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A B S T R A C T

Without a functioning prefrontal cortex, humans and other animals are impaired in measures of cognitive control
and behavioral flexibility, including attentional set-shifting. However, the reason for this is unclear with evi-
dence suggesting both impaired and enhanced attentional shifting. We inhibited the medial prefrontal cortex
(mPFC) of rats while they performed a modified version of an attentional set-shifting task to explore the nature of
this apparent contradiction.

Twelve adult male Lister hooded rats received AAV5-CaMKIIa-hM4D(Gi)-mCherry viral vector bilaterally into
mPFC to express inhibitory ‘Designer Receptors Exclusively Activated by Designer Drugs’ (iDREADDs). The re-
ceptors were activated by systemic clozapine N-oxide (CNO) to inhibit mPFC function. The rats were tested in the
standard attentional set-shifting task four times: twice after i.p. administration and twice after oral adminis-
tration of vehicle or CNO (10 mg/kg). They were then tested twice in a modified task, with or without oral CNO.
The modified task had an extra stage before the extradimensional shift, in which the relevant exemplars
remained relevant and new exemplars that were fully predictive but redundant replaced the previous irrelevant
exemplars. These exemplars then became relevant at the subsequent ED stage.

In the standard task, mPFC inactivation impaired attentional set-shifting, consistent with previous findings.
However, in the modified task, mPFC inactivation abolished ED shift-costs. The results support the suggestion
that the mPFC is needed for the downregulation of attention that prevents learning about redundant and irrel-
evant stimuli. With mPFC inactivated, the rat learns more rapidly when previously redundant exemplars become
the only relevant information.

Introduction

An organism’s choices and decisions are based on expected out-
comes, which are mental models of the world that have been built from
prior experience of the outcomes that have followed actions or events in
the past. The mental models need to be a good enough fit with reality to
support adaptive choices, including having a representation of expected
‘noise’ because outcomes are not always fully predictable. This means
they must be monitored for goodness-of-fit and updated when there is
new information, but not necessarily abandoned immediately when
there is a violation of a prediction. Prediction error (PE) refers to the
mismatch between an expected state and reality, and neuronal encoding

of PE is found throughout the brain (for review see Den Ouden et al.,
2012). In models of reinforcement learning, PE drives new learning
(Rescorla and Wagner, 1972), including reflecting valance: it indicates
more than merely an unexpected outcome, but also whether the
outcome is more or less than expected (Schultz and Dickinson, 2000).
On the other hand, what is learned also depends upon the attention
allocated to the to-be-conditioned cues (Mackintosh, 1975; Pearce and
Hall, 1980; Le Pelley and McLaren, 2003). Additionally, the salience of
cues is driven by PE, and this PE signal is also more than just a surprise
signal but also has representational content (Den Ouden et al., 2012).

Although PE signals are ubiquitous throughout the brain, specific
brain regions have been reliably associated with different aspects of the
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saline; PE, prediction error; PrL, prelimbic cortex; REV, reversal; RS, redundant exemplar stage; SD, simple discrimination.
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updating of mental models which give rise to cognitive and behavioral
flexibility. A widely used test of cognitive flexibility in many different
species is the intradimensional/extradimensional (ID/ED) attentional
set-shifting task. This task involves a series of stages involving two-
choice discriminations between complex, multidimensional stimuli
(for example, visual stimuli that differ in both colour and shape or
physical stimuli differing in odor and texture). Only one aspect of the
stimuli is relevant for solving the discriminations and an attentional bias
to the relevant features, referred to as an attentional set, forms during
the initial stages of testing. The task typically includes reversal learning
stages, an ID stage (where there is learning of novel exemplars in the
same dimension as the current attentional set) and, at the ED stage of the
test, a requirement to shift attentional set when the stimulus dimension
relevant to solving the task changes. The number of additional trials to
learn the ED discrimination, compared to learning at the ID stage, in-
dicates the ‘cost’ of shifting attention.

The ID/ED task has been referred to as the attentional set-shifting
task, particularly in the rodent literature, but there are many other
tasks measuring behavioral flexibility, including rule switching, strategy
shifting or response reversal tasks (Ghods-Sharifi et al., 2008; Gilmour
et al., 2013; Brady and Floresco, 2015; Brown and Tait, 2015; Izquierdo
et al., 2017). Across species, reversal learning impairments are often
associated with damage to orbital prefrontal cortex, while deficits in
attentional flexibility are frequently associated with impaired dorsolat-
eral prefrontal cortex in monkeys or the medial prefrontal cortex (mPFC)
in rats (for reviews see Chudasama and Robbins, 2006; Robbins, 2007,
2017; Keeler and Robbins, 2011). There is a long running debate about
whether any part of rodent prefrontal cortex is homologous to primate
dorsolateral prefrontal cortex (for review see Laubach et al., 2018). We
have previously argued that a focus on functional similarities across
species is not denying the clear anatomical differences (Brown and
Bowman, 2002) and we are using the mPFC to denote where it is, rather
than what it is.

There are, however, intriguing inconsistencies in both the human
and animal literature. For example, although ED shifting deficits have
been frequently observed in patients with schizophrenia (Elliott et al.,
1995; Pantelis et al., 1997, 1999; Jazbec et al., 2007; Ceaser et al., 2008;
Leeson et al., 2009; Waltz et al., 2013), it has been suggested that im-
pairments in latent inhibition in patients with schizophrenia reflect
‘hyperactive switching’ (Weiner, 1990; Weiner and Feldon, 1997). Pa-
tients with first episode schizophrenia (Chu et al., 2021) and people
scoring high on schizotypy (Le Pelley et al., 2010) have reduced learning
benefit from previously relevant cues and increased learning cost with
previously irrelevant cues, which was interpreted as reduced ability to
ignore cues that are irrelevant. In a similar vein, it has been proposed
that psychosis is associated with, and possibly arises from, ‘aberrant
salience’ (Kapur, 2003; Roiser et al., 2009), or too much attention,
assigned to neutral or irrelevant information. Aberrant salience has also
been reported in people scoring high on schizotypy (Haselgrove et al.,
2016). In the rodent literature, there is a similar apparent contradiction:
rats with inactivation of the mPFC – the same brain area associated with
impaired ED shifting – show more rapid conditioning to a previously
blocked stimulus, interpreted as an inability to downregulate attention
to irrelevant cues (Sharpe and Killcross, 2014, 2018), which has also
been called learned inattention (Kruschke and Blair, 2000) or learned
associability (Le Pelley and McLaren, 2003). However, the suggestion
that there is an impairment of learned inattention, or an inability to
downregulate attention, is not easily reconciled with an impairment in
shifting attention to previously irrelevant cues in an ID/ED task. Sharpe
and Killcross (2014) suggested that the downregulation impairment
might be manifest in the ID/ED task only once an attentional set has
formed: after learning, an inability to downregulate attention would
result in continued focus on reinforced cues, impairing new learning
when those cues are no longer relevant. On the other hand, it is possible
that impairments in shifting aptitude at the ED stage of this test are due
to the psychometric characteristics of this stage (Barch et al., 2009) such

that the apparent contradiction between evidence suggesting more
rapid, or ‘hyper-,’ shifting in some contexts, and impaired ED shifting in
others, could be accounted for by a single context- dependent deficit. In
this study, we tested these ideas by manipulating the psychometric
characteristics of the ED stage.

