains to be
determined). These results are in basic agreement with previous mPFC recordings
studies in freely moving rats (Mulder et al., 2000; Pratt and Mizumori, 2001; Chang et
al., 2002; Baeg et al., 2003; Euston and McNaughton, 2006). Despite the variety of
cognitive processes studied, a common denominator in mPFC recordings has been
the broad ‘coverage’ of relevant task components and phases by neural activity
changes in mPFC. Although this patterning of neural activity may be explained by the
notion derived from primate studies (Rainer et al., 1998; Rao et al., 2000; Lauwereyns
et al., 2001) that the PFC has the capacity to filter out irrelevant information and focus
on task-relevant events, this notion must be tested further. In this respect an
advantage of the current behavioral setup is that a high degree of body-head regularity
can be paired with the presentation of a multitude of stimuli from different modalities.
Apart from the experimental advantages touched upon above, the behavioral setup
offers possibilities to study in rodents a multitude of cognitive tasks, and their
respective neurophysiological underpinnings. Using this technology, investigators may
record large neuronal ensembles with single-unit resolution and combined with
continuous local field potential measurements so that questions of neural synchrony,
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coherence and population coding can be addressed in a wide range of behavioral and
cognitive conditions.

SUPPLEMENTARY MOVIE
Video clip showing a rat’s behavior in two consecutive trials. The clip starts with
a Go trial and moves on to a NoGo trial in a compound discrimination task; visual
patterns were relevant (i.e., outcome-predicting) and odor exemplars were irrelevant.
The audio signal plays multi-unit spike activity recorded on one of the channels of a
tetrode, simultaneously recorded with the video data. The circular array of LEDs
represents the location of the rat’s head. The multimodal stimulus chamber is located
on the left side of the screen and the trial onset light is located above the chamber.
The reinforcement tray is positioned on the right side. When the rat pokes its head
into the chamber, a different camera than the one surveying the behavioral chamber is
activated. This camera was attached inside the multimodal stimulus chamber and
shows the rat’s eye and head movements during stimulus sampling.
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preceding Go or NoGo responses (cf. Fig.3-7)

Rat mPFC in attentional control

Abstract
Control of attention for selecting and acting upon relevant information under varying
environmental demands is a key executive function and a cardinal function of the prefrontal
cortex. Attentional mechanisms are not only deployed to select events within a single sensory
modality, but also across modalities. Thus far most studies focused on unimodal attentional
control, not on the ability to focus on stimuli within a given modality while ignoring stimuli in
another one.
We designed a go- no go discrimination task in which olfactory and visual stimuli could be
presented to the rat in time-controlled manner. We investigated single unit and ensemble
coding patterns of neurons in the medial prefrontal cortex (mPFC) of freely moving rats using
multi-tetrode recordings during a task in which odor exemplars were used as relevant
(outcome-predicting) dimension and visual stimuli were used as distracters. If followed by a
Go response, one of the two odors was coupled to sucrose reward whereas the other odor
resulted in a negative outcome, i.e. quinine solution. We hypothesized that, upon introduction
of distracters, attentional control should be coupled to a relatively strong maintenance of
ensemble representations during successful sensory processing and decision-making, but not
when processing was associated with behavioral errors. Upon the transition from the unimodal
(i.e., odor only) to the compound phase (in which visual stimuli were introduced), no
significant changes in behavioral performance measures were found, whereas single-unit
activity showed changes in post-stimulus firing patterns. Unimodal-compound differences in
ensemble firing patterns were strongest when animals sampled negative stimuli leading to
erroneous Go responses. In contrast, ensembles maintained more similar activity patterns
during sampling of positive stimuli leading to correct Go responses and sampling of negative
stimuli leading to correct NoGo responses. The results indicate that, despite presentation of
distracters, dynamic representations in mPFC during stimulus sampling are largely maintained
during successful performance, but less so upon committing errors. This global persistency is
found in spite of dynamic rearrangements in firing patterns of individual cells. Thus, when
attentional control is successfully maintained in the face of distractive information from
another sensory modality, relevant information is more strongly and persistently represented
than when failures occur.

INTRODUCTION
A crucial function of the prefrontal cortex (PFC) is to guide goal directed behavior
by attending to and maintaining relevant information while ignoring irrelevant inputs
under varying environmental conditions (Miller and Cohen, 2001). Not surprisingly,
disorders involving prefrontal dysfunction, such as schizophrenia and Parkinson’s
disease, are marked by high distractibility under conditions of attentional conflict
(Chao and Knight, 1995; Rogers et al., 1998; Jazbec et al., 2007; Cools et al., 2009) and
by difficulties in shifting attention when previously irrelevant information becomes
relevant (Goldberg et al., 1987; Downes et al., 1989; Owen et al., 1993; Elliott et al.,
1995; Jazbec et al., 2007). Lesions and partial inactivation of the PFC, especially the
dorsolateral region (dlPFC) in non-human primates and the prelimbic (PL) area in
rats, were found to increase susceptibility to distraction as elicited by task-irrelevant
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stimuli (Bartus and Levere, 1977; Broersen et al., 1996; Crofts et al., 2001; Rossi et al.,
2007) and to restrict the use of contextual information to guide appropriate
behavioural responses in the face of ambiguous response information (Marquis et al.,
2007). When focusing on the mPFC of rats, one may ask how this structure manages
to selectively represent relevant information when irrelevant information is presented
simultaneously. It is of particular interest to address this question when multimodal
inputs are presented, because the PFC is anatomically well positioned to process
multimodal information (Goldman-Rakic, 1995b; Groenewegen et al., 1997; Ongur
and Price, 2000; Uylings et al., 2003) and crossmodal attentional control is thought to
depend strongly on the integrative capacities of higher associational structures such as
the PFC (Macaluso et al., 2001; Sugihara et al., 2006). Most previous PFC single-unit
recording studies focused on unimodal attentional control (Rainer et al., 1998) and,
although a few recording studies used multimodal stimuli in non-human primates
(Lauwereyns et al., 2001; Mansouri et al., 2007), these were conducted at the singleunit level. In addition to requiring single-unit descriptions, neurophysiological
mechanisms of attention need to be analyzed at the population level because it is most
likely at this aggregate level that allocation of attentional resources is determined
(Fuster et al., 2000; Miller and Cohen, 2001; Cohen et al., 2004).
We designed an olfactory Go-NoGo discrimination task in which visual stimuli
were introduced as distracters and investigated single-unit and ensemble behavior of
neurons in the medial prefrontal cortex (mPFC) of freely moving rats using multitetrode recordings. Sessions started with a behavioral protocol in which a Go
response to one exemplar (e.g. rose odor) of a unimodal stimulus pair was rewarded,
whereas a Go response to the other exemplar (e.g. cinnamon odor) resulted in an
aversive outcome. This unimodal phase was followed by a compound protocol in
which a new exemplar from a different, distractive dimension (vision) was presented
in conjunction with a stimulus from the original dimension. At this compound stage
the rat was required to attend to the stimulus from the relevant (i.e., outcomepredicting) dimension (cf. Dias et al., 1996b; Birrell and Brown, 2000; Garner et al.,
2006). We predicted that successful sensory processing and decision-making should be
coupled to a strong maintenance of ensemble representations in the face of visual
distracters, but a weaker degree of persistence when associated with behavioral errors.
Upon introduction of irrelevant stimuli, a subset of single mPFC neurons showed a
dynamic rearrangement of firing activity as compared to the unimodal phase. In spite
of these individual changes, ensemble firing patterns in mPFC maintained much of
their original temporal structure during sensory processing and preparation for action,
but did significantly more so in advance of correct responses than when committing
errors. We also found that mPFC neurons showed stronger activity discriminating
between stimuli in the relevant versus irrelevant dimension, supporting the notion that
reward-predictive information remains prominently represented in the face of
distracting stimuli.
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METHODS
Subjects
Pretrained male Lister-Hooded rats (N= 4; Harlan, the Netherlands; body weight
400 - 460 g at time of surgery) were used for the electrophysiological recording
experiments. They were kept in a 12hr light/12hr dark cycle (light on 08:00 am),
housed solitarily and water-restricted. Food (Harlan Teklad, Global 18% Protein
Rodent Diet) was available ad libitum. Water restriction was effectuated by allowing the
animals access to a water bottle for approximately 0.5 to 1.5 hours after the end of a
recording session, but not after this time. All experiments were carried out in
accordance with national guidelines on animal experimentation in the Netherlands.

Multi-electrode array and surgery
Before rats underwent surgery and implantation of a tetrode recording array (Gray
et al., 1995; Gothard et al., 1996; Lansink et al., 2007), they were given oral ampicillin
(30 mg/kg, Eurovet, the Netherlands) mixed with 10% sucrose solution on a 3 day on
/ 2 day off regimen. During operation, animals were anesthetized with Hypnorm (0.06
ml/100g body weight i.m.; 0.2 mg/ml fentanyl and 10 mg/ml fluanison; Janssen
Pharmaceutics, Beerse, Belgium) and dormicum (0.03 ml/100g s.c.; midazolam 1.0
mg/kg; Roche, Woerden, the Netherlands). Surgery involved the stereotaxic
implantation of a ‘flat’ tetrode bundle (approximate dimensions: 0.8 by 2.0 mm)
through a rectangular craniotomy (~ 2  3 mm) above the right medial prefrontal
cortex (center point, AP: +3.0 mm, ML: +1.0 mm; Paxinos and Watson, 1998). After
removing the dura and placing the bundle flush on the cortical surface, the cortex was
covered with a layer of Silastic (i.e., a biocompatible, silicone elastomere, World
Precision Instruments, Berlin, Germany). One hole was drilled over the right
hippocampus (AP: -3.8 mm, ML: 2.4 mm in 3 rats, or AP: -6.3 mm, ML: 5 mm in one
rat) and extra EEG recording electrodes were positioned in the dorsal or ventral
hippocampus (DV: 3.3 mm or DV: 3.65 mm). The hyperdrive and electrodes were
kept in place with dental cement and anchor screws, one at the contralateral side of
the interparietal bone serving as ground.
Upon recovery from anesthesia, rats were administered 0.3 ml/100g of diluted
Fynadine (10% in physiological saline, s.c.; Flunixinum 50 mg/ml, Schering-Plough
Animal Health, Brussels, Belgium) for analgesia, received oral doses of ampicillin (30
mg/kg) for three days consecutively and were subsequently subjected to a 10 day off /
10 day on antibiotic regimen for the duration of the experiment. Starting at the day of
surgery, 12 tetrodes were gradually moved down towards the prelimbic cortex across a
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period of 7 days (final depth: 2600 - 3000 mm; mainly in layers III and V-VI). Two
reference electrodes was placed in the superficial layers of the dorsal frontal cortex
(M2, FrA; Paxinos and Watson, 1998). Following one week of recovery from surgery,
the rat performed the same task as in the last phase of pretraining and with the same
examplars, while parallel spike and EEG recordings were performed across 64
channels. Details of the general recording method are described in e.g. O'Keefe and
Recce, 1993, Gray et al., 1995, Pennartz et al., 2004.

Figure 3-1. Design of the multimodal stimulus (MMS) chamber and
adjacent behavioral cage. A: the behavioral cage included (a) a head-entry
port for gaining access to the MMS chamber, (b) a horizontal shelf upon which
the rat put its forepaws during stimulus sampling, (c) a light for signalling trial
onset, and (d) a well for delivering fluids. The LCD screen for presenting visual
stimuli is indicated by (e). B: details of the MMS chamber, with (b) the
horizontal shelf, (f) an odor delivery nozzle which was placed behind the tilted
separation wall (see A); (g) the LCD screen, (h) a visual pattern, (i) a camera for
viewing head entry behavior, and (j) a dual beam photodetector for monitoring
head entry.

Apparatus
Stimulus discrimination tasks were set in a custom-made behavioral cage (51.6 X
30.0 X 39.6 cm) which contained a multimodal stimulus (MMS) chamber on one side
of the cage and a fluid well at the opposite side (Lee et al., 2009). The MMS chamber
contained a nozzle for delivering odor stimuli, two air-pipes for removing odorized
air, a speaker and a microphone for presenting and detecting sound stimuli (details of

43

Rat mPFC in attentional control

which will not be presented here; see Lee et al., 2009) and a computer screen (17" flat
monitor) for presenting visual stimuli (Fig. 3-1).
The rat gained access to the MMS chamber by poking its head into a hole
(diameter: 3 cm), with its forepaws placed on a shelf elevated above the grid floor of
the cage. This setup promotes behavioral regularity during stimulus sampling (Lee et
al., 2009). The behavioral cage was placed inside a Faraday cage (100 X 75 X 125 cm,
covered with sound-attenuating material). A videocamera and a house light were
mounted on one of the inside walls of this Faraday cage. Trial onset was marked by
lighting an LED (green, 12V) on the right-hand side of the head-entry port. To detect
head entry and withdrawal, we constructed a dual-beam infrared light detector
(Farnell, Leeds UK, type 970-7840) using a set of two mirrors 900 angled to each
other. On- and offsets of nose pokes into the fluid well were detected using an LED
detector. Both the MMSC and surrounding behavioral cage were commanded and
monitored by a Rabbit 2000® microprocessor system (Rabbit semiconductor, type 20668-0003); software for behavioral control was written in Dynamic C and Visual C++.

Behavioral task
Prior to the main experiment, the rat went through five pretraining (‘shaping’)
phases, including habituation to the behavioral cage. The pretraining phases were
described in Lee et al. (2009). In the actual task, a minimal stimulus sampling time of
700 ms was required (Fig.3-2A). Following stimulus delivery and head retraction from
the port, the Go response consisted of a locomotor response to the fluid well, and an
additional ‘nose down’ response into the fluid well, which was required to last at least
500 ms before fluid was delivered (Fig.3-2A). A ‘‘Hit” response was scored when the
rat made a correct Go response following an S+ (positive stimulus, associated with
reward) and “False Alarm’’ for an erroneous Go response following an S- (negative
stimulus, associated with aversive outcome). When ‘nose down’ actions were either
omitted or the rat failed to visit the fluid site within 5 s after stimulus offset,
performance was classified as a correct rejection (for the S-) or a ´miss´ (failure to Go;
following an S+). The rat was introduced to the actual task by presenting a unimodal
discrimination (UD) schedule in which it was required to distinguish two exemplars in
the olfactory dimension. The S+ was coupled to reward if the animal performed a
correct (‘Go’) response (150 l sucrose solution, 0.3 M in distilled water; Merck) and
the S- to an aversive stimulus that punished ‘Go’ responses to this stimulus (150 l
quinine solution, 0.02 M in distilled water; Sigma). S+ and S- trials were presented
pseudorandomly in a 1:1 ratio. When a criterion of 70% Correct Rejection responses
(i.e. correct NoGo responses upon receiving the stimulus paired with quinine
solution) was met in a block which contained 8 positive trials and 8 negative trials,
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compound discrimination (CD) was introduced: in addition to the modality previously
used for UD, a new examplar from a second modality was presented in each trial,
synchronously with one of the exemplars from the first modality. Thus, each of two
exemplars from the first modality (odor) could be paired with each of two exemplars
from the second modality, yielding four combinations. Figure 3-2B shows some
examples of olfactory and visual stimuli used during the task. The newly introduced
modality was the irrelevant dimension and thus conveyed no predictive power about
which stimulus in the other, relevant modality would be rewarding or not. Whenever
the rat reached criterion in CD within a session, we often introduced other stimulus
paradigms to the same rats besides the UD to CD transitional task (e.g.
intradimensional shifting). Sessions having such different histories showed similar
results and were therefore pooled. The current analysis only included sessions which
used new exemplar sets in the UD and CD phases of the task.

(A)

(B)
Task Stages

Relevant
dimension

S+
exemplars

Sexemplars

Simple sensory
discrimination

Odor

Rosemary

Balsam

Rosemary

Balsam

Rosemary

Balsam

Compound
discrimination

Odor

Figure 3-2. Temporal structure of trials and unimodal to compound task
schedule. A. Each trial was initiated by the onset of a trial light. Upon a head
poke by the animal into the MMS chamber, a single unimodal stimulus was
applied 300 ms later (UD) or two stimuli of different modality were
simultaneously presented (CD). Both in UD and CD the stimuli were presented
for 700 ms. Upon head withdrawal from the MMS chamber, the rat either
generated a NoGo or Go response. In case of a Go response, the rat walked
over to the fluid well (movement period), put its nose down into this well,
waited for 500 ms and consumed a volume of sucrose or quinine solution. A
NoGo response did not result in fluid delivery. Trials were separated by an
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intertrial interval. B. Stimulus presentation schedule. Chronological order is
from top to bottom. Rats started with simple odor discrimination and
proceeded to compound discrimination with odor and vision as relevant and
irrelevant dimensions, respectively. Underscores in Fig.3-2B indicate relevant
dimension. All four rats experienced the same visual and olfactory examplars in
the same order. Note that in the CD phase four stimulus combinations were
offered.

