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About the illustration: photograph of a Nissl-stained section showing individual 
neurons in mPFC and a microlesion caused by an individual tetrode (cf. Fig.1-3C)  
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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 co-
presented 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. Non-
medicated 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 stimulus-
reward 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 water-
restricted. 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.  

 

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 

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. 
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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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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 

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. 
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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 SD-
to-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 S- 
trials), 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 peri-
event 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: 

jjijij sxyx /)(  , where 
ijx denotes the Z-score of neuron j for time bin i, 

ijy  is i-th bin firing rate value of neuron j and 
jx and 

js 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.  
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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. 

 

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 

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). 
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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 post-
EDS 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.4-
4B 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 
(

tN =176) 
CDIDS 
(

tN =143) 

IDSEDS 
Or  

CDEDS 
(

tN =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. 
tN : 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 low-
accuracy 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. Takehara-
Nishiuchi 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 non-
human 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 firing-
rate 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 



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

 86

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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