We first tested rats in the standard, 7-stage ID/ED task, with and
without inactivation of the mPFC by iDREADDs + CNO, to replicate the
ED shift deficit reliably reported following cell-body lesions of this area.
We then tested the same rats twice, with and without inactivation of
mPFC, in a modified version of the task, which introduced redundant but
predictive cues prior to the ED. Those redundant cues then became the
sole predictor of reward at the ED shift. We hypothesised that this
manipulation would enable us to observe more rapid learning about
previously redundant cues, which should result in more rapid acquisi-
tion of the ED stage. By contrast, if the slower ED shift following mPFC
inactivation is due to an inability to shift attention away from the
relevant dimension, manipulations of the predictive value of the cues in
the irrelevant dimension would have no effect.

Experimental procedures

Animals

We used adult male (n = 24) Lister hooded rats (Charles River, UK).
The number of animals was determined by the requirement to coun-
terbalance the order and direction of shifts. The rats were pair-housed in
cages within ‘Scantainer Classic’ units (https://www.scanbur.com)
maintained at 21 ◦C±2◦C and a humidity of 55 % ± 5 %, with sawdust
bedding and toys for environmental enrichment (e.g., wooden chew bar
or wooden ball.) Behavioral testing was completed during the light
phase of the light–dark cycle, 07:00–19:00 hr. Water was available ad
libitum throughout, but laboratory chow was restricted to 15–20 g per rat
per day. At time of surgery, rats weighed 395 to 430 g; at perfusion, they
weighed 445 to 525 g. Although we used only male rats in this experi-
ment, we and others (Mohamed et al., 2011; Snigdha et al., 2011;
Murphy et al., 2017) have observed consistencies in the pattern of data
across strains and sex in this task.

All experiments were conducted in accordance with the regulations
laid down in the United Kingdom Animals (Scientific Procedures) Act
1986 and performed with the authority of a UK Home Office Project
Licence. We followed the ‘Essential 10′ ARRIVE guidelines (du Sert et al.,
2020) in the design and reporting of this study. We also adhered to the
Recommendations, apart from Recommendation 19: although we did
not register the protocol, the protocol was approved in advance by the
University of St Andrews Animal Welfare and Ethics Committee.

Chemogenetic manipulation

Rats were anaesthetised with isoflurane (5 % induction; 2 % main-
tenance) in oxygen. A 0.05 ml dose of the non-steroidal anti-inflam-
matory drug Carprieve® (carprofen; Pfizer, UK) was administered via
subcutaneous injection. They were placed into a stereotaxic frame (Kopf,
CA, USA) using atraumatic ear bars, and tooth bar set at − 3.3 (level
skull). A burr hole was drilled over two injection sites per hemisphere to
allow infusions into the mPFC at (coordinates with respect to bregma):
AP+3.9, ML±0.5 and DV−3.1 (from dura); AP+2.9, ML±0.5, DV−3.1
(from dura). Using a Hamilton syringe, the infusions were made over 5
min, with the syringe left in situ for 5 min post-injection. Microinjections
of 1 μl AAV5-CamKII-hM4Di-mCherry Designer Receptors Exclusively
Activated by Designer Drugs (DREADDs; 3.4 × 1012 μg/ml; pAAV-
CaMKIIa-hM4D(Gi)-mCherry) were administered at each of the four
sites, with the dose and location selected based on our preliminary
studies (data not shown) to transfect cells across an area as large as our
previous cell-body lesions. The DREADDs were a gift from Bryan Roth
(Addgene viral prep # 50477-AAV5; https://n2t.net/addgene:50477;
RRID:Addgene 50477). Eighteen rats received virus injections, and six
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rats received a sham procedure wherein the needle was lowered, but
nothing was injected. Following surgery, rats were single housed for 24
hr. Twelve of the virus-administered rats then undertook the attentional
set-shifting task as described below. The remaining six virus-
administered rats and the six sham-administered rats were sacrificed
to investigate Fos expression as described in section 2.5 below.

Rats will rapidly consume a gelatine ‘gummy’ to which drugs can be
added and this method is less stressful than oral gavage and successfully
delivers a pharmacokinetic profile suitable for behavioral testing
(Dhawan et al., 2018; Ferrari et al., 2022). To establish if it would be
possible to deliver CNO orally using this method, we compared the
behavioral profile following intraperitoneal (i.p.) injection and oral
administration.

CNO (Sequoia Research Product Ltd, UK) was administered at 10
mg/kg, which is at the higher end of the effective range and active for
approximately 5 hrs (Roth, 2016), which was sufficient time to complete
testing.

For two days prior to the first test, rats were injected with saline
vehicle to habituate them to the i.p. procedure. CNO was dissolved in
saline at 10 mg/ml and administered 10 mg/kg i.p. 30 min prior to
behavioral testing. We created gelatine tablets for individual rats, based
on their weight to contain CNO at 10 mg/kg. We suspended the
appropriate dose in 1.5 ml of the vehicle solution (60 ml of sugar-free
blackcurrant flavored juice (Robinsons, Britvic, UK) and 12 g of gela-
tine powder (Dr. Oetker, UK) pipetted into a plastic mould, then
refrigerated until set). Rats were habituated to vehicle gelatine gummies
over several days, until they were consuming them within 1 min. The
gelatine gummies were presented for the rats to consume 30 min prior to
the start of behavioral testing. The tester was not blind to the treatment
condition.

Behavioral testing

The ID/ED attentional set-shifting task training and testing have
been described previously (Tait et al., 2018). Briefly, a modified plastic
housing-cage (69.5 × 40.5 × 18.5 cm) had two individually compart-
mented chambers in which ceramic bowls containing digging material
and reward were placed. At least 12 hr prior to training, each rat was
given a bowl filled with home-cage sawdust and ~ six pieces of food
reward (a Honey Loop cereal piece; Kellogg, UK) in the home-cage.
Following exposure to the reward, rats were trained to dig in bowls
filled with sawdust to obtain a food reward (half a Honey Loop) within
the testing chambers of the arena. To shape this response, the reward
was placed on top of the sawdust of each of two bowls. After the rat
retrieved both rewards, the reward was placed slightly deeper in the
sawdust on each subsequent presentation. This continued until the
reward was completely buried at the bottom of the bowls and the rat was
reliably retrieving it on each presentation. This ‘digging’ training regime
was typically completed in six presentations. All rats were then trained
on two simple discriminations (SD) using the same exemplars for both
odor (sawdust scented with mint or oregano) and medium (shredded
paper and polystyrene) discriminations. These exemplars were not used
again.

