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Abstract

If rodents do not display the behavioural complexity that is subserved in

primates by prefrontal cortex, then evolution of prefrontal cortex in the rat should

be doubted (Preuss, 1995). Primate prefrontal cortex has been shown to mediate

shifts in attention between perceptual dimensions of complex stimuli, as well as

dual task processing (divided attention). This thesis examined the possibility that

medial frontal cortex of the rat is involved in divided attention and the shifting of

perceptual attentional set.

Chapter 1 highlights the similarities between the neuroanatomy of

primate prefrontal cortex and rodent medial frontal cortex. Chapter 2

investigates the role of ventral medial frontal cortex in divided attention, a

function ascribed to primate prefrontal cortex. There is some doubt as to

whether divided attention is an adequate measure of highest order attention

processing levels, however, and so Chapter 3 describes the successful

development of a test of attentional set-shifting for the rat. The role of dorsal and

ventral medial frontal cortex in attentional set-shifting is explored using this task.

In Chapter 4, rat ventral medial frontal cortex was found to mediate shifts

of attentional set, selectively impairing the acquisition of a discrimination at the

extra-dimensional shifting stage. In Chapter 5, rat dorsal medial frontal cortex

lesions had a detrimental effect on reversal learning, but did not impair the

shifting of attentional set.

These results are discussed in terms of a dissociation of function between

dorsal and ventral medial frontal cortex in the rat, and it is proposed that the rat

ventral medial frontal cortex is functionally analogous, if not homologous to

primate prefrontal cortex.
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Chapter 1: General Introduction

The area of frontal cortex denoted 'prefrontal' has been defined

anatomically as either those parts of frontal cortex with a granular layer IV

(Brodmann, 1909), or that area in receipt of projections from the mediodorsal

thalamus (Rose & Woolsey, 1948). Ofmore functional significance, the

prefrontal cortex in humans is thought to be responsible for permitting so-called

'higher' cognitive functions, mediating such advanced cognitive processes as

working memory (Goldman-Rakic, 1987; Kinberg & Farrah, 1993), supervisory

attentional processes (Shallice & Burgess, 1998), reasoning and decision-making

(Damasio, 1998) and inhibitory behavioural control (Fuster, 1987).

Structural damage to frontal cortex results in great personal and social

difficulties (Damasio, 1994), behavioural inflexibility (Milner, 1963) and

disrupted planning ability (Shallice, 1982), often in the face of otherwise

seemingly normal functioning. Similarly, the function (or cfysfunction) of

prefrontal cortex has been implicated in such wide-ranging disorders such as

Alzheimer's disease (Kalaria & Andorn, 1991; Akberian et al, 1995),

schizophrenia (Weinberger & Berman, 1998; Frith, 1998), and Parkinson's

disease (Muller et al, 2000; Tsuchiya et al, 2000).

The existence of a comparable area of prefrontal cortex in other non-

human primates is largely not in dispute, and substantial gains in our knowledge

of prefrontal anatomy and function have resulted from investigation in these

species (e.g. Dias et al, 1996a; 1996b; 1997). The issue ofwhether frontal cortex

in other mammals, in particular rodents, contains an area homologous to

prefrontal cortex in primates, however, remains an issue of ongoing controversy

(e.g. Preuss, 1995; Uylings and Van Eden, 1990). This is attributable, at least in
1



part, to the absence of a universally accepted anatomical definition ofwhat

constitutes prefrontal cortex, in combination with a paucity of appropriate cross-

species tests of comparable functions.

This literature review attempts to outline the major anatomical and

functional attributes of primate prefrontal cortex (including both human and non-

human primates) and to summarise the evidence for the existence of a

comparable homologous area in rat frontal cortex. These reviews will converge

on the specific aims and hypotheses of this thesis, stated at the end of this

introduction.

Primate Neuroanatomy

The area of the primate brain commonly referred to as 'prefrontal' is

situated in the frontal lobe, rostral to motor and pre-motor cortices, and is

thought to occupy approximately 30% of cerebral cortex (Uylings & Van Eden,

1990). The broadest inclusion criteria used in the literature for prefrontal cortex

is the receipt of projections from the mediodorsal nucleus of the thalamus (Rose

& Woolsey, 1948). In the primate brain, the mediodorsal nucleus of the thalamus

sends projections to two areas that have been denoted as 'classic prefrontal

cortex', namely, dorsolateral prefrontal cortex and orbitofrontal cortex. Anterior

cingulate cortex, however, also receives mediodorsal nucleus projections and for

this reason is sometimes included as a part of prefrontal cortex.

Primate frontal cortex can also be sub-divided into areas in possession of

a granular layer IV and areas not in possession of this layer (agranular areas).

Prefrontal cortex has hence also been defined as the granular areas of the primate

frontal lobe (Brodmann, 1909), which would include dorsolateral prefrontal

cortex and orbitofrontal cortex but may exclude anterior cingulate, which has a
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less well developed granular layer. As there has been doubt cast upon the

inclusion of anterior cingulate cortex in prefrontal cortex (e.g. Preuss, 1995), it is

this, more restrictive, definition that will be adopted throughout this review.

As previously stated, classic prefrontal cortex can be roughly into two

subdivisions on the basis of both functional and architectonic evidence

corresponding broadly to a dorsal and lateral (dorsolateral) part and an orbital

and medial (orbitomedial) part. Dorsolateral and orbitomedial cortices can be

differentiated anatomically on the basis of cortico-thalamocortical connections,

afferent and efferent connections with limbic structures such as the amygdala and

relationships with the basal ganglia structures. A comprehensive review of the

literature supporting these distinctions can be found in Groenewegen & Uylings

(2000). The major findings are summarised below.

Cortico-thalamocortical connections

Cortical projections from the thalamus (more specifically, from the

mediodorsal nucleus of the thalamus) have previously been used to demarcate

the extent of prefrontal cortex, as well as criteria from which to assess homology

cross-species (Rose & Woolsey, 1948). Consequently, it should come as little

surprise that the thalamus has widespread reciprocal connectivity with all of

prefrontal cortex. The mediodorsal thalamus is comprised of three distinct areas,

each giving rise to differential patterns of connectivity (Groenewegen & Uylings,

2000). These are as follows:

1. A medial, magnocellular part, connected to the orbitomedial prefrontal cortex

(Akert, 1964) and in receipt of inputs from olfactory cortex, the basal

forebrain and a variety of basal amygdaloid nucleii.
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2. A lateral parvicellular and multiform part, connected to the dorsolateral

prefrontal cortex (Goldman-Rakic & Porrino, 1985) and in receipt of inputs

from the superior colliculus, mesencephalic reticular formation and medial

vestibular nucleii and the spinal cord.

3. A paralamellar part, connected also to the dorsolateral prefrontal cortex

(Barbas etal, 1991), in receipt of inputs from, amongst others, deep

cerebellar nucleii.

In terms of quantification of these projections, it is of note that while medial and

orbital prefrontal cortex receives at most half of their thalamic afferents from the

mediodorsal nucleus (Groenewegen & Uylings, 2000), the dorsolateral prefrontal

cortex receives relatively few afferents from any other thalamic nucleus. Thus

although being in receipt of mediodorsal thalamic projections may no longer be

sufficient to warrant the definition of prefrontal cortex, there is a strong

possibility that a qualitative link remains.

Limbic structures

There are also extensive reciprocal connections between primate

prefrontal cortex and limbic structures, such as the amygdala and hippocampus.

Orbitomedial cortex receives the majority of hippocampal innervation in the

prefrontal cortex. This is thought to be either from the subiculum alone, or from

the subiculum in conjunction with CA1 region: the exact origin remains a source

of debate (Groenewegen & Uylings, 2000). Similarly, there is a strong

projection from the amygdala to the orbitomedial prefrontal cortex, which

appears to be topographically organised. This projection retains its topography

in the reciprocal orbitomedial-amygdaloid connections. There exists also a weak

link between the amygdala and lateral prefrontal cortical areas, but this
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connection appears to be considerably less robust in comparison to the

orbitomedial projection.

Basal Ganglia structures

Orbital and medial prefrontal cortex have been shown to project

differentially to the basal ganglia, more specifically the striatum (Ferry et al,

2000). Indeed, all cortico-basal ganglia projections are topographically

organised, and this organisation has previously been used to explain much of the

function of the basal ganglia. The ventromedial striatum (the medial caudate

nucleus, nucleus accumbens and ventral putamen) receives input primarily from

the medial prefrontal cortex whereas orbital prefrontal cortex projects

predominantly to the central part of the rostral striatum. In contrast, the

dorsolateral prefrontal cortex projects to a central strip extending from the head

to the tail of the caudate nucleus (Selemon & Goldman-Rakic, 1985). This

topography is largely maintained in the projections from the basal ganglia to the

mediodorsal thalamus and other areas, such as the pallidum and substantia nigra,

and back to the cortex. A number of functionally distinct, anatomically

differentiated loops are thought to relay information from the cortex, through

structures in the basal ganglia, via the thalamus, back to cortex. The opportunity

for communication between loops is present in the basal ganglia in terms of uni¬

directional 'spiral' connectivity, based on a ventral-dorsal gradient (Haber et al,

2000).

Contributions of dopaminergic and cholinergic systems

The dopaminergic innervation of prefrontal cortex in primates has been

suggested to be a critical component regarding its 'executive' function.
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Although there is also a substantial concentration of dopamine in other cortical

areas, the most prevalent dopaminergic innervation of prefrontal cortex is to the

dorsolateral and orbital areas (Groenewegen & Uylings, 2000). The majority of

dopaminergic connections with the prefrontal cortex are also reciprocal, allowing

the prefrontal cortex the opportunity to influence not only the functioning of

other structures, but also permitting a level of self-regulation.

The majority of cholinergic innervation of the prefrontal cortical areas

arises from the basal forebrain. Although the basal forebrain also receives

innervation from other structures, including other cortical structures (such as

temporal areas), the reciprocal innervation from the prefrontal cortex forms a

major source of excitatory input (Mesulam & Mufson, 1984).

Rat Neuroanatomy

Unlike primate prefrontal cortex, the rat frontal cortex has no granular

layer IV and thus the existence of 'true' prefrontal cortex has been doubted

(Preuss, 1995). Consequently, all references to areas in rat that might be

considered functionally or anatomically comparable to prefrontal cortex in

primates will be referred to as frontal (as opposed to prefrontal) cortex. There is,

however, still a large part of frontal cortex in the rat innervated by the

mediodorsal nucleus of the thalamus. This frontal cortex can be sub-divided

broadly into three main areas: a medial part (comprising anterior cingulate,

prelimbic and infralimbic cortices), a lateral part (comprising dorsal and ventral

agranular insular layers) and a ventral, orbital part.
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Cortico-thalamocortical connections

As with primate mediodorsal thalamus, the rat cortico-thalamocortical

projections can be delineated on the basis of thalamic architectonics. Again, the

mediodorsal thalamic nucleus can be divided into three major segments:

1. A medial, magnocellular part, connected predominantly to medial frontal

cortex, specifically prelimbic, infralimbic and medial orbital areas, and also

to the dorsal agranular insular layer in lateral frontal cortex (Groenewegen &

Uylings, 2000). This thalamic area is in receipt of projections from the basal

forebrain, amygdaloid nuclei, lateral hypothalamus and brainstem structures.

2. A lateral parvicellular part, and a paralamellar part, connected to the dorsal

prelimbic and anterior cingulate cortices, relaying input from the superior

colliculus, the mesencephalic reticular formation, and the cerebellum,

amongst other structures.

3. A central part, projecting to the ventral agranular insular area, and relaying

mostly olfactory information.

As with primate prefrontal cortex, in certain areas of rat frontal cortex

there is a disproportionate representation ofMD projections in comparison to

those from other thalamic nuclei. The prelimbic area receives the majority of its

thalamic afferents from the mediodorsal thalamic nucleus, in contrast to areas

such as anterior cingulate cortex, which is also in receipt of substantial

projections from ventromedial, ventrolateral and midline/intralaminar nuclei

(Conde et al, 1990; Berendse & Groenewegen, 1991b). In addition, it should be

noted that, as is the case in primate prefrontal cortex, the majority of

thalamocortical projections are reciprocal.
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Limbic structures

The medial frontal cortex is in receipt of the majority of hippocampal-

frontal cortex projections. Prelimbic, infralimbic and medial orbital areas receive

innervation from the CA1 and subiculum regions of the hippocampus, and these

are loosely topographically organised, such that more ventral hippocampal areas

project more caudally and more dorsal hippocampal areas have connections with

more rostral frontal areas (Jay & Witter, 1991).

Input from the amygdala arises principally from the basal amygdaloid

complex, and terminates in both lateral and medial frontal cortex. These too are

topographically organised, with the more caudal portions projecting to the medial

frontal cortex, and those more dorsal sections projecting to lateral frontal cortex.

Basal Ganglia structures

Comparable relationships exist between the frontal cortex and the basal

ganglia in rats as do in primates. There is a topographical relationship between

frontal cortex efferents and the basal ganglia structures, which is maintained

through further connections with, for example, thalamic nuclei (Groenewegen et

al, 1990). It is this topographical relationship which has contributed in part to

the view that the frontal cortex is functionally segregated. There is also

substantial communication between loops at this stage in the basal ganglia, such

that cortico-striatal information has the opportunity to influence both the direct

and indirect reciprocal projections from the striatum back to cortex.

Contributions of dopaminergic and cholinergic systems

As in primate brains, the majority of cholinergic innervation of frontal

cortex originates in the basal forebrain, and these connections are by-and-large
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reciprocal. The laterodorsal tegmental nucleus also has cholinergic projections

to the ventromedial frontal cortex.

The rat frontal cortex receives the highest level of dopaminergic

innervation of the cortex in contrast to primate brains, in which other cortical

areas are more densely innervated (Berger et al, 1991). The dopaminergic inputs

to ventral medial frontal cortex arise primarily from the ventral tegmental area

and those to dorsal medial frontal cortex originate in the substantia nigra.

Interim synopsis: comparative analysis ofprimate and rat

neuroanatomy

Although there is no granular frontal cortex in the rodent brain, there are

extensive projections from the mediodorsal nucleus of the thalamus to rodent

frontal cortex and these projections have previously been used to define

prefrontal cortex. Nevertheless, in primate, areas other than prefrontal cortex also

receive projections from mediodorsal nucleus (for example, anterior cingulate

cortex). Thus, receipt ofmediodorsal nucleus projections has not been accepted

as evidence that an area of rodent cortex could be homologous to primate

prefrontal cortex as opposed to, for example, cingulate cortex (Preuss, 1995).

This is not to say that the dopaminergic innervations of frontal cortex in the rat

and primate necessarily reflect functional differences. Rather it seems likely that

in the frontal cortex of rat brain there may be some degree of anatomical and

functional overlap within and between cortical areas. In contrast, it is possible

that these overlapping areas in the rat brain have evolved into distinct areas in the

primate, hence the differential pattern of dopaminergic connectivity.

However it would seem somewhat hasty to abandon the idea that frontal

cortex in the rat could not be homologous to prefrontal cortex in primate, simply
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on the basis of the absence of a granular layer IV. Premotor cortex in primates

has a granular layer, which is absent in rats, yet the existence of premotor cortex

in rats is widely accepted (e.g. Wise et al, 1979).

Comparing other aspects of prefrontal cortex anatomy, particularly that of

dorsolateral prefrontal cortex, reveals a number of striking similarities. Both

primate dorsolateral and rat prelimbic cortex, for example, receive the majority

of their thalamic afferents from the mediodorsal thalamic nucleus, thought

previously to have defined prefrontal cortex (Rose & Woolsey, 1948). In

addition, the pattern of connectivity of the two areas is remarkably similar - both

areas are innervated via the lateral parvicellular and paralamellar subdivisions of

the MD and in both cases these areas themselves are anatomically comparable.

Both primate and rodent parvicellular and paralamellar portions ofMD relay

information from, amongst others, the superior colliculus and mesencephalic

reticular formation. Although the rat prelimbic cortex also shares some degree of

anatomical resemblance to orbitomedial cortex, this is not to say it cannot retain

a degree of homology to dorsolateral cortex.