Electrophysiological recordings
Neuronal signals were passed through a 54-channel unity-gain amplifier headstage
(Neuralynx) and amplified, filtered (5.000X and 0.6-6 kHz for spikes, 10.000X and 1475 Hz for EEG recordings) and transmitted to a Cheetah Data Acquisition system
(Neuralynx). Signals that crossed a preset voltage threshold triggered a brief (1 ms)
digitization at 32 kHz on all channels of the tetrode, and these waveforms were stored
on a PC. During recordings, a circular array of light-emitting diodes (LEDs) was
mounted on the headstage to track the animal’s position at 50 Hz. To synchronize
neural and behavioral-event data, an event signal, generated by the rabbit system, was
delivered via a serial-to-parallel converter (type: AVR-H128, ATMega, Lelystad, the
Netherlands) simultaneously to a computer recording behavioral events and to the
TTL port on the Analogue-Digital Interface (Neuralynx). In addition, the behavior of
all rats was recorded on a DVD recorder for off-line analysis.
Spikes were sorted off-line on the basis of the amplitude, area and principal
components of waveforms recorded on all four tetrode channels by means of a
semiautomatic clustering algorithm (KlustaKwik; K.D. Harris, State University of
New Jersey, Rutgers-Newark, NJ). The resulting classification was corrected and
refined manually with cluster-cutting software (MClust; A. D. Redish, University of
Minnesota, Minneapolis, MN), resulting in a spike train time series for each of the well
isolated cells. We only accepted single units when their interspike interval histograms
were devoid of intervals below 1.0 ms and only included single units in the
comparative UD and CD analysis when the total number of spikes during each task
phase was at least 10.

Data analysis
Behavioral accuracy was obtained by computing (Nhit  Ncr ) / Ntrials, where N hit is the
number of hits (i.e. correct responses in S+ trials), N cr the number of correct
rejections (NoGo responses in S- trials) and N trials the total number of trials. Two
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latency measures were calculated to quantify reaction speed, viz. the “Head Out” and
“Tray Arrival” latency. The “Head Out” latency was the time interval between
stimulus offset and the moment of head retraction from the MMS chamber (i.e.,
termination of Head Poke; Fig.3-2A) and the “Tray Arrival” latency was the interval
from head retraction to the moment the rat put its nose down to the fluid tray. Due to
the heavily skewed distribution of the Head Out latency, we used the geometric mean
(Matlab function: geomean.m, i.e. the square root of the mean of squared response
latencies) of this parameter in the Results section. Confidence intervals (95%) were
calculated by using bootstrapping with replacement (1000 iterations, Zoubir and
Iskander, 2004; cf. Narayanan et al., 2006).
Neural activity was studied across three trial events, namely stimulus sampling
(from -300 msec to 700 msec after stimulus onset; note that the stimulus was
presented for 700 ms), head retraction from the MMS port (from -200 msec to 800
msec after head retraction) and the outcome period (from -500 msec to 500 msec
after fluid delivery). To estimate a neuron’s firing rate in relation to a task event, we
applied a gaussian kernel with a 50 ms window to peri-event time histograms (PETH,
bin size 10 ms) to obtain a spike density function in each epoch. Significant taskrelated neural activity was detected by comparing the firing rate with a -1 to 4 sec
window of the PETH with the unit´s baseline firing rate which was measured in a
time window from -7 to -2 sec before the onset of the trial light and thus well within
the intertrial interval. The 95 % confidence intervals around the mean firing rate were
calculated by using bootstraping (Zoubir and Iskander, 2004, cf. Wiest et al., 2005).
After this, a two-way ANOVA with task events and response types (i.e. Hits versus
False Alarm responses) as factors, followed by Tukey’s honestly significant difference
(HSD) test, was applied to detect whether firing rate changes were correlated to a task
event. A two-way ANOVA test was also applied to assess the significance of changes
in single-unit firing patterns induced by irrelevant exemplars in the CD phase (factors:
positive vs. negative stimulus valence and the irrelevant exemplars; the stimulus
combinations were: S+ir1, S+ir2, S-ir1, S-ir2, in which ir1, ir2 represent the two
irrelevant exemplars, respectively).
To compare ensemble activity patterns across multiple task phases (UD, CD), all
smoothed PETHs were transformed to Z-scores by subtracted the mean firing rate of
a single unit from each bin value during the UD phase and dividing the result by the
standard deviation of the firing rate. More precisely, we computed: xij  yij  x j  / s j ,
where xij denotes the Z-score of neuron j for time bin i, yij is i-th bin value of neuron
j and xj and sj are the mean and standard deviation of the PETHs of neuron j during
the UD phase, respectively. A two-way ANOVA was used to detect significant
differences across two factors (factor 1: task events, viz. stimulus sampling, head
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retraction, outcome; factor 2: outcome type, i.e. positive vs. negative outcome)
followed by a post-hoc test, Tukey’s HSD criterion.
To quantify the overall similarity between ensemble firing patterns from the UD
and CD phase, we applied a template matching method. We used a cell  time bin
matrix of firing-rate values from the UD phase as a template and the matrix from the
CD phase as a target and calculated the standardized Pearson correlation coefficient
(Cor) for these two matrices (Louie and Wilson, 2001, Tatsuno et al., 2006) which is
defined by:
NC NB

Cor 
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where NC is the total number of cells, indexed by i, NB the total number of bins,
index by j, uij and cij are normalized firing rates from the UD and CD phases,
respectively. U and C are the means of all normalized values for each of the two
phases. To acquire reliable correlations between template and target matrices, the Z
score of the correlation value (Cor) was computed for each match using a sampling
distribution that was obtained from randomly shuffling each template 1000 times.
Four shuffling methods were applied to the templates (i.e. matrices from the UD
phase) and we chose to present the lowest Z score in the Results. First, time bins were
randomly exchanged within each neuron (Bin shuffle). Second, rows of the cell  time
matrix were randomly swapped (randomization of cell identity). Third, columns of the
matrix were shuffled (randomization of temporal order of spike activity with
preservation of temporal alignment among cells). Fourth, the entire spike train vector
of each neuron was shifted with a pseudorandom interval (Louie and Wilson, 2001;
Tatsuno et al., 2006). To compare the UD-CD similarity across different response
conditions, we normalized the similarity measure based on within-UD similarity (i.e.,
this latter similarity was computed by calculating the Z-score for the UD dataset in the
same way as illustrated above for UD-CD, viz. by substracting the mean similarity
from a Cor value of 1.0, and dividing the result by the squared standard deviation; the
Cor value for a dataset correlated with itself is equal to 1.0 and the mean and standard
deviation were obtained by shuffling, as above). This nomalized procedure is actually
used in the results (Fig.3-9) and will be referred to as the similarity index. Importantly,
this procedure controls for “drift” of neural response patterns over UD trials. Neural
data were analyzed by custom made code and toolboxes in Matlab (MathWorks,
Natick, MA).
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Histology
After finishing recording experiments, small electrolytic lesions were made at the
tetrode endpoints in the brain area of interest by passing current (25 uA, 10 s per
lesion) through one of the leads of each tetrode. One day later the experiment was
ended by anesthetizing the rat with an overdose of Nembutal (0.2 ml/ 100 g body
weight; CEVA Sante Animale, the Netherlands) and fixating the brain through
transcardial perfusion with a 0.9 % NaCl solution followed by 4% paraformaldehyde
in 0.1 M phosphate buffer (pH 7.0, Klinipath, the Netherlands). Brains were cut in
coronal sections (40 m) using a Vibratome (Leica, type VT-1000S, Germany) and
Nissl-stained. Post-mortem histological controls confirmed that the tetrodes
penetrated the medial prefrontal cortex, with their tracks stretching from the dorsal
regions FrA, M2 and Cg1 (Paxinos and Watson, 1998) into the prelimbic cortex
(Fig.3-3). A majority of tetrodes was observed to pass through the deep layers (V-VI)
of mPFC and the recording sites ranged from approximately 2.2 to 4.7 mm anterior to
bregma and from -2.8 to -4.2 mm below the cortical surface (Paxinos and Watson,
1998). In one rat, two tetrodes were located in the medial orbital region (area MO)
which is considered a part of mPFC and recordings from these tetrodes were included
in our analysis.

RESULTS
Behavioral results
In each unimodal discrimination session, a Go response to one exemplar of a
unimodal stimulus pair was rewarded whereas a Go response to the other new
exemplar resulted in an aversive outcome. Following this unimodal discrimination
phase, the rat was subjected to a compound protocol in which one of two new
exemplars from a different, distractive dimension was co-presented with one of the
original exemplars. Now the rat was required to attend to and discriminate between
the two stimuli from the relevant, outcome-predicting dimension. The cognitive
problem in this unimodal-to-compound transitional task mainly holds to attend to the
stimuli in the relevant (i.e. outcome-predicting) dimension and to ignore the irrelevant
(non-predictive, distracting) dimension (cf. McGaughy et al., 1994; Weissman et al.,
2004; Lavie, 2005). Figure 3-4A illustrates the behavioral accuracy of the 4 recorded
rats in the task, using odour and vision as relevant and irrelevant dimensions,
respectively. In all 14 sessions, the four rats succeeded in attaining criterion
performance (> 70% correct rejection trials). As soon as this criterion was reached in
an initial set of unimodal trials (trial blocks labeled UD1-UD3 in Fig.3-4A), the rats
were subjected to the transition to olfactory stimulation combined with visual
distracters (blocks CD1-CD3). Behavioral data showed clear evidence of an ability to
ignore the distracting dimension; already in the first block of 8 S- trials (CD1 in Fig.3-
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4A) all rats achieved criterion. Although such a fast adaptation brings up the question
whether animals detected the visual stimuli at all, the neurophysiological evidence
presented below confirmed the presence of visually specific responses in mPFC. The
Tray Arrival latency, but not Head Out latency, was significantly different for Hits
versus False Alarms (Fig.3-4B, gray line and right-hand axis). However, neither of the
two latency measures significantly changed after the UD to CD transition.

Figure 3-3. Location of tetrodes. A coronal section of rat medial prefrontal
cortex. Left side: a representative photograph of a Nissl-stained section. Arrows
indicate lesion sites showing the final position of two tetrodes. Right-hand side:
scheme from rat brain atlas +3.2 mm from bregma (Paxinos and Watson 1998).
Recording sites ranged from approximately +2.2 to +4.7 mm anterior to bregma
and -2.8 to -4.2 mm below the cortical surface. The grey-shaded area roughly
indicates recording sites and dash lined area approximately shows tetrodes’
possible track region stretching from the bundle of the “hyperdrive” placed on top
of M2 and Cg1 (Paxinos and Watson, 1998), into the prelimbic cortex.

Neural activity correlated to task events: general patterns during unimodal
discrimination
We analyzed a total of 14 recording sessions from four rats performing the
unimodal-to-compound transitional task. These sessions yielded a total of 380 wellisolated single units with an average of 26.7  3.7 units per session. Firing patterns were
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analyzed by constructing peri event time histograms (PETHs) synchronized to the main
events occurring during a single trial: onset of sensory stimuli, head retraction from the
MMS chamber and onset of fluid delivery. From the total of 380 units, 258 units
displayed statistically significant responses during one or more task events (67.9 %, 2way ANOVA, P<0.05, factors: task events and positive vs. negative outcome).
Specifically, 49.2 % (N=127) of the units exhibited response changes during the headinsertion and stimulus sampling phase, 45.4 % (N=117) during the head retraction and
locomotion phase (i.e. movement specified by the occurrence of a Go or NoGo
response) and 19.8 % (N=51) during the waiting (nose-down) period or after fluid
delivery. Thirty-five out of 258 units revealed significant neural correlates to more than
one task event. Figure 3-5 presents representative examples of single unit activity taken
from different sessions and rats and examples of ensemble firing patterns from one
session in the unimodal discrimination phase. The first unit (Fig.3-5A) showed activity
changes only during the anticipatory pre-stimulus period, without distinguishing
between positive and negative trials (P>0.05). The second unit (Fig.3-5B) showed an
activity decrement in response to both odor stimuli, but also discriminated between
positive and negative trials (P<0.05). In Hit trials, firing activity returned after Head
Retraction (red bars in Fig.3-5B) and remained high well after reward delivery, but this
was not the case in Correct Rejection trials. The third unit (Fig.3-5C) showed an initial
firing rate increment following onset of either the S+ or S-, after which the response to
the S- gradually subsided during the late phase of stimulus presentation, whereas the
response to the S+ remained prolonged until “Nose-down” into the fluid well (P<0.05).
This early, differential firing response may relate to the preparation of Go as opposed to
NoGo actions and maintaining relevant information until an outcome becomes available.
As shown in Fig.3-5D, some neurons showed activity late into the sampling period,
especially when the rat succeeded in withholding a response in S- trials, an effect that
subsided with stimulus offset. This type of activity may be involved in the suppression
of Go actions or preparation of alternative behavior. The fifth unit (Fig.3-5E) showed a
correlation with sucrose reward, both before and after its delivery. When ensemble
patterns simultaneously recorded in one session were studied across task conditions
(Hits, Correct Rejections and False Alarms in the unimodal phase; Fig.3-5F-H), mPFC
activity reflected the successive stages of a task trial well. The pre-stimulus period,
sensory sampling, head retraction from the MMS, locomotion to the fluid tray, waiting
at the tray in advance of outcome and fluid consumption periods were all ´tesselated´ by
temporally specific unit activity. The same neural population showed varying firing
patterns across different behavioral conditions. Altogether, these ensemble firing
sequences in mPFC show a pattern in which all trial stages are represented during Hit
and False Alarm trials (Fig.3-5H).
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Figure 3-4. Discriminative performance and response latencies before and
after the transition from the unimodal to the compound task phases. (A)
Behavioral accuracy of four rats was plotted as a function of trial blocks (e.g.
UD-3), each of which contained eight S+ trials and eight S- trials. Accuracy was
computed as the sum of correct trials (Hits plus Correct Rejections) divided by
the total number of trials. Criterion was at 70 % correct rejections in a block.
Gray-shaded area represents the compound phase. (B) “Head Out” response
latencies (open black circles and left axis) and “Tray Arrival” latencies (open
grey squares and right axis) were averaged across all unimodal discrimination
(UD) and compound discrimination (CD) sessions. Bars flanking mean values
represent 95% confidence intervals calculated by bootstrapping (1000 times).
Mean Tray Arrival latencies were significantly different for Hits versus False
Alarms (*, P < 0.05), but not for UD versus CD.
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Figure 3-5. Firing patterns for different events during the unimodal
discrimination phase taken from five different medial prefrontal singleunits (A-E) and ensemble firing patterns from one simultaneously
recorded session (F-H). For illustrative purposes we used time windows from
-1 to 1 sec for (A), from -1 to 3 sec for (B) and (C) and from -0.5 to 1.5 sec for
(D) and (E). Trial order runs from top to bottom. The blue horizontal line
indicates the upper boundary of the 95% confidence interval of mean baseline
firing rate. The red bars indicate the time of head retraction in each trial. From
A to C, trials were synchronized on stimulus onset. Red bars are not present in
(D) and (E) because trials were synchronized on head retraction (HR) and fluid
delivery, respectively. (A) This PETH shows the smoothed mean firing rate for
Correct S+ (black) and Correct S- (grey) trials in a unimodal discrimination task.
This unit showed firing activity already in advance of stimulus onset (P>0.05 for
S+ vs. S- condition). The graphs below the PETHs are raster plots for correct
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responses on S+ (left) and S- (right) trials. (B) Idem as (A); with respect to
baseline firing, this unit showed a modest decrease in firing activity during the
task period, especially for correct responses to the S-. Curves for Correct S+
(black) and Correct S- (grey) conditions differed significantly at P< 0.05 (twoway ANOVA and Tukey HSD). Note that the cell resumed firing upon head
retraction, but only in correct S+ trials, thus coupled to Go responses. (C) Idem
as (A), this unit showed prolonged activity during the later part of the stimulus
period which ended at +700 ms in the S+ condition (curves differed
significantly at P<0.05). Note the gradual decrease in firing rate for the Scondition, occurring after ~500 ms post-stimulus onset. (D) Trials were
synchronized on head retraction (H.R), contrasting Hits (black) to Correct
Rejection (grey) trials (P<0.05). Firing was selectively present in the NoGo
condition, mainly before head retraction. (E) Trials were synchonized on fluid
delivery. Delivery of sucrose solution (black) is contrasted with quinine (in the
quinine condition no spikes were recorded in this time window; curves different
at P<0.05). (F) Ensemble firing patterns in Hit trials during the unimodal
discrimination phase, composed of units which showed significant changes
during behavioral sequences (P<0.05, two-way ANOVA and Tukey HSD).
Each row is a PETH of one neuron, color-scaled by the Z-scored firing rate in
10 ms bins after smoothing with a Gaussian kernel. The matrix was sorted by
the trial time of the unit’s mean peak firing rate and each window size was [-1, 3]
s, centered on stimulus onset (black vertical line). Z-scores were truncated to the
range [-2.5, 2.5] for illustrative purposes. (G) Idem as (F), ensemble firing
patterns from the same session for Correct Rejection trials. (H) Idem as (F),
ensemble firing patterns for False Alarm trials.