On each testing day, the rats started with a simple discrimination and
then completed a series of stages, each involving learning a novel
discrimination or reversal of that learning, of compound discrimina-
tions. The compound stimuli were a pair of bowls containing distinctive
digging media (medium exemplars, M) and added odors (odor exem-
plars, O). The reward was associated with one of the four exemplars (i.e.,
one of the odors or one of the digging media) and the exemplars in the
other dimension were irrelevant, being pseudo-randomly associated
with the reward.

For the first four trials of each stage, rats were permitted to obtain the
food reward from the baited bowl after an incorrect dig. These four trials
were presented in a standard order, albeit with the exemplar associated
with reward counterbalanced across rats. In trials 1 and 2, the same

exemplar pairings were used, with the rewarded bowl first on one side
and then on the other. In trials 3 and 4, the second exemplar pairing was
presented, again with the sides alternating. For example, two bowls
containing M1 + O1 or M2 + O2 were presented, with M1 + O1 on the
right (trial 1) and then on the left (trial 2). For the next two trials, bowls
containing M1 + O2 or M2 + O1 were presented, with M1 + O2 on the
right (trial 3) and then on the left (trial 4)). This means that trials 1 and 3
were always the first exposure to each novel combination of exemplars.
Meanwhile, for trials 2 and 4, the rats had a second exposure to the same
exemplar combinations as the previous trial, but with the rewarded
location changed. The first exposure to completely novel exemplars (i.e.,
SD, ID and ED stages in the standard task) must be ‘guessed’ therefore
the group would be expected to have a 50 % success rate on trial 1. For
reversal stages, which are only signalled by the lack of a reward in the
previously correct bowl, the group success rate on trial 1 is expected to
be 0 %.

Completion of a stage required rats to reach a criterion performance
of consecutive correct responses which was greater than that predicted
by chance (6 consecutively correct responses, p = 0.0156). Correct re-
sponses within the first four trials were included in this measure, thus it
is possible for rats to complete a stage in just six trials, even while the
first trial has only a 50 % chance of being correct.

The first test commenced the day following training. Subsequent
tests were completed without the need for further training and were
pseudo-randomly counterbalanced for exemplar pairing presentation-
order and the dimension (O or M) rewarded. The exemplars used are
shown in Table 1.

The 7-stage attentional set-shifting (ID/ED) task
We first tested rats in the standard 7-stage ID/ED task. The seven

stages are: a simple discrimination (SD), in which the rat discriminates
either between two odors in sawdust, or between two unscented digging
media; a compound discrimination (CD) in which the SD exemplars
remain relevant, but are paired with irrelevant exemplars from the other
dimension; the first reversal (REV1), in which the incorrect exemplar at
the SD and CD stages is now correct and vice versa; an intra-dimensional
shift (ID), where new compound exemplars are presented and the
discrimination is within the same dimension as for the preceding stages;
a reversal of the correct and incorrect ID exemplars (REV2); an extra-
dimensional (ED) shift, where new compound exemplars are presented
and the discrimination is between exemplars in the previously irrelevant
dimension; and a final reversal (REV3) of those exemplars. All rats
completed all testing stages within 2–3 hrs after treatment with vehicle
or CNO.

Task variant with novel redundant exemplars
For the modified version of the task, the first four stages (SD, CD,

REV1, ID) followed the same method as the 7-stage task. After reaching
criterion at the ID, rather than a reversal, rats were given an additional
stage with redundant exemplars (RS): the rewarded exemplar from the
ID was still rewarded but novel exemplars were introduced in the
irrelevant dimension. The same pair of bowls was used on every trial,
however, so that the novel exemplars in what had been the irrelevant

Table 1
Exemplars were presented in pairs of two odours and two media. The training
pair were always the same and never used for testing. New exemplars were
introduced at the SD/CD; ID; and ED stages. The three other pairings were used
in a counter-balanced order between rats and across test sessions. The rewarded
exemplar was similarly counterbalanced.

Dimension Training pairs Pair 1 Pair 2 Pair 3

Odor Mint
Oregano

Cinnamon
Ginger

Sage
Paprika

Turmeric
Cloves

Media Polystyrene
Shredded paper

Coarse tea
Fine tea

Sand
Grit

Coarse sawdust
Fine sawdust
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dimension were also reliable predictors of reward. For example, if the rat
was correctly responding to M3 (and not M4, with O3 and O4 irrele-
vant), a novel exemplar, O5, would be consistently paired with M3 and
another novel exemplar, O6, would be consistently paired with M4.
Thus, in this example, the rewarded bowl is always M3 + O5 and the
unrewarded bowl is always M4 + O6. As the same exemplars of M
continue to be predictive of reward / no reward, the new exemplars of O
are providing redundant information. It is well established that there is
reduced learning about redundant cues, a phenomenon known as
blocking (Kamin, 1968). For the subsequent ED stage, these redundant
exemplars became the sole predictors of reward and the exemplars that
had been relevant were replaced with novel exemplars that were now
irrelevant. A schematic of the modified task stages is shown in Fig. 1.

We predicted that, with a normally functioning mPFC, attention to
the irrelevant dimension would be downregulated and there would be
no attention to the redundant cues, resembling Kamin-blocking. Thus,
rats would not learn about the redundant novel exemplars and the
magnitude of the shift-cost at the ED stage would not change. However,
with mPFC inhibited by CNO-treatment, a failure to downregulate
attention to both irrelevant and redundant information would result in
more rapid learning of the ED shift.

Order of testing
Two weeks following surgery, all rats underwent the standard ID/ED

task (data not shown) to familiarise them with exemplars and discrim-
inations and to ensure they could complete the task within the time
course of CNO-mediated DREADDs activation (Roth, 2016). For all
subsequent testing, the rats were tested in a counterbalanced AB design
with half of the rats receiving 10 mg/kg CNO and the remaining
receiving the vehicle without CNO. For the 7-stage testing, the rats were
tested twice, one week apart, with an i.p. injection of 10 mg/kg CNO or
saline vehicle. Two weeks later the rats were retested twice (one week
apart) in the standard ID/ED task following oral administration of 10
mg/kg CNO suspended in a gelatine gummy or a gummy without CNO.
Three weeks later, the rats were all tested twice (one week apart) in the
task variant, with the novel redundant exemplars, following oral
administration of 10 mg/kg CNO or vehicle.