An alternative approach to the issue is to compare the function, rather

than the anatomy, of frontal areas. Preuss (1995) stated that his refutation of the

existence of rat prefrontal cortex was based on the 'absence of evidence, rather

than evidence of absence'. He dismisses many demonstrations of deficits on

complex tasks in rats as being unconvincing - many of the deficits can be

explained without invoking higher order cognitive function. The evolution of

prefrontal cortex in the primate is, presumably, to support a degree of

behavioural complexity that might not be found in the rat. However, if the rodent

does demonstrate behaviour dependent on functions associated with primate
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prefrontal cortex, the neural substrate of such behaviour could be regarded as at

least analogous, if not homologous, to primate prefrontal cortex.

Primate prefrontal cortex functions

In primates, the function of prefrontal cortex can be broadly defined as

the representation and execution of actions, or 'executive control' (Fuster, 2000a;

2000b). The patterns of anatomical connectivity outlined earlier in this chapter

make it the ideal candidate to play a supervisory role in the network of structures

representing both retrospective and prospective goal-directed actions (Fuster,

2000a).

As a result of its complex and dynamic nature, characterising the function

of prefrontal cortex in terms of a unitary construct has often proven difficult.

The issue of primate prefrontal function has been further compounded by the

repeated reference by some authors to prefrontal cortex and dorsolateral

prefrontal cortex seemingly interchangeably. As outlined earlier, the prefrontal

cortex (i.e. that area situated in the frontal lobe, rostral to motor and pre-motor

cortices) can be further sub-divided on clear anatomical grounds. As such, in

this discussion of prefrontal cortex function, every attempt has been made to

refer specifically to the functions of each delineated area, and to avoid the use of

the generic terms 'prefrontal' and 'executive function' unless the evidence being

discussed is truly of a non-specific nature.

That said, this section of the review will consider the major functional

characteristics ofprimate prefrontal cortex, and then try to place them within a

theoretical framework.

Executive control can be sub-divided into four main areas (Shimamura, 2000):

1. Selective attention: the selection of items for attention processing
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2. Short-term memory: the maintenance of these items 'on-line' for a short

while as points of reference

3. Attention monitoring: the updating of'on-line' information, as it becomes

more or less temporally relevant, from moment to moment

4. Attentional set-shifting: the shifting of attention from one focus to another,

when an alternative source of information becomes ofmore immediate

relevance.

Selective attention

The focussing of attention on specific attributes of a stimulus can be

measured using tasks such as the Stroop test (Stroop, 1935). In this classic task,

subjects are presented with a list ofwords printed in different colours, and are

required to attend to either the colour of the words or the words themselves, and

ignore the irrelevant feature at that time. Selectively attending to the relevant

feature under incongruent conditions has been found to activate anterior

cingulate regions of human prefrontal cortex in both fMRI and PET studies

(MacDonald et al, 2000; Derbyshire et al, 1998). In a related task (the 'flanker'

task), subjects are required to identify colour blocks in the centre of a screen, in

the presence of flashing colour blocks either side. These can either be congruent

(i.e. the same colour as the target block) or incongruent (i.e. a different colour to

the target block). Patients with anterior cingulate lesions show reduced

interference under incongruent conditions, in comparison to a cortical control

group, and normal, intact subjects (Danckert et al, 2000).
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Short-term memory

Short-term memory for both verbal and visuospatial information can be

assessed using retrieval tests such as digit span (free recall of previously

presented numbers), free recall of previously presented words, or recall of a

spatial sequence (Petrides, 1998). These tasks are thought to require working

memory, but not the active monitoring of attention associated with tests of self-

ordered memory. Memory tests such as these have been shown to activate mid

ventro-lateral frontal cortex, but not dorsolateral cortex, during PET studies

(Petrides et al, 1995; Doyon et al, 1996). An analogous task used in non-human

primates (a non-spatial delayed response task) is also very sensitive to

ventrolateral prefrontal cortex damage (Passingham, 1975).

Petrides (1998) advocates that this is indicative of a functional

dissociation between dorsal and ventrolateral prefrontal cortex, whereby

dorsolateral prefrontal cortex is presumed to control the internally generated

representations of attention, and ventrolateral prefrontal cortex is involved in the

explicit retrieval of specific information. He emphasises that this is independent

of any memory traces active by virtue of a simple recent stimulus presentation,

and stresses the importance of the active participation of the subject.

Although selective attention is undoubtedly a pre-requisite for the storage

and retrieval of items in short-term memory, alone it is clearly not sufficient.

Short-term memory requires that the information gathered during selective

attention be further processed, or 'stored' for a short period of time, whereas

selective attention simply requires that information to be filtered from irrelevant

information.
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Attention monitoring

Attention monitoring in human subjects is frequently measured using a

form of self-ordered memory task. Subjects are presented with an array of

stimuli, and must continue to pick out a different stimulus until all stimuli have

been selected. The formation of the most effective strategy would result in the

selection of each stimulus only once, whereas a defective strategy would lead to

the continued selection of previously chosen stimuli. This task can be

differentiated from one of, for example, pattern recognition memory, as from the

start of the task the subject must hold 'on-line' a representation of not only the

current move, but all previous moves up to that point. Intact short-term memory

is essential for this task, but not sufficient to maintain optimal performance.

Performance of tasks such as this result in increased cerebral blood flow

in dorsolateral prefrontal cortex (Petrides et al, 1993a, 1993b). Evidence from

non-human primates also supports the involvement of dorsolateral prefrontal

cortex in attention monitoring. Rhesus monkeys with dorsolateral lesions have

been shown to display impaired strategy formation in a task of self-ordered

pointing (Petrides & Milner, 1982).

It is likely that tests of dual task processing (divided attention tests) also

fall into this category of information processing, as they too require ongoing

attention monitoring, although the nature ofwhat is monitored is likely to be

somewhat different. In tests of self-ordered memory, it is integral to the effective

completion of the task to monitor one's own performance - both the responses

one has made and the responses one is about to make. In tests of divided

attention, however, the response one has just made is not relevant to the response

one is about to make, but effective dual task performance depends on the



monitoring of changes in the environment and the swift modification of

behaviour as a result. Patients with prefrontal cortex damage have shown

impairments on tests of dual task processing (Godeffoy & Rousseaux, 1996), and

the area of damage most highly correlated with divided attention impairment was

dorsolateral prefrontal cortex.

Attentional set-shifting

Once a source of stimulus information has been selectively filtered for

irrelevant features, maintained in memory, and monitored effectively for

updating of'on-line' information, it is essential that there is a mechanism in

place which has the ability to re-route this focus elsewhere. A hyper-efficient

processing system is borderline redundant if it is not capable of an advanced

degree ofbehavioural flexibility. Deficits in the ability to shift attentional set are

typified by perseverative responding in the face of changing environmental

requirements. Although it could be argued that deficits in attention monitoring

would result in a similar pattern of perseverative behaviour, the two remain

qualitatively different. Behavioural inflexibility as a result of deficient attention

monitoring is the result of an inability to perceive that the conditions under

which a previous response was appropriate have changed. Attentional set-

shifting, on the other hand, reflects the internal generation ofbehavioural

adaptation in the face of successful perceived environmental alterations: the

ability to shift the focus of attention at will.

In primates, prefrontal cortex mediates shifts in attention between

perceptual features of complex stimuli (Owen et al, 1991; Dias et al, 1996a;

1996b; 1997). When attending to a perceptual feature (e.g., colour) of a stimulus,

learning to discriminate novel complex stimuli is more rapid when the
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discrimination rule is based on the same perceptual dimension (an intra-

dimensional (ID) shift). By contrast, if the new discrimination requires that

attention is directed to a different perceptual dimension (e.g., the form of the

stimulus) and the previously attended feature must be disregarded (an extra-

dimensional (ED) shift) the new discrimination is acquired less rapidly. Lesions

of lateral prefrontal cortex in the marmoset result in normal acquisition of

attentional set but impairment on the ED shift (Dias et al, 1996a; 1996b; 1997).

Summary

It can be seen that each of the four sub-categories of prefrontal function

appears to be on a gradient of functional complexity. From selective attention

through to attentional set-shifting, each level has the preceding level as a pre¬

requisite, but adds a further degree of complexity. This functional specification is

reflected in anatomical differentiation. Lower level processes (selective

attention) are associated with anterior cingulate activation (which some authors

would not include as 'classical' prefrontal cortex, e.g. Preuss, 1995). More

intermediate levels of attentional control, such as the active retrieval of stored

memories, are associated with more ventral aspects of prefrontal cortex, and the

highest level of attention processing, such as the monitoring and switching of

attentional set, appears to be associated with dorsolateral prefrontal function.

A number of theoretical frameworks have attempted to account for this

distribution of function (Kesner, 2000):

1. Domain specificity model (Goldman-Rakic, 1987; 1998). This suggests that

prefrontal function is, to a great extent, homogeneous and can be

characterised in terms ofworking memory. Any anatomical specification

concerns the modality of information that is to be processed. Spatial
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information is said to be processed in the area surrounding the principal

sulcus (corresponding to dorsolateral prefrontal cortex), and visual object

information, along with information from other sensory domains such as

olfaction, is processed in the inferior convexity (corresponding to the

ventrolateral prefrontal cortex). Dorsolateral prefrontal cortex contains cells

that fire specifically on tests of spatial delay (e.g. delayed response, delayed

alternation), whereas ventrolateral prefrontal cortex contains cells that fire

specifically on tests of visual object delay (Wilson et al, 1993). However,

this model fails to address several issues. Why is attentional set-shifting

differentially affected by discrete lesions of the prefrontal cortex (Owen et al,

1991; Dias et al, 1996a; 1996b; 1997)? It is not a delay-dependent test, nor

does it load particularly on working memory. A direct comparison of intra-

and extra-dimensional shifts reveals that they differ solely on the basis of the

preceding rewarded dimension. Why also, are there multi-modal cells in

dorsolateral prefrontal cortex, which fire to both visual and spatial stimuli,

their response modulated by attentional requirements as opposed to those of

modality (Rao et al, 1997)? Explanations of primate prefrontal cortex

function solely in terms of a working memory component fail to address this

central evidence from human and monkey research.

2. Rule model (Wise et al, 1996). Wise et al (1996) suggest that prefrontal

cortex function can be hierarchically classified in terms of the rules employed

to solve any given problem or task. Lower order rules, based on stimulus

valence, are thought to be sub-served by both orbitofrontal cortex (object

valence) and medial prefrontal cortex (place valence). Higher order rules are

said to be mediated by ventrolateral prefrontal cortex (for rules based on
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object information processing, and attention to stimulus components) and

dorsolateral prefrontal cortex (for rules based on spatial information

processing, and attention to scene components). The dorsal prefrontal cortex

is proposed to moderate the processing of highest order rules, concerning

memory for events and posited to govern such cognitive processes as

planning and temporal organisation ofbehaviour. However intrinsically

attractive this distinction may be, it falls into difficulties explaining how rule

formation might be achieved. How are the levels of rule-governed behaviour

determined? Presumably, although many laboratory tasks require the

application of rule-based behaviour, not every situation in which we might

find ourselves is delimited in such a way. Furthermore, there must be some

overall process by which information is gathered in order to facilitate the

formation of these 'rules'. It is not clear, for example, how behaviour can be

adapted when the level of rule required for correct responding is changed.

3. Level-of-processing model (Petrides, 1996; 1998: Owen etal, 1996). The

final model to be discussed here is one centred on differential levels of

processing within distinct sub-regions of the prefrontal cortex. The basic

premise of this model is that (a) dorsolateral prefrontal cortex is involved in

higher order levels of information processing, both during and out-with

delay-dependent processing, and (b) ventrolateral prefrontal cortex is

responsible for information processing by selecting and maintaining

information to be held in working memory. This theory is based on the

evidence from imaging data (e.g. D'Esposito etal, 1998). Tasks requiring

the organisation and sequencing ofmoves from spatial working memory

selectively activate ventrolateral prefrontal areas. In addition, during tasks
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requiring the active monitoring and manipulation of information held in

spatial working memory, concurrent activation in dorsolateral prefrontal

cortex was also present (Owen et al, 1996).

The approach that is favoured here is one analogous to the rule model

(Wise et al, 1996) and the level-of-processing model (Petrides, 1996; 1998;

Owen et al, 1996). It seems likely that functionally distinct anatomical substrates

are involved in moderating different levels of stimulus processing, as a result of

the apparent differential lesion effects on a hierarchical arrangement of attention

processing tasks of varying difficulties. However, it is with some caution that a

unitary explanation of prefrontal function is advocated. It seems unlikely that a

structure of such anatomical and functional complexity would underlie a singular

purpose. Also, both the rule model (Wise et al, 1996) and the level-of-

processing model (Petrides, 1996; 1998; Owen et al, 1996) do not offer

explanations for the delay activity of the neurons in the primate prefrontal cortex.

As such, the most likely explanation is that the rule model and the level-of-

processing model subsume the domain specificity model (Goldman-Rakic, 1987;

1998), accepting that the prefrontal cortex plays some role in working memory,

but that it is not its sole function.

As anatomical cross-species comparisons of rat frontal cortex and primate

prefrontal cortex yielded inconclusive, albeit promising, results, is it possible to

draw parallels between the function of primate prefrontal cortex and rat frontal

cortex?
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Models ofprimate prefrontal function in the rat

Selective attention

Selective attention allows the filtering of aspects of the environment to

allow the processing of any given stimulus, dependent upon its intrinsic nature or

its position in space (Treisman, 1969). This can be assessed in rats using a

choice reaction time task, whereby the rat is presented with a visual cue in one of

a number of possible spatial locations (e.g. Muir et al, 1996; Granon et al, 1998).

The level of difficulty, and attentional weighting of the task can be manipulated

by varying both the duration of stimulus presentation, and the number of possible

stimulus locations. Rats with lesions ofmedial frontal cortex, centred on area

PrL, perform as control rats under less complex conditions (2 possible stimulus

locations) and continue to respond as controls, even when the stimulus duration

is very brief (Granon et al, 1998). However, when the attentional load is

increased (e.g. a choice ofup to 5 possible target locations, Muir et al, 1996; see

also Passetti et al, 2000), performance of medial frontal lesioned rats is

compromised.

There is also evidence for a strain-dependent deficit in this task (Broersen

& Uylings, 1999). Electrolytic lesions of medial frontal cortex were shown to

decrease response accuracy and increase correct response latency in a 3-choice

reaction time task, an effect which was more pronounced in Wistar rats, in

comparison to Lister-hooded rats. This has practical implications for the choice

of strain in behavioural testing, namely the problems of differential strain

susceptibility to both task demands and lesion effects.

Pharmacological manipulations of medial frontal cortex have also been

shown to both disrupt and enhance performance on tests of selective attention.
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Granon et al (2000) showed selective impairment in performance accuracy

following infusion of the D1 dopamine receptor antagonist SCH 23390 into

medial frontal cortex, but not following infusion of a D2 receptor antagonist

(sulpiride). Conversely, infusion of the D1 receptor agonist SKF-383893

significantly improved performance. The latter observation is of particular note,

as it is one of the first demonstrations that, not only can selective attention be

disrupted following pharmacological manipulations, it can also be driven, further

substantiating the role ofmedial frontal dopamine transmission in the modulation

of attention control.

Short-term memory

Short-term memory in the rat can be assessed using tests ofbasic visual

or spatial discrimination learning. These involve the 'on-line' maintenance of

memory, without any active manipulation of this information. When a fixed

stimulus response-rule has been learned, a rat needs only reference memory to

solve the task. Rats with medial frontal lesions have been shown to be

unimpaired on tests of spatial reference memory (Poucet, 1990) and on tests of

olfactory reference memory (Koger & Mair, 1994). Similarly, rats with ventral

medial frontal lesions have been found to show no impairment in acquisition of a

test of delayed alternation (an operant go/no-go task, Gisquet-Verrier et al, 2000;

Delatour &Gisquet-Verrier, 1999). In contrast, rats with dorsal medial frontal

lesions (anterior cingulate) were found to exhibit a marked impairment on the

acquisition of this task (Gisquet-Verrier et al, 2000).

It could also be argued that paradigms such as one-way avoidance

learning are indicative of active short-term memory. Stimulus information must

be maintained in memory for long enough to elicit an avoidance response, but no
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active manipulation of this information is required. Lesions of ventral medial

frontal cortex in rats have been shown to have no effect on one-way avoidance

training (Fritts et al, 1998; Brennan & Wisniewski, 1982). Again, in contrast,

lesions of the anterior cingulate area result in impaired one-way avoidance

behaviour, expressed as a reduced number of avoidance behaviours (Fritts et al,

1998).