Furthermore, many task-related units (67 out of 258) discriminated significantly
between positive and negative trial conditions. Although the differential occurrence of
Go and NoGo responses on S+ and S- trials may constitute a cause for diverging
firing patterns that are generated after the point of head retraction from the MMS
chamber, it should be stressed that the rat´s behavior before this action was highly
regular (Lee et al., 2009) and sufficiently uniform, not showing significant latency
differences between the unimodal and compound phases. Thus, neural differences
between positive and negative trials occurring before head retraction are unlikely to be
confounded by behavioral differences.

Single-unit changes in firing patterns induced by distracters
In this section we focus on the stimulus sampling period of the task because of the
behavioral uniformity characteristic for this period. Comparing single unit activity
between the UD and CD phases, we found that 39.3 % (50 out of 127) of the units
showing a response during this period changed their activity pattern when visual
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distracters were introduced (two-way ANOVA, p<0.05, factors: UD vs. CD and
positive vs. negative). These sensory-related changes could be subdivided in several
classes, viz. (i) firing rate increments in response to the S+ or S- in the CD phase
relative to UD (54 % on a total of 50 changes), sometimes coupled to positive
stimulus only (Fig.3-6B,C), (ii) decrements in response to the S+ or S- (42 %); (iii)
appearance of a response to the newly introduced, irrelevant stimuli (4 %; Fig.3-7,
incidentally, we observed more units responding to irrelevant stimulus in other
sessions, not included here). Fig.3-6A shows an increment in firing rate selectively for
S+ir1 and S-ir2 during the stimulus sampling period, which is however subtle relative
to the pre-stimulus peak in firing which remains constant from UD to CD. Altogether,
visual distracters elicited firing pattern changes in a small minority of mPFC neurons,
but it is of note that many significant changes were not as pronounced as in Fig.3-6B
and C.
We also examined whether relevant stimulus information was more prominently
represented in mPFC than irrelevant information. During compound discrimination in
the stimulus sampling period, 32 out of 127 (25.2 %) neurons showed a response that
significantly discriminated between the olfactory S+ and S-, given that the
accompanying visual stimulus was constant (two-way ANOVA, p<0.05, factors:
positive vs. negative and irrelevant exemplars). Conversely, only 11 of 127 (8.7 %)
neurons distinguished between the visual stimuli given constant olfactory stimulation.
These two ratios were significantly different (P< 0.05, ratio test). This result indicates
that discriminatory activity in mPFC was stronger for the relevant dimension relative
to the irrelevant one.
Interestingly, when we compared the onset of neural responses to the relevant
stimulus with the onset of the irrelevant one for two simultaneously recorded units
(N=3 pairs), irrelevant information processing appeared only after the encoding
period of the relevant stimulus (Fig.3-7). During the stimulus period, the single unit of
Fig.3-7 showed an early firing rate increment both to the S+ and S- (Hits and Correct
Rejections in Fig.3-7), but there was no early neural response to the irrelevant
exemplars. However, at the trial time where the response patterns started to diverge
for the unit showing strong activity during Hits and Correct Rejections, the unit
correlated to the irrelevant stimulus increased its firing rate. Although this ´delayed
irrelevant´ pattern was found in a limited number of cells (N=4 from 2 rats), it
suggests that mPFC may be involved in prioritizing and protecting relevant
information by delaying irrelevant information during the encoding and/or decision
making period.
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Figure 3-6. Neural firing patterns during a unimodal-to-compound
transitional task. For illustrative purposes we used a time window from -0.5 to
1.5 sec for each event. Each column shows one of the four exemplar
combinations used; the upper pannel shows smoothed PETHs and the lower
panel raster plots. Trial order runs from top to bottom. The following
combinations are shown from left to right: a relevant positive exemplar with
irrelevant exemplar 1 (S+ir1), a relevant positive exemplar with irrelevant
exemplar 2 (S+ir2), a relevant negative exemplar with irrelevant exemplar 1 (S-ir1)
and a relevant negative exemplar with irrelevant exemplar 2 (S-ir2). In the raster
plots, light red and black denote unimodal and compound discrimination trials,
respectively. Trials in (A-C) were synchronized on stimulus onset. (A) This unit
showed uniform responses during the anticipatory, pre-stimulus period for both
the unimodal and compound phase. However, a significant amount of additional
firing activity emerged during sampling of two stimulus combinations (S+ir1, Sir2) in the CD phase, from around stimulus onset to at least 1.5 s later. (B)
Following the UD-CD transition, the firing rate of this unit was increased for all
combinations in the CD phase (P<0.05, two-way ANOVA). (C) Following the
UD-CD transition, the firing rate of this unit was selectively increased for the
positive stimulus, not for the negative stimulus (P<0.05).
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Figure 3-7. Delayed firing response correlated to irrelevant stimulus
information. Upper pannel shows smoothed, averaged neural firing rates from two
mPFC neurons. The firing activity of one unit correlated with an irrelevant stimulus
(thick black line). The other unit increased firing rate in response to the S+ followed
by a correct Go response (Hits, thin black line) and to the S- followed by a correct
NoGo response (Correct Rejections, gray line). Trial time was synchronized on
stimulus onset and the time window was -0.5 to 1.5 sec. Lower panel shows, from
left to right, raster plots of unit A for irrelevant exemplar 1, irrelevant exemplar 2,
and Hits and Correct Rejections for unit B; grey tones match those in upper pannel.

Similarities of mPFC ensemble activity during unimodal and compound
discrimination
Despite the induction of significant single-unit firing rate changes by distracter
stimuli, it remains unclear to what extent mPFC ensemble patterns preserve or change
their overall temporal structure during the transition. Therefore we constructed an
ensemble map for each session and calculated a similarity index for ensemble activity
within a window from 0.3 s before to 1.5 s after stimulus onset. Fig.3-8 illustrates
ensemble maps from all units recorded across 13 sessions in each behavioral condition
in the UD and CD phases (1 session was left out because of an insufficient number of
cells). These maps represent matrices of normalized mPFC activity (ordered by trial
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time of peak firing during UD) versus trial time, and thus offer a comprehensive
overview of when cells were active during a trial, relative to each other.
Although the CD pattern showed a temporal dispersion and increase in variability
relative to the UD pattern, in line with the single-unit data, the ensemble patterns
during stimulus sampling, preparation for action and action execution (Go or NoGo)
showed a high overall similarity between CD and UD for Hits and Correct Rejections,
but not for False Alarm trials. The ensemble patterns during False Alarm responses
showed a high dissimilarity between UD and CD, visible as a loss of the temporal
structure characteristic for UD. Note that this higher dissimilarity cannot be explained
from differences between Go and NoGo behavior, because both in Hits and False
Alarm trials the animal executed a Go sequence. To compare UD-CD similarity across
different behavioral response conditions, we normalized the similarity indices based
on the similarity within the UD phase itself (See Methods; Fig.3-9).

Figure 3-8. Firing patterns of all task-correlated mPFC neurons (n=220)
during the unimodal-to-compound transitional task. Time was
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synchronized on stimulus onset (dotted vertical line) and time window was from
-0.3 to +1.5 s. The firing rate of each neuron was standardized to Z-scores
based on the mean firing rate and standard deviation computed for the UD
phase. Each row represents the PETH of one neuron, bin size was 10 msec and
the PETHs were smoothed with a gaussian kernel (sigma=50 msec). Matrices
were sorted based on the location of the mean peak firing rate in the UD phase.
(A) Ensemble map for unimodal and compound discrimination specifically for
Hits (S+ followed by correct Go responses). (B) Idem as (A), but for Correct
Rejections (S- followed by correct NoGo responses). (C) Idem as (A), but for
False Alarms (S- followed by incorrect Go responses). Z-scores were truncated
to the range [-2.5 2.5] for illustrative purposes. Panel (C) contains less cells
because some sessions did not contain sufficient False-Alarm trials to reach the
minimal number of spikes (N=10) required for this analysis.

Figure 3-9. The similarity index of ensemble firing patterns compared for
the UD and CD phase during stimulus sampling (from -0.5 to 1.5 s relative
to stimulus onset) across different behavioral conditions. Graph shows
averages (Mean ± SEM) over 14 recorded sessions from four rats. SEM values
were obtained by bootstrapping (1000 X). When comparing Hits to False Alarms
and Correct Rejections to the False Alarms, the similarity was significantly lower
for False Alarms relative to both types of correctly performed trials (P< 0.05,
indicated by asterisk; t-test). Hits and Correct Rejections did not show a significant
difference.

Even though 39.3% of the single units showed changes between UD and CD
during the stimulus sampling period (lasting from stimulus onset until 700 ms later),
the similarity index showed there was a high similarity between UD and CD in this
period, especially when relevant stimuli were correctly processed (t-test, Hits vs. False
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Alarms and Correct Rejections vs. False Alarms: both p<0.01; Hits vs. Correct
Rejections: p>0.05). This high similarity for correctly executed trials may be related to
the lack of significant differences in behavioral performance (Fig.3-4) when irrelevant
exemplars were introduced.

DISCUSSION
Medial prefrontal firing patterns during sensory discrimination
Ensemble recordings were made from the mPFC of rats engaged in a sensory
discrimination task consisting of two phases: a unimodal phase in which the rat
discriminated odour cues to make Go/NoGo decisions, and a compound phase in
which visual distracters were introduced while olfaction was maintained as relevant
dimension. Behaviorally, rats were well capable of coping with the distracter stimuli as
their performance in terms of reaction times and accuracy remained high in the
compound phase (Fig.3-4). Four neurophysiological findings of major interest
emerged from the analysis. First, all trial phases, ranging from the pre-stimulus period
to the intake of sucrose or quinine solution, were ´tesselated´ or represented by mPFC
firing patterns (Fig.3-5). Second, during stimulus sampling a sizeable minority of
mPFC cells displayed firing-pattern changes following the introduction of visual
distracters, and these changes were apparent as firing-rate increments, decrements, or
responses to the distracter stimuli (Fig.3-6). Third, significantly more neurons
generated responses discriminating relevant stimuli as compared to the small minority
differentially responding to irrelevant stimuli. Fourth, and probably most interestingly,
we found that the temporal structure of mPFC ensemble activity was largely preserved
for correctly performed trials (Hits and Correct Rejections) after introducing distracter
stimuli, but not for erroneous Go responses (False Alarms). This selective
preservation of mPFC coding occurred despite the changes noted in individual cells
and suggests a neural mechanism for maintaining relevant stimulus information in the
face of intrusive, irrelevant information and selecting appropriate actions, as pointed
out below.
Although perhaps seemingly simple at first sight, the compound discrimination
task we used comprises a range of cognitive or computational problems that have to
be solved for correct performance. Olfactory and visual inputs need to be processed,
encoded and identified first; in cooperation with the mPFC these processes are likely
to involve paleo- and neocortical structures such as the piriform and visual cortex as
well as perihinal areas and orbitofrontal cortex (Ramus and Eichenbaum, 2000; Baxter
and Murray, 2001). A further task requirement holds that rule-relevant and rewardassociated information on these stimuli must be retrieved; visual and olfactory input
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should be classified and handled as irrelevant and relevant dimensions, respectively
(Shallice and Burgess, 1991; Dias et al., 1996b; Birrell and Brown, 2000). In addition,
the specific outcome-associated values of relevant stimuli (i.e., olfactory) require
retrieval, a process thought to involve amygdala and orbitofrontal cortex (Gaffan and
Murray, 1990; Uwano et al., 1995; Ito et al., 2006, Schoenbaum et al., 2007; van
Duuren et al., 2008; van Duuren et al., 2009). This process of rule and value retrieval
must then regulate the access of relevant, reward-predictive information to brain
systems for decision-making and motor control, so that a positive-valued stimulus
comes to evoke a Go sequence whereas a negative-valued stimulus leads to
suppression of a Go response and selection of alternative behaviors. This regulation is
likely to involve dorsal and ventral striatal systems for valuation and action selection
(Christakou et al., 2004; Dalley et al., 2004; Balleine et al., 2007) and may also rely on
mPFC output directly to (pre-) motor areas (di Pellegrino and Wise, 1993; Miller and
Cohen, 2001; Narayanan and Laubach, 2006). In addition, selection of relevant
information may increase focused activity in corresponding sensory cortices (cf.
Weissman et al., 2004). These processes are unlikely to unfold as a linearly ordered
sequence of events, as operations such as value retrieval may be influenced by sensory
feedback or results of computational processing occurring later in time.
As lesioning and pharmacological studies have generally implicated the prelimbic
and infralimbic cortex of the rat in flexible rule-learning and strategy selection (de
Bruin et al., 1994; Ragozzino et al., 1999a; Birrell and Brown, 2000; Miller and Cohen,
2001; Rich and Shapiro, 2007; Peyrache et al., 2009), it is important to note that
different subsets of mPFC neurons were selectively active during all subsequent
phases of the task. This broad ´coverage´ of relevant task phases and task elements
has been noted before, e.g. in studies on operant conditioning and reversal learning
(Mulder et al., 2003), working memory (Jung et al., 1998; Euston and McNaughton,
2006), and egocentric versus spatial navigation strategies (Rich and Shapiro, 2009).
Considering the evidence causally implying the mPFC in rule-coding and strategy
selection, one may predict the mPFC to be most active when cognitive demands are
highest, viz. during the stimulus sampling phase, when sensory selection and decisionmaking are taking place. This apparent contrast may be explained by assuming that
mPFC neurons collectively encode task events and progress through a trial within the
task´s specific context (cf. Shidara et al., 1998), whereas not all of this coding activity
is causal to task execution, either because the same events are redundantly coded in
other brain areas, or because the task is not of a complexity that would require all
coded task elements to be used to solve the cognitive problem at hand. Thus, a more
global ´tesselating´ or task-structure coding function may well co-exist with a more
specific and unique function of mPFC in the selection of task-relevant information
and its conversion into behavioral strategies. Despite the fact that our unimodalcompound discrimination task shares important elements with previous studies on
mPFC coding of rule-coding and strategy selection, it is of note that we focused here
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on sensory-related processing in an attentional paradigm. In contrast to previous
studies in which rule-guided action sequences were executed under many degrees
behavioral freedom (e.g. Jung et al., 1998; Mulder et al., 2003; Euston and
McNaughton, 2006; Rich and Shapiro, 2009), sensory selection in our paradigm was
studied under conditions of high behavioral regularity, essentially because we trained
rats to sample a ´hollow´, multimodal object in a way that put their body into a fixed
position (Lee et al., 2009; see also Fig.3-4). That such procedures are important to
interpret cognitive correlates of mPFC activity is underscored by the sensitivity of
mPFC firing patterns to behavioral variability (Euston and McNaughton, 2006;
Cowen and McNaughton, 2007).

Medial prefrontal functions in attentional control and task set
Besides its more general role in coding trial events within a task context or set, the
current findings shed light on the neural mechanisms mediating attentional control.
Indeed, mPFC lesions in rats have been reported to result in impairments in vigilance,
attention and contextually guided behavioral selection (Miner et al., 1997; Broersen,
2000; Birrell and Brown, 2000). Manipulations of neuromodulatory systems in rodent
prefrontal-striatal systems, particularly of noradrenalin, acetylcholine and dopaminereleasing fibers, were shown to affect performance in attentional tasks (McGaughy et
al., 1994; Dalley et al., 2004; Sarter et al., 2005; McGaughy et al., 2008; Nagano-Saito
et al., 2008). But which elements in the rich palette of mPFC coding are instrumental
to explain its involvement in attentional control? A first clue may be derived from our
finding that the discriminatory capacity for relevant stimuli was better represented in
the mPFC population than for irrelevant information. Assuming that this distinction
correlates to the relevance of the dimension and not with sensory modality per se, this
finding indicates a neural correlate of prioritizing reward-predictive information,
possibly coupled to the ´protection´ of its representation against intrusions by
distracters. Although incidentally, we also observed that firing patterns related to
irrelevant exemplars were delayed with respect to relevant stimulus processing (Fig.37), which suggests 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.
Our second finding of major interest for studying attentional control concerns the
selective preservation of mPFC ensemble structure for correct, but not False Alarm
trials. The pattern of similarities between the UD and CD phase indicates that Hits
and Correct Rejections were coupled to maintenance of the integrity of mPFC
ensemble sequences, suggesting that this integrity may be instrumental for successful
attentional control and decision-making. During False Alarm trials, temporal ensemble
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structure characteristic for UD was already considerably changed in CD during the
pre-stimulus and sampling periods (Fig.3-8C), which may correspond to poorer
stimulus anticipation and less attentive stimulus processing. Remarkably, temporal
ensemble structure was also disrupted relative to UD during post-stimulus phases of
False Alarm trials, despite the fact that Go actions were generated much like those in
Hit trials (Fig.3-4). This supports the idea that temporal mPFC ensemble structure,
instead of ´passively´ monitoring task events and actions, rather reflects the active
coding of trial events within task context or attentional set (cf. Mulder et al., 2003).
The integrity of this coding needs to be maintained from trial start to end in order for
the trial sequence to be executed as planned. If relevant information is not robustly
represented or ´protected´ in an appropriate sequence of neural activity, irrelevant
stimuli may disrupt information encoding and processing so that behavioral errors
occur. Qualitatively, the changes in ensemble structure may be compared to different
types of ´remapping´ phenomena described in the hippocampus (Leutgeb et al., 2005).
Whereas a low degree of ´remapping´ from UD to CD may be considered
characteristic for correct trials, remapping is suggested to be enhanced in False Alarm
trials. Although more research is needed to determine the similarities and differences
between remapping phenomena across different brain structures, the comparison may
be useful conceptually: whereas remapping in the hippocampus points to a change of
assembly state coding a subject’s position in a spatial context, the changes we describe
for mPFC maps suggest an alteration in coding for task set or ´task space´.
Analogously, based on the current findings it is predicted that task switching, such as
in the Wisconsin card sorting test which is indicative for schizophrenia (Goldberg and
Weinberger, 1988; Jazbec et al., 2007), should be accompanied with a switch in mPFC
activity patterns, not only at the level of small subsets of single-units, but rather
massively, at the ensemble level.