Histology

Following behavioral testing rats were anaesthetised with 0.8 ml
pentobarbital (i.p.; Pharmasol, Ltd, UK), then transcardially perfused
with 4 % paraformaldehyde in 0.1 M phosphate buffer. Brains were
stored in 20 % sucrose for 24 hrs at 4 ◦C. Brains were washed in distilled
water, dried, placed in wells, covered in egg yolk, and placed in a 40 %

formaldehyde bath for 72 hrs. Afterwards, brains were sectioned at 50
µm on a freezing stage microtome (Jung Histoslide 2000, Reichert-Jung,
Cambridge Instruments). Sections were stored in glycerol solution at −

20◦ C.
For immunofluorescent detection, every 4th section of the frontal

cortex was collected. Sections were placed in 9-hole netwells and petri
dishes and washed four times for 5 min each in 0.1 M phosphate buffered
saline (PBS) on an automated rotator. Next the netwells were placed in
blocking solution (1:5 normal goat serum, 1:100 10 % Triton, in PBS)
and rotated for 1 hr at room temperature. Sections were then washed in
PBS three times for 5 min each. Sections were placed in histology pots
before being incubated with 5 ml of anti-mCherry (rabbit anti-mCherry
1:2000; Abcam Cat# ab167453 RRID:AB_2571870) in antibody diluting
solution (ADS; 1:100 normal goat serum, 1:100 10 % triton, in PBS)
overnight at room temperature. The following day sections were washed
in PBS three times for 5 min each. Sections were then switched into foil-
covered histology pots and incubated in the dark for 1 hr with the sec-
ondary (1:500 goat anti-rabbit, Abcam, #ab150084) in ADS. After sec-
ondary incubation, sections were washed three times for 5 min in PBS,
then mounted to slides. Vectashield anti-fade mounting medium with
DAPI (Vector Laboratories Cat# H-1200 RRID:AB_2336790) was
applied, then slides were cover-slipped and sealed.

Fos expression in mPFC

To examine the effect of iDREADDs + CNO on expression of Fos
protein in mPFC, six rats expressing AAV5-CamKII-hM4Di-mCherry
within the mPFC, and six surgical controls were habituated to i.p. in-
jections of 2 ml/kg saline, for two days prior to testing. We have pre-
viously reported no difference in Fos expression when either lesioned or
control rats were performing the ID/ED task compared to their ‘yoked’
controls (Tait et al., 2009). Therefore, we used a modified “active-wake”
condition (Gompf et al., 2010). Non-cage mate pairs of a control or
iDREADDs-transfected rats were treated with i.p. injections of either 10
mg/kg CNO or vehicle (administered at 5 mg/ml CNO in 2 ml/kg saline).
Thirty minutes following injections the rats were placed into a large
wooden enclosure (66 cm × 66 cm × 40 cm) filled with sawdust, and
environmental enrichment (cardboard houses, wooden chew-bars, and
shredded cardboard) and allowed to explore for 2 hrs. Immediately, at
the end of the exploration period, the rats were removed from the
apparatus, perfused, and the brains were stored for immunohisto-
chemistry. For quantification of Fos, tissue sections were prepared as
above and incubated in rabbit anti-c-Fos (1:10000; Calbiochem, San
Diego, USA), in ADS overnight at room temperature. Sections were
washed three times for 5 min in PBS then incubated in 5 ml biotinylated

Fig. 1. Schematic showing the stages (in order of testing from left to right) of the modified set-shifting task, with an example of a medium (M) to odor (O) shift. The
initial stages are the same as the standard ID/ED task: namely, simple discrimination (SD); a compound discrimination (CD); reversal (REV1); and an intra-
dimensional discrimination (ID). After the ID, there was a stage in which the correct (M3) and incorrect (M4) exemplars did not change but the irrelevant exemplars
(O3 and O4) were replaced with novel exemplars (O5 and O6). In addition, a single pair of bowls was used (M3/O5 and M4/O6), such that the novel exemplars were
also fully predictive of reward but provided redundant information. In the final extradimensional shift (ED), new exemplars (M5 and M6) were introduced as
irrelevant. The previously redundant odours (O5 and O6) were now the only predictors of reward/non-reward.

T.S. Knott et al.
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anti-rabbit antibodies (goat anti-rabbit, 1:500, Vectorlabs, in ADS) for 1
hr at room temperature. After incubation, sections were washed three
times for 5 min in PBS, then placed in histology pots containing 5 ml of
the biotinylation solution (Vectastain ABC KIT, Vectorlabs) and incu-
bated for 1 hr. Sections were then washed three times for 5 min in PBS
and Fos protein immunoreactivity was detected by staining with 3,3’-
Diaminobenzidine (DAB; one tablet per 20 ml, Sigma, in distilled H20).
The sections were determined to be stained when landmark anatomical
structures were clearly identifiable, which was always within 10 min.
Following DAB staining, sections were washed three times for 5 min in
PBS and stored in 9-hole netwells at 4 ◦C until (up to 72 hrs) they were
mounted to gelatine-treated glass slides and cover-slipped with DPX. Fos
positive cells in six discrete mPFC sections between 4.7–2.2 mm were
imaged on a Zeiss Axio Imager M2 with ZEN software. Fos immuno-
staining was quantified from grayscale transformed images using an
ImageJ particle analyser. The quantification was done blind to
condition.

Statistical analysis

The standard dependant variable collected in the ID/ED task is the
number of trials to reach the learning criterion of six consecutively
correct trials. We have previously shown (Dhawan et al., 2019) that after
a rat has made six consecutively correct trials, most rats make no sub-
sequent errors if tested for 30 additional trials.

We also applied Bayes’ rule to the profile of the sequence of response

choices to estimate, for a given trial, the posterior probability that the
response on that trial was consistent with one of eight hypothetical
patterns. Four of these were perceptual patterns (i.e., a response to any
one of the four exemplars: the rewarded exemplar; the unrewarded
exemplar; or either of the two exemplars in the irrelevant dimension)
and the other four were spatial patterns (i.e., win-stay; win-shift;
perseverate to location; alternate locations). At the start of the SD stage,
the prior probabilities were set to 1/6 (0.167) as there was no irrelevant
dimension, so only six potential patterns. At the CD, the priors from the
final trial of the SD were carried forward but adjusted proportionally to
assign priors to the new irrelevant dimension exemplars. All priors were
reset to one 8th (0.125) at the ID and ED stage. At the reversal stages, the
priors were not reset. See Wang et al. (2019) for a full description of the
methodology. We refer to these values as ‘b-values’.