Attention monitoring

Attention monitoring is probably best modelled in rats using tasks such as

delayed spatial win-shift in an 8-arm radial maze or strategy switching in visual

and/or spatial tasks. In an 8-arm radial maze, rats are permitted to explore, and

gain a food reward from, 4 of the 8 arms during a training period (the other 4

arms remain blocked). Following a short delay, rats are returned to the maze,

and food is now present in only the 4 arms blocked during the training phase.

Consequently, the most effective strategy is to maintain a representation of arms

visited in the training phase, and use that to guide efficient foraging behaviour in

the testing phase. As with primate tests of self-ordered memory, this

incorporates a representation of not only the current appropriate behaviour, but

all previous responses made up to that point in the session. Rats with dorsal

medial frontal cortex lesions show perseverative responding to previously visited

arms, indicative of an impairment in monitoring the changing demands of the

task (Seamans et al, 1995). Rats with ventral medial frontal cortex lesions,

however, show a pattern of random responding, indicative of impaired planning

ability (Seamans et al, 1995).

A potential model of cross-modal divided attention for use in operant

boxes has also been developed, and cortical cholinergic deafferentation (via
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cholinergic lesions of the basal forebrain) has been shown to impair performance

during the bi-modal condition alone (Turchi & Sarter, 1997). The role of medial

frontal cortex has not been investigated in this task as yet, but if it is an adequate

analogue of tests of divided attention in primates, it might be expected that the

medial frontal cortex would play a mediating role.

Shifting of attentional set

Rats with temporary lesions ofventral, but not dorsal, medial frontal

cortex are impaired in shifting between response rules (Joel et al, 1997;

Ragozzino et al, 1999a; 1999b), which may reflect an attentional set-shifting

deficit. Attentional deficits have also been proposed to account for impairments

in reversal learning of difficult to discriminate stimuli (Bussey et al, 1997),

delayed response tasks (Delatour and Gisquet-Verrier, 1999) and for deficits in

'effortful processing' (Granon et al, 1994) following medial frontal cortex

lesions. It has been suggested that there is a functional dissociation between

dorsal and ventral medial frontal cortex in the rat (Seamans et al, 1995;

Ragozzino et al, 1999a), evidenced specifically in their relative contributions to

the control of behavioural planning and flexibility. However, the degree of

variation in lesion type, size and placement combined with the absence of an

appropriate task, has made the roles of the dorsal and ventral medial frontal

cortex difficult to clarify in terms of their individual contributions to attentional

set-shiftingper se.
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Summary of comparative behavioural approaches

Selective attention

The focussing of attention on specific attributes of a stimulus, using tasks

such as the Stroop test (Stroop, 1935) has been found to be sensitive to anterior

cingulate function, a region not included by many authors in 'classic' prefrontal

cortex. In rats, tests of selective attention are sensitive to the modulation of

dopaminergic function in medial frontal cortex, specifically ventral medial

frontal cortex (area PrL). This area bears some anatomical resemblance to areas

of dorsolateral prefrontal cortex in primate, an area not implicated in primate

studies of selective attention. This is a somewhat anomalous finding, as it seems

unlikely that two such disparate structures can be mediating the same task in

different species. It is possible that the nature of the task parameters (i.e. the

linguistic nature of the task in humans) is a source of confound. This could be

further qualified by imaging the five choice serial reaction time task in human

subjects, to allow a more balanced comparison of findings.

Short-term memory

Short-term memory for both verbal and visuospatial information,

assessed using retrieval tests such as digit span, free recall of previously

presented words, or recall of a spatial sequence, have been shown to activate

primate mid ventrolateral frontal cortex, but not dorsolateral cortex. In the rat,

assessed using tests of basic visual or spatial discrimination learning, rats with

ventral medial frontal lesions have been found to show no impairment, whereas

rats with dorsal medial frontal lesions were found to exhibit a marked

impairment in tests of reference memory. This is not to say that primate



ventrolateral prefrontal cortex is homologous to dorsal medial frontal cortex in

rats. Reference memory is not necessarily 'based' in one particular area, and

likely activation varies with the specific demands of the task, e.g. visual,

auditory, or olfactory short-term memory may well be represented in

anatomically distinct, modality-specific areas.

Attention monitoring

Self-ordered memory tasks and tests of dual task processing support the

involvement of dorsolateral prefrontal cortex in attention monitoring in human

and non-human primate subjects. The role of the rat medial frontal cortex has not

yet been investigated in tests of divided attention, but in tests of self-ordered

memory, rats with ventral medial frontal cortex lesions show a pattern of random

responding, indicative of impaired planning ability.

Attentional set-shifting

In primates, dorsolateral prefrontal cortex is though to mediate shifts in

attention between perceptual features of complex stimuli. Several attempts have

been made to demonstrate an analogous deficit in set-shifting in the rat, but these

have been severely limited by the lack of a species-appropriate task.

Conclusions

There is some degree of confusion over the function of prefrontal cortex.

This is due to several factors. There is the most obvious problem of defining the

extent of prefrontal cortex in the primate brain. There is reasonably good

agreement about the inclusion of some areas (for example, dorsolateral prefrontal

cortex). This problem mainly concerns anterior cingulate cortex, which some

authors include as prefrontal cortex and others group as limbic cortex,
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acknowledging the projection from mediodorsal nucleus but citing the less well

developed granular layer in primate anterior cingulate. Given that there is no

consensus about the boundaries of prefrontal cortex in the primate brain, let

alone the location ofhomologous areas in the brains of other species, it is

difficult to make cross-species comparisons. Furthermore, defining the

boundaries of specific areas within prefrontal cortex is unlikely to be as clear-cut

as it may at first appear. It is highly unlikely that the brain has evolved to

contain areas of functional or anatomical specificity delineated by straight lines

and 90° angles. As such, it is important to recognise that although one may

speak of specific anatomical boundaries of particular areas, it is likely that in

reality these boundaries are more fluid.

These problems are compounded because the functions of prefrontal

cortex are complex such that there is difficulty in designing tasks that are suitable

for making comparisons between species and demonstrably measuring equivalent

function. In addition, the complexities of species-specific cognitive abilities

means that at least some of the functions of prefrontal cortex may have to be

defined in species-specific terms (language and verbal reasoning being the most

obvious examples). Finally, as different regions of prefrontal cortex appear to

process different kinds of information, proposing a single function of prefrontal

cortex might be too general to be empirically useful.

The term executive is often applied to the functions of the prefrontal

cortex, but this term is usually defined so broadly as to have limited practical use

in predicting deficits following lesion damage of specific regions of prefrontal

cortex. Furthermore, in its broadest use, the term executive function is applicable

to other brain areas and therefore is not useful as a definition of prefrontal cortex.
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The alternative to using such an embracing term is to list the individual tasks on

which impairments are found. This approach is inherently unsatisfying: it might

be that task complexity per se is the reason for impairments in performance.

Alternatively, if the task depends upon several fundamental cognitive abilities,

performance impairments might indicate a problem with any one of a variety of

different functions. Furthermore, an impairment of some fundamental cognitive

operation might result in impairments on seemingly disparate tasks.

Nevertheless, with this caveat, it is possible to specify tasks on which

performance impairments associated with damage to prefrontal cortex are

commonly reported. For example, performance of tasks that involve making a

spatial discrimination based on information presented at some prior time (i.e.,

spatial working memory) is impaired when the area around the principal sulcus is

functionally compromised. Damage to the cortex between the principal and the

arcuate sulcii impairs any delayed response task (i.e., working memory), even

without a spatial component. Holding different kinds of information 'on-line' in

working memory would seem to be an important requirement for anticipating

outcomes, response planning and initiating goal directed behaviour. Thus, it is

reasonable to suggest that a working memory deficit following damage to

prefrontal cortex is fundamental, with implications for a variety of complex

behaviours. Nevertheless, impairments in shifting of attentional set following

lesions of dorsolateral prefrontal cortex cannot be explained by a working

memory impairment, so either there is another, yet more fundamental deficit, or

there must be multiple deficits. Attempts to redefine deficits following

prefrontal cortex lesions in terms of either rule-formation, or level-of-processing

models are, in theory, more comprehensive and hence more appealing. The lack
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of comparable cross-species tasks has, however, complicated the analysis of

these models.

Aims and hypotheses of this thesis

The central hypothesis of this thesis is whether functional analogy, if not

homology, can be demonstrated between the dorsolateral prefrontal cortex in

humans and non-human primates and medial frontal cortex in rats.

Specifically, it is hypothesised that rats with medial frontal lesions will

show deficits in a test of divided attention, a task thought to be correlated with

dorsolateral prefrontal function in primates. This will be expressed in terms of an

increase in response latency during blocks of mixed modality trials, in the

presence of otherwise intact discriminatory ability.

Furthermore, it is hypothesised that it will be possible to develop a

species-appropriate test of attentional set-shifting for the rat. This is measured in

humans and non-human primates using tests of visual discrimination, such as the

Wisconsin Card Sort Test (Grant & Berg, 1948). As the rat has particularly poor

visual discrimination ability, it has proven difficult to develop an analogue for

use in rodents. It is hypothesised that adapting this task for use in other, more

salient modalities will prove fruitful in demonstrating that the rat is capable of

the formation and shifting of attentional set.

Rat medial frontal cortex (specifically area PrL) has been shown to share

anatomical attributes with primate dorsolateral prefrontal cortex. As tests of

attentional set-shifting are thought to be sensitive to functioning of the

dorsolateral prefrontal cortex in primates, it is further hypothesised that lesions of

the ventral medial frontal cortex in rats (centred on PrL) will produce deficits in

attentional set-shifting, restricted to the extra-dimensional shift stage only.
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The role of the anterior cingulate cortex in discrimination learning

remains unclear. It has been suggested to control the formation of

discriminations by means of Tower order' rules, and hence can be involved in

reversal learning. It is hypothesised that lesions of the dorsal medial frontal

cortex (centred on anterior cingulate cortex) will be without differential effect on

performance on the extra-dimensional shifting stage of the attentional-set

shifting, but will have a detrimental effect on reversal learning.

The key theoretical questions to be addressed in this thesis are:

1. Is the rat capable of the degree ofbehavioural complexity illustrated in

attentional set-shifting in the primate?

2. Is there a neural substrate correlated with this behaviour?

3. Is the medial frontal cortex in rats functionally analogous, if not homologous,

to dorsolateral prefrontal cortex in rats?

Chapter 2 describes the effects ofmedial frontal cortex lesions on a test of

divided attention, and assesses divided attention in terms of a model of primate

dorsolateral prefrontal cortex. Chapter 3 describes the development of a task

thought to be analogous to tests of attentional set-shifting in primates, and reports

the results of a study testing the behaviour of normal, intact rats on this task. The

neural mechanisms underlying this behaviour are then examined in Chapters 4

and 5. Chapter 4 investigates the potential role of rat medial frontal cortex

(specifically, ventral medial frontal cortex) 'higher order' attentional processing,

and Chapter 5 explores the possibility that anterior cingulate cortex (dorsal

medial frontal cortex) is involved in the processing of Tower order' rules. The

findings of each chapter together with the implications of these results are

addressed within the discussion section of each chapter itself, and the broader
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inferences, in terms of the theoretical questions set out above, are discussed

the general discussion (Chapter 6).



Chapter 2: Ventral medial frontal cortex lesions and

divided attention

Introduction

Divided attention can be described as 'the ability to do two things at the

same time' (Pashler, 1993), or the simultaneous allocation of processing

resources to multiple channels of information. For example, monitoring two

sensory modalities or two sources of inputs within a modality, such as being

required to monitor input to both ears simultaneously in the dichotic listening

task. Typically there is some 'cost' involved in this processing of multiple tasks,

expressed as an increase in response latency, as opposed to response accuracy.

This is indicative of time spent 'searching' for the rule by which that response

should be generated (McGaughy el al, 1994). They suggest that when a response

is well-trained to the point of being labelled 'automatic' or 'procedural', no

increased inaccuracies would be expected, as the rule by which the response is

generated is well established. This has been interpreted in terms of either parallel

or serial processing hypotheses; either the brain possesses a limited capacity for

simultaneous processing of stimuli, or there is a limited speed with which

attention can be focused and re-focused between two tasks or stimuli.

Although decrements in dual task performance are symptomatic of

normal cognitive aging (Godefroy & Rousseaux, 1996), specific clinical

populations have been found to show particular deficits. Patients with mild

Alzheimer's disease show deficits in divided attention tasks (e.g. Rizzo et al,

2000), as do patients with prefrontal cortex damage (Godeffoy & Rousseaux,

1996) and transient divided attention deficits are seen following mild traumatic
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brain injury (Keller et al, 2000). As the focus of this varied damage is

widespread, both anatomically and neurochemically, and the cognitive mediating

mechanisms unclear, it is useful to turn to animal models of divided attention, in

an attempt to define further the component parts of divided attention and its

putative neural correlates.

McGaughy, Turchi & Sarter (1994) developed a test of divided attention

for use with rats. Rats were cued to press either the right or the left levers in an

operant box, using either auditory or visual stimuli. There were two cues in each

modality, each corresponding to a right or a left lever-press. Following infusion

of the muscarinic receptor blocker scopolamine, rats showed an increase in

response latency during bi-modal blocks of trials (randomly presented visual and

auditory stimuli), in comparison to uni-modal blocks of trials (visual or auditory

stimuli presented alone). A similar (but non-significant) trend towards this bi-

modal decrement was found using chlordiazepoxide, a benzodiazepine agonist

(McGaughy et al, 1994). Importantly, Turchi & Sarter (1997) found that cortical

cholinergic deafferentation following IGG-saporin lesions of the basal forebrain

resulted in a similar decrement in bi-modal blocks of trials only. They conclude

that both pharmaceutical manipulations of cholinergic function and lesions of the

basal forebrain cholinergic system potentially reduces overall cognitive

processing capacity and consequently reduces the capability for dual task

processing.

The basal forebrain is the main source of cholinergic afferents to rat

prefrontal cortex (Groenewegen & Uylings, 2000). As such, is it possible that

this divided attention deficit is at least in part the result of disruption of this

cholinergic input? Prefrontal cortex in humans and non-human primates has
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been associated with the shifting of attentional set from one dimension to another

(Dias et al, 1996a; 1996b; 1997). Consequently, is it possible that bi-modal cues

are indeed processed serially, in a manner comparative to that of shifting

attentional set, and thus lesions of the medial frontal cortex in rats would result in

an impairment in a test of divided attention?

Task Modifications

There were a number of shortcomings in McGaughy et aV s (1994) task

that this study addressed.

As pointed out by Bushnell (1998), McGaughy et aV s task remained

extremely difficult to train in both the drug and lesion studies; this was reflected

in poor accuracy achieved by a small number of animals, following a very

lengthy training period. This is unsuitable as it is both labour intensive and

potentially belies a level of task complexity that may not be ideal.

One possible reason for this need for a very extended period of training is

the nature of the task itself. In an operant chamber, the rat could be oriented in

any direction when the stimuli are presented. An initial re-orienting response is

thus required prior to effective processing of the auditory or visual cues. Prior to

the acquisition of this reorienting response, any contiguity between cues and

correct responding is likely due to chance. Consequently the initial training

stages may not be as profitable as would be optimal.

As a result, the task was adapted for use in a 9-hole box (see Carli et al,

1989). Rats are initially trained to nose-poke in a central hole for a delay of 0.1-

0.5 seconds (a response acquired on average within 10 training sessions) and

subsequently, this nose-poke initiates each trial. Consequently, the potential
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confounds of differential orientation present using an operant box would be

removed.

A further issue acknowledged by McGaughy et al (1994) was the

potential problem of stimulus generalisation: the concern that rats would

extrapolate common features of the stimuli and generate a modality-independent

rule such as 'stimulus constant: go left, stimulus pulsing: go right'. In order to

combat this problem, McGaughy et al (1994) deliberately set contrasting rules

for stimuli of each modality. However, this in itselfmay have artefactually

increased the complexity of the task. Rather than simply remove the problem of

stimulus generalisation, the rats were required to learn counter-intuitive rules.

An attempt was made in this study to avoid this problem altogether by retaining

the constant/pulsing tone discrimination, but changing the nature of the visual

discrimination to one ofbrightness.