Comparison to studies in humans and non-human primates
Debates on the analogies of rat frontal cortical areas and human and nonhuman
prefrontal cortex have not yet been resolved, but a body of evidence suggests
similarities in anatomical connectivity between the greater orbitomedial prefrontal
regions in rodents and primates (reviewed by Uylings et al., 2003). In addition,
functional similarities have been pointed out between rodent mPFC and primate
dorsolateral PFC (dlPFC), 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). Recent fMRI studies in humans performing a visual-auditory
attentional task with crossmodal distracters found a relationship between BOLD
activity changes in dlPFC and anterior cingulate cortex that correlated with
successfully ignoring irrelevant information (Weissman et al., 2004; Egner and Hirsch,
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2005; Hyafil et al., 2009). In these studies, dlPFC and anterior cingulate cortex were
hypothesized to increase attention to goal-relevant stimuli, help resolve conflict or
competition between relevant and irrelevant stimuli, and bias activity in sensory
cortices towards relevant information processing (Weissman et al., 2004). Our current
findings on a stronger discriminatory processing of relevant information within the
mPFC, and on maintained ensemble representation of task-relevant elements indicate
neural mechanisms mediating such functions, and the influence of these mPFC
processes on sensory systems may be mediated by feedback, top-down connections to
higher sensory and associational areas (Groenewegen et al., 1997; Uylings et al., 2003).
Because of the limited spatiotemporal resolution in BOLD signals, the mix of firingrate increments, decrements, temporal shifts and changes in temporal ensemble
structures – lacking an overall net change in mPFC excitability – is unlikely to be
detectable in fMRI studies. An interesting point for future studies on rodent mPFC
originates from findings by Buschman and Miller, 2007 who compared neural
correlates of “top-down” attention (reflecting task demands) and “bottom-up”
attention (derived from stimulus saliency) in monkey prefrontal and parietal cortices.
During top-down attention, rhythmic synchronization between prefrontal and parietal
cortex occurred in a lower frequency band of gamma activity, whereas bottom-up
attention was coupled to synchrony in a high gamma frequency band. Our preliminary
analysis of EEG traces recorded from the rat mPFC did reveal gamma- and beta-band
activity during the sampling period in UD and CD, but did not show major changes
during the UD-to-CD transition. Nevertheless it will be worthwhile to investigate
whether such changes occur under higher attentional demands or when attentional set
shifting must be performed.
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Single-unit correlates of attentional set shifting in the rat mPFC

Abstract
Shifting cognitive strategy upon changes in environmental demand is an essential
characteristic of cognitive flexibility and includes the ability to shift attentional set when a
previously attended stimulus property is no longer relevant. Attentional set refers to an
animal’s disposition to focus on, or select, particular aspects of sensory input that an animal
uses to solve a task at hand and reach a behavioral goal reliably and efficiently, and shifting
between sets may be under the dynamic control of specialized neural networks incorporating
the medial prefrontal cortex (mPFC). We hypothesized that when previously irrelevant
information becomes relevant, successful attentional set shifting should be based on a
temporal reorganization of neural activity that is triggered by updated information about trial
outcome and rules valid for the task at hand.
To examine neural mechanisms underlying attentional set shifting, we designed a
multimodal discrimination task set in a chamber where visual and odor stimuli could be
presented to a rat in a time-controlled manner and investigated single-unit coding by mPFC
neurons in freely moving rats using multi-tetrode recordings. All sessions started with a simple
discrimination (SD) protocol requiring a Go or NoGo response to a pair of exemplars in one
sensory dimension (i.e., olfaction). Subsequently the rat was introduced to the task stage of
compound discrimination (CD), where stimuli in an irrelevant dimension, i.e. vision, were copresented with odors. The next task stage was intradimensional set shifting (IDS), in which
new visual and olfactory stimuli were introduced, but the relevance of each sensory dimension
remained unchanged. Finally, rats reached the stage of extra-dimensional set shifting (EDS), in
which the previously relevant dimension became irrelevant and the irrelevant dimension
became relevant. Our results indicate that EDS was accompanied by a strong temporal
reorganization of mPFC firing activity, whereas IDS and CD were not. This reorganization was
expressed by a variety of dynamic changes in mPFC firing patterns, including enhancements or
decrements of firing rate (N=57 out of 112, 50.9%), appearance of novel responses (4.5%) and
forward (advancing) temporal shifts in the timing of firing (4.5%). The results indicate that
changes in stimulus relevance correlated with a temporal reorganization of mPFC firing
activity.

INTRODUCTION
In a range of species including primates and rodents, the prefrontal cortex is
known to contribute to executive functions (Shallice, 1982; Goldman-Rakic, 1995b;
Heyder et al., 2004; Fuster, 2008), including control of attention (Nagahama et al.,
2001; Shomstein and Yantis, 2004; Buschman and Miller, 2007; Woodman et al., 2007)
and attentional set shifting (ASS; Owen et al., 1991; Dias et al., 1996b; Birrell and
Brown, 2000; Bissonette et al., 2008). Here the term 'set' refers to a dispositional,
experience-dependent state of cognitive ‘readiness’ or cognitive strategy that an animal
uses to solve a task at hand and reach a behavioral goal reliably and efficiently
(Buchwald et al., 1975; Dias et al., 1996b; Pashler, 1998; Corbetta and Shulman, 2002).
The ability to shift attention is an essential component of cognitive flexibility and is
employed when the animal receives environmental feedback indicating that previously
attended perceptual targets are no longer relevant in view of its behavioral goals, such
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as reward. Shifting attention is not thought of as being governed by a single
mechanism operating in one brain area, but as mediated by several cooperating brain
areas, including fronto-striatal networks (Robbins, 1996; Meck and Benson, 2002;
Floresco et al., 2006a; Block et al., 2007).
Patients suffering from schizophrenia and Parkinson’s disease have long been
known to show difficulties in shifting attention when previously irrelevant information
becomes relevant, such as in the Wisconsin Card Sorting Test (WCST; Goldberg et al.,
1987; Downes et al., 1989; Owen et al., 1993; Elliott et al., 1995; Rogers et al., 1998;
Gauntlett-Gilbert et al., 1999; Jazbec et al., 2007). At least two distinct cognitive
phenomena are involved, namely (i) perseveration which is the inability to release
attention from a previously relevant perceptual dimension, so that the subject keeps
responding to the irrelevant dimension and (ii) learned irrelevance, which refers to
difficulties in reengaging attention to and learning about a previously irrelevant
dimension, thus ignoring or paying less attention to the newly relevant dimension
(Mackintosh, 1975; Owen et al., 1993). While perseveration has been a dominant
feature in the description of schizophrenic patients (Elliott et al., 1995), learned
irrelevance was suggested to be affected in medicated Parkinson’s patients. Nonmedicated patients were equally impaired in both conditions (Downes et al., 1989;
Owen et al., 1993). Interestingly, healthy human subjects showed a dominant effect of
learned irrelevance as compared to perseveration under a WCST like task with a ‘total
changing’ design (Maes et al., 2006).
Using a lesioning approach in Marmosets, the group of Robbins showed that
different regions of the PFC mediate different aspects of cognitive flexibility (Dias et
al., 1996b; Robbins, 1996). Related studies on human subjects showed a similar
pattern of results, implying the ventrolateral and possibly dorsolateral PFC in
switching attention between dimensions and orbitofrontal cortex in updating stimulusreward associations and reversal learning (Hornak et al., 2004; Hampshire and Owen,
2006). Whereas in rats the orbitofrontal cortex has been implicated in reversal learning
as well, it is the rat medial prefrontal cortex (mPFC) that is most strongly involved in
switching between dimensions (mPFC: Ragozzino et al., 1999b; Birrell and Brown,
2000; Rich and Shapiro, 2009, OFC: McAlonan and Brown, 2003; Chudasama and
Robbins, 2003; Ghods-Sharifi et al., 2008). However, it remains unknown how
attentional set shifting is expressed in firing activity of single mPFC neurons, and how
changes in firing pattern may support set shifting.
Most previous research on attentional set shifting and rule learning in non-human
primates and rats has been conducted by way of single-unit recordings, excitotoxic
lesions or neuropharmacological manipulations (recordings: Amemori and Sawaguchi,
2006; Mansouri et al., 2006; Kargo et al., 2007; Peyrache et al., 2009; Rich and Shapiro,
2009, lesions: Dias et al., 1996b; Birrell and Brown, 2000; Fox et al., 2003; Bissonette et
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al., 2008, neuropharmacology: Crofts et al., 2001; Stefani et al., 2003; Floresco et al.,
2006b). In primates, body, head and eye positions can remain largely stationary during
the presentation of sensory stimuli, and sensory input can be kept relatively constant
while attentional demands are being varied (e.g. Treue and Maunsell, 1996; Steinmetz
et al., 2000). However, due to prolonged pretraining before recording neural activity,
entailing many repetitions of the same behavioral task, limitations of the recording
technique, and due to very fast adaptation (lack of sufficient trials to analyze data), it
has proven difficult to investigate dynamic neural changes correlating with attentional
set shifting in primates (cf. Tomita et al., 1999; Wallis et al., 2001; Mansouri et al.,
2006). Most unit-recording studies on rule-learning in rodents (Kargo et al., 2007;
Peyrache et al., 2009; Rich and Shapiro, 2009) were performed in tasks where the
animal had to follow a spatial trajectory from a start to a goal site, a protocol carrying
the risk of sensorimotor confounds because rule shifts may be easily accompanied by
subtle changes in trajectory, body orientation or other behavioral features (Euston and
McNaughton, 2006; Cowen and McNaughton, 2007). Thus, we aimed at examining
neural mechanisms of attentional set shifting in the rat mPFC using a task maximizing
behavioral regularity during attentive processing of sensory stimuli (cf. Lee et al.,
2009).
We designed a multimodal discrimination task, set in a chamber where visual and
odor stimuli could be presented to a rat in a time-controlled manner, and demanding
behavioral regularity during stimulus sampling, which lasted at least 1 s. The task
required the rat to make a Go or NoGo decision, first based on discrimination of two
odors, and to shift attention to the visual dimension later. The primary comparison in
this article is between intradimensional set shifting (IDS) and extradimensional set
shifting (EDS). IDS holds that new exemplars in the visual and olfactory modalities
are introduced, whereas each modality remains as relevant or irrelevant as before (in
our task, odors remained the relevant dimension, because they continued to be
predictive of the upcoming outcome). Also during EDS, new exemplars are
introduced, but now the animal has to shift its attention away from the formerly
relevant dimension and towards the previously irrelevant dimension (cf. Dias et al.,
1996b; Birrell and Brown, 2000). When comparing neural firing patterns during IDS
with EDS, we predicted that successful performance during EDS, and not during IDS
should correlate to a reconfiguration of temporally ordered neural activity. Specifically,
for the IDS-to-EDS transition we predicted a disinhibition of activity correlated to
previously irrelevant stimuli and a suppression of activity correlated to previously
relevant stimuli.
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METHODS
Subjects, multi-electrode array and surgery
Pretrained male Lister-Hooded rats (N=3; Harlan, the Netherlands; body weight
408.3  8.3 g at time of surgery) were used for the tetrode recording experiments.
They were kept on a 12hr light/12hr dark cycle (light on 08:00) and housed solitarily.
In order to keep rats motivated to perform a discrimination task, they were waterrestricted. However, food (Harlan Teklad, Global 18% Protein Rodent Diet) was
available ad libitum. Water restriction was effectuated by allowing the animals access
to a water bottle for approximately 0.5 to 1.5 hours after the end of a recording
session. All experiments were carried out in accordance with national guidelines on
animal experimentation and were conducted in a room dimly lit with orange lights
during their subjective daytime.
Detailed surgical procedures have been described previously (Lansink et al., 2007,
Lee et al., 2009). Briefly, before rats underwent surgery and implantation of a tetrode
recording array (‘hyperdrive’; Gray et al., 1995; Gothard et al., 1996; Lansink et al.,
2007), they received ampicillin by oral administration (30 mg/kg, Eurovet, the
Netherlands), mixed with 10% sucrose solution and on a 3 day on / 2 day off regimen.
During surgery, animals were anesthetized with Hypnorm (0.06 ml/100 g body
weight, i.m.; 0.2 mg/ml fentanyl and 10 mg/ml fluanison; Janssen Pharmaceutics,
Beerse, Belgium) and dormicum (0.03 ml/100 g, s.c.; midazolam 1.0 mg/kg; Roche,
Woerden, the Netherlands). Rats were mounted in a Kopf stereotaxic frame with
bregma and lambda in the horizontal plane. Surgery involved the stereotaxic
implantation of a ‘flat’ tetrode bundle (approximate dimensions: 0.8 by 2.0 mm)
through a rectangular craniotomy (~ 2  3 mm) above the right medial prefrontal
cortex (center point, AP: +3.0 mm, ML: as close to the sagittal sinus as possible).
After removing the dura and placing the bundle flush on the cortical surface, the
cortex was covered with a layer of Silastic (i.e., a biocompatible, silicone elastomere;
World Precision Instruments, Berlin, Germany). One hole was drilled over the right
hippocampus (AP: -3.8 mm, ML: 2.4 mm or AP: -6.3 mm, ML: 5.3 mm) and
additional EEG electrodes were loaded into dorsal or ventral hippocampus (DV: 3.3
mm or 3.65 mm; in contrast to the tetrodes in mPFC, the positioning of these
electrodes could not be adjusted from day to day). The hyperdrive and electrodes were
kept in place with dental cement and anchor screws, the one in the interparietal bone
at the contralateral side serving as ground.
Starting at the day of surgery, tetrodes were gradually moved down towards the
prelimbic cortex across a period of 7 days. The two reference electrodes were placed
in the dorsal frontal cortex or anterior cingulate cortex (Fr2, ACC; Paxinos and
Watson, 1998). After one week of recovery from surgery, the rat performed the same
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task as in the last phase of pre-surgery training and with the same exemplars, while at
the same time parallel spike and EEG recordings were performed. Details of the
general recording method are described in e.g. O'Keefe and Recce, 1993; Pennartz et
al., 2004.

Figure 4-1. Histological verification of tetrode locations. Left: scheme of a
coronal section from the brain atlas by Paxinos and Watson (Paxinos and Watson,
1998), 0.9 mm from the midline and including the mPFC. Right: three
representative photographs of Nissl-stained sections from anterior to posterior
(from top to bottom: approximately bregma +4.2 mm, +3.7 mm and +2.7 mm).
A denotes anterior, P posterior. Arrows indicate lesion sites showing the final
positions of tetrodes. Across all 3 rats, recording sites ranged from approximately
+2.2 to +4.7 mm anterior to bregma and -2.8 to -4.2 mm below the cortical
surface. Abbreviations: Cg1, anterior cingulate cortex; IL, infralimbic cortex; MO,
medial orbitofrontal area; PL, prelimbic cortex; VO, ventral orbital cortex; M2,
secondary motor cortex.

After finishing recording experiments, small electrolytic lesions were made at the
tetrode endpoints in the brain area of interest by passing current (25 uA, 10 s per
lesion) through one of the leads of each tetrode. One day later the experiment was
ended by anesthetizing the rat with an overdose of Nembutal (0.2 ml/ 100 g body
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weight, i.p.; CEVA Sante Animale, the Netherlands) and fixating the brain through
transcardial perfusion with 0.9 % NaCl solution followed by 4% paraformaldehyde in
0.1 M phosphate buffer (pH 7.0, Klinipath, the Netherlands). Brains were cut in
coronal sections (40 m) using a Vibratome (Leica, type VT-1000S, Wetzlar,
Germany) and Nissl-stained.
Post-mortem histological controls confirmed that the tetrodes penetrated into
mPFC, their tracks stretching from the dorsal regions FR2 and CG1 (Paxinos and
Watson, 1998) into the prelimbic cortex and part of the ventral ACg. A majority of
tetrodes was observed to pass through the deep layers (V-VI) of mPFC and the
recording sites ranged from approximately 2.2 to 4.7 mm anterior to bregma and from
-2.8 to -4.2 mm below the cortical surface (Fig.4-1, Paxinos and Watson, 1998). In one
rat, two tetrodes were located in the medial orbital region (area MO) which is
considered a part of mPFC (Heidbreder and Groenewegen, 2003) and recordings
from these tetrodes were included in our analysis.