Multi-factorial repeated measures ANOVA (SPSS v28) were per-
formed on the dependent variables (e.g., trials to criterion; b-values)
with the relevant independent variables as the repeated factors (e.g.,
Stage; Trial; Treatment). When the repeated measures ANOVA revealed
interactions that were significant (p < 0.05), planned contrasts or
analysis of simple main effects were performed.

For Fos data, a count of labelled cells within a region of interest of 1
mm2 in each of six discrete sections (Bregma + 4.70, +4.20, +3.70,
+3.20, +2.70, +2.20). The mean count from each section was analysed
using between-Ss measures ANOVA with factors being Treatment
(Vehicle or CNO) and Group (controls or mPFC iDREADDs). Significant
interactions were further analysed as simple main effects. All rats

Fig. 2. A: Schematic representation of the area of mPFC neurons infected by microinjection of AAV5-CamKII-hM4Di-mCherry as detected by anti-mCherry
immunohistochemistry drawn on sections from Paxinos and Watson (1997). Dark gray shading indicates the area common to all rats; mid-gray shading is the
typical extent; light gray shading is the maximum extent in any rat. B: Representative images of c-Fos immunostaining within the mPFC; C: Box-and-whisker plots of
average c-Fos counts in the six sections. iDREADDs + CNO was associated with increased c-Fos immunostaining compared to iDREADDs + vehicle; controls + CNO;
or controls + vehicle (* p < 0.05).
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completed all the behavioral tests, and it was not necessary to exclude
any from the analysis.

Results

All rats exhibited iDREADDs expression within mPFC

Fig. 2a shows the extent of area with mPFC neurons transfected with
AAV5-CamKII-hM4Di-mCherry and Fig. 2b is a representative fluores-
cent image. All rats (n = 18) showed mCherry-tagged iDREADDs
expression within the mPFC target region (approximate distance from
bregma 4.2–2.2 mm), centred on the prelimbic (PrL) and infralimbic (IL)
cortices (Fig. 2a, dark gray shading). Additional DREADDs expression
was evident in the medial orbitofrontal (MO) and cingulate (Cg) cortex
in most rats (Fig. 2a, mid-gray shading). Light gray shading in Fig. 2a
indicates the maximum extent of any transfected cells. DREADDs
expression was also observable within axons consistent with projections
from the mPFC (Vertes, 2004).

CNO-treatment increased Fos activity within the mPFC

As shown in Fig. 2b and 2c, compared to controls and vehicle-treated
animals, treatment with 10 mg/kg CNO caused a significant increase in
Fos expression within the mPFC. This effect was confirmed by a signif-
icant Treatment × Group interaction (F(1, 8) = 15.03, p < 0.05, ηp

2 =

0.65). Simple main effects analysis confirmed that average Fos expres-
sion was higher when rats with mPFC iDREADDS were treated with CNO
(mPFC-DREADDs + CNO=843.89 (95 % CI±71.05)) rather than vehicle
(mPFC-DREADDs + vehicle = 362.72 (95 % CI±44.88)) (F(1, 8) =

18.81, p < 0.05, ηp
2 = 0.70). Also, Fos expression was higher following

CNO treatment in rats with mPFC iDREADDs than those without (con-
trol + CNO=345.67 (95 % CI±42.71); F(1, 8) = 19.03, p < 0.05, ηp

2 =

0.70).

mPFC inactivation resulted in an ED set-shifting deficit

In a within Ss design, we tested the hypotheses that (1) CNO
administration, to inactivate mPFC would impair performance at the ED
stage of the standard ID/ED task, just as do cell body lesions of mPFC and
(2) that oral administration of CNO would produce the same profile of
behavior as i.p. injection.

The mean trials to criterion across all stages was overall slightly
higher in the first two tests, with i.p. injections (mean across all stages =

17.18, 95 % CI±1.3) compared to the second two tests, with oral
administration (mean across all stages = 15.72, 95 % CI±0.9) (main
effect of Test: F(1, 11) = 16.7, p < 0.05, ηp

2 = 0.605). However, the effect
was equivalent for all stages of the test and irrespective of whether CNO
or the vehicle was administered (all interactions with Test were not
significant and, in particular, Test × Treatment × Stage: F(6, 66) < 1).
We concluded that oral administration by voluntary ingestion of a
gummy was an effective method to administer CNO and therefore was
preferred over i.p. injection. Even if there is a different rate of meta-
bolism as a function of route of administration, the results indicate that
the testing was within the ‘window’ of effect for each route and any
difference in metabolic rate is thus not relevant with these doses and in
the context of this behavioral protocol. Subsequent testing used only
oral administration.

The rats formed an attentional set, indicated by the fact that,
regardless of whether vehicle- or CNO-treated, they required more trials
to reach criterion at the ED shift compared to the ID (planned pairwise
comparison ID vs ED: F(1, 11) = 297.5, p < 0.05, ηp

2 = 0.964; control
mean ED increase = 4.33; CNO mean ED increase = 13.9, both p < 0.05).
However, when CNO-treated, the rats required significantly more trials
to complete the ED stage than when they were vehicle-treated (ED trials
to criterion when CNO-treated = 26.04 (95 % CI±2.82); when vehicle-
treated = 15.21 (95 % CI±1.46). See Fig. 3).

In terms of patterns of consistent responding during the ED stage
(defined as when the b-values from the Bayesian analysis were ≥ 0.6,
when CNO-treated, rats were more likely to respond to one of the ex-
emplars in the irrelevant dimension (that had previously been relevant)
compared to when vehicle-treated (Treatment × Task interaction: F
(1,11) = 7.35, p = 0.02, ηp

2 = 0.401; see Fig. 4).
In the trials to criterion data, there were no significant differences

between the CNO-treated and vehicle conditions at any other stage of
the test, replicating the effect of cell-body lesions of the same region.

There was no effect of mPFC inactivation in the stages prior to ED

We looked for patterns of consistent responding in the four stages
that were equivalent in each task, namely, SD, CD, REV1 and ID (i.e.,
those prior to REV2 in the 7-stage task or RS in the task variant with
novel redundant exemplars). For the 7-stage task, we used the data from
the tests with oral administration of CNO or vehicle. This gave a total of
four repeats, two with and two without CNO-treatment.