Third, using this task, divided attention costs in normal, intact animals

have been show to be at best minimal (McGaughy et al, 1994) and in some cases

non-existent (Turchi & Sarter, 1997). McGaughy et al (1994) found an increase

in response latency in the bi-modal condition in comparison with the uni-modal

condition for blocks of visual discriminations only. Auditory discriminations

showed either no apparent differences during the single or mixed blocks or a

minor improvement in reaction time. Turchi & Sarter (1997) found no difference

in performance between bi-modal and uni-modal blocks of trials in their control

animals. It is possible that increased response latencies as a result of dual task

performance are relatively transient, with extensive training ameliorating

performance and this could be a possible explanation for the lack of difference in

normal rats between uni-modal and bi-modal conditions. The effect of extensive
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training on dual task (divided attention) performance is not an area that has been

explored in human research. However, it should be noted that in tests of divided

attention in neurologically unimpaired human subjects, a cost to the subject still

remains and any deficits are seen in addition to this decrement (e.g. Godeffoy &

Rousseaux, 1996).

As such, although studies such as those ofMcGaughy et al (1994) and

Turchi & Sarter (1997) have contributed considerably to our understanding of the

processes underlying divided attention, several areas remain open to debate. It is

hoped that transferring the task to run in a 9-hole box (see Carli et al, 1989) and

changing the nature of the visual discrimination will facilitate learning. This

could alleviate the potiential confound of over-training, which may be masking

the reaction time 'cost' traditionally associated with divided attention, absent in

Turchi & Sarter (1997).

Methods

Animals

Twelve Lister hooded rats (Charles River, U.K.), were housed

individually in 25 x 45 x 15cm plastic cages (average body weight at start of

testing 345.8g, SE 7.04g). Testing was conducted in the light phase of a 12 hr

light/dark cycle (lights on 7:00). The rats were maintained on a restricted diet

(15-20 g of food per day) with water freely available in the home cage. We

adhered to the guidelines laid out in the Principles ofLaboratory Animal Care

(National Institutes ofHealth, Publication No. 86-23, revised 1985) and the

requirements of the United Kingdom Animals (Scientific Procedures) Act 1986.
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Apparatus

The test apparatus was a standard nine-hole box (see Carli et al, 1989)

(Paul Fray, Cambridge, UK, see Figure 2.1), modified by the addition of a tone

generator in the centre of the ceiling. The task employed only the central 3 holes,

each ofwhich was fitted with a 3 watt bulb. The external holes were covered for

the duration of testing.

Figure 2.1 The 9-hole box used in the divided attention task.
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Training

Rats were first habituated to the testing apparatus for 30 min. During this

time, only the central hole was left uncovered, the house light remained on, the

food hopper was full (delivering a food pellet reward) and the hopper door was

left open. Following habituation, the rats were first trained to push the hopper

door to receive a food pellet. Once the rat was had gained more than 50 pellets

in a 45 min session, it progressed to the second stage of training.

At the second stage of training, the rat was rewarded with a food pellet

for keeping its nose in the central hole for a short delay (0.1-0.5 sec), following

the presentation of a cue light at the rear of that hole (a nose-poke). If the rat

withdrew its nose early, it was penalised: the house light was turned off a short

period (2 seconds) and no food reward was delivered. Each trial was initiated by

pressing the food hopper door. This stage was run on an incremental design,

such that if the rat gained more than 25 pellets in a 30 min session at 0.1 sec

delay, it moved on to 0.2 sec delay the following day, and so on. All rats learned

to nose-poke for all delays within 10 days.

When all rats were able to nose-poke successfully, they were trained to

make a visual discrimination. Initially, rats were trained on alternate stimuli on

alternate testing sessions. The target response hole was left open, as was the

central hole, but the incorrect response hole was covered with a transparent

panel, in order that the rat was unable to make an incorrect response. As before,

a light cued the nose-poke response in the central hole, for a delay of 0.1-0.5 sec.

Following a successful nose-poke, one of two stimuli (bright or dim lights)

appeared in both possible response holes. The correct response if the light was

bright was to nose-poke in the right-hand hole, and if the light was dim, to nose-
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poke in the left-hand hole. The stimuli remained on until the rat had made the

correct response. After four sessions with the incorrect hole obstructed (two for

each side), the rats were trained with all three holes open, and with bright and

dim lights presented within the same blocks of trials. When all rats were able to

complete 100 correct trials within a 30 min period (8 training sessions), a penalty

for incorrect responding was introduced. This continued until all rats were

performing above chance (fewer than 45% errors) in one session (a training

session consisted of a maximum of 100 correct trials, but never lasted longer than

30 minutes).

Training of the tone discrimination then began the following day and

followed the same pattern as the visual discrimination. Initially, the target

response hole was left open, as was the central hole, but the incorrect response

hole was covered with a transparent panel. As before, a light cued the nose-poke

response in the central hole, for a delay of 0.1-0.5 sec. Following a successful

nose-poke, one of two stimuli (either a constant tone, or a tone pulsing on and off

every 100ms) was presented. The correct response if the tone was constant was

to nose-poke in the right-hand hole, and if the light was pulsing, to nose-poke in

the left-hand hole, and again the stimuli remained on until the rat had made the

correct response. After four sessions with the incorrect hole obstructed (two for

each side), the rats were trained with all three holes open, and with constant and

pulsing tones presented within the same blocks of trials. When all rats were able

to complete 100 correct trials within a 30 min period, as with the light

discriminations, a penalty for incorrect responding was introduced.

When rats were performing above chance (fewer than 45% errors), light

and tone training sessions were run on alternate days until they were making
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fewer than 40% errors. Rats were then run on blocks ofmixed trials for 6

sessions, so that there would be no effect of novelty on these sessions.

Baseline testing

Baseline measures were taken over the course of 10 days, with a total of 2

sessions each for lights only, tones only, and mixed blocks of trials. For a

diagrammatic representation of the time-course of trials, see Fig. 2.2.
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Sustained
nose poke
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(0.1 to 0.5 sees)

Stimulus:
Light (bright or dim)
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Figure 2.2. Diagrammatic representation of the time course of each trial. Each

trial started with a nose-poke in a central hole (for a delay of 0.1-0.5 ms). The

stimulus was then presented, and the rat had to make a nose-poke in the holes to

the right, or left-hand side of the central hole.
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Surgery

Anaesthesia was induced with an intraperitoneal injection of

pentobarbitone sodium BP (1.0 ml/kg, 65 mg/ml). The rats were then placed in a

stereotaxic frame with atraumatic ear bars (Kopf, Tujunga, CA), with the nose

bar set at +5 mm. The ibotenic acid was infused manually using a 1 pi syringe, at

a rate of 0.1 pi every 3 minutes. Six rats each received bilateral injections of 0.2

pi of 0.06M ibotenic acid (Tocris Cookson Ltd, Avonmouth, UK), at the

following co-ordinates relative to Bregma: AP + 2.5; ML ± 0.6; DV - 5.0.

Control rats received infusions of vehicle at the same co-ordinates. The syringe

was left in place for 4 min before being withdrawn slowly. Testing commenced

on day 12 following surgery.

Testing

Rats were given 2 'pre-training' sessions, each ofwhich consisted of 2

uni-modal blocks of trials (50% of the rats completed light then tone

discriminations, and the other 50% of rats completed tone then light

discriminations) followed by 2 bi-modal blocks of trials to facilitate recall of the

testing paradigm.

On the following two testing days, all rats were given 2 uni-modal

sessions each consisting of a maximum of 48 correct trials of lights only

followed by 48 trials of tones only or vice versa (this was counterbalanced across

groups). Finally, all rats were given 3 mixed block testing sessions.

Histology

The rats were killed by intraperitoneal administration ofEuthanol (1.0

ml/kg, pentobarbitone sodium, 200 mg/ml). The rats were perfused transcardially

41



with phosphate buffer for 2 min at a rate of 10 ml per min, followed by a 4%

paraformaldahyde in phosphate buffer for 20 min at the same rate. The brains

were removed and fixed in egg yolk overnight to minimise damage caused by

cutting. Using a freezing microtome, 50 pm coronal sections were saved every

400 pm for staining with cresyl violet.

Data Analysis

Response latency was analysed using a repeated measures ANOVA with

three within-subjects factors (surgery: pre-surgery and post-surgery; condition:

uni-modal and bi-modal; modality; visual discriminations and auditory

discriminations), and one between-subjects factor (group; lesion and control).

Results/histology

Histology

Six rats sustained bilateral damage of medial frontal cortex. Figure 2.3

shows a series of coronal sections (adapted from Paxinos and Watson, 1997),

showing the extent of the area of damage common to all lesioned rats (shaded

black). The maximum extent of any damage is shown as an outline, and the area

of damage common to approximately 50% of rats is shown shaded grey. The

lesions were centred on area PrL, but in 2 rats, there was some sparing of the

anterior portion. In most cases, the posterior portions ofboth Cgl and Cg2 were

also included. There was no damage to the anterior portions of Cgl.

Divided Attention task

Figure 2.4(a) shows the mean number of incorrect responses during

single and mixed modality blocks of trials, for both the lesion and control groups
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prior to surgery, according to modality (light or tone discriminations). Figure

2.4(b) shows the data from post-surgery trials, grouped in the same way. Figures

2.5(a) & 2.5(b) show these data for mean response latency, collapsed across

modality, and these data are also illustrated in Figures 2.6(a) & 2.6(b), according

to modality (visual or auditory).

Modality (light v tone discriminations)

Response latency for visual discriminations, under all conditions, was

significantly faster than that for auditory discriminations (F(i,io)=15.767, p<0.01).

The mean overall difference in latency between auditory and visual

discriminations was 110.5ms. There was no effect ofmodality on the percentage

of incorrect responses (F(i,io)=0.2, ns).

Condition (uni- v bi-modal blocks of trials)

There was no difference in response latency between blocks ofuni-modal

trials in comparison with blocks ofbi-modal trials, either before or after surgery

(main effect of Condition, F(i,io)=0.65, ns; all interactions, p > 0.05).

Surgery (pre- v post-surgery)

There was no overall difference in response latency or in percentage of

incorrect responses between pre- and post-surgery trials (F(i,io)=0.22, ns and

^(i. io)=0.8, ns, respectively). Furthermore, there were no interactions between

surgery and group, indicating that the lesion had no effect on response latency

(Group by Surgery interaction, //(i,io)=0.02, ns) or on percentage incorrect

responses (Group by Surgery interaction, /7(i,io)=0.02, ns).
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Figure 2.3 A series of coronal sections (adapted from Paxinos and Watson,

1997) at 3.7 mm, 2.7 mm and 1.0 mm anterior to bregma. The extent of the

area of damage common to all lesioned rats is shown in black, while the area

of damage common to 50% of rats is shown shaded. The maximum extent of

any damage is shown as a dotted line.
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Figure 2.4 Mean (+/-SE) percentage of incorrect trials for the control (n=6) and lesion (n=6)

groups, pre-surgery (a) and post- surgery (b). The data are grouped according to condition

(single or mixed modality blocks of trials), and are then displayed according to the modality

of the stimulus presented.
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Figure 2.5 Mean (+/-SE) reaction time (in milliseconds, ms) for the control (n=6) and lesion

(n=6) groups, pre-surgery (a) and post- surgery (b). The data are grouped according to

condition (single or mixed modality blocks of trials), but are collapsed across modality.
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Figure 2.6 Mean (+/-SE) reaction time (in milliseconds, ms) for the control (n=6) and lesion

(n=6) groups, pre-surgery (a) and post- surgery (b). The data are grouped according to

condition (single or mixed modality blocks of trials), and are then displayed according to the

modality of the stimulus presented.
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Discussion

Effects of stimulus modality

Visual discriminations were faster than auditory discriminations under all

conditions. There are a variety of reasons why this may have been the case.

First, there is the possibility that order of training may have had a

beneficial effect on response latency for visual discriminations, as this

discrimination was presented first. Potentially, this may have led light

discriminations to become habitual in a way that did not occur for tone

discriminations. However, if this difference in response latency was indicative

of differential processing levels of each stimulus dimension, some interaction

with condition might be expected. It has been suggested that divided attention

costs (in terms of response latency) are contingent on response processing levels

becoming automatic (see McGaughy et al, 1994). One might expect any

advantage afforded to more habitual responses under uni-modal conditions to be

lost under conditions of bi-modal responding. In other words, as the different

modality was without differential effect on condition, or group, performance, it

seems unlikely that any preferential processing of visual stimuli took place.

Perhaps the nature of the presentation of the auditory and visual stimuli in

some way contributed to the different response latencies? The visual stimuli were

presented at the back of the holes in which a response was required, whereas the

auditory stimuli were presented from a central tone generator in the roof of the 9-

hole box. It is possible that responding following visual stimuli was therefore

'cued' to the response holes, resulting in decreased reaction time. A further

possibility concerns the nature of the individual stimuli. Although the

modification of stimuli used in previous studies (McGaughy et al, 1994; Turchi
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& Sarter, 1997) was intended to alleviate the problem of stimulus generalisation,

it is possible that this served simply to induce further problems. As the visual

stimuli varied on stimulus intensity, it was possible to differentiate one from the

other immediately following stimulus onset. Auditory stimuli, however, differed

by stimulus frequency and as such, could only be discriminated following a

minimum of one cycle, which was 100ms. Consequently, an overall delay of at

least 100ms for all auditory discriminations in comparison to visual

discriminations would be expected. The mean overall difference in latency

between auditory and visual discriminations was 110.5ms.

However, as the effect ofmodality did not interact with any other aspect

of the task, the reason for decreased response latency for visual discriminations

becomes a less pressing issue.

Effects of bi-modal blocks of trials

The absence of a difference between response latency during uni-modal

blocks of trials, and that for bi-modal blocks of trials is more of a theoretical

stumbling block.

As well as highlighting the protracted training aspect ofMcGaughy et

aV s (1994) task, Bushnell (1998) made a more fundamental, conceptual

criticism. It was his belief that theirs was not a test of divided attention, as

defined by either the parallel or serial processing of dual task performance, but in

fact presented the rat with a series of complex environmental conditions, under

which one of two responses was required. Any cost associated with the bi-modal

condition could simply be explained in terms of the time taken to associate a

given stimulus with its response rule and would not necessarily have to involve

dual task processing. It could be the case that the training paradigm described in
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this chapter was sufficiently comprehensive as to over-familiarise the rat with all

response rules. Rats were exposed on several occasions to bi-modal blocks of

trials, first in order to remove any effects of discrimination novelty (which might

have artificially increased reaction time) and then subsequently during

measurement ofbaseline performance. If this task consists of the rat simply

performing a series of complex discriminations, as Bushnell (1998) suggests, it is

possible that this exposure was sufficient to facilitate equivalent performance

under both conditions. However, to present only uni-modal blocks of trials pre-

surgery and measure bi-modal responding only post-surgery carries its own

confounds. Under these conditions, it would not be possible to differentiate

between a lengthened reaction time due to increased loading on attentional

processes, and one due to the novelty of presenting both types of stimuli

simultaneously. Furthermore, any possible lesion effects could similarly be

attributed to either deficits in attentional function or deficits in the processing of

novel situations.

On the other hand, although this suggestion might account for the lack of

difference between uni- and bi-modal conditions in control rats, it is difficult to

see how this explanation can account for the differential effect of a basal

forebrain lesion on the two conditions. If the two conditions do not have differing

cognitive load (whether that be attention or some other factor) one would not

expect differential lesion effects. It is reasonable to postulate that the basal

forebrain lesion effect reflects differing attentional load in the two conditions

(Turchi and Sarter, 1997).
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Effects of medial frontal cortex lesions

The lack of effect of the lesions in this study might appear surprising for

several reasons. Firstly, the effect of basal forebrain lesions would appear to be

due to cortical cholinergic projections and the medial frontal cortical area in

receipt of these projections and lesioned in this study would be an obvious

candidate. However, given the widespread nature of the cholinergic innervation

of the cortex, it could be argued that these lesions are not directly comparable.

The basal forebrain has cholinergic projections to many cortical structures,

including the medial frontal cortex, and any one of these pathways might be

involved in the behavioural effect seen by Turchi & Sarter (1997).