Apparatus
Multimodal stimulus (MMS) discrimination tasks were set in a custom-made
behavioral cage (51.6  30.0  39.6 cm) which contained a multimodal stimulus
chamber (MMSC) on one side of the wall and a fluid well on the other side (Fig.4-2A).
The MMSC contained a nozzle for delivering odor stimuli, two air-pipes for removing
odorized air and a computer screen (17" flat monitor) for presenting visual stimuli
(circular inset, Fig.4-2A). The rat gained access to the MMS chamber by poking its
head into a hole (diameter: 3 cm), with its forepaws placed on a shelf elevated above
the grid floor of the cage. This setup promotes behavioral regularity during stimulus
sampling (Lee et al., 2009). The behavioral cage was placed inside a Faraday cage (100
 75  125 cm, covered with sound-attenuating material) and a videocamera and a
house light were mounted on one of the inside walls of this Faraday cage. Trial onset
was marked by lighting an LED (green, 12V) on the right-hand side of the head-entry
port (Fig.4-2A). To detect head entry and withdrawal, we constructed a dual-beam
infrared light detector (Farnell, Leeds UK, type 970-7840) using a set of two mirrors
900 angled to each other. On- and offsets of nose pokes into the fluid well were
detected using an LED detector. Both the MMSC and adjacent behavioral cage were
commanded and monitored by a Rabbit 2000 microprocessor system; software for
behavioral control was written in Dynamic C and Visual C++. Details of the MMSC
setup and pretraining method were described previously Lee et al., 2009.
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Figure 4-2. Behavioral cage, task sequence and exemplar combinations. A.
Design of the multimodal stimulus (MMS) chamber and adjacent behavioral
cage. The behavioral cage included (a) a head-entry port for gaining access to
the MMS chamber, (b) a horizontal shelf upon which the rat put its forepaws
during stimulus sampling, (c) a light for signalling trial onset, and (d) a well for
delivering fluids. The LCD screen for presenting visual stimuli is indicated by
(e). Circular inset: further details of the MMS chamber, with (a) a head-entry
port, (f) an odor delivery nozzle which was placed behind the tilted separation
wall (see A); (g) a camera for viewing head entry behavior, (h) an LCD screen,
and (i) a dual beam photodetector for monitoring head entry. B. Temporal
structure of a trial. Each trial was initiated by the onset of a trial light. Upon a
head poke by the animal into the MMS chamber, a single unimodal stimulus was
applied 300 ms later (SD) or two stimuli of a different modality were
simultaneously presented (CD, IDS and EDS). In every case, stimuli were
presented for 700 ms. Upon head withdrawal from the MMS chamber, the rat
either generated a NoGo or Go response. In case of a Go response, the rat
walked over to the fluid well (movement period), put its nose down into this
well, waited for 500 ms and consumed a volume of sucrose or quinine solution.
A NoGo response did not result in fluid delivery. Trials were separated by an
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intertrial interval. C. Task schedule starting with simple discrimination and
ending with extradimensional set shifting (EDS). Chronological order is from
top to bottom. After simple odor discrimination, rats proceeded to compound
discrimination (CD), intradimensional set shifting (IDS) and extradimensional
set shifting (EDS; in some sessions the CD phase was omitted). During SD, CD
and IDS, odor was used as relevant dimension and vision as irrelevant
dimension. In EDS, the relevance of the dimension was reversed, i.e., vision
became the outcome-predicting dimension and vice versa. Underscored items
indicate relevant dimension; V.P., visual pattern. Visual patterns used
throughout the experiments are presented at the bottom of the table. Note that
in the CD, IDS and EDS phases all four stimulus combinations were offered to
the animal.

Behavioral protocols
Prior to the main experiment, the rats went through five pretraining phases,
including habituation to the behavioral cage. The pretraining phases were described in
Lee et al. (2009). In the actual task, the rat was first introduced to a simple
discrimination (SD) schedule, in which he was required to distinguish two exemplars
belonging to the same dimension (i.e., sensory modality, viz. olfaction). Once its head
was stationary inside the MMSC and kept in for 300 ms, an olfactory stimulus was
presented for 700 ms. Each stimulus belonged to a pair of stimuli, one of which (S+,
positive stimulus) was coupled to reward (150 l sucrose solution, 0.3 M in distilled
water; Merck) in case the rat made a correct Go response, and the other (S-, negative
stimulus) to an aversive reinforcer (150 l quinine solution, 0.02 M in distilled water;
Sigma), in case of an (erroneous) Go response. Thus, the animal was required to
generate a ´go´ response following an S+ and a no-go response following an S-.
Following stimulus delivery and head retraction from the port, the ´go´ response
consisted of a locomotor response to the fluid well, located at the opposite side of the
behavioral cage, and a ‘nose down’ response into the fluid well, which was required to
last at least 500 ms before fluid was delivered. When these actions were either omitted
or the rat failed to visit the reinforcement site within 5 sec., performance was classified
as a correct ‘no-go’ (for the S-) or ‘failure to go’ (´miss´) response (for the S+). A ‘Hit’
response was scored when the rat made a correct Go response following an S+ and
‘False Alarm’ for an erroneous Go response following an S-. The temporal structure
of a trial is shown in Fig.4-2B. On each trial, S+ and S- trials were pseudorandomly
presented in a 1:1 ratio and the intertrial interval (ITI) was also pseudorandomly
chosen to lie between 12 and 15 s. Each session contained several blocks, each
composed of 8 positive trials and 8 negative trials. When a criterion of 70% Correct
Rejection responses (i.e. correct NoGo responses upon receiving the stimulus paired
with quinine) was met in a block which contained 8 S+ trials and 8 S- trials,
compound discrimination (CD) was introduced: in addition to the modality previously
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used for SD, a new exemplar from a second modality were presented simultaneously
with one of the exemplars from the first modality. The new modality was the
irrelevant dimension and thus conveyed no predictive power about which stimulus in
the other, relevant modality would be coupled to trial outcome. During CD trials, each
of the two exemplars from the relevant dimension was co-presented with each of the
exemplars from the irrelevant dimension (Fig.4-2B). When the rat reached the same
criterion as above for CD, intradimensional set shifting (IDS) was introduced: a new
set of stimuli from both modalities was now presented to the rat. However, in this
phase the rat still needed to discriminate on the basis of the same dimension that was
relevant during CD. When the rat reached the criterion for IDS (> 70% Correct
Rejections), the protocol for extradimensional set shifting (EDS) was introduced:
applying new exemplars in both dimensions, the previously irrelevant dimension
became relevant and vice versa (an adjusted criterion was used in this phase: > 60%
Correct Rejections). To compare neural activity across task stages, we added a control
phase in the last block of each session, which was a simple discrimination task with
exemplars that had been used for training in previous sessions. For example, if a
session was started with odor simple discrimination, it ended with visual simple
discrimination. However, if in this phase the rat did not perform more than 10
subsequent trials, the session was terminated. Two of the rats conducted the full SDto-EDS sequence in consecutive sessions (including the control phase), and the other
rat performed the entire SD-to-EDS sequence (including control) in the same session.
Figure 4-2B shows some exemplars of visual patterns and odors that were used.

Neurophysiology recording and spike sorting
Neuronal signals were recorded using a Cheetah recording system (Neuralynx),
amplified and filtered (5,000X and 0.6-6 kHz for spikes, 10,000X and 1-475 Hz for
EEG recordings), and transmitted to a data acquisition computer. Signals that crossed
a pre-set voltage threshold triggered a brief (1 ms) digitization at 32 kHz on all
channels of the tetrode, and the waveforms were stored on a PC. A circular array of
light-emitting diodes (LEDs) was mounted on the headstage to track the animal’s
position during task performance at 50 Hz. An event signal, which was generated by
the rabbit system, was delivered via a serial-to-parallel converter (type: AVR-H128,
ATMega, Lelystad, the Netherlands) simultaneously to the TTL input port on the
Analogue-Digital Interface (Neuralynx) to synchronize neural and behavioral-event
data. In addition, the behavior of all rats was recorded on a DVD recorder for off-line
analysis.
Spikes were sorted off-line on the basis of the amplitude and principal components
of events recorded on all four tetrode channels by means of a semiautomatic
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clustering algorithm (KlustaKwik; K.D. Harris, State University of New Jersey,
Rutgers-Newark, NJ). The resulting classification was refined manually with other
cluster-cutting software (MClust; A. D. Redish, University of Minnesota, Minneapolis,
MN), resulting in a spike train time series for each of the well isolated cells. We only
accepted single units with entirely clean spike intervals below 1.0 ms in the interspike
interval histogram.

Data analysis
Performance accuracy was defined as the sum of the number of hits (i.e. correct
responses in S+ trials) and the number of correct rejections (NoGo responses in Strials), divided by the total number of trials. Neural activity was studied in relation to
three trial events, namely stimulus sampling (from -300 msec to +700 ms after
stimulus onset; stimulus duration was 700 ms), head retraction from the MMS port
(from -500 msec to +500 ms relative to head retraction) and the outcome period
(from -500 ms to +500 ms relative to fluid delivery). To estimate a neuron’s firing rate
in relation to a task event, we applied a gaussian kernel with a 50 ms window to perievent time histograms (PETH, bin size 10 ms) to obtain a spike density function in
each epoch. A two-way ANOVA with task events and outcome type (i.e. positive vs.
negative) as factors, followed by a post-hoc test, Tukey’s honestly significant
difference (HSD) criterion, were applied to detect whether firing rate changes during a
particular task stage (e.g. SD) were correlated to a trial event. This procedure was
applied twice for negative outcome trial types, viz., Correct Rejections and False
Alarms.
To compare neural activity patterns across multiple task phases (SD, CD, IDS,
EDS and control), all smoothed PETHs were transformed to Z-scores by subtracted
the mean firing rate of a single unit from each bin value during the SD phase and
dividing the result by the standard deviation of the firing rate. More precisely, we
computed: xij  ( yij  x j ) / s j , where xij denotes the Z-score of neuron j for time bin i,
yij is i-th bin firing rate value of neuron j and x j and s j are the mean and standard

deviation of the PETHs of neuron j during the SD phase, respectively. A two-way
ANOVA was used to detect significant differences across two factors (factor 1: trial
events, viz. stimulus sampling, head retraction, outcome; factor 2: task stages, viz. SD,
CD, IDS, EDS and control, with either positive or negative outcome) followed by
Tukey’s HSD test.

75

Single-unit correlates of attentional set shifting in the rat mPFC

RESULTS
Behavioral results
Sessions started with a simple discrimination (SD) phase, in which a Go response
to one exemplar of a unimodal stimulus pair was rewarded whereas a Go response to
the other exemplar resulted in an aversive outcome. Following SD, the rat was
subjected to a compound protocol in which one of two new exemplars from a
different, irrelevant dimension was co-presented with one of the original exemplars.
Following compound discrimination (CD), new sets of exemplars from both
dimensions were introduced and the rat was required to make Go/NoGo decisions
based on the same dimension as was relevant before (intradimensional set shifting,
IDS). The cognitive problem in the IDS phase is to transfer a valid rule to a novel set
of stimuli in the same relevant dimension (cf. Dias et al., 1996b; Birrell and Brown,
2000). Next, the extradimensional shifting (EDS) phase was introduced to the rat,
again with new sets of exemplars. Now the rat was required to shift attention to the
previously irrelevant dimension and disengage attention from the previously relevant
dimension. As soon as criterion (> 70% Correct Rejections in SD, CD, and IDS, for
EDS, > 60% Correct Rejections) was reached in each phase (trial blocks labeled SD,
CD, IDS and EDS in Fig.4-3), rats were subjected to the next phase, i.e., CD after SD,
and so on for IDS and EDS. Figure 4-3 illustrates the number of blocks required to
reach criterion in each phase (N=3 rats). Behavioral data showed clear evidence of the
ability to apply an attentional rule to new exemplars; all three rats achieved criterion
within 1.3  0.7 (mean  sem) blocks of IDS (Fig.4-3). In contrast to IDS, all rats
needed 11.0  0.0 blocks to reach citerion in EDS, using odour and vision as initially
relevant and irrelevant dimensions, respectively. To compare neural activity between
poorly and successfully performed sessions, especially the EDS phase, we divided the
data into two groups, viz. high and low accuracy sessions. Accuracy in the high
performance group (3 sessions from one rat) was 72.7  5.1 %, contrasting to 55.7 
3.4 % for the low performance group (3 sessions from three rats). The high accuracy
group included one session in which the rat reached criterion in EDS plus the two
sessions before and following this session, and the low-accuracy group mainly
contained sessions in which the rat was first exposed to EDS.

Neuronal classification : General patterning of neural activity during SD
We analyzed a total of 9 recording sessions from three rats performing the
complete or nearly complete sequence of the multimodal attentional set shifting task
(SD-CD-IDS: 3, SD-CD-IDS-EDS: 3, SD-CD-EDS: 3 sessions). These sessions
yielded a total of 274 well-isolated single units with an average of 30.4  3.5 units per
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session. Firing patterns were analyzed by constructing peri-event time histograms
(PETHs) synchronized to the main events occurring during a single trial: onset of
sensory stimuli, head retraction from the MMS port and onset of fluid delivery. From
these 274 units, 176 units displayed statistically significant responses during one or
more trial events (64.2 %, 2-way ANOVA, p<0.05, factor 1: task events, factor 2: task
stages with positive or negative outcome). Specifically during the simple
discrimination phase, 52.7 % (N=92) of the units exhibited response changes during
the head-insertion and stimulus sampling phase, 40.3 % (N=71) during the head
retraction and locomotion phase (i.e. occurrence of a Go or NoGo response) and
21.0 % (N=37) during the waiting (nose-down) period or after fluid delivery. Nineteen
out of 176 units revealed significant neural correlates to more than one trial event
(p<0.05, 2-way ANOVA followed by Tukey’s HSD test). In summary, all trial periods
were represented by subsets of mPFC neurons generating firing-rate changes in
relation to one or sometimes multiple trial events.

Figure 4-3. Number of blocks (mean + s.e.m.) which rats (N=3) required
to reach criterion in each phase. The criterion was 70% Correct Rejections
in a block for SD, CD, IDS and 60% for EDS. Till IDS all three rats required
less than 2 blocks; however for EDS, all rats required 11 sessions (indicated by
asterisk (*), p<0.001).

Neural activity changes during intradimensional set shifting
Comparing single unit activity in SD-CD to IDS phases, we found that 21.68 % (31
out of 143 cells from 6 sessions) of the units changed their activity pattern during IDS,
when new exemplars were introduced (two-way ANOVA, p<0.01, factors: task stages
and trial events, followed by Tukey’s HSD test). These activity changes were
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manifested mainly as a modulation of the firing rate, viz. firing rate increments
(N=15) or decrements (N=15) during IDS relative to the SD-CD phases (summarized
in Table 4-1). Some interesting examples of single unit activity changes are shown in
Fig.4-4. Fig.4-4A shows firing activity emerging on Hit (and to a lesser extent on
Correct Rejection) trials during IDS and EDS, when new sets of exemplars were
presented. In contrast, firing rates were low on Hit trials during SD, CD and postEDS control phases. The activity increment was quite prolonged, lasting
approximately until fluid consumption, and not confined to a specific stimulus (recall
that different stimuli were used during CD, IDS and EDS). This type of change may
signify enhanced attention or intensified processing of novel stimuli in mPFC. Fig.44B shows increased activity before and just after sucrose delivery during IDS
compared to SD and CD. A similar increment occurred for quinine delivery, thus it
may correlate with formation of a new stimulus-reinforcement association.