Before rats started responding consistently to the correct exemplar,
any consistent behavioral patterns tended to be spatial: all rats in each of
these four initial stages had some trials in which patterns of either
spatial perseveration or spatial alternation predominated (b-values ≥

0.6), with neither pattern more likely than the other. There were no
differences in the likelihood of spatial response patterns between
Treatment groups for these stages of the test (main effect of Treatment: F
(1,11) = 0.16, ns; interaction of Treatment and Stage: F(2,22) = 0.17,
ns). Although we observed patterns of spatial responding, this is not to
suggest the rat is ‘testing the hypothesis’ that the reward is determined
by spatial location. Rather, the rat cannot approach both bowls simul-
taneously and does not know which is the correct bowl until it digs to
find out. Therefore, a pattern of spatial perseveration or alternation may
merely indicate a systematic choice of where to start its exploration.

A pattern of consistent responding to exemplars in the irrelevant
dimension was detected in only one (vehicle-treated) rat at the CD and in
three (two vehicle-treated; one CNO-treated) at the ID. Irrelevant
dimension responding was slightly more likely at REV1, but it was still
not seen in all rats and this was without respect to treatment (seven and
five rats when vehicle and CNO-treated, respectively).

Fig. 3. Box-and-whisker plots (median, 5th, 25th, 75th and 95th percentiles,
with individual rat data points) for trials to criterion in the standard 7-stage ID/
ED task. Rats required a greater number of trials to learn a novel ED shift,
compared to an ID shift. With the iDREADDs activated by CNO, rats required
significantly more trials at the ED stage, compared to when vehicle treated (* p
< 0.05).
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Inactivation of mPFC facilitated an attentional shift when preceded by
redundant exemplars in the to-be-shifted-to dimension

The modified ID/ED task had an additional stage (RS) that provided
reward-contingent but redundant information in what had been the
irrelevant dimension, before the ED. Most rats (8/12) rats made no er-
rors in the RS stage, either when CNO– or vehicle-treated: they
completed the stage both times in six trials. Four rats did make errors in
one or both treatment conditions. When CNO treated, two rats each
made two errors (trials 1 and 2) and a third made four errors (trials 1, 4,
5 and 6). When vehicle treated, two of the same rats made errors, on
trials 1 and 2 and trials 2 and 3 respectively. A fourth rat made a single
error, on trial 1, when tested with vehicle. These errors did not relate to
any differences in the trials to criterion on the preceding ID or the
subsequent ED.

In the subsequent ED stage, when vehicle-treated, rats showed the
expected increase in trials to criterion (planned contrast, ID vs ED for
vehicle treated: mean ED increase = 7.92, p < 0.05). There was no
statistically significant difference between this ED performance
compared to when the ED followed a reversal (7-stage task) (mean dif-
ference = 2.92, 95 % CI = ±3.7; t = 1.74, df = 11, ns).

When CNO-treated, there was not only no statistically significant
increase in ED over ID, but there was also no numerical increase (mean
ED increase = − 0.17, ns). There was also no difference in the trials to
criterion between Treatment condition at any stage other than the ED,
where the CNO treatment decreased the ED trials relative to vehicle
treatment, and to the equivalent of ID performance with or without CNO
(see Fig. 5; Treatment × Stage interaction F(5, 28.1) = 3.12, p < 0.05, ηp

2

= 0.62). As can be seen in Fig. 4, CNO-treated rats did not respond to
exemplars in the irrelevant dimension.

Evidence to suggest more rapid learning of blocked cues

It was expected that, when treated with vehicle, rats exposed to novel
redundant exemplars would exhibit no learning, due to blocking
(Kamin, 1968), and therefore there would be no effect on ED perfor-
mance. If there had been any learning about the new exemplars, rats
would be more likely than chance to make a correct response on the first
trial. Therefore, we looked at the binomial probability that the rats
responded correctly greater than by chance on the trials they encoun-
tered the novel combination of exemplars for the first (trials 1 and 3) and
the second encounter of each bowl (trials 2 and 4). Fig. 6 shows the
percentage of the group responding correctly when the ED followed a
reversal or when it followed exposure to redundant exemplars. When the
ED followed a reversal, all the exemplars were novel, and the rats’
correct responding was no greater than chance on either the first

encounter or the second, regardless of treatment condition. In the
modified task, after prior exposure to the now-correct exemplars as fully
predictive but redundant, when CNO– or vehicle-treated, rats were still
no more likely to respond correctly on the first encounter with each
novel combination of exemplars, indicating that the rats had not learned
specifically about the predictive redundant exemplars. We can rule out
the possibility that the novel irrelevant exemplars were a distraction on
this first trial: in both the CD and the RS stages, novel irrelevant ex-
emplars were introduced while the correct exemplar was unchanged
and, regardless of treatment condition, the percentage of correct re-
sponses on the first trial of the CD and RS stages was > 75 %, which
greater than chance.

However, on the second encounter of the bowls with exemplars
having been redundant, the CNO-treatment resulted in significantly
greater likelihood of a correct response, with 10/12 (83 %) rats correct

Fig. 4. Histograms showing the number of rats with different response patterns (where the b-value is > 0.6) across trials. The four histograms are for the ED stages,
either following a reversal (left two histograms) or following exposure to redundant stimuli (RS) (right two histograms). For the first five trials, there is insufficient
evidence to identify a consistent pattern of responding. If a pattern does emerge, it is initially most likely to be one of the spatial patterns (yellow). The histogram
drops away as rats reach criterion (six consecutive correct responses) and at this point there is often (but not necessarily) sufficient evidence of responding consistent
with the correct hypothesis (green) – and inconsistent with other hypotheses – to bring the b-value above 0.6. The obvious difference between the histograms is the
evidence of response patterns consistent with responding to one or other of the irrelevant dimension exemplars (blue), but only when CNO-treated and when the ED
follows a reversal (REV). This pattern is not seen when CNO-treated if the ED follows RS. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

Fig. 5. Box-and-whisker plots (median, 5th, 25th, 75th and 95th percentiles,
with individual rat data points) for trials to criterion in the modified task where
the second reversal is replaced with a stage with redundant, but fully predic-
tive, exemplars (RS). These redundant exemplars became the relevant exem-
plars at the subsequent ED stage. When vehicle-treated, the rats showed a
typical ED shift cost. However, when CNO-treated, the subsequent ED was
learned in significantly fewer trials compared to vehicle (* p < 0.05) and the
shift cost was abolished.
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on trial 2 and 9/12 (75 %) correct on trial 4. Overall, 79 % of trial 2 and
4 responses were correct (p < 0.006; the corrected criterion p-value for 8
tests and overall familywise error of 0.05 for a one-tailed binomial test
with H0 p(correct) = 0.5 and HA p(correct) > 0.5.) This pattern suggests
that rather than a failure of blocking, the improved ED performance is
because learning about the redundant cues is more rapid.

The behavioral data are available online (Knott et al., 2024).