Secondly, even if the task is not measuring divided attention, or indeed

any other aspect of attention, this cortical area has been shown to be involved in

behavioural flexibility (see Chapter 1). The suggestion is often made that tasks of

greater complexity are more susceptible to medial frontal cortex damage than

easier tasks (e.g., see Bussey et al, 1999). Although the lack of a difference in

reaction time in the uni-modal compared to the bi-modal condition might imply

there is no extra cognitive load, the differential basal forebrain effect implies that

there is. However the lack of a difference in reaction time in the uni-modal

compared to the bi-modal condition for the sham-lesioned rats, as reported in this

chapter, leaves it difficult to draw unambiguous conclusions as to whether this

was indeed a test ofbehavioural flexibility.
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Conclusions

Divided attention

The conclusion that the medial frontal cortex is not involved in divided

attention would be premature on the basis of these results. Clearly, there is

ambiguity in the extent to which this is a test of divided attention and therefore

judgement must be suspended.

Relationship between divided attention and attentional set-shifting

The expectation that medial frontal cortex of the rat is involved in

behavioural flexibility and particularly attentional flexibility requires further

exploration. In common with previous attempts to measure the behaviours in rats

that are impaired in humans with frontal cortex damage, this test has not

provided evidence in support of the hypothesis that medial frontal cortex of the

rat shares similar functions. Nevertheless, as it one cannot exclude the possibility

that this may indeed be the case, it is necessary to explore other tasks. In

particular, a task which measures the ability to form, maintain and shift

attentional set would provide evidence to support or refute the suggestion that the

medial frontal cortex of the rat subsumes functions which are at least analogous,

if not homologous to those ofprefrontal cortex of primates.
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Chapter 3: Development of an attentional set-shifting task

for the rat

Introduction

Purpose

Studies of the neural basis of set-shifting have previously been conducted

exclusively in primates. There are many reasons for this, not least being that the

test used in primates is a visual discrimination, at which rats are notoriously poor

subjects (e.g. Bushnell, 1998). However, the effect has been to imply the belief

that rats do not display the required cognitive complexity to perform such a task.

Illustrating that rats also possess the ability to form, maintain and shift an

attentional set to any particular dimension has implications for the further study

of such cognitive abilities in both normal and impaired rats, as well as financial

and ethical benefits.

When attending to a perceptual feature (e.g., colour) of a stimulus,

learning to discriminate novel complex stimuli is more rapid when the

discrimination rule is based on the same perceptual dimension (an intra-

dimensional (ID) shift). By contrast, if the new discrimination requires that

attention is directed to a different perceptual dimension (e.g., the form of the

stimulus) and the previously attended feature must be disregarded (an extra-

dimensional (ED) shift) the new discrimination is acquired less rapidly.

Research into attentional set-shifting in the rat has attempted to emulate

effects seen in the human and non-human primate literature with moderate

success. Directly applying the methods used in primate - namely visual

discrimination learning - has been unsuccessful. Attempts to assess perceptual
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set-shifting using visual stimuli with the rat have experienced difficulties as

visual stimuli cannot be well discriminated by the rat. The rodent visual system is

capable of both photopic and scotopic vision but the high ratio of rods to cones in

the retina means that it has at best dichromatic vision (approximately 99.15% of

all retinal photoreceptors are rods, Huxlin et al, 1995). Similarly, poor visual

acuity in the binocular fixation area (1.3 cycles per degree, Pettigrew et al, 1988)

results in a diminished ability to make complex pattern or shape discriminations.

A lengthy training process is required (e.g. Shepp & Eimas, 1964), which has

practical implications for testing impaired rats but is also susceptible to the

problems of differential recovery. A second issue raised by Shepp & Eimas's

work is the importance of stimulus equivalence. Using form and pattern as

dimensions, they did see an ID over ED advantage, but they also discovered a

main effect of dimensions (i.e. the form problems were always easier than the

stripe problems) and this effect interacted with shift.

As a result of these functional limitations, it has been difficult to

determine a task that illustrates the same selective attentional processes as those

investigated in human and primate research. The alternative approach to set-

shifting in the rat has abandoned the use of perceptual dimensions and turned to

the ability to shift strategy. Many have reasoned that a shift in the strategy used

to solve a given task might constitute a shift in attention analogous to that in the

extra-dimensional (ED) shift in the Wisconsin Card Sort Test (WCST) (Grant &

Berg, 1948). Shifting from visual to spatial cues has been examined in the Morris

water maze (de Bruin et al, 1994), the cross maze (Ragozzino et al, 1999a) and

the cheeseboard task (Ragozzino et al, 1999b). Rule reversal has also been

studied in the delayed non-match-to-sample task (Joel et al, 1997).
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The analogous aspect of rule-shifting and set-shifting is that both involve

the shift of attention from one aspect (or property) of a stimulus to another (such

as shifting from visual to spatial cues in the cheeseboard task, Ragozzino et al,

1999b). In both situations, a correct response strategy involves disengaging

attention from a particular 'dimension' and re-engaging it elsewhere. In this

respect, it is possible to view rule-shifting as a specific sub-set of attentional set-

shifting. However, although it is possible that a common attentional mechanism

controls the switching of attention between strategies and the shifting of attention

between aspects of a complex perceptual stimulus, the two cannot necessarily be

equated. The essential feature of the WCST is that the subjects continue to apply

the same response rule (i.e. sorting cards into piles), but based upon a different

perceptual aspect of the stimulus (i.e. shape, colour, or number). The modified

test of intra- and extra-dimensional set-shifting (Downes et al, 1989) allows

specific conclusions to be drawn with respect to attentional set. At each stage the

individual discriminations are equivalent, as each new discrimination consists of

all novel exemplars that the subject has not previously encountered. It is of

specific interest therefore, to compare ID and ED shifts, a dissociation not

permitted using any of the above strategy-switching designs.

The final requirement of a task for rats is that there are sufficient

exemplars to enable to implementation ofwhat Slamecka (1968) refers to as a

'total-change design'. As rats have shown difficulty discriminating both colours

and shape, any attempt to use purely visual stimuli (e.g. Mackintosh, 1964) is

limited by the number of exemplars available. It is has proven difficult to

implement a total change of exemplars at every stage in the shifting process. At

every stage in the shifting process there should be a complete change of
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exemplars, such that each new discrimination (i.e. CD, ID and ED) are

completely novel discriminations. This serves two purposes. First, it reduces the

possible confounding effects of negative transfer and stimulus novelty. Second, if

there is a total change of exemplars then the only difference between the ID and

ED shifts is the relevant preceding dimension, as in both cases the subject would

be completely naive to the specific exemplars. The discriminations themselves

are alike in every other way. Consequently, it allows one to conclude that any

advantage of ID shift performance over ED can only be due to the transfer of

perceptual knowledge between discriminations: the formation of an attentional

set.

What is needed to demonstrate the formation of attentional set in the rat is

a task that utilises species-appropriate perceptual dimensions, within which there

are many discernible exemplars.

Task design issues

Several attempts were made prior to the design of the final task. A maze

task using perceptual instead of spatial cues was designed (i.e. the presence of

either colour (black/white) or odour in the maze arms), but it was found that

adoption of a spontaneous left-right alteration strategy inhibited learning. A

subsequent attempt used the conditioned place preference apparatus. This

comprises two environmentally distinct chambers, and it has been previously

well established using 'place preference' that animals are able to make

associations between the environmental context and the presence / absence of

reward. The possibility of capitalising on this context-reward pairing was tested,

using elements of context (odour and texture of floor covering) as perceptual

dimensions. However this was also unsuccessful: the dimensions were
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differentially sampled (i.e., odour was placed at the two points most distal from

the centre of the box to avoid cross-contamination of samples, but this resulted in

the rat sampling texture information before odour). Furthermore, it became clear

that it was also possible for the rat to smell the food reward (as it was on only

one side) and this resulted in 100% correct task performance.

Given that there is no conceptual basis for perceptual set-shifting to be

restricted to the visual domain, or indeed even any one modality, the task could

be adapted to another modality. Wood etal (1999) showed that rats could be

trained to dig in bowls of scented sand to retrieve a food reward and have a large

capacity for olfactory information, retaining up to nine odours in a delayed non-

match to sample task. As rodents are also capable of making tactile

discriminations, we trained rats to dig for a food reward and added

discriminations based on the texture of the bowl-covering and the medium in

which the bait was buried.

The task was first tested on a simple discrimination based on odour,

texture or medium information, to assess the equivalence of the dimensions in

terms of discriminability and to identify a set of appropriate exemplars for each

dimension. The rats were subsequently tested on compound stimuli and finally

on learning new discriminations, which involved shifting attentional set. The task

would be deemed successful if the rat showed an advantage in learning a novel

discrimination if that discrimination was based on the previously correct

perceptual dimensional information (an ID shift) rather than a new, previously

unrewarded dimension (an ED shift).
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Methods

Animals

10 male Lister hooded rats (Charles River) weighing 318-363g (mean

336.6g, SE 4.76g) at start of testing were used. All other aspects of housing

conditions were as described in Chapter 2.

Apparatus

All testing took place in a large plastic cage (40x70x18cm), as it was

important that when the stimuli were placed in opposing corners of the testing

cage, there was enough distance between the stimuli for them to be distinct. The

stimuli themselves were constructed from ceramic food bowls (internal diameter,

7 cm; depth 4 cm), and could differ on up to three perceptual dimensions at any

one time: texture of covering (e.g. rough velvet pile), digging medium (e.g.

pebbles) or odour (e.g. cinnamon). Table 3.1 gives a list of all the stimuli.

Training

The aim of the habituation stage was to familiarise the rats with the

response requirement (digging in a bowl to retrieve a food reward). Rats were

placed in the testing cage (40x70x18cm) in which two baited bowls were present

in the farthest two corners of the cage. The rats learned to dig in sawdust-filled

bowls to retrieve a food reward (one XA of a Honey Nut Loop, Kellogg's, UK -

due to the length of the task and number of possible trials, a whole Honey Nut

Loop was too much). These were re-baited every 10 minutes, which was enough

time for the rat to discover that the bowl contained a food reward, without being

so long that digging in an empty bowl would inhibit learning.
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Pair 1 Pair 2 Pair 3

Exemplars: 1 2 3 4 5 6

Dimension:

Odour Cinnamon Cumin Thyme Paprika Cloves Nutmeg

Medium Leaf tea Ground

tea

Stone

chips

Wood

beads

Wood

shavings

Sawdust

Texture Fine

sandpaper

Coarse

sandpaper

Waxed

paper

Grained

paper

Velvet

pile

Reversed

velvet

Table 3.1 The pairs of exemplars used in the experiment.

Discrimination Learning

The first phase of testing was to establish that all pairs of exemplars were

of equal discriminability compared to other pairs and that no exemplar resulted in

a particular preference. Therefore, during this first stage of testing, all animals

were given all 18 possible discriminations (i.e. 9 pairs of stimuli, with each

exemplar positive or negative in turn). Testing was conducted over 9 days (n=4),

with two discriminations a day, or (n=6) over 14 days with one discrimination a

day for ten days and then two a day for the remaining four days.

Each rat completed the discriminations in a different order, pseudo-

randomly determined. For the first 9 discriminations, the stimulus pairs were

novel each day. For the next 9 discriminations (reversals) the pairs were
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presented again, in the same order, but with the previously negative stimulus now

positive.

In this stage of the test, the bowls differed on only the relevant

dimension. The bowls were uncovered (smooth ceramic) and filled with sawdust

when texture and digging medium were not relevant.

During the trial, the rat was allowed to sample both of the stimuli, but

was considered to have made a response when it started to dig. At this point, if

the rat had made an error, it was allowed to dig in the bowl and find no reward. It

was then removed from the cage when it stopped digging in the unbaited bowl. If

the choice was correct, the rat uncovered the reward (one half a 'Honey Nut

Loop'). The exception to this was that for the first 4 trials of each discrimination,

the rat was allowed to dig in both bowls until it found the reward. These trials

were considered 'discovery trials' and they were intended to encourage the

investigation of both bowls, and to inhibit the adoption of a side preference. A

maximum time limit of 10 min was set for each trial, and if the rat failed to make

a response within this time limit, a 'timed out' trial was recorded. The test was

terminated if three consecutive 'timed out' trials were recorded.

Attentional set-shifting

For the second stage of testing, compound stimuli were introduced. In

this stage of the procedure, the bowls differed on all three dimensions (see Table

2), and it was the rats' task to identify both the relevant (rewarded) dimension

and, within that dimension, which of the two current exemplars was correct.

The testing protocol comprised 7 distinct learning stages on a single day.

The discriminations were always presented in the same order, although the

dimensions and the pairs of exemplars within dimensions were varied. Progress



to the next stage was contingent on the completion of 6 consecutive correct trials

on the preceding stage. This criterion was taken directly from previous work in

humans (e.g. Downes et al, 1989). The probability of correct response, due to

chance, on six consecutive trials is less than 0.016.

The first stage of the test was reacquisition of one of the simple

discriminations (SD), in which the two stimuli differed on only one of the three

dimensions outlined previously. At the second stage (compound discrimination,

CD) the second and third dimensions were added; all subsequent discriminations

consisted of three dimensions presented simultaneously. At the CD stage, the rat

continued to respond to the exemplar and dimension that had been correct during

the simple discrimination.

The CD was followed by a reversal (Revl) where all the stimuli remained

the same, as did the relevant dimension, but the correct exemplar within that

dimension was reversed. There was then a total change of exemplars, but the

correct dimension remained the same (intradimensional shift, ID), followed by a

reversal (Rev2). With another total change of stimuli exemplars, the correct

dimension was also changed (extradimensional shift, ED). The previously

incorrect dimension now became correct. Finally, there was another reversal

(Rev3). This is illustrated in Table 3.2.
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Discrimination Relevant dimension Irrelevant dimensions Illustrative Exemplars

(example) (example) Correct Incorrect

SD Odor - 05 06

CD Odor Medium, Texture 05 06, M5/M6 & T5/T6

Revl Odor Medium, Texture 06 05, M5/M6 & T5/T6

ID Odor Medium, Texture 04 03, M3/M4 & T3/T4

Rev2 Odor Medium, Texture 03 04, M3/M4 & T3/T4

ED Medium Odor, Texture Ml M2, 01/02 &T1/T2

Rev3 Medium Odor, Texture M2 M2, 01/02 &T1/T2

Table 3.2 The order of the discriminations and examples of the positive

(shown in bold) and negative exemplars. The discriminations were always

presented in this order. The relevant and irrelevant dimensions and the pairs of

exemplars were varied.

Data Analysis

Trials to criterion and errors to criterion were recorded for each rat for

each discrimination and the two testing phases were analysed separately. Two

rats failed to complete one discrimination in testing phase 2, and during analysis,

these results were treated as missing. The results of the simple discriminations

(testing phase 1) were analysed using a repeated measures ANOVA with two

within-subjects factors (dimension: odour, digging medium and texture; reversal:

new discrimination and reversal discrimination). Repeated-measures ANOVAs

were also employed to analyse the results of testing phase 2 (attentional set-

shifting), the first with one within-subjects factor (shift: SD, CD, ID and ED) and
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the second again with one within-subjects (reversal: Revl, Rev2 and Rev3).

Where appropriate, the Greenhouse-Geisser correction following heterogeneous

variation was run. In these instances, degrees of freedom are reported from the

'sphericity assumed' analysis, but are reported with the correctedp value.

Unplanned comparisons were made using the Bonferroni corrected t-test to

further analyse any unexpected main effects or interactions following testing

phase 1 (simple discriminations). Planned contrasts were made in testing phase 2

between SD versus CD, CD versus ID and ID versus ED.

Results

Simple Discriminations (testing phase 1)

Simple discriminations required on average between 7 and 12 trials to

criterion, although some exemplars were more difficult than others. For example,

digging in the fine tea resulted in increased grooming and 'snuffling' and rats

took on average 11.5 trials to acquire this response to criterion, compared with

7.4 trials to acquire a response to the coarse tea with which it was paired. This

effect was apparent both when the pair was novel and for reversal learning.

Figure 3.1 shows the number of trials to acquire each response.