SDCD
( Nt =176)

CDIDS
( Nt =143)

IDSEDS
Or
CDEDS
( Nt =112)

Type I :
F.R. increased

17.6 % (31)

10.5 % (15)

19.6 % (22)

Type II :
F.R. decreased

5.1 % (9)

10.5 % (15)

31.3 % (35)

Type III :
Forward time shift

0

0

4.5 % (5)

Type IV:
New response

0

0.70% (1)

4.5 % (5)

Subtotal number
of changes

22.7 % (40)

21.7 % (31)

59.9 % (67)

Table 4-1. Summary of changes in neural activity. N t : total
number of neurons. Numbers in brackets represent absolute
numbers of cells showing the type of change denoted in the leftmost
column.
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Figure 4-4. Changes in firing patterns accompanying the transition from
the simple and compound discrimination phases to intradimensional set
shifting. For illustrative purposes we used time windows from -0.5 to +1.5 sec.
Upper panels show smoothed PETHs, middle panels raster plots and lower
panels mean spike counts within the time window of each phase (i.e., SD, CD,
IDS, EDS and control phase; a phase was only included when it comprised at
least 4 trials for a given response type). Filled arrow head below vertical line in
raster plots indicates stimulus onset as synchronizing time point. Trial order
runs from top to bottom. (A) Different response types (Hits, False Alarms and
Correct Rejections) are displayed from left to right. PETHs show smoothed
mean firing rates for SD (dashed light grey), CD (dashed black), IDS (light red),
EDS (blue/purple) and simple visual discrimination as a control phase (dashed
grey). The rat committed FA responses only during the IDS and EDS phases
and only the EDS phase is shown for comparison with Hits. In the lower panel,
the plots of mean spike counts show how firing activity of this single unit
emerged mainly when new exemplars were presented during IDS and EDS
phases, especially for Hits but not Correct Rejections (P<0.0001, two way
ANOVA and Tukey HSD; False Alarm responses were lacking during SD-CD).
The firing rate increment lasted approximately until the fluid consumption. (B)
Idem as (A) but for another single-unit from a different session which included
the SD, CD and IDS phases. Arrow indicates sucrose delivery time. This unit
showed significantly increased activity during IDS as compared to both SD and
CD just before and after reinforcement delivery (P<0.0001; two-way ANOVA
and Tukey HSD). In (A) and (B), the scaling of all PETHs of a unit is uniform.
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Neural activity changes during extradimensional set shifting
Comparing single unit activity during the SD-CD-IDS to EDS or SD-CD to EDS
phases, we found that 59.82 % of the units (67 out of 112, five sessions) showed a
significant change in their response to one or more trial events (two-way ANOVA,
p<0.001, factors: task stages and events in S+ trials). Parallel to the major changes
required in behavior (Fig.4-3), most firing-pattern changes occurred from the IDS to
the EDS phase (summarized in Table 4-1). At EDS, these changes were not only
expressed by a modulation of firing rate but also by a temporal reorganization of
activity. New patterns of activity emerged during EDS (Fig.4-5). Especially, firing
activity began to correlate with new stimuli (Fig.4-5A), head retraction (Fig.4-5B), and
reinforcement (Fig.4-5C) (summarized in Table 4-1), altogether, the proportion of
subunit changes found at EDS was significantly larger than at IDS
(χ2(2,N=112)=77.51, p<0.0001). Interestingly, units which expressed suppressed and
delayed activity in response to irrelevant stimuli in previous stages, now showed a
temporal shift in activity to the onset of the stimulus (Fig.4-5D, blue/purple line and
Fig.4-6B green lines). In contrast, units which expressed enhanced activity in response
to relevant stimuli in previous stages, now showed a decrease for both Hits and
Correct Rejections during the stimulus period (Fig.4-5E blue line and Fig.4-6A light
blue lines, unit B).
We next examined whether attentional set shifting correlated activity was more
prominently represented in mPFC when the rat succeeded at EDS than when it
predominantly made errors by comparing neural activity between high and low
accuracy sessions in EDS. In the high accuracy rate group, 67.5 % of the neurons (56
out of 83, 3 sessions) showed reorganized firing patterns during the EDS phase
relative to IDS. These changes consisted of increments or decrements (46 out of 83),
novel responses (5 out of 83) and temporal shifts of activity (5 out of 83; two-way
ANOVA, p<0.001, factors: task stages and events in S+ trials). However, in the lowaccuracy group, only 37.3 % of the units (19 out of 51, 3 sessions) showed changes
from the IDS (or CD) to the EDS phase. These changes mainly consisted of
increments or decrements (19 out of 51) in activity (two-way ANOVA, p<0.001,
factors: task stages and events in S+ trials). Interestingly, when we compared neural
response onsets to relevant stimuli with those to irrelevant stimuli for pairs of
simultaneously recorded units (N=4 from two rats), processing of irrelevant
information was found to occur only after the initial processing of the relevant
stimulus (Fig.4-6A). Moreover, when previously irrelevant information became
relevant (accuracy: 62.5 % in the session analyzed), firing activity shifted to the
temporal position appropriate for early encoding of the stimulus (Fig.4-6B). Both Hits
and Correct Rejections showed an enhanced firing rate during the stimulus processing
period. When the rat made a decision to go or not to go, firing rates preceding Correct
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Rejections declined while the response of Hits remained high until the end of the
stimulus presentation period, similar to Unit B in Fig.4-6A.

Figure 4-5. The extradimensional set shifting (EDS) phase was marked by
emergence of specific firing patterns as compared to other phases. For
illustrative purposes we used time windows from -0.5 to 1.5 s. Conventions are as
in Figure 4-4. (A) This unit revealed emergence of a correlate largely confined to
the stimulus sampling period, mainly in EDS (P<0.0001, two-way ANOVA and
Tukey HSD). Time zero marks stimulus onset (thick arrow head). This correlate
was observed for Hits, False Alarms and Correct Rejections, with a modest
increase already during IDS Correct Rejection trials. (B) Unfilled arrow heads at
time zero indicate Head Retraction. This unit showed specific activity during the
Head retraction and locomotion phase for Go responses (Hits and False Alarms)
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in EDS. This correlate persisted in the control (simple visual discrimination)
phase. Furthermore, activity decreased for Correct Rejections. (C) In another
unit strong firing activity appeared during the fluid delivery period in the EDS
phase, both for sucrose (Hits) and quinine solution (False Alarms) and it
persisted in the control phase for sucrose solution. Time zero marks
reinforcement delivery (thin arrow). (D) PETHs were synchronized on
stimulus onset (thick arrow head). This unit showed a temporal shift and
enhancement of activity during EDS (blue/purple line) compared with other
task stages, especially during stimulus sampling preceding correct responses
(Hits and Correct Rejections, P<0.0001, two-way ANOVA and Tukey HSD).
(E) Idem as (D) but for another unit showing a general decrement in activity
during EDS (blue/purple line, P<0.0001). Note the additional temporal shift in
the post-EDS control phase.
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Figure 4-6. Differential timing of neural responses to relevant and
irrelevant stimuli. (A) Delayed firing response correlated to an irrelevant
stimulus. Upper panel shows smoothed, averaged firing rates of two mPFC
neurons (unit A and B) during IDS. The firing activity of unit A correlated
with an irrelevant stimulus which was paired with either the S+ and S(irrelevant ex.1: red line enveloping the light red area, irrelevant ex.2: red
dotted line). Unit B increased its firing rate in response to the S+ followed by
a correct Go response (Hits, light blue line) and slowly decreased its firing rate
in response to the S- followed by Correct Rejections (light blue dotted line).
PETHs were synchronized on stimulus onset. Lower panel shows, from left
to right, raster plots for irrelevant exemplar 1, irrelevant exemplar 2, Hits and
Correct Rejections; color tones match those in upper panel. (B) Smoothed
PETHs for Unit A, shown for IDS and EDS. When the previously irrelevant
dimension (vision) became relevant, the firing activity that first correlated to
the previously irrelevant stimuli shifted towards stimulus onset for both Hits
(dark green line enveloping light green area) and Correct Rejections (green
dotted line). Lower panels show raster plots for Hits and Correct Rejections.
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DISCUSSION
We recorded neural activity from the mPFC of rats engaged in a multimodal
discrimination task consisting of SD-CD-IDS-EDS or SD-CD-EDS sequences and
sensory control phases that were laid out across single or consecutive sessions. In
general, all three rats required more blocks (11 blocks from three rats) to reach
criterion in EDS than in SD, CD and IDS (less than 2 blocks) (Fig.4-3). Despite the
difficulty of the task, recordings could be made during a significant amount of
sessions in which SD-CD, IDS and EDS were represented, so that firing behavior of
single units could be compared across these task stages. Here we chose to analyze
attentional control by studying shifting across sensory modalities, because the mPFC
is anatomically well positioned to process multimodal information, and it may be
assumed that a structure situated high in the sensorimotor hierarchy is required to
regulate prioritization among multimodal inputs (Fuster et al., 2000; Birrell and Brown,
2000; Heidbreder and Groenewegen, 2003).
Our neurophysiological results suggest that a temporal reorganization of mPFC
firing activity may be crucial to shift attentional set to a previously irrelevant
dimension. Several neurophysiological findings supporting this hypothesis emerged
from the analysis. Upon the transition from SD-CD to IDS, firing patterns were
generally preserved well, in line with the maintenance of a previously formed
attentional set (21.7% changed, see Table 4-1). Some units showing a response change
from CD to IDS or IDS to EDS may be involved in novelty detection (cf. TakeharaNishiuchi and McNaughton, 2008). Most changes from CD to IDS were expressed by
a modulation of firing rate, i.e. an increment or decrement in firing activity - a type of
change that is consistent with maintenance of attention in the same relevant
dimension. When EDS was compared to preceding stages, mPFC activity appeared to
be more dramatically reorganized. The first piece of evidence for this reorganization
was the recruitment of new sets of firing patterns correlated to stimuli, actions and
outcome (Fig.4-5A, B, and C). Secondly, a change in the suppression of neural activity
was apparent when the rats began to respond correctly to the previously irrelevant
dimension, viz. by forward shifting (advancing) of the firing pattern (Fig.4-5D and
Fig.4-6). Altogether, the propotion of neurons changing their firing patterns during
EDS was significantly larger than for IDS (χ2(2,N=112)=77.51, p<0.0001).

Different cognitive components of attentional set shifting
In studying one of the cardinal functions of the PFC – flexible switching of
attention and task rules - attentional set shifting tasks have the advantage that they
allow comparisons across task phases. The Wisconsin Card Sorting Test (WCST;
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developed by Grant and Berg, 1948, Heaton et al., 1993), which requires subjects to
find a correct sorting rule that varies according to three perceptual dimensions (color,
form, or number) and examiner feedback, has been classically used to detect cognitive
flexibility in human subjects. However, WCST performance in patients and nonhuman primates fails to distinguish between frontal and non-frontal lesions (Anderson
et al., 1991; van den Broek et al., 1993; Axelrod et al., 1996). This failure may occur
because correct WCST performance relies on many different executive functions,
which depend at least in part on non-frontal structures (e.g., monitoring, integration
of error and reward feedback, formation of task rules; Ridderinkhof et al., 2002; Kopp
et al., 2006; Nyhus and Barcelo, 2009).
By comparing SD-CD-IDS to EDS, we extracted neural activity related to
attentional set shifting, especially extradimensional set shifting. When novel stimuli are
presented in IDS, outcome-value information may be considered to be transposed
from one familiar exemplar to another, novel exemplar within the same relevant
dimension (i.e. grass odor to flowery odor, Fig.4-4A). In EDS, the learning task is
more complex; here it does not suffice to transpose or learn new stimulus-reward
contingencies, because the (ir)relevance of sensory dimension has to be re-coded as
well. A previously established task rule, guiding the animal to focus on a particular
modality such as olfaction, must be disengaged and a search for a new task rule
focussed on another modality must begin. Once new regularities in stimulus-outcome
coupling begin to surface, they may be validated as setting new task rules, which may
be expressed, amongst others, by a prioritization of stimulus handling in the newly
relevant dimension. Whereas not all of these sub-processes could be related to firingrate changes in our task, we argue that the temporal shifts (despite their low incidence)
and rate modulation may well represent two neural instantiations of a prioritization of
stimuli. The original version of the attentional set shifting task also contains a reversal
phase in which reward contingencies are switched from one exemplar to the other,
within the same stimulus dimension (Dias et al., 1996b; Birrell and Brown, 2000).
However, in our task we omitted this phase to be able to track single-unit firing
behavior across IDS, EDS and other task stages. Moreover, previous research
indicates that reversal learning is particularly dependent on the orbitofrontal cortex,
not on mPFC (Dias et al., 1996b ; Schoenbaum et al., 2002; McAlonan and Brown,
2003; Chudasama and Robbins, 2003).
To the best of our knowledge, no neurophysiological study of an attentional
paradigm including IDS and EDS has been published to date in non-human primates
or rodents. Some neurophysiological studies on learning of WCST-like tasks have
been conducted (Genovesio et al., 2005; Mansouri et al., 2006), however as mentioned
above, these tasks included other cognitive processes as well, which depend at least in
part on non-frontal structures, such as the striatum. In contrast to previous rodent
recording studies in which changes of rule-guided action sequences were executed
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under many degrees behavioral freedom (e.g. Mulder et al., 2003; Kargo et al., 2007;
Rich and Shapiro, 2009; Peyrache et al., 2009), attentional set shifting in our paradigm
could be studied specifically during timed stimulus processing and under conditions of
high behavioral regularity, essentially because we trained rats to sample a ´hollow´,
multimodal object in a way ensuring that their body assumed a stereotyped position
(Lee et al., 2009). It is important to control behavioral variability in attentional and
rule-learning paradigms to be able to ascribe changes in mPFC firing patterns to either
motor adjustments or cognitive adaptation (cf. Euston and McNaughton, 2006,
Cowen and McNaughton, 2007). Nevertheless, a precise comparison of head
movements during stimulus sampling across SD-CD, IDS and EDS remains to be
made (cf. Lee et al. 2009). Also in contrast to previous rodent recording studies related
to strategy switches and rule learning (Rich and Shapiro, 2009; Peyrache et al., 2009),
the current study analyzed EDS correlates in comparison to IDS, usually conducted
within the same session, as was the case in primate lesioning studies (Dias et al.,
1996b).

Temporal reorganization of medial prefrontal activity in relation to
neuromodulatory processes
As discussed, our data suggest that the mPFC may exert attentional control via
different neural mechanisms. When the animal was required to maintain a relevant
dimension (CD and IDS), mPFC neurons mainly showed rate modulations, i.e.
enhancements or decrements of firing rate. When the relevant dimension was changed,
however, the incidence of temporal modulation increased, i.e the onset of neural
activity shifted more often to earlier time points and new neural correlates emerged
more often in this condition (Table 4-1). Because of the low incidence of this shifting
effect, more stimulus units will need to be analyzed, although we note that, when
neurons exhibited a shift, it was always to earlier time points (p<0.05, N=5, binomial
test). As yet these phenomena leave unanswered the question how this temporal
reorganization comes about. One possibility is that changing attentional demands are
coupled to differential patterns of release of neuromodulators in mPFC (reviews:
Dalley et al., 2004; Robbins and Arnsten, 2009). Dopamine has been implicated in
signalling errors in reward prediction and may thereby contribute to adaptations to
violations of established task rules and changes in attentional set (Schultz et al., 1997;
Crofts et al., 2001; Chudasama and Robbins, 2004; Rossetti and Carboni, 2005; Sarter
et al., 2005; Floresco et al., 2006b). Evidence has accumulated to suggest that
noradrenalin from locus coeruleus (LC) regulates the balance between focussed and
´scanning´ (i.e., global environmental) attention and may thus be involved in
attentional set shifting as well (Aston-Jones et al., 1999; Aston-Jones and Cohen, 2005;
Lapiz and Morilak, 2006; Tait et al., 2007; McGaughy et al., 2008; Nagano-Saito et al.,
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2008). In addition, the LC has been suggested to act as a temporal filter which selects
for the occurrence of task-relevant stimuli while cortical systems filter the content of
the stimulus (Aston-Jones et al., 1997; Aston-Jones and Cohen, 2005; Coull and
Nobre, 1998). It may induce a reorganization and ´reset´ of the mPFC and its
associated network (Cohen et al., 2004; Bouret and Sara, 2005; Dayan and Yu, 2006).
In contrast, the role of serotonin has been linked to reversal learning, not specifically
to attentional set shifting (Winstanley et al., 2006). Finally, acetylcholine, released in
prefrontal areas from fibers originating in basal forebrain, has been generally
implicated in attention and achieving high accuracy in the 5-choice serial reaction time
task (Muir et al., 1992; Passetti et al., 2000; Sarter et al., 2005), and may be involved in
reversal learning, but not specifically in attentional set shifting (Tait and Brown, 2008).
Therefore, future studies on rodent mPFC will need to combine neurophysiology and
pharmacology to dissect the effects of neuromodulators on dynamic network states.
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About the illustration: 3D maps of ensemble activity during the head retraction
period following a positive stimulus (cf. Fig.5-2A)

Temporal rearrangement of ensemble firing patterns in the rat mPFC

Abstract
Attentional control in the temporal domain is considered a cardinal function of the
prefrontal cortex, and this function becomes especially relevant when the relevance of sensory
input changes. Here we studied how ensemble firing patterns in the medial prefrontal cortex
are altered when rats perform a multimodal attentional set shifting task. When the rat
successfully performed the task, neural representations showed a temporal rearrangement of
ensemble firing patterns during extradimensional shifting as compared to simple
discrimination. The rearrangement of firing activity related to decision-making and motor
preparation was stronger than when intradimensional shifting or compound discrimination
phases of the task were compared. However, when the animal failed to shift its attentional set,
the ensemble patterns showed a high preservation during extradimensional set shifting. These
results suggest that an attentional switch from one sensory modality to another is accompanied
by a dynamic regrouping of prefrontal network activity.