Discussion

It is well established, in many species, that additional trials are
required to learn a discrimination if the focus of attention is elsewhere
due to prior experience of the relevance of information (Keeler and
Robbins, 2011). The construct of cognitive flexibility is invoked to
describe the facility with which an organism shifts attention to learn
about newly relevant information. If new learning occurs more slowly
under these circumstances, such as is seen following inactivation of the
mPFC, a deficit in cognitive flexibility is inferred. Here, we have repli-
cated the mPFC lesion-induced deficit in learning at the ED stage with
the temporary inactivation of DREADDs-transfected cells in the mPFC.
We have additionally demonstrated that learning at the ED stage may be
more rapid if exemplars are presented prior to the shift as redundant
information. We conclude that both the impaired and the facilitation of
learning at the ED shift is due to a common deficit in the downregulation
of attention.

Did the iDREADDs + CNO inactivate mPFC?

Before discussing the behavioral results of the experiment in detail, it
is first necessary to discuss whether iDREADDs + CNO inactivated mPFC
and whether this inactivation, as opposed to other non-specific off-target
effects of CNO, can account for the behavioral results we report here.

In all cases, bilateral expression of iDREADDs was confirmed histo-
logically. The volume injected (2ul/hemisphere), which was large but
not unprecedented (e.g., Robinson et al. (2019) used a comparable
volume), and location (two sites per side) resulted, as intended, in the
expression of iDREADDs in a large area of mPFC, encompassing the
majority of PrL in all rats and extending to MO and IL in most.

CNO is metabolized to clozapine, which binds to the DREADD but
clozapine also has effects that are not mediated via the DREADDs
(MacLaren et al., 2016; Gomez et al., 2017; Manvich et al., 2018). Fer-
rari et al. (2022) directly compared CNO with Compound 21 and
deschloroclozapine as alternative DREADDs ligands and found the ef-
fects of all three were equivalent. They suggested, because they are not
metabolised to clozapine, the alternatives are preferrable to CNO.
Nevertheless, the similarity of all three suggests that the effects are more
likely to be via their action on the DREADDs.

In the behavioral experiments, we did not include a control group
administered CNO without iDREADDs. However, we have previously
compared CNO and clozapine directly in this task in rats without
DREADDs: there was no effect of either 1 mg/kg clozapine or of 10 mg/
kg CNO (giving an equivalent brain-availability of clozapine (Gomez
et al., 2017)) at any specific stage of the task (data available on request).
Although it is not possible to definitively conclude that there were no
off-target actions of CNO, the fact that mPFC-iDREADDs + CNO mimics
the effect of a cell-body lesion of mPFC, resulting in precisely the same
pattern of behavior, is strong circumstantial evidence that the effects of
CNO that we observe are due to the inactivation of DREADDs transfected
cells in mPFC.

In the Fos experiment, we did include a non-iDREADDs + CNO
control group. Only the rats with iDREADDs + CNO had increased Fos:
control-vehicle, control + CNO and iDREADDs + vehicle all had
equivalent Fos expression. This suggests that it is the inactivation of the
cells expressing the iDREADDs by CNO that results in the increased Fos
expression in other cells and it is not due to a direct effect of CNO/
clozapine on non-transfected cells. The elevation in Fos might seem
paradoxical: iDREADDs + CNO must reduce neuronal activity (and
therefore Fos expression) where the iDREADDs are expressed. However,
this is only necessarily so if all the cells in a region are transfected, which
is known not to be the case (Smith et al., 2016). Chang et al. (2015)
recorded from the rat ventral pallidum that had been transfected with
iDREADDs and, while most of the cells were inhibited by CNO, there was
a proportion that were excited. An increase in Fos expression was also
reported in the mPFC of rats with mPFC lesions and, furthermore, the
Fos expression was greater still when the lesioned rats were given Ase-
napine (Tait et al., 2009). Obviously, there is no mechanism by which
‘silenced’ cells, whether due to cell-body lesion or by iDREADDs + CNO,
can themselves express Fos. Tait et al. (2009) interpreted the increased
Fos expression in the mPFC of mPFC-lesioned rats as compensatory ac-
tivity of spared cells. Here we have shown that not only the behavioral
effects of mPFC lesions are replicated by iDREADDs + CNO, the increase
in mPFC Fos expression is also replicated. Both the lesions and the
iDREADDs transfection were confirmed by histology. We acknowledge
that saying that mPFC is ‘inactivated’ by iDREADDs + CNO, or indeed by
a cell-body lesion, even while c-Fos activity is increased in the region,
may seem contradictory. What the increased c-Fos activity signifies is
unclear and beyond the scope of this manuscript to establish. Never-
theless, we conclude that the silencing of some mPFC cells must cause an
increase in activity of, and Fos expression in, other non-lesioned/non-
transfected cells. Clearly, in this brain area, the level of Fos expression
cannot be taken as indicative of either the presence of a lesion or cellular
inactivation by iDREADDs + CNO.

Did the task manipulation improve cognitive flexibility?

Barch et al. (2009) suggested that there would be value in identifying
a task modification in the ID/ED attentional set-shifting task as an
additional control, giving as an example “one in which set shifting deficits
convey a performance advantage” (ibid., p 120). We have shown here that
the same intervention that impaired ED shifting leads to a performance
advantage at the ED stage if predictive, redundant, information is pro-
vided prior to the shift. We are not suggesting that the task manipulation
(i.e., the introduction of the predictive, redundant, exemplars prior to
the ED shift stage) has in some sense improved flexibility. Rather, the

Fig. 6. Bar graph showing the percentage of responses that were correct when a
novel combination of exemplars was encountered for the first time (Trials 1 and
3) or the second time (Trials 2 and 4) in the ED. The rats responded at chance
when encountering novel bowls for the first time, as expected. They also
responded at chance on the second encounter with the bowls in the ED of the 7-
stage task, regardless of CNO treatment. However, when they were encoun-
tering bowls for the second time having experienced the now correct exemplars
as redundant, when CNO-treated they were more likely than chance to respond
correctly (* p < 0.05).
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attentional impairment that results in a typical set-shifting deficit con-
veys a performance advantage at the ED stage under these circum-
stances. This provides additional information about how both intact and
impaired animals solve these tasks.

At the ID and ED stages of the 7-stage task, the total change of ex-
emplars is a signal of a requirement for new learning, although the
change does not signal whether the rule has changed. The task manip-
ulation involved a new stage, the RS, where there was a partial change of
exemplars, albeit not signalling a requirement for new learning. At the
ED stage, there was also a partial, not total, change of exemplars: the
redundant exemplars from the RS stage remain and become relevant and
only the previously rewarded / unrewarded exemplars change. Argu-
ably, a partial change of exemplars is less salient (i.e., it will generate
less PE) than a total change. However, if that were the case, one would
predict slower learning of the partial change ED shift, which we did not
see: with mPFC functioning normally, there was no significant differ-
ence in learning rate of the two ED stages, suggesting that PE driving
new learning was equivalent in both conditions.