Figure 3.2 shows the same data, grouped according to dimension and

whether the discrimination was novel or a reversal. Acquisition of a texture

discrimination required more trials than acquisition of either an odour, or digging

medium discrimination (unplanned comparisons following dimension x reversal

interaction: texture v odour acquisition, t(29)=3.171,/?<0.01; texture v digging

medium acquisition, t(29)=3.521,/K0.01). The three dimensions were without

differential effect on reversal discrimination learning. Overall, there was a
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greater number of errors made during texture discriminations in comparison to

digging medium discriminations (unplanned comparison, texture v digging

medium, following main effect of dimension, t (29)=2.898,/7<0.01). There was no

difference between the numbers of errors made learning a texture discrimination

in comparison to an odour discrimination.
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T rials to 8

criterion

Cinnamon Cirnin Thyme Paprika Nutmeg Cloves

Digging Medium

Leaf tea Ground tea

iJ I I
Pebbles Wooden Wood Sawdust

shavings

Rough Smooth
sandpaper sandpaper

Coarse Wfeixy paper
paper

Velvet pile Cloth

Figure 3.1. Mean trials/errors to acquire a response to each of the 6 exemplars

tested for all 3 dimensions.
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Figure 3.2 Mean trials/errors to acquire a response for new discriminations

(New) and reversals (Reversal) grouped by dimension.

Trials to

criterion

L

□ Trials

■ E rro rs

■
Rev2 Rev 3

Figure 3.3. Mean trials/errors to acquire a response at each of the

discriminations stages during the second phase of testing.
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Attentional Set-shifting (testing phase 2)

The results of the attentional set-shifting phase of the testing can be seen

in figure 3.3. Overall, the 4 novel discriminations were not learned in an equal

number of trials, or with an equal numbers of errors (main effect of shift; trials,

^(3,24)=8.434, p<0.01; errors, F(3>24)=11.936, p<0.01)

Simple discrimination

Learning was equally rapid for discriminations within all three

dimensions for both trials (one-way ANOVA, F^jy=\.119, ns) and errors to

criterion (one-way ANOVA, F(2,7)=0.907, ns).

Compound discrimination

When the simple discrimination had been acquired, the irrelevant

dimensions were introduced. There was no effect of the introduction of the

irrelevant dimension on trials or errors to criterion (planned comparison

following main effect of shift; trials, F(ij8>=0.005, ns; errors, F(i,8)=0.022, ns).

Intradimensional shift

At the ID shift, learning was as rapid as for the compound discrimination

(planned comparisons following main effect of shift; trials, F(i,8)=1.782, ns;

errors, F(1,8)= 1.5, ns).

Extradimensional shift

There was a retardation of learning at the extradimensional shift. Rats

took more trials and made more errors to reach criterion at the ED shift in

comparison with the ID shift (planned comparisons following main effect of

shift; trials, F(i;8)=15.698,/?<0.01; errors, F(i,8)=20.735,/?<0.01).
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Reversals

There was an improvement in learning across the three reversals (main

effect of reversal number; trials, /7'(2,i6)== 12.868, p<0.01, errors, Fqi6)=12.77).

Reversal 3 required fewer trials and a lower number of errors to reach criterion

than either reversal 1 (unplanned comparisons following main effect of reversal;

trials, f(8)=3.001,/?<0.05; errors, t(8)=3.654,/?<0.01), or reversal 2 (trials,

t(9)-4.739,/?<0.01; errors, f(9)=5.031,/?<0.01).

Effects of shifting from or to different dimensions

The dimension shifted either from, or to, was without differential effect

on performance for trials to criterion (shifting from a particular dimension; shift

by dimension interaction, F(6,i8)=1.091,ns; shifting to a particular dimension,

F(6,i8)=1.08, ns). Similarly, there was no interaction of dimension with the

number of errors taken to complete any given discrimination (shifting from a

particular dimension; shift by dimension interaction, F(6,i8)=0.0641, ns; shifting

to a particular dimension, F(6,i8)=T267, ns).

Discussion

Validation of the test

An attentional set is formed when complex stimuli must be classified or

discriminated, to enhance the efficiency of processing of currently relevant

features of a stimulus and enable irrelevant differences between stimuli to be

ignored. The class of attended or ignored features is referred to as a stimulus

dimension. This may be some perceptual attribute of the stimulus (such as the

colour or the shape of a visual object), but any other attribute by which stimuli
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may be classified and discriminated is also a stimulus dimension (for example, a

semantic attribute, such as words and non-words). The concept of dimension is

essentially relatively fluid and contextually dependent. Objects (or stimuli) can

and indeed do share perceptual attributes with more than one dimension. The

dimension by which they are categorised at any given moment depends on the

situational requirement at that given time.

The problem of demonstrating perceptual attentional set in animals is

designing an appropriate task. It is a challenge to devise stimuli with species-

appropriate dimensions and a sufficient number of exemplars of each dimension

to allow within subject testing of all shifts, with novel stimuli at every shift (a

total change design). Without a total change design, the interpretation of the

superiority of reversal learning over ED shifts, as demonstrated by Macintosh

(1965), is ambiguous (Slamecka, 1968). Thus, to test ID and ED shifts, these

requirements necessitate a minimum of two dimensions with six exemplars of

each dimension.

The dimensions must be species-appropriate, in order to achieve rapid

learning which is preferably equivalent for each dimension. Shepp and Eimas

(1964) found that rats took more than a week of 25 trials a day to learn to

discriminate visual stimuli by pattern or shape. Furthermore, attending to the

shape of a stimulus retarded a subsequent shift of attention to its pattern more

than was the case for the converse shift. The particular dimensions we used

(odour, texture or digging medium) were without differential effect on

performance: at the CD stage of testing, none of the newly introduced irrelevant

dimensions exerted greater distraction and neither was distractibility greater for

any particular relevant dimension. Furthermore, each type ofED shift (odour to
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or from texture, medium to or from texture and odour to or from medium) was

learned with equivalent number of trials.

The task as used in humans and monkeys involves two dimensions that

are different visual features of the stimulus. This contrasts with our task, which

uses somatosensory and olfactory features of the stimulus. In the marmoset, the

two dimensions used are filled shapes versus configurations of lines

superimposed on the shapes. Obviously, these are both shape discriminations:

what makes them separate dimensions is that they are stimulus features which are

not related - Shapes A and B can be paired with either Line 1 or Line 2, and at

any time only one aspect of the pair (Shape or Line) is relevant. We considered

the possibility that the rat might discriminate the texture or the digging medium

by using visual or olfactory, rather than somatosensory, cues. We tried to

minimize this possibility by choosing pairs of exemplars of texture with the same

colour and odour (reverse sides of dark velvet cloth, for example). However,

such a procedure is not actually necessary: if the rat is able to discriminate one of

two textured bowls, and ignore another irrelevant feature which might be

associated with either, it is not relevant to the procedure which sensory system

the rat is using. Furthermore, if this ability to discriminate the bowls according to

one feature retards the ability to learn to discriminate the two bowls according to

another feature, we can conclude that an attentional set is formed.

The possibility that the rats are solving the task via habit-formation, as

opposed to goal-directed actions was also considered. However, the small

number of errors made whilst learning even the initial discrimination implies that

learning is taking place before a habit formation could occur. Furthermore,

behaviour on the reversal discriminations typically involved making several
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consecutive errors (i.e. responding to the now unrewarded exemplar) followed by

near perfect responding (i.e. responding to the now rewarded exemplar).

Frequently, this pattern of response also incorporated approach behaviour to the

now unrewarded stimulus, followed by evident behavioural inhibition, and

correct responding. Although anecdotal, evidence such as this would imply that

the rats are not solving this task via habit formation.

Modifications

A number of minor modifications to the present task were implemented

following these pilot results. First, it was considered no longer necessary for the

habituation exposure period to the bowls to be 10 min. From experimenter

observation, most rats were discovering and consuming the reward within 5 min.

exposure time, and consequently the habituation to task requirement was

shortened to 12x5 min time periods. Second, there was no further need to

precede testing phase 2 with the presentation ofall possible stimuli and so this

was shortened to one presentation each of a texture, medium and odour

discrimination, the exemplars ofwhich would not be used again. Third, it was

also no longer necessary to present all three dimensions simultaneously, and so

all further testing was carried out using a maximum of two dimensions. The

fourth and final modification was to the definition of a 'timed out' trial.

Previously this had been defined as the absence of a response within a 10 min

time period, or the absence of the correct response within the first four discovery

trials (i.e. when the rat was allowed to sample from both bowls). This was

amended to the absence ofany response within a 10 min time period, to prevent

premature disqualification.
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Conclusions

The behaviour of the rats was qualitatively similar to the behaviour of

primates solving an analogous task in the visual domain. The overall nature of

the ID over ED advantage was preserved. In our task, however, fewer errors

were made in total on each discrimination (e.g. in this study, rats made on

average 5 errors to complete the ED shift; in a comparable marmoset study, this

was approximately 12, Roberts & Wallis, 2000), attributable to the species-

appropriate nature of this task. Similarly, there was not a saving on the

compound discriminations following the simple discriminations in this study, a

pattern frequently seen in other tests of attentional set-shifting. This is

attributable to the minimal number of errors made in total on these

discriminations. In the study discussed in this chapter, the simple

discriminations were being solved sufficiently quickly as to render further saving

on these discriminations improbable.

This similarity of behaviour leads one to the inescapable conclusion that

rats are capable of forming, maintaining and shifting attentional set and that the

psychological processes are comparable across species.

Therefore, this task provides the opportunity to study the

neuropsychological basis of attentional set-shifting in rats, which give many

practical advantages over primates. As our task also includes a third dimension

(unlike the visual discrimination task used in monkeys), it will also be possible in

future to examine the nature of the deficit in terms of learned irrelevance and

perseveration (see Owen et al, 1993; Gauntlett-Gilbert and Brown, 1998). This is

not possible in a task with just two dimensions.
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Chapter 4: Ventral medial frontal cortex lesions and

attentional set-shifting

Introduction

Whether there is a homologue of primate dorsolateral prefrontal cortex in

the rodent brain is an issue of continuing controversy (Kolb, 1990; Preuss, 1995).

There are extensive projections from the mediodorsal nucleus of the thalamus to

frontal cortex and these projections are generally assumed to define rodent

prefrontal cortex. However Preuss (1995) suggested that, in the primate brain,

areas other than prefrontal cortex are innervated by the mediodorsal nucleus of

the thalamus, and indeed almost all of primate frontal cortex receives such input.

As such, receipt of mediodorsal thalamic projections cannot be accepted as

evidence that an area of rodent cortex is homologous to primate prefrontal

cortex.

An alternative approach to the issue is to consider the function, rather

than anatomy, of frontal areas. The evolution of prefrontal cortex in the primate

is, presumably, to support a degree of behavioural complexity that might not be

found in the rat. However, if the rodent does demonstrate behaviour dependent

on functions associated with primate prefrontal cortex, the neural substrate of

such behaviour could be regarded as at least analogous, if not homologous, to

primate prefrontal cortex.

In primates, prefrontal cortex mediates shifts in attention between

perceptual features of complex stimuli (Owen et al, 1991; Dias et al, 1996a;

1996b; 1997). When attending to a perceptual feature (e.g., colour) of a stimulus,

learning to discriminate novel complex stimuli is more rapid when the
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discrimination rule is based on the same perceptual dimension (an intra-

dimensional (ID) shift). By contrast, if the new discrimination requires that

attention is directed to a different perceptual dimension (e.g., the form of the

stimulus) and the previously attended feature must be disregarded (an extra-

dimensional (ED) shift) the new discrimination is acquired less rapidly. Lesions

of lateral prefrontal cortex in the marmoset result in normal acquisition of

attentional set but impairment on the ED shift (Dias el al, 1996a; 1996b; 1997).

Rats with temporary deactivation of ventral, but not dorsal medial frontal

cortex are impaired in shifting between response rules (Joel et al, 1997;

Ragozzino el al, 1999a; 1999b), which may reflect an attentional set-shifting

deficit. Attentional deficits have also been proposed to account for impairments

in reversal learning of difficult to discriminate stimuli (Bussey et al, 1997),

delayed response tasks (Delatour and Gisquet-Verrier, 1999) and for deficits in

'effortful processing' (Granon et al, 1994) following medial frontal cortex

lesions. It has been suggested that there is a functional dissociation between

dorsal and ventral medial frontal cortex in the rat (Seamans et al, 1995;

Ragozzino et al, 1999a), evidenced specifically in their relative contributions to

the control of behavioural planning and flexibility. However, the degree of

variation in lesion type, size and placement combined with the absence of an

appropriate task, has made the roles of the dorsal and ventral medial frontal

cortex difficult to clarify in terms of their individual contributions to attentional

set-shiftingper se.

A compelling demonstration of a deficit of attentional set-shifting would

be to show that ventral medial frontal cortex lesions result in specific deficits in

shifting of selective attention for perceptual features of stimuli, as seen following
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lesions of primate lateral prefrontal cortex. This would require a task that is

formally the same as the task used in humans and monkeys - a two choice

discrimination using complex stimuli which differ along several perceptual

dimensions. Here we report the effects of lesions of rodent ventral medial frontal

cortex on performance of such a task, as described in Chapter 3.

Methods

Animals

Twenty-four Lister hooded rats (Charles River, U.K.), average body

weight at start of testing 405.6g, SE 8.3 lg were used. All other aspects of

housing conditions were as described in Chapter 2.

Apparatus

The test apparatus was an adapted plastic cage (40 x 70 x 18 cm) with

Figure 4.1 The testing apparatus for the attentional set-shifting task
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plexiglass panes used to divide one third of the length of the cage into two

sections (see Figure 4.1). Two bowls were placed in the cage, one on each side of

the central divider. Access to the bowls could be given by lifting the dividers.

Habituation

On the day prior to testing, rats were given access to two baited sawdust-

filled bowls (internal diameter, 7 cm; depth 4 cm) in the testing cage for 60

minutes. The bowls were re-baited every 5 minutes. When the rat was able to dig

to retrieve the reward (one 14 a honey nut loop, Kellogg's), it was trained on a

series of 3 simple discriminations (texture of rubber vs masking tape; odour of

blackcurrant vs vanilla; digging medium of styrofoam vs shredded paper) to a

criterion of six consecutive correct trials. All rats were trained on the same

discriminations, in the same order. These exemplars were not used again.

Testing Paradigm

A trial was initiated by raising the dividers to give the rat access to two

digging bowls, only one ofwhich was baited. The bowls could be discriminated

by their odour, the texture of the covering of the bowl or the digging medium in

which the food bait was hidden. The first four trials were discovery trials: the rat

was permitted to dig in both of the bowls, but only one was baited. An error was

recorded if the rat dug first in the unbaited bowl. On subsequent trials, if the rat

started to dig in the unbaited bowl, access to the baited bowl was removed. An

error was recorded and the trial was terminated. If a rat failed to make a response

after 10 min, on any of the trials, a 'timed out' trial was recorded. Three

consecutive 'timed out' trials led to termination of testing. Testing continued
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until the rat reached a criterion level of performance, of six consecutive correct

trials.

In a single test session, rats performed a series of discriminations, which

paralleled those used in the equivalent task for primates (see Table 4.1). In the

simple discrimination (SD), the bowls differed along one of three dimensions

(e.g., odour or texture or digging medium). For the compound discrimination

(CD), a second dimension was introduced, but the correct and incorrect

exemplars remained constant. For the reversals, the exemplars and the relevant

dimension were unchanged: the rat had to learn that the previously correct

stimulus was now incorrect. For both the intra-dimensional shift (ID) and the

extra-dimensional shift (ED), there were new exemplars of both the relevant and

the irrelevant dimensions (a 'total change' design); in the latter case, the

previously relevant dimension was now the irrelevant dimension. The order of

the discriminations was always the same, but the dimensions and the pairs of

exemplars were equally represented within groups and counterbalanced between

groups as far as possible.

There were six possible patterns of shift (odour to texture or medium,

medium to odour or texture, texture to medium or odour), so each pattern of shift

was used twice in each group. The combinations of exemplars were too

numerous to permit full counterbalancing; therefore, the following procedure was

used. To reduce the degrees of freedom, exemplars were always used in pairs; for

example, if cumin were the positive stimulus the negative stimulus was always

cinnamon (see Table 3.1, Chapter 3). This also meant that exemplars of texture

and digging medium could be matched for their odours and visual appearance;

thus, grades of tea were used as a pair of exemplars of digging medium and
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reverse sides of velvet cloth were used as a pair of exemplars of texture.

Although pairs were still too numerous to test all combinations, no two rats

within groups received the same combinations, but the lesion and control groups

were matched.