When one studies in a library, one needs to focus on reading a book while ignoring
noise from the surroundings. However if someone calls you, you need to shift your
attention away from the book and towards this person. In cognitive control, active
maintenance of relevant information against a background is crucial, as is the ability to
shift attention when previously relevant inputs are no longer associated with a goal of
interest (Miller and Cohen, 2001). The prefrontal cortex (PFC) has been strongly
implicated in attentional control (Nagahama et al., 2001; Hampshire and Owen, 2006;
Rossi et al., 2009), as exemplified by its dysfunctioning in disorders such as
schizophrenia, attention deficit hyperactivity disorder (ADHD), and Parkinsonism
(Downes et al., 1989; Elliott et al., 1995; Arnsten, 2009). Schizophrenic patients suffer,
amongst others, from a high distractibility under conditions of attentional conflict
(Chao and Knight, 1995; Rogers et al., 1998; Jazbec et al., 2007) and difficulties in
shifting attention when previously irrelevant information becomes relevant (Goldberg
et al., 1987; Owen et al., 1993).
Attentional set can be defined as a dispositional, experience-dependent state of
attentional ‘readiness’ of an animal to focus reliably and efficiently on elements of a
task or cognitive problem (Buchwald et al., 1975; Dias et al., 1996b). Based on
Mackintosh´s theory of selective attention in discrimination learning, attentional set
shifting is hypothesized to involve several components, viz. (i) inhibiting an old set, (ii)
attending to a previously ignored stimulus dimension (reallocation of attention), (iii)
forming new stimulus-response associations, and (iv) forming new stimulus-outcome
associations (Mackintosh, 1965; Mackintosh, 1975). The dorsolateral PFC in primates
and the medial prefrontal cortex (mPFC) in rats have been shown to be specifically
involved in attentional set shifting, especially in components (i) and (ii). In contrast,
the orbitofrontal cortex has been implicated in reversal learning, in which reward
contingencies are switched from one stimulus to another, involving component (iv)
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(Dias et al., 1996b; Birrell and Brown, 2000; O'Doherty et al., 2001; Schoenbaum et al.,
2002). Recent findings have indicated the anterior cingulate cortex is involved in
component (iii) (Kondo et al., 2004; Johnston et al., 2007; Ragozzino and Rozman,
2007; Lapish et al., 2008).

Figure 5-1. Behavioral cage, exemplars and task sequence. A. Behavioral
cage with the multimodal stimulus (MMS) chamber and a fluid well. For
illustrative purposes, the front wall of the MMS chamber is drawn as if
transparent. The behavioral cage included (a) a light for signalling trial onset, (b)
a head-entry port for gaining access to the MMS chamber, (c) a horizontal shelf
upon which the rat put its forepaws during stimulus sampling, and (h) a well for
delivering fluids. Inside the MMS chamber, (d) an odor delivery nozzle was
placed at the bottom, (e) the LCD screen with (f) a visual pattern was located at
the rear side, and (g) a camera for viewing head entry behavior was fixed at the
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right side of the chamber, respectively. B. Temporal structure of a trial. Each
trial was initiated by the onset of a trial light (left side). Upon a head poke by the
animal into the MMS chamber (middle), a single unimodal stimulus was applied
300 ms later (SD) or two stimuli of different modality were simultaneously
presented (CD, IDS and EDS). In all cases, stimuli were presented for 700 ms.
Upon head withdrawal from the MMS chamber, the rat either generated a
NoGo (lower right) or Go response (upper right). In case of a Go response, the
rat walked over to the fluid well (movement period), put its nose down into this
well, waited for 500 ms and consumed a volume of sucrose or quinine. A No
Go response did not result in fluid delivery. A ‘‘Hit” response was scored when
the rat made a correct Go response following an S+ and “False Alarm’’ for an
erroneous Go response following an S-. When ‘nose down’ actions were either
omitted or the rat failed to visit the fluid site within 5 s after stimulus offset,
performance was classified as a correct rejection (for the S-) or a ´miss´ (failure
to Go; following an S+). Trials were separated by an intertrial interval. C. Simple
discrimination to extradimensional set shifting (EDS) task schedule.
Chronological order is from top to bottom. Rats started with simple odor
discrimination in which they were required to distinguish two exemplars in the
olfactory dimension, one of which (S+, positive stimulus) was coupled to reward
(sucrose solution) and the other (S-, negative stimulus) to an aversive outcome
(quinine solution). Rats then proceeded to compound discrimination (CD) in
which irrelevant exemplars were presented simultaneously with the same
exemplars from the first modality. Next, rats were subjected to intradimensional
set shifting (IDS) in which new sets of exemplars in both modalities were
introduced while the discrimination rule was maintained. Finally, in
extradimensional set shifting (EDS) the role of the two dimensions was
reversed, so the previously irrelevant dimension became relevant, i.e., visual
patterns became outcome-predicting, whereas the olfactory dimension became
irrelevant. Thus, in SD, CD and IDS odor was the relevant dimension and visual
patterns were irrelevant. Underscores in Fig. 5-1C indicate the relevant
dimension and V.P. stands for visual pattern. Visual patterns used in the task are
presented below the table. Note that in the CD, IDS and EDS phase each pair
out of the four possible stimulus combinations was offered.

Because attentional control is likely to be determined by large, coordinated groups
of neurons, neurophysiological mechanisms of attentional set shifting need to be
analyzed at the population level. Ensemble recordings provide the opportunity to
measure population firing patterns in the brain of behaving animals (Wilson and
McNaughton, 1993). Previous ensemble recording studies have provided insights in
population coding of spatial location (Wilson and McNaughton, 1993; Zhang et al.,
1998), reward expectation (van Duuren et al., 2008) and working memory (Baeg et al.,
2003), but it is unknown how the principles uncovered for these processes may be
translated to coding of attentional set and task rules. Here we chose to analyze
attentional control by studying shifting across sensory modalities, first because it is
practically feasible to apply multimodal stimuli to rodents and second because crossmodal attention reflects a highly integrated type of control that likely depends on the
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mPFC and connected regions where convergence of multisensory inputs takes place
(Fuster et al., 2000; Miller and Cohen, 2001). An important component of studying
executive attention in rodents (Mackintosh, 1975; Posner and Dehaene, 1994;
Robbins, 1996) is the problem of dissociating attention from changes in motor
behavior as an animal is subjected to different attentional conditions (cf. Euston and
McNaughton, 2006). Although it may be questioned whether a strict segregation
between attention and motor behavior truly exists in rodents, we aimed to train
animals on a protocol that maximizes stereotyped, regular behavior as well as body
posture during sensory processing, when attention needs to be (re)directed to make
correct decisions. Given demonstrable regularity (cf. chapter 2), neural coding of
attentional shifts may thus be accessible for study. Thus we designed a multimodal
discrimination task set in a chamber where visual and odor stimuli could be
simultaneously presented to a rat in a time-controlled manner (Fig.5-1A) and
investigated ensemble coding of task events in mPFC of freely moving rats using
multi-tetrode recording techniques.
The learning task required the rat to insert its head into the chamber for 1 s, during
which one or two stimuli could be simultaneously presented (e.g. grass odor and a
visual pattern). All sessions started with a simple discrimination protocol requiring a
Go/NoGo response to a pair of exemplars in one sensory dimension (olfaction).
Fig.5-1B shows a trial sequence in the task from trial onset to reinforcement
consumption. Exemplars used in the experiments are shown in Fig.5-1C. After simple
discrimination (SD) the rat was subjected to the next task stages, viz. compound
discrimination (CD; in which a stimulus from an irrelevant dimension was copresented with a relevant, outcome-predicting stimulus), intra-dimensional shifting
(IDS, where new stimuli were applied in both dimensions but the relevance or
irrelevance of each dimension was maintained) and extra-dimensional shifting (EDS,
where new stimuli were applied in both dimensions and the relevant dimension
became irrelevant whereas the previously irrelevant dimension became relevant; for a
more complete overview, see chapter 4; in some sessions, the IDS phase was omitted).
Transitions between task stages were contingent on the rat´s performance meeting a
particular criterion (generally: 70% correct rejections in response to S- trials in a block
containing 8 S+ and 8 S- trials, however one session with 60% correct rejection in
IDS was added to the analysis). Whenever the rat performed 10 consecutive trials
without omissions after the EDS phase, a control stage using visual discrimination of
familiar stimuli was run.
We analyzed a total of 206 single-units from 6 sessions (2 rats), of which 136 units
showed behavioral correlates to one or more trial events in the attentional set shifting
task. In 5 sessions (from one rat), the full sequence of SD-CD-IDS-EDS could be run,
whereas we also used one other session (from the other rat) in which a SD-CD-EDS
sequence was run. To compare neural ensemble representations across different task
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stages, we used a similarity index that was described in chapter 3 and was derived
from earlier template matching methods (Louie and Wilson, 2001; Tatsuno et al.,
2006). This measure of the consistency of ensemble representations incorporates a
normalization based on within-SD similarity. We divided the data into two sets of
sessions which showed a high and low performance accuracy in the EDS phase. The
accuracy was defined as the sum of the number of Hits (i.e. correct responses in S+
trials) and the number of Correct Rejections (NoGo responses in S- trials), divided by
the total number of trials.

Figure 5-2. Firing patterns and similarity index of all task-correlated
mPFC neurons (n=80) during high-accuracy performance of the
multimodal attentional set shifting task. Sessions (N=3) were included if
rats succeeded in performing the EDS switch within the same session and if
the session took place before or after this session. (A) Ensemble map for
correct S+ (Hit) trials during simple and compound discrimination, intra- and
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extradimensional set shifting phases and the normalized similarity index of the
ensemble firing patterns. Time was synchronized on event onset (black
vertical line, from left to right: stimulus onset, head retraction, reinforcement
delivery, respectively) and the time window was from -0.3 to +0.7 s, -0.5 to
+0.5 s, -0.5 to 0.5 s, respectively. The firing rate of each neuron was
standardized by Z-scoring based on the mean firing rate and standard
deviation computed for the SD phase. Z-scores were truncated to the range [5 5] for illustrative purposes. Each row represents the PETH of one neuron,
bin size was 10 msec and the PETHs were smoothed with a gaussian kernel
(sigma=50 msec). Matrices were clustered into 4 groups (see the
supplementary analysis and Fig.5-4) and sorted based on the temporal location
of the group mean peak firing rate in the SD phase. The vertical plotting order
of cell activities follows this clustering pattern. The lower panels show the
normalized similarity index of the ensemble firing patterns, plotted to
compare SD and CD (light gray), SD and IDS (light red) and SD and EDS
(red) during each trial period in different behavioral conditions. Graph shows
averages (Mean ± s.e.m) over 3 recorded sessions from one rat. When
comparing EDS to other stages (CD and IDS), the similarity index was
significantly lower for EDS in the Head Retraction period (P< 0.05, Wilcoxon
test, indicated by asterisk) for both Hits and Correct Rejections, but not for
the stimulus sampling period. (B) Idem as (A) but for Correct Rejection trials.
Here the rat refrained from going to the fluid well.

Accuracy in the well-performed EDS sessions (N=3 from one rat) was 72.7 
5.1 % and accuracy in the poorly performed sessions (N=3 from two rats) was 50.8 
1.8 %, respectively. In the CD phase, neural representations were highly similar to
those in SD, especially on Hit trials and significantly less so on Correct Rejection trials
(Wilcoxon test, p<0.05; Fig.5-2). The number of False-Alarm responses was too low
to allow meaning comparisons. When the IDS and EDS phases were compared for
the high-accuracy sessions, the strongest change relative to SD occurred when the
relevant and irrelevant dimension were switched (EDS) and not just upon
presentation of new stimuli (IDS; Fig.5-2, Wilcoxon test, p<0.05, N=3 sessions). The
CD-IDS-EDS differences were most pronounced in the head retraction period of
correct S+ trials and correct S- trials (Wilcoxon test, p<0.05), but trends were also
observed during stimulus presentation in correct S+ and correct S- trials (Fig.5-2A,B).
However, when performance accuracy during EDS was low (N=3), there were no
significant changes in neural representation between IDS and EDS in any of the trial
periods (Wilcoxon test, p>0.05, Fig.5-3A shows an example from two sessions).
Althouth a caveat in the comparison of low- vs. high-accuracy sessions is that the
number of sessions was low, these results suggest that EDS is only accompanied by
strong mPFC reorganization in relation to decision making and motor preparation
where attentional set shifting is successful.
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Figure 5-3. (A) Example of firing patterns (N=38, from 2 sessions from one
rat) and (B) similarity index of task-correlated mPFC neurons, recorded from
three sessions from two rats in which the rat was unsuccessful in attentional
switching. Conventions as in Figure 5-2. When comparing EDS to other stages
(CD and ID), the similarity index did not show a significant difference (P>0.05,
Wilcoxon test).

In Fig.5-4, we illustrate another type of analysis applied to our mPFC neural data
set: first we used a k-means algorithm to partition the ensembles recorded in 3 highaccuracy sessions in four clusters of neurons, based on their temporal, task-related
firing profiles in the SD phase. Next, we studied changes in these four temporal
profiles across later task stages (CD, IDS and EDS) and quantified whether they
differed significantly from the SD profile. During EDS, average cluster responses
showed significant decrements or increments in amplitude during the stimulus
sampling and head retraction periods, indicating that dynamic changes occurred
especially during stimulus processing, decision-making and preparation for action
(indicated by asterisks (*) for decrements and # for increments (KolmogorovSmirnov (KS) test, p<0.001). Moreover, at least one cluster profile started earlier
around head retraction time in EDS as compared to SD, CD and IDS (indicated by
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### in Fig.5-4A and Fig.5-4D, KS test, p<0.001). These results indicate that changes
in dimensional relevance, as in EDS, correlate with a temporal repatterning of mPFC
ensemble activity. This EDS repatterning is stronger than seen during IDS, which also
involves formation of new stimulus-outcome and stimulus-action associations, but
critically lacks the switch in dimensional relevance.

Figure 5-4. Neural activity in each trial period was clustered for sessions
with high-accuracy performance. Each panel, consisting of four colored
curves (e.g. for the sucrose delivery trial period in the CD phase), displays the
temporal profile of firing activity for each of the 4 clusters. These clusters
were identified in the SD phase. The number of clusters in the K-means
algorithm was set to 4, which resulted in SW values ranging around 0.5 in the
SD phase. We maintained the same clusters in each phase to compare changes
of clustered activity across different phases. Neural data were the same as in
Fig.5-2A. (A) Z-scores of clustered firing rates are represented both by the
color of the curve and by its excursion in the direction of the ordinate. Zscores were truncated to the range [-5 5] for illustrative purposes, thus scores
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higher than 5 are represented by the same brown color. Significant changes
with respect to SD (P<0.001, KS test) are indicated by asterisks (for
decrements) and # (for increments) and were only found in the EDS phase.
(B)-(E) Temporal profiles of clustered neural activity selected from (A). Blue
and red colors represent the SD and EDS phases, respectively. (B) During
the stimulus sampling period, the EDS phase showed a decrease in activity
of the cluster indicated by ** in (A) relative to SD. (C) another cluster
(marked by * in A) also showed a decrease in activity during stimulus
sampling. (D) During the Head Retraction period, this cluster (marked by
### in A) showed a strong increment and temporal shift in firing during
EDS as compared to SD. (E) Also during the Head Retraction period, the
cluster marked by *** in (A) showed a slight but significant decrease in
activity during EDS.

At a neural level, attention has been proposed to be expressed by an enhanced
activity in response to relevant stimuli and a suppression of responses to irrelevant
inputs (Pashler, 1998; Posner, 2004). Our data are consistent with the hypothesis that
changes in sensory input and individual stimulus-outcome contingencies can be
internally represented as amplitude increments or decrements of individual neural
firing responses (i.e., rate modulation), as long as an attentional set is maintained.
However, when a previously relevant dimension becomes irrelevant and attention is
required to shift to a previously irrelevant dimension, priorities in information
handling need to be changed as well. We propose that this process is mediated by a
dynamic reorganization of mPFC activity, which we suggest here is not only expressed
by individual neurons (chapter 4) but also by global measures of ensemble activity
(Fig.5-2,3,4). We raise this suggestion with caution because of the low number of
available sessions. Despite this limitation, it is important that our ensemble measures
indicated a repatterning of mPFC activity, because changes at the level of individual
neurons may be argued to be incidental and due to random fluctuations. As Fuster has
pointed out (Fuster et al., 2000), the cardinal function of PFC is to exert cognitive
control in the temporal domain. As a specific instance of cognitive control,
reallocation of attention at the correct time and in task-appropriate brain areas is
crucial for an animal´s navigation through the web of task rules and contingencies.