In ID/ED tests with healthy humans, the shift-cost (i.e., number of
errors at the ED stage) has been reported to be greater in a condition
where the opportunity to perseverate is removed and so only learned
irrelevance can slow the shift, compared to a condition when persev-
eration is possible but learned irrelevance cannot impact performance
(Gauntlett-Gilbert et al., 1999; Maes et al., 2004; Maes and Eling, 2009).
Similarly, in both healthy humans (as well as in patients with Parkin-
son’s disease) when an irrelevant dimension was made partially rele-
vant, the ED shift-cost was reduced (Slabosz et al., 2006). Together,
these results are consistent with the suggestions that the ED shift-cost in
healthy controls is due to a reduction in attention to irrelevant non-
predictive cues, which has been termed learned inattention (Kruschke
and Blair, 2000; Le Pelley and McLaren, 2003) or reduced associability
(Le Pelley, 2004). If learned inattention is the reason there is a shift cost
in an intact subject, it might be surmised that an increase in shift-cost is
most easily explained by postulating increase in learned inattention. As
Maes and Eling (2009) speculated, if a subject is not ignoring irrelevant
cues, one would predict a reduction, rather than an increase, in shift-
costs when those cues become relevant. On the other hand, if associ-
ability (salience) of the irrelevant cues remains high, but associative
strength is reduced, a failure to ignore those cues might enhance
learning about their irrelevance, which in turn would increase persev-
erative errors and thus shift-cost. Indeed, Castro and Wasserman (2016)
argue that, in their experiment, attending to relevant cues “protected the
irrelevant cues from learned irrelevance” (ibid., p.71). They cite the earlier
work of Winefield (1978), who showed that irrelevant brightness cues
that were present during learning of a solvable spatial discrimination
were more readily learned about subsequently than when those cues
were present during an unsolvable discrimination. The suggestion is
that, because the discrimination was unsolvable, attention to the cues
was maintained and thus removed the protection from learned irrele-
vance (Castro and Wasserman, 2016). Similarly, (Maes and Eling, 2009)
interpret the correlation between errors during initial learning and ED
shift performance as being due to more rapid acquisition (i.e., fewer
learning trials) protecting participants from the opportunity to learn
about the irrelevance of other cues.

It follows from this that the attentional set-shifting effect should only
be seen when there are irrelevant cues during initial learning, and there
is good evidence that this is the case. For example, an impairment
following mPFC lesions in shifting from an “easy” (more rapidly learned)
visual cue discrimination to a “more difficult” (more slowly learned)
response side discrimination was not seen when the rats were required
to shift in the opposite direction, from the response side to the visual
discrimination (Experiment 1; Floresco et al. (2008)). Crucially, how-
ever, the training regime did not introduce the lights until after the
response discrimination had been learned and when the rats were
required to shift. Thus, unlike the ‘spatial dimension,’ which was always
(necessarily) present, the visual cues had never been present and

irrelevant. However, when the cues were presented as irrelevant stimuli
throughout pre-training and during initial response training (Experi-
ment 2; Floresco et al. (2008)), mPFC inactivation did impair the shift to
visual cue discrimination. These results together demonstrate that mPFC
is not required to shift attention between different cues, or rules or
strategies, per se, but rather to learn about cues, or rules or strategies,
that had previously been learned to be irrelevant.

In the introduction, we highlighted the apparent contradiction in the
schizophrenia literature between reports of impaired shifting in the ID/
ED task and the suggestion that hyperactive, rather than impaired,
switching might underlie impairments in latent inhibition (Weiner,
1990; Weiner and Feldon, 1997). The results here suggest that the
parsimonious explanation for both phenomenon in schizophrenia may
be a deficit in learned inattention (Mackintosh, 1975; Lubow, 1997;
Gray and Snowden, 2005). In the rat, latent inhibition is enhanced
following large lesions of a comparable area of mPFC, however smaller
lesions revealed that it was ventral (IL), and not dorsal (PrL), mPFC that
was implicated (George et al., 2010). This does not exclude the possi-
bility that dorsal mPFC may also be involved if latent inhibition were
measured using appetitive reinforcement rather than conditioned sup-
pression of responding.

Kamin (1968) wrote about “attention-like” processes in classical
conditioning, suggesting that there is not merely reduced learning
(decreased associative strength) of a blocked cue, but attention to the
cue is also attenuated (decreased associability or salience). Here we
argue that “blocking-like” processes account for shift-costs in the
attentional set-shifting task. Irrelevant cues have low associative
strength because they are non-predictive and their associability, or
salience, correspondingly reduces. Modulation of salience is a function
of the mPFC, regulating attention to focus on informative (i.e., contin-
gent and thereby predictive) cues over non-informative (i.e., non-
contingent, or contingent but redundant) cues. For this reason, a rat
with an intact mPFC learns an ED discrimination more slowly because
attention is focussed on that which had been informative, and attention
is downregulated to previously uninformative cues. This “blocking-like”
effect (i.e., learned inattention to non-informative cues) prevents
excessive learning about their irrelevancy. The same “blocking-like”
effect is evident when cues become redundant predictors of reward: the
intact, non-attending, rat does not learn about these cues and the ED
shift-cost is still determined by the same requirement to overcome the
learned inattention. By contrast, a rat with an inhibited mPFC continues
to attend to cues with low associative strength (e.g., irrelevant exem-
plars), resulting in additional reinforcement of their irrelevancy. This
makes an ED discrimination yet more slowly learned compared to when
the mPFC is intact. However, when the cues cease to be irrelevant and
become redundant predictors of reward, their maintained saliency
means the rat learns that they may not be irrelevant, and this facilitates
learning of the subsequent ED. Notably, while the cues are redundant,
the prior learning is still valid and so there is no PE to drive learning
about the specific redundant exemplars: responses to the first encounter
of each novel combination of exemplars (trials 1 and 3) are at chance.
However, because the cues are predictive, they are known to be not
irrelevant and consequently subsequent learning is very rapid: responses
to the second encounter of each bowl configuration (trials 2 and 4) are
significantly more likely to be correct.

The manipulation we have reported here satisfies the challenge
suggested by Beesley and Le Pelley (2011), namely that if there were a
manipulation that impaired the ability to selectively attend to stimuli,
and that same manipulation reduces the influence of blocking on novel
learning, this would provide support for the suggestion that attention
mediates the blocking effect. It also satisfies the challenge suggested by
Barch et al. (2009), being a modification in the ID/ED attentional set-
shifting task which conveys a performance advantage.
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