Discrimination Relevant dimension Irrelevant dimensions Illustrative Exemplars

(example) (example) Correct Incorrect

SD Odor - 05 06

CD Odor Medium, Texture 05 06, M5/M6 & T5/T6

Revl Odor Medium, Texture 06 05, M5/M6 & T5/T6

ID Odor Medium, Texture 04 03, M3/M4 & T3/T4

Rev2 Odor Medium, Texture 03 04, M3/M4 & T3/T4

ED Medium Odor, Texture Ml M2, 01/02 & T1/T2

Rev3 Medium Odor, Texture M2 M2, 01/02 & T1/T2

Table 4.1 The order of the discriminations and examples of the positive

(shown in bold) and negative exemplars and dimensions. The discriminations

were always presented in this order. The relevant and irrelevant dimensions and

the pairs of exemplars were varied.

Surgery

Anaesthesia was induced with an intraperitoneal injection of

pentobarbitone sodium BP (1.0 ml/kg, 65 mg/ml). The rats were then placed in a

stereotaxic frame with atraumatic ear bars (Kopf, Tujunga, CA), with the nose

bar set at +5 mm. This was to avoid needletrack damage to the dorsal medial
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frontal cortex. The ibotenic acid was infused manually using a 1 til syringe, at a

rate of 0.1 pi every 3 minutes. Twelve rats each received four injections of 0.2 pi

of 0.06M ibotenic acid (Tocris Cookson Ltd, Avonmouth, UK), bilaterally at the

following co-ordinates relative to Bregma: AP + 3.5; ML ± 0.6; DV - 5.2 and AP

+ 2.5; ML ± 0.6; DV - 5.0. Control rats received infusions of vehicle at the same

co-ordinates. The syringe was left in place for 4 min before being withdrawn

slowly. Testing was conducted on day 5 after surgery.

Histology

Perfusion and histological procedures were carried out as described in

Chapter 2.

Data Analysis

Trials to criterion and errors to criterion were recorded for each rat for

each discrimination. Two repeated-measures ANOVA were employed, the first

with two factors, one within-subjects (shift: SD, CD, ID and ED) and one

between-subjects (group: lesion and control), and the second again with one

within-subjects (reversal: Revl, Rev2 and Rev3) and one between-subjects

(group: lesion and control). Where appropriate, the Greenhouse-Geisser

correction following heterogeneous variation was run. In these instances,

degrees of freedom are reported from the 'sphericity assumed' analysis, but are

reported with the corrected p value. Planned contrasts were made between the

ID versus ED shift and unplanned comparisons were made to test the effect of

Group on the ID/ED difference, using the Bonferroni corrected t-test.
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Results

Histology

Twelve rats sustained bilateral damage of medial frontal cortex. Figure

4.2 shows a series of coronal sections (adapted from Paxinos and Watson, 1997),

showing the extent of the area of damage common to all lesioned rats (shaded

black). The maximum extent of any damage is shown as an outline, and the area

of damage common to approximately 50% of rats is shown shaded grey. The

lesions were centred on area PrL, but in most cases included IL and anterior

portions of both Cgl and Cg2. In 2 rats, there was minor damage to M2 on

anterior sections.

Discrimination Learning

Figure 4.3a shows the trials to criterion for each of the discriminations.

On average, rats learned the simple discriminations to the criterion of 6 correct

consecutive trials, in just 8 trials. There was no effect of the lesion on the SD or

CD stages of the test and learning was equally rapid for discriminations within

all three perceptual dimensions (main effect of dimension, F(2,2i)=2.17, ns).

Figure 4.3b shows the errors to criterion for each of the discriminations.

On average, rats made just 1 error while learning the simple discriminations to

the criterion of 6 correct consecutive trials. Again, there was no effect of the

lesion on the SD or CD stages of the test and learning was equally rapid for

discriminations within all three perceptual dimensions (main effect of dimension,

-F(2,2i)=2.329, ns).

80



Figure 4.2 A series of coronal sections (adapted from Paxinos and Watson,

1997) at 3.7 mm, 2.7 mm and 1.0 mm anterior to bregma. The extent of the

area of damage common to all lesioned rats is shown in black, while the area

of damage common to 50% of rats is shown shaded. The maximum extent of

any damage is shown as a dotted line. o
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Fig. 4.3. Mean (+/- SE) trials (a) and errors (b) to acquire a response at each of the stages of

testing, for both sham- and PrL-lesioned rats.
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Reversal Learning

After the CD, ID and ED stages, the correct and incorrect exemplars were

reversed. Rats took on average more trials to learn the reversals than they

required for either initial acquisition (SD and CD stages) or for the ID shift (also

a novel discrimination). However, there was no effect of the lesion on reversal

learning (main effect of surgery, F(i,22)=2.374, ns).

Rats made more errors to acquiring the reversal discriminations than they

made in either initial acquisition (SD and CD stages) or at the ID shift (also a

novel discrimination). There was again no effect of the lesion on the number of

errors made during reversal learning (main effect of surgery, F(i>22)=0.206, ns).

ID versus ED shifts

Learning a novel discrimination was faster when the discrimination was

based on the previously relevant perceptual dimension (an ID shift) compared to

an ED shift, when attention had to be shifted to the previously irrelevant

dimension. Rats performed ID shifts more rapidly than ED shifts (planned

contrast, ID versus ED, following main effect of shift, F(i;22)=92.993,p<0.01),

demonstrating that the rats formed a perceptual attentional set.

Medial frontal cortex lesions resulted in a selective impairment in the ED

shift, with lesioned rats taking twice as many trials as controls to learn the new

discrimination (lesion by shift interaction, F(3;66)=5.302,/?<0.05; unplanned

comparisons indicated the lesion effect was restricted to the ED shift, /(ii)=-

2.632, p.<0.05).

Rats also made fewer errors when learning a novel discrimination if the

discrimination was based on the previously relevant perceptual dimension (an ID

shift) compared to an ED shift. All rats performed ID shifts more rapidly than
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ED shifts (planned contrast, ID versus ED, following main effect of shift,

,22) 87.027, p<0.0\), demonstrating that the rats formed a perceptual

attentional set.

There was however no effect of prelimbic cortex lesions on number of

errors made at the ED shift, although there was a trend in this direction (lesion by

shift interaction, F(3,66)=2.657,/?=0.087).

Discussion

Lesions of rat ventral medial frontal cortex resulted in a selective

impairment of an ED shift, with no impairment in acquisition or reversal

learning. These results indicate that medial frontal cortex contributes to extra-

dimensional attentional set-shifting in the rat. Although the lesions were made

prior to any training, the lack of impairment in acquisition learning or reversal

implies that these results would not differ if the lesions were made in between the

training and testing stage.

Previous authors have demonstrated that rule-shifting is impaired in rats

with lesions of ventral, but not dorsal, medial frontal cortex (Ragozzino et al,

1999a; 1999b). Although impaired shifting of attentional set might result in a

deficit in shifting response rule, it is not necessarily the case that a deficit in

shifting response rule must be due to an impairment of attentional set. This study

extends previous work in showing that lesions ofmedial frontal cortex result in

deficits in the shifting of perceptual set.

Ventral medial frontal cortex lesions and reversal learning

Previous work has reported deficits in reversal learning following lesions

of medial frontal cortex (for review see Kolb, 1990), but Bussey et al (1997)
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showed that reversal learning was only impaired following ventral medial frontal

cortex lesions when the stimuli were difficult to discriminate. Bussey et al (1997)

suggest that this reversal deficit might be due to an impairment in the ability to

attend to relevant stimulus features. Here, we replicate their result that ventral

medial frontal lesions result in no impairment in reversal learning of easily

discriminable stimuli and we provide evidence to suggest that their deficit is

indeed likely to be one of selective attention.

Reversals are a special case of an intradimensional shift: like the ID shift,

for a reversal attention does not need to be reoriented, as the attended dimension

remains the same. However, unlike the ID shift in which all the exemplars are

novel, in the reversal, the exemplars remain the same - the previously correct

exemplar is now incorrect and the rat must respond to the previously incorrect

exemplar. Any tendency to persevere in responding to a previously correct

stimulus would impair reversal learning. All rats required more trials (and errors)

to learn the reversals than they required for either initial acquisition (SD and CD

stages) or for an ID shift in which all the stimuli were novel. However, there was

no effect of the lesion of ventral medial frontal cortex on reversal learning. This

indicates that the ED shift deficit is not due to a problem with perseverative

responding in a general sense, as the rats are as able as controls to abandon a

response to a previously reinforced stimulus. Rather, perseveration is restricted to

the shifting of attention.

Ventral medial frontal cortex lesions and set-shifting

All rats performed ID shifts more rapidly than ED shifts, demonstrating

that the rats formed a perceptual attentional set. The rats with medial frontal

cortex lesions showed retardation in the shifting of attentional set, taking double
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the number of trials at this shift. This result is directly comparable - in nature as

well as magnitude - to the set-shifting deficit reported in marmosets following

lesions of lateral frontal cortex (Dias etal, 1996a; 1996b; 1997).

One of the interesting aspects of this effect is that set-shifting is merely

lengthened and not totally abolished. Rats and monkeys with frontal cortical

damage are ultimately able to shift attentional set, suggesting that this area is not

critical for set-shiftingper se, but rather contributes to attentional flexibility. It is

likely that when this area is damaged, other areas of prefrontal cortex and areas

of the basal ganglia are recruited to assist in the solution of the discrimination.

Conclusions

As the first demonstration that it is possible to manipulate perceptual

attentional set-shifting in the rat, the work reported here provides compelling

evidence to support what has already been suggested in the literature. Namely,

that rat medial frontal cortex is not merely concerned with spatial tasks or

working memory function, but rather, that the deficits reflect impairment of a

supervisory attentional system (Bussey et al, 1997). This suggests that rat ventral

medial frontal cortex might be homologous to primate dorsolateral prefrontal

cortex.

Although the lesions in this study were centred on area PrL, there was

some additional damage to areas Cgl and Cg2. As this is also an area of some

considerable focus with respect to attention control and behavioural flexibility, it

is of interest to examine what role this area might play in attentional set-shifting

ability in the rat.
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Chapter 5: Dorsal medial frontal cortex lesions and

attentional set-shifting

Introduction

Rat dorsal medial frontal cortex can be differentiated from ventral medial

frontal cortex on both an anatomical and functional basis. Differential patterns of

innervation of the dorsal (Cgl, Cg2) and ventral (PrL, II) subregions from the

CA1 field of the hippocampus and the subiculum have led researchers to propose

a complimentary dissociation of function (e.g. Bussey et al, 1997). Having

previously examined and described the role ofventral medial frontal cortex in

attention control and behavioural flexibility, is it possible to see a dissociable

role also played by the dorsal medial frontal cortex.

It has been suggested that anterior cingulate (AC) cortex (areas Cgl and

Cg2) may form part of a system involved in the acquisition and retention of

generalised stimulus-reward learning. Discriminations that load heavily on the

ability to make solitary, yet complex perceptual discriminations are unaffected

by AC lesions, whereas the acquisition ofmultiple, albeit simple stimulus-reward

associations is disrupted following AC lesions (Bussey et al, 1997). However,

not all studies examining the role of the AC cortex in the formation of stimulus-

reward associations have been in agreement. Selective impairments following

lesions of anterior cingulate cortex (AC) have been found on serial reversal of a

spatial rule in a T-maze (Meunier et al, 1991), delayed spatial win-shift foraging

behaviour in a radial maze (Seamans et al, 1995) and acquisition of an eight-pair

concurrent discrimination task (Bussey et al, 1997). Conversely, there has been

no effect ofAC lesions found on spatial discrimination reversal in the Morris
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water maze (De Bruin et al, 1994), on delayed non-matching to position in an

operant chamber or on spatial forced alternation in a T-maze (Neave et al, 1994),

nor on acquisition or reversal of delayed non-match to sample (Joel et al, 1997).

Consequently, at best the understanding of the role of the AC cortex in

behavioural planning and flexibility is equivocal. However, the heterogeneity of

both lesion size and type and the diversity of behavioural tasks used, make

drawing direct comparisons between these results difficult.

As it has already been demonstrated, it is possible to differentiate

between shifting attention between perceptual dimensions, and shifts of attention

within perceptual dimensions (See Chapters 3 and 4). Furthermore, shifts of

attention within any given dimension (an intradimensional shift) can be further

subdivided into 'novel' and 'reversal' discriminations. Reversals are a special

case of an intradimensional shift: like the ID shift, for a reversal attention does

not need to be reoriented, as the attended dimension remains the same. However,

unlike the ID shift in which all the exemplars are novel, in the reversal, the

exemplars remain the same, and consequently a new stimulus-reward association

must be learned in the presence of previously rewarded exemplars.

The purpose of this chapter was to evaluate the extent to which the AC

cortex is involved in either attentional set-shifting or reversal learning, in an

attempt to clarify its role in the formation of stimulus-reward associations.
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Methods

Animals

Twenty-four Lister hooded rats (Charles River, U.K.), average body

weight at start of testing 345.8g, SE 7.04g were used. All other aspects of

housing conditions were as described in Chapter 2.

Apparatus/habituation/testing paradigm

All apparatus and habituation and testing paradigm procedures were the

same as described in Chapter 4.

Surgery

Anaesthesia was induced with an intraperitoneal injection of

pentobarbitone sodium BP (1.0 ml/kg, 65 mg/ml). The rats were then placed in a

stereotaxic frame with atraumatic ear bars (Kopf, Tujunga, CA), with the nose

bar set at -3.7mm. The ibotenic acid was infused manually using a 1 pi syringe,

at a rate of 0.1 pi every 1 minutes. Twelve rats each received two injections of

0.6 pi of 0.06M ibotenic acid (Tocris Cookson Ltd, Avonmouth, UK), bilaterally

at the following co-ordinates relative to Bregma: AP + 2.6; ML ± 0.7; DV - 3.8.

Control rats received infusions of vehicle at the same co-ordinates. The syringe

was left in place for 5min before being withdrawn slowly. Testing was conducted

on day 5 after surgery.

Histology

Perfusion and histological procedures were carried out as described in

Chapter 2.
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Data Analysis

Trials to criterion and errors to criterion were recorded for each rat for

each discrimination. Two repeated-measures ANOVA were employed, the first

with two factors, one within-subjects (shift: SD, CD, ID, ED) and one between-

subjects (group: lesion and control), and the second again with one within-

subjects (reversal: Revl, Rev2 and Rev3) and one between-subjects (group:

lesion and control). Where appropriate, the Greenhouse-Geisser correction

following heterogeneous variation was run. In these instances, degrees of

freedom are reported from the 'sphericity assumed' analysis, but are reported

with the corrected p value. Planned comparisons were made between the ID

versus ED shift.

Results

Histology

Twelve rats sustained bilateral damage of medial frontal cortex. Figure

5.1 shows a series of coronal sections (adapted from Paxinos and Watson, 1997),

showing the extent of the area of damage common to all lesioned rats. The

maximum extent of any damage is shown as an outline. The lesions were centred

on area Cgl and Cg2, but in most cases included some posterior portions ofPrL.

In 6 rats, there was some damage to M2 on anterior sections.
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Figure 5.1 A series of coronal sections (adapted from Paxinos and Watson,

1997) at 3.7 mm, 2.7 mm and 1.0 mm anterior to bregma. The extent of the

area of damage common to all lesioned rats is shown in black, while the area

of damage common to 50% of rats is shown shaded. The maximum extent of

any damage is shown as a dotted line.
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Discrimination Learning

Figure 5.2(a) shows the trials to criterion for each of the discriminations.

On average, rats learned the simple discriminations to the criterion of 6 correct

consecutive trials, in just 10 trials. There was no effect of the lesion on the SD or

CD stages of the test. The three dimensions were without differential effect on

performance during discrimination learning (main effect of dimension,

-F(2,2i)=2.821, ns).

Figure 5.2(b) shows the errors to criterion for each of the discriminations.

On average, rats made just 2 errors while learning the simple discriminations to

the criterion of 6 correct consecutive trials. During discrimination learning,

texture discriminations were completed with a greater number of errors that

either digging medium or odour discriminations (unplanned comparison

following main effect of dimension; texture versus digging medium, t(32)=-5.049,

p<0.01; texture versus odour, t(32)=-4.268, /?<0.01), This was not affected by the

lesion (surgery by dimension interaction, F@,i8)=l-124, ns).