SUPPLEMENTARY DATA: CLUSTER ANALYSIS
Smoothed peri-stimulus time histograms (PETHs) of single units were transformed
into Z-scores, based on the mean firing rate of a single unit across a window of 1.0 sec
(placed around the task event of interest: -0.3 to +0.7 s, -0.5 to +0.5 s, -0.5 to +0.5s,
respectively; Fig.5-2,3,4), which was subtracted from each bin value during the SD
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phase and corrected for variance, in order to compare ensemble activity patterns
across task phases, viz, SD, CD, IDS, EDS and the SD control phase. To gain insight
into how mPFC neurons are clustered based on their task-related temporal profiles,
we first composed a matrix X containing Z-scored firing rates of different neurons
across n bins, viz., each matrix element x in represented the firing rate of cell i at time
bin n, and then applied the k-means algorithm (Martinez and Martinez, 2008, cf. Paz
et al., 2005) to partition the Z-scores into k clusters of neurons based on their
temporal profiles. The k-means algorithm uses an iterative procedure to minimize an
error which is defined as the total of within-cluster sums of squares :
k
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where x im is a vector of Z-scored firing rates of the ith neuron in cluster Cj , x jm is
the center of cluster Cj , which represents the averaged vector of the firing rates of all
neurons which belong to that cluster, in the mth iteration. The total number of clusters
is preselected and represented by k; individual clusters are indexed by j. To minimize
convergence to local minima, each k-means procedure was repeated 50 times and each
time a different set of centers was generated randomly. Across these 50 iterations the
partitioning with the lowest error was selected. An example of a cluster is shown in
Fig.5-S1. The number of clusters was validated by applying a “silhouette analysis”
(Martinez and Martinez, 2008, cf., Paz et al., 2005). The silhouette width (SW) for the
i-th neuron (a vector of firing rates) and the average SW (SW-upperscore) are defined by:
N

N

SW 

bi  ai

 SW (i)  max(a , b )
i 1

N



i 1

i

N

i

,

where a i is the average distance between neuron i and all other neurons in the
same cluster and bi is the minimal average distance between neuron i and all
neighboring clusters which neuron i does not belong to. Thus SW measures the
distance between each point to other points in its own cluster compared with to
points in other clusters. SW ranges from -1 to 1, and a value of 1 means that clusters
are maximally distinct from each other, whereas -1 means a minimal degree of
clustering.
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Figure 5-S1. Example of a cluster of multi-neuron firing activity during the
stimulus sampling period, data from Fig.5-2. The Z scored firing activity of
each neuron participating in the cluster is drawn as a gray line and the group
(cluster) mean is shown as a black line.
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About the illustration: schematic models of neural network shifting during
attentional set shifting

General discussion

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 eyetracking 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 frontalsensory cortical networks (Yamaguchi and Knight, 1990; Fox et al., 2003), and frontallocus 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 actionoutcome 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).

Figure 6-1. Schematic of neural network mediating bottom-up and topdown 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.

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
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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 (AstonJones 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.

109

General discussion

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 Ushaped 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 α2aadrenergic 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 α2aARs 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 Gimediated inhibition of cAMP production (Wang et al., 2007). HCN channels
(Hyperpolarization-activated, Cyclic Nucleotide-gated cation channels, mediating I h 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). I h 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 K leak 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, cAMPgating 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).
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SAMENVATTING IN HET NEDERLANDS

Stel dat u voor een nieuwe baan vanuit Amsterdam verhuist naar Zuid-Korea. Uw
nieuwe baas nodigt u en uw nieuwe collega´s ter verwelkoming uit voor een etentje in
een Koreaans restaurant. Zodra u het restaurant binnenkomt, doen uw Koreaanse
collega´s hun schoenen uit en gaan zij op de vloer rond de tafels zitten. Ze eten met
stokjes in plaats van met mes en vork. Na afloop van het diner wilt u afscheid nemen
door sommigen op de wang te zoenen, maar dit doet hen vol afschuw terugdeinzen. Het
is duidelijk tijd om uw gedrag aan te passen aan uw nieuwe omgeving, om zo beter
sociaal te kunnen functioneren. De nieuwe sociale en culturele omgeving brengt nieuwe
spelregels met zich mee. Dit maakt het niet alleen noodzakelijk om deze regels te leren,
maar ook om uw oude regels en gewoontes opzij te zetten. Dit voorbeeld illustreert het
vermogen van de hersenen tot cognitieve flexibiliteit. Dit vermogen stelt u in staat om uw
kennis over de buitenwereld bij te schaven en uw gedrag op veranderde eisen vanuit uw
omgeving aan te passen. In het algemeen ressorteert cognitieve flexibiliteit onder de meer
algemene psychologische noemer van ´executieve functies´ en ´top-down cognitieve
controle´ over gedrag. Met deze laatste term bedoelen we de gedragscontrole die de
hersenen uitoefenen dankzij hun kennis over voorafgaande gebeurtenissen en over het
uiteindelijke doel van het gedrag, zoals het verkrijgen van beloning of het vermijden van
pijn.
De prefrontale cortex omvat een groep van hersengebieden die sterk te maken
hebben met top-down cognitieve controle en flexibiliteit. Deze gebieden zijn
gelocaliseerd achter het voorhoofd en boven de oogkassen. Prefrontale functies zijn
onder meer verstoord bij schizofrene patiënten, maar ook ADHD en de ziekte van
Parkinson gaan gepaard met cognitieve stoornissen die te maken hebben met
prefrontale dysfunctie. Deze uitval gaat vaak gepaard met moeilijkheden in het
vasthouden van aandacht, en met het verschuiven van aandacht van de ene zintuiglijke
prikkel naar de andere. Dit laatste proces staat centraal in dit proefschrift en kan worden
geïllustreerd aan de hand van de Wisconsin Card Sorting Test. Hierin krijgen
proefpersonen een stapel kaarten voorgeschoteld die zij door uitproberen (trial and
error) moeten proberen te sorteren volgens bepaalde regels. Deze regels bepalen dat de
persoon haar aandacht moet richten op één van de eigenschappen van de objecten die
op de kaarten staan afgebeeld, zoals de vorm, kleur en het aantal objecten. In deze
context worden deze eigenschappen de ´dimensies´ van de prikkel (stimulus) genoemd.
Na een eerste poging om de kaarten op stapeltjes te ordenen, geeft de experimentator
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feedback door te zeggen of de ordening correct was of niet. Na verloop van een aantal
correcte beslissingen verandert de experimentator de regel, waardoor de proefpersoon
nu op een andere dimensie moet gaan letten (bijvoorbeeld: orden de kaarten niet op
grond van kleur, maar op grond van aantal). Hier is een verschuiving van aandacht voor
nodig. Vaak wordt in dit verband ook gesproken van een verschuiving van attentionele set,
waarmee wordt bedoeld dat het brein van de persoon aanvankelijk ´gereed´ en
gefaciliteerd was om op een bepaalde dimensie te letten en hierop snel te reageren – en
dat deze gereedheid nu moet worden afgebroken en omgebogen naar een andere
stimulus dimensie.
Het hoofddoel van dit proefschrift richt zich op de algemene vraag, welke
hersenprocessen ten grondslag liggen aan het verschuiven van aandacht, en de
aanverwante cognitieve processen die hiermee gepaard gaan. Cognitieve flexibiliteit kan
niet alleen bij mensen worden bestudeerd, maar ook bij apen en knaagdieren. Het
meeste onderzoek bij dieren beperkt zich echter tot lesie-studies (i.e., studies waarin een
hersengebied gecontroleerd wordt beschadigd om de gedragsfunctie van dit gebied te
duiden) en tot farmacologische studies (waarin de balans van neurochemisch aktieve
stoffen in hersengebieden wordt verstoord om verandering van functie te
karakteriseren). Er is nog maar heel weinig bekend over de vraag, hoe verschuivingen in
aandacht afhangen van de precieze electrische aktiviteit van hersencellen. Cognitieve
processen worden namelijk op een tijdschaal van milliseconden tot minuten geregeld
door de electrische aktiviteit van (vermoedelijk) grote groepen neuronen. In dit
proefschrift hebben wij ons in het bijzonder geconcentreerd op electrische activiteit van
groepen onderscheiden cellen in de mediale prefrontale cortex van de rat, een prefrontaal
gebied dat dicht aan ligt tegen de middellijn die de linker- en rechter hersenhelft van
elkaar scheidt. Eerder onderzoek heeft aangetoond dat dit gebied sterk betrokken is bij
aandachtsverschuivingen bij de rat. In dit promotieonderzoek hebben wij een
geavanceerde techniek gebruikt waarmee neuronale ´ensembles´ worden afgeleid. Dit
zijn groepen van hersencellen (neuronen) waarvan de electrische aktiviteit afzonderlijk
kan worden bepaald. Een ensemble kan vergeleken worden met een orkest. Klassieke
electrofysiologische technieken meten signalen die vergelijkbaar zijn met de totale
geluidsintensiteit van het orkest, of met het gezamenlijke volume van een groep
instrumenten (de blazers), of met de tonen van slechts één instrument. Met de nieuwe
techniek kan, volgens deze vergelijking, geluisterd worden naar de melodie die elk
instrument voortbrengt in samenhang met alle andere instrumenten. In de praktijk
vinden ensemble metingen plaats door de electrische pulsen (´spikes´ of
actiepotentialen) van neuronen te meten via een groot aantal hele dunne
metaalelektrodes, die in zeer fijne bundeltjes in de mediale prefrontale cortex worden
geplaatst.
In hoofdstuk 2 presenteren wij een nieuw ontwikkeld systeem om ratten te trainen op
aandachtstaken, waarin zintuiglijke prikkels uit meerdere modaliteiten worden
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aangeboden. We richten ons hier met name op het leren onderscheiden van geuren en
visuele prikkels. Dit multimodale gedragssysteem is zo ontworpen dat het compatibel is
met het verrichten van ensemble metingen. Bovendien is het in deze gedragstaken een
vereiste dat de lichaams- en koppositie van de rat stationair blijft terwijl de rat de
prikkels krijgt aangeboden. Als we namelijk willen meten hoe veranderingen in
electrische prefrontale aktiviteit zijn gekoppeld aan veranderingen in aandacht, is het van
belang om uit te sluiten dat het motorische gedrag van de rat niet tegelijkertijd mee
verandert. In hoofdstuk 2 wordt beschreven hoe het multimodale gedragssysteem is
geconstrueerd, hoe ratten in dit systeem worden getraind en hoe electrofysiologische
afleidingen worden gemaakt.
In hoofdstuk 3 wordt een eerste belangrijke stap gezet in het ontrafelen van ensemblemechanismen voor aandacht. Ratten werden eerst getraind om twee geuren van elkaar te
onderscheiden: een ´rozemarijn´ prikkel moest bijvoorbeeld worden gevolgd door een
beweging naar een vloeistofbakje, waar deze respons werd beloond met een paar
druppels suikerwater. Eenzelfde respons op een ´balsam´ geur werd echter afgestraft
met een bitter smakende oplossing (kinine-water). Deze leerfase wordt ´eenvoudige
sensorische discriminatie´ genoemd. In de hieropvolgende leerfase werd een afleidende
zintuiglijke prikkel uit een andere modaliteit (visueel) aangeboden, tegelijk met een van
de geurprikkels uit de eerdere fase. De taak voor de rat was nu om deze afleidende
visuele prikkels te negeren en om het onderscheidend gedrag tussen de geurprikkels vol
te houden. Deze leerfase wordt ´samengestelde discriminatie´ genoemd. Het meest
markante resultaat van deze studie was ten eerste dat de prefrontale neuronen een
dynamisch patroon van aktiviteit laten zien tijdens het aanbieden van de zintuiglijke
prikkels: het was niet zo dat alle neuronen tegelijk ´aan´ of ´uit´ gaan met de stimuli,
maar er was een opeenvolging van aktiviteit te zien. Tijdens de ´samengestelde
discriminatie´ bleek, ten tweede, dat deze temporeel specifieke patronen relatief resistent
waren tegen het aanbieden van de afleidende prikkels (distractoren), maar dit was vooral
zo wanneer het dier de taak correct bleef uitvoeren. Bij fouten in het gedrag trad
aanmerkelijk meer vervorming op in de neurale weergave. Dit is een nieuw resultaat
omdat eerdere studies naar neurale mechanismen van aandacht geen gebruik hebben
gemaakt van ensemble-meettechnieken.
Terwijl hoofdstuk 3 zich richtte op het afleidende effect van extra prikkels, gaan
hoofdstuk 4 en 5 vooral over twee andere processen: intradimensionele en extradimensionele
verschuiving van aandacht. Hierbij concentreert hoofdstuk 4 zich op veranderingen in de
puls-patronen van individuele neuronen en hoofdstuk 5 zich op veranderingen in
ensemble gedrag. Uitgaande van de situatie waarin de rat in elke episode van de taak
twee bekende prikkels tegelijk krijgt aangeboden (een geur en een visueel beeld), houdt
een intradimensionele verschuiving in dat het dier vervolgens wordt geconfronteerd met twee
nieuwe prikkels. Het belang (relevantie) van de dimensies blijft in deze fase echter
hetzelfde (d.w.z. zoals voorheen voorspelt de geur de uitkomst van de episode, dus of er
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beloning of straf volgt; de visuele prikkel is onbelangrijk). Ook bij een extradimensionele
verschuiving wordt de rat geconfronteerd met twee nieuwe prikkels, maar ditmaal moet het
dier leren zijn aandacht te richten op de voorheen onbelangrijke dimensie (visueel),
terwijl de voorheen relevante modaliteit (geur) nu onbelangrijk wordt. In deze fase
bestaat dus een specifieke samenhang tussen een eerste visuele prikkel en de beloning,
en tussen een tweede visuele prikkel en de afstraffing – terwijl de geurprikkels irrelevant
zijn. Het is met name deze extradimensionele verschuiving waar dieren of mensen met
schizofrenie of andere prefrontale stoornissen moeite mee hebben: zij kunnen de
´switch´ van ´geur´ naar ´visueel´ of omgekeerd moeilijk maken.
In hoofdstuk 4 wordt beschreven dat extradimensionele verschuivingen in het algemeen met
sterkere veranderingen in het electrische puls-gedrag van prefrontale neuronen
samengaan dan intradimensionele verschuivingen. Deze veranderingen zijn gevarieerd:
sommige cellen doen hun puls-intensiteit toe- of afnemen, en soms verschijnen er
nieuwe electrische respons-patronen. Een bijzonder, nieuw beschreven type verandering
is dat een neurale respons ook kan verschuiven in tijd. Als een neuron relatief laat,
tijdens zintuiglijke prikkeling, reageerde op een aanvankelijk onbelangrijke visuele
stimulus, dan verschoof deze respons naar een eerder tijdstip wanneer de visuele
stimulus belangrijk werd, dus een voorspellende waarde kreeg met het oog op beloning.
Terwijl voorgaande studies de nadruk legden op veranderingen in puls-intensiteit (spike
frequentie) als mechanisme voor verschuiving van aandacht, suggereren deze neurale
tijdseffecten dat de prefrontale cortex een temporele reorganisatie ondergaat als de aandacht
moet worden verlegd.
Hoofdstuk 5 trekt deze bevindingen op cel-niveau door naar het ensemble-niveau.
Ook wanneer we de veranderingen in puls-gedrag kwantificeren voor een groep van
simultaan afgeleide cellen, blijkt dat extradimensionele verschuivingen gepaard gaan met
een sterke hergroepering van electrische aktiviteit. Deze hergroepering was het meest
significant in de korte tijdsperiode wanneer de rat zijn kop terugtrekt uit de plek waar hij
zintuiglijke prikkels krijgt aangeboden; in deze periode vertaalt hij deze prikkels naar een
beslissing en naar motorisch gedrag.
In hoofdstuk 6 worden de bevindingen uit de voorafgaande hoofdstukken bezien in
het licht van eerdere theorieën en resultaten. Het functioneren van de mediale
prefrontale cortex wordt geplaatst in het perspectief van een netwerk van
hersengebieden, waar onder meer ook het striatum, de thalamus, de dopaminerge cellen
van het ventrale tegmentum en de noradrenerge cellen van de locus coeruleus deel van
uit maken. De mediale prefrontale cortex bekleedt een strategische positie in de
hersenen van waaruit het kan opereren als een ´dirigent´ om de electrische aktiviteit in
een veelheid aan doelgebieden aan te sturen. Zo kan de prefrontale cortex bijvoorbeeld
aktiviteit beïnvloeden in sensorische gebieden, met als hypothese dat hier de
representatie van relevante stimuli versterkt wordt ten opzichte van onbelangrijke
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stimuli. Op een soortgelijke manier kan relevante informatie sterker worden
doorgesluisd naar motorische gebieden die de gedragsrespons bepalen. Veel vooruitgang
in het begrijpen van de prefrontale cortex als “cognitieve manager” kan bereikt worden
indien de huidige ensemble metingen worden geïntegreerd met andere technieken, zoals
neurofarmacologie, electrische interventies, optogenetische manipulatie en computer
simulaties van prefrontale interacties met andere hersengebieden.
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고 학진, 윤형, 윤희올케 그리고 도연, 흥주, 미진올케 그리고 우리 새로 태어난
조카, 그리고 나의 사랑스러운 하나밖에 없는 여동생, 경아. 모두에게 부족한 손녀
이고 큰딸이고 누나이고 언니인 나를 늘 믿어주고 지원해줘서 고맙다는 말을 전하
고 싶습니다. 무엇보다도, 할머니. 당신의 평생을 우리를 위해 헌신해 주셔서 뼈속
깊은 감사를 드리고, 할머님의 보살핌이 없었더라면, 부모님의 헌신이 없었더라면,
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케, 흥주 그리고 미진 올케 그리고 경아, 늘 각자의 자리에서 한국을( ?) 지켜주어
서 얼마나 든든한지 몰라. 덕분에 아무 근심없이 외국에서 전심전력 질주할 수 있
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