ID versus ED shifts

There was no effect of shift type or lesion on trials to criterion. On

average, control rats took 13 trials to reach criterion at the ED shift, in

comparison to 10 at the ID shift, but there were no significant differences

between any of the discriminations (main effect of shift, F(.3,66)=2.075, ns).

However, rats did make fewer errors when learning a novel

discrimination if the discrimination was based on the previously relevant

perceptual dimension (an ID shift) compared to an ED shift. Rats performed ID

shifts more rapidly than ED shifts (planned contrast, ID versus ED, following

main effect of shift, F(i,22)=5.253,/?<0.05), demonstrating that the rats formed a
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perceptual attentional set, but this did not interact with the lesion (surgery by

shift interaction, F(3,66)=1.098, ns). There was no overall effect of the cingulate

lesion on shifting performance (main effect of surgery, F(i,22)=0.904, ns).

Reversal learning

After the CD, ID and ED stages, the correct and incorrect exemplars were

reversed. Lesions of the cingulate cortex resulted in a global impairment in

reversal learning (main effect of surgery, /r(i,22)=4.819, p<0.05). Reversal

number (1,2 or 3) also approached significance (main effect of reversal,

^(2,44)=3.184, /7=0.051).

Rats also made more errors when learning the reversals than they

required for either initial acquisition (SD and CD stages) or for the ID shift.

Lesions of the cingulate cortex resulted in a global impairment in reversal

learning (main effect of surgery, F(i,22)=7.005, p<0.05). There was no effect of

reversal number on errors made to reach criterion.
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Fig. 5.2 Mean (+/- SE) trials (a) and errors (b) to acquire a response at each

of the stages of testing, for both sham-(n=12) and Cg-(n=12) lesioned rats.
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Discussion

Lesions of rat dorsal medial frontal cortex resulted in a selective

impairment in reversal learning, but not in acquisition of a novel discrimination.

These results support the suggestion that dorsal medial frontal cortex contributes

to reversal learning in the rat.

During discrimination learning, there were a greater number of errors

made to criterion for texture discriminations than for odour or digging medium

discriminations. This had not been seen previously in Chapters 3 or 4, and was

not present in the number of trials to criterion. Also, it was unaffected by the

lesion and did not interact with performance on any subsequent discriminations.

It is most likely that this is the result of individual variation.

Previous authors have demonstrated that reversal learning is impaired in

rats with lesions of anterior cingulate cortex (e.g. Meunier et al, 1991) and this

study confirms these results.

Dorsal medial frontal cortex lesions and set-shifting.

Rats made more errors when acquiring an ED shift in comparison to an

ID shift, demonstrating that a perceptual attentional set was formed. Although

there was not a significant increase in the number of trials taken to reach

criterion, the increased number oferrors made illustrates an advantage of ID

shifts over ED shifts. It is likely that in this instance, the rats showed a pattern of

responding characterised by a strongly inaccurate component at the start of the

discrimination, followed by correct solution of the task. In this instance, it would

not be possible to see an increase in the total number of trials taken to complete

the discrimination, as the errors are not evenly distributed. It would have been of

great interest to analyse the patterns of incorrect responding shown during the
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task, but unfortunately due to the small absolute numbers of errors made, this is

not possible.

There was no effect of dorsal medial frontal cortex lesions the formation

or maintenance of attentional set during acquisition discriminations. This is in

concordance with work showing that ventral, but not dorsal medial frontal cortex

inactivation results in a deficit in strategy switching (Ragozzino et al, 1999). The

authors suggest that the dorsal medial frontal cortex in rats is not responsible for

the processing of'higher order' rules, representing more abstract relationships

between features of a complex stimulus, which they attribute to the ventral

medial frontal cortex. Instead it may be involved in the processing of Tower

order' rules, such as the attachment of positive and negative valence, the

formation of stimulus-reward associations.

There appears to be a slight increase in the means trials to criterion for

each of the acquisition discriminations for the lesioned group. It is possible that

this could be a slight, but significant global impairment if the discriminations had

been run several times, thereby increasing statistical power. However, due to the

nature of the test (the total change design), this was not practically possible, as it

would require more dimensions than are currently available.

Dorsal medial frontal cortex lesions and reversal learning

Reversals may represent the acquisition of a Tower order' rule

(Ragozzino et al, 1999). In order to complete the reversal discriminations,

attention does not need to be reoriented between dimensions (as the attended

dimension remains the same), but must be re-oriented within the dimension, to a

previously unrewarded stimulus. The finding presented here, that dorsal medial

frontal cortex results in a selective impairment of reversal learning, supports the
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suggestion that dorsal medial frontal cortex is involved in the acquisition and

retention of stimulus reward associations (Bussey et al, 1997). It is possible that

dorsal medial frontal cortex lesions impair the ability to appreciate a lack of

reward. Bussey et al, 1996 found that lesions of the dorsal medial frontal cortex

resulted in an impairment in the ability to omit lever presses in the absence of

reinforcement.

It is apparent from looking at figure 5.2 that all the reversals are not

equally affected by this impairment (i.e. there appears to be little to no

impairment on reversal 2). It is likely that the lesioned rats are employing an

alternative solution strategy to the sham lesioned rats, as resolution of the

discrimination is extended, as opposed to impossible for lesioned rats. If this is

indeed the case, it is understandable that they may not show the same pattern of

behaviour as intact rats. Typically, normal behaviour results in a slight increase

in the number of trials and errors made to solve the second reversal

discrimination in comparison to the first, followed by a reduction in the number

of trials and errors made to solve the third reversal (in comparison to both the

first and second). Thus the apparent absence of an impairment at the second

reversal is simply the result of an increase in the performance of sham-lesioned

rats, absent in the behaviour of lesioned rats.

Conclusions

The work reported here extends previous findings with respect to both

reversal learning, and attentional set-shifting. The role ofAC cortex in reversal

learning has been confirmed, supporting the argument that dorsal medial frontal

cortex is involved in the processing of Tower order' rules and that lesions

produce a selective deficit specifically in shifting 'affective' attentional focus. In
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contrast, it has been shown that AC cortex is not involved in the shifting of

perceptual attentional set, i.e. the processing of'higher order' rules.
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Chapter 6: General Discussion

The central objective of this thesis was to examine a degree of functional

homology between primate dorsolateral prefrontal cortex and medial frontal

cortex in rats. This was investigated using a divided attention task and a test of

attentional set-shifting adapted for use in the rodent. There was no effect of

ventral medial frontal lesions (area PrL) on the test of divided attention (Chapter

2), but comparable lesions resulted in an attentional set-shifting deficit (Chapter

4). In contrast, lesions of the more dorsal medial frontal cortex (anterior

cingulate; Chapter 5) resulted in no impairment during the extra-dimensional

shifting stage of the task, but caused a deficit in reversal learning. Taken

together, these results suggest that area PrL of rat frontal cortex could be thought

to be functionally homologous to dorsolateral prefrontal cortex of primates.

Assessment and comparability of lesions

The lesions in Chapter 2 and Chapter 4 were both centred on area PrL.

The lesions in Chapter 2 were slightly smaller than those in Chapter 4. The

lesioning procedures were slightly different (with two injection sites used in

Chapter 4 and only one in Chapter 2). This change was in order to include the

anterior part ofPrL, which had been spared in 2 rats in Chapter 2. It is possible

that no deficit was seen in the divided attention task due to the sparing of the

most anterior portion ofPrL. However, as the lesion still included the majority

ofPrL, this is not considered likely. The lesions ofPrL in Chapter 4 were

complete in all rats and, in a minority, included small areas ofFr2.

The lesions in Chapter 5 were centred on anterior cingulate cortex (areas

Cgl/2 and 3), but in some cases included very posterior parts ofPrL. The fact
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that there was no evidence of a behavioural deficit at the extra-dimensional stage

implies that this most posterior portion is not critical for shifting at the extra-

dimensional stage.

The PrL and the cingulate lesions reported in this thesis are similar in

area and magnitude to others reported in the literature (e.g., Ragozzino et al

1999; Muir et al, 1996), but they are larger than others (e.g., Bussey et al, 1999).

Nevertheless, it does not seem that lesion sizeper se determines whether a deficit

is observed. Rather, whether the lesion is centred on area PrL, as opposed to

Cg1/2/3, appears to be the factor that determines whether there are deficits that

might be classed as attentional. The lesions presented in Chapters 4 and 5 were

of approximately equivalent volume, but centred on ventral and dorsal areas of

the medial frontal cortex respectively, and resulted in qualitatively different

impairments.

The relationship between divided attention and attentional set-shifting

Divided attention and attentional set have certain features that suggest

that there may be a common mechanism underlying both. Although there is a

qualitative difference between divided attention and attentional set, one might be

conceived as the antithesis of the other. Divided attention requires that at least

two channels of information are available for processing. A 'channel of

information' might be a perceptual modality (visual versus auditory stimuli), but

it might also be a perceptual dimension, in the sense used in the attentional set

shifting task. In tasks in which divided attention is required, it is advantageous to

the subject to refrain from the formation of an attentional set, in order to permit

the simultaneous (or serial) processing of information from a variety of

dimensions. In the task we used, the dimensions are light and tone, but it is
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possible to see that divided attention across perceptual dimensions would be

required in order to solve the discrimination of compound stimuli (for example,

'cumin plus sawdust' and not 'cinnamon plus sawdust' or 'cumin plus pebbles').

Effective division of attentional resources can only be achieved if no singular

input is receiving preferential attention for processing.

By contrast, in the test of attentional set-shifting, the processing of

information from specific dimensions (for example, aspects of compound

stimuli) is selected and secondary dimensions are deselected or ignored. Thus,

attentional set formation could be envisaged as the logical conclusion of the

inhibition of divided attention. Preferential access for information of relevance

can further benefit from a system that is able to recognise the fundamentally

important characteristics of that information and use this to guide processing of

as yet un-encountered stimuli. This system supports economy of both time and

processing resources.

Are divided attention and attentional set-shifting mediated via common

mediating mechanisms?

If divided attention and attentional set are to be thought of as at opposite

ends of a continuum of allocation of attentional resources, this implies there may

be a common mediating mechanism underlying the two processes i.e. a centre

responsible for deciding between 'formation' or 'non-formation' of attentional

set. If this mediating mechanism were in ventral medial frontal cortex

(specifically area PrL) then one would expect lesions of this area to result in

deficits in performance on both tasks. Although the evidence provided in this

thesis would not support the hypothesis that there is a common mechanism

located in area PrL, the issue of a common mechanism is still open to
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experimental verification. Comparable lesions of ventral medial frontal cortex

resulted in no impairment on a test of divided attention, but a specific impairment

at the ED stage of the attentional set-shifting task. More favourable is the

hypothesis that a mechanism for mediating the instruction for the formation or

non-formation of attentional set is located elsewhere in the brain. Ventral medial

frontal cortex is responsible for effecting behavioural flexibility and adaptive

responding, which can be regarded as the implementation stage of attentional

filtering. Ventral medial frontal cortex is recruited only when an attentional set

needs to be switched. Consequently, tasks that do not require the formation of

attentional set, such as divided attention tasks remain unaffected following

lesions of the medial frontal cortex. Conversely, tasks demanding behavioural

flexibility are impaired.

It has often been noted that the degree of involvement of medial frontal

cortex may increase with task difficulty (e.g. Bussey et al, 1997). Clearly, there

is a circular argument in describing task difficulty: if a task is solved in more

trials, it is said to be more difficult. This increase (in the number of trials to

solution) is presumed to be the result of cognitive factors, such as increased

attentional load. However, in the case of the set-shifting task, although the ED

shift is solved after more trials, it is not inherently more difficult (indeed, by

using a total change design and counterbalancing, it is identical to acquisition at

the ID stage). Nevertheless, the context in which the ED shift is learned places an

additional cognitive load due to the requirement to reorient attention from a

previously learned dimension.

Previous authors that have suggested that medial frontal cortex only

comes into play when tasks are difficult as a result of the strain placed on
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selective attention processes. Under increased levels of difficulty, it is possible

that selective attention as a mechanism alone is not sufficient to perform well in

complex tasks, and there is a need to form an attentional set in order to ignore the

numerous potential distracters. Similarly, the deficits seen in attentional set-

shifting tasks cannot be explained in terms of increased attentional load, as there

is no objective difference in levels of complexity between the ID and ED shift.

The only difference between these discriminations is the relevant preceding

dimension, thus this task has its own 'built-in' control for levels of task

complexity. Thus, task difficulty per se cannot account for the deficit but an

increase in attentional load can.

Similarly, the divided attention task also has a 'built-in' control

mechanism. The discriminations required at any one time during the bi-modal

blocks of trials are not any harder than those completed during the uni-modal

blocks of trials. Indeed they are the exact same discriminations, requiring the

exact same responses. The only qualitative difference between the two blocks of

trial is the certainty with which the modality of the stimulus can be predicted.

Although this must require switching of attentional focus, it does not require

attentional set formation and therefore switching.

Solving problems involving shifts of attention without the shifting of

attentional set

Although there is a retardation of learning at the ED shifting stage in

attentional set-shifting paradigms, the shift is eventually solved successfully.

Similarly, even when the ED shifting stage is adversely affected by a lesion,

there is not a complete breakdown of discriminatory ability, and this holds true

cross-species. This implies that there is implementation of an alternative strategy
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following lesions of either the primate dorsolateral prefrontal cortex, or the

medial frontal cortex of rats. If such lesions prevented the shifting of attentional

set altogether, it would be impossible to ever acquire the ED shift discrimination.

It is likely that there are multiple brain areas involved, ofwhich the primate

dorsolateral prefrontal cortex, or the medial frontal cortex of rats, is just one.

It is likely that, in the absence of the ability to employ normal

mechanisms of attentional set-shifting i.e. adapting and shifting the focus of

attention from one dimension to another, the ED shifting stage could be solved

via exemplar learning. The ED stage thus becomes a discrimination of two parts:

first, the appreciation of the lack of reward contiguity signalling that the task

demands have changed and second, the acquisition of the new stimulus-reward

associations (with two of the four possible exemplars rewarded). In contrast,

normal behaviour would be characterised by the appreciation of the lack of

reward contiguity, followed by hypothesis testing of possible new rewarded

dimensions. The behaviour following lesions is therefore more costly in terms of

trials and errors, as there are no underlying principles regarding dimensions to be

tested.

This could be examined by comparing the number of trials and errors

taken to learn the ED shift following medial frontal cortex lesions with the

number of trials taken to learn a complex discrimination comprised of two

dimension (such as, 'cumin plus sawdust' and 'cinnamon plus pebbles' and not

'cinnamon plus sawdust' or 'cumin plus pebbles'). This should be reasonably

comparable, in terms of number of trials taken, to an ED shift discrimination

following a primate dorsolateral prefrontal or a rat medial frontal lesion. Any

further decrement on top of this can be accounted for by the length of time it
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would take to appreciate the response on the basis of previous attentional set is

not longer correct.

What mechanisms underlie set-shifting?

Attentional set-shifting is thought to be dependent on the disengaging of

attention from one dimension, and the re-engaging of attentional focus to another

dimension. Thus there are two possible reasons for an apparent increase in errors

at the ED shift, as dysfunction could be a result of either mechanism. Difficulty

disengaging attention from the currently rewarded dimension is referred to as

'perseverative responding'. In contrast, the difficulty re-engaging attention to a

previously unrewarded dimension has been termed 'learned irrelevance'. If the

subject is excessive in their filtering of irrelevant information, difficulties may be

experienced attaching positive emotional valence to an exemplar within that

dimension at a later stage.

In order to understand and examine these processes independently, it is

necessary to have three dimensions available for use in the task. Perseveration

can be assessed by substituting the previously rewarded dimension with another,

previously un-encountered dimension at the ED shift. If deficits are a result of

an inability to disengage attention from the previously rewarded dimension, the

substitution of this dimension with another at the ED shift stage should alleviate

this difficulty. There would be no opportunity to perseverate with responding to

the previously incorrect dimension and acquisition of the discrimination at this

stage should be possible.

On the other hand, if difficulties in shifting at the ED stage are a result of

impairments attaching relevance to a previously unrewarded dimension, i.e.

learned irrelevance, it also should be possible to alleviate this difficulty and

105



reinstate normal responding. If the dimension which was previously irrelevant

prior to the ED shift is replaced by one that has no positive or negative valence,

(a previously un-encountered dimension) decrements in performance as a result

of learned irrelevance should be lessened.

Consequently, it is useful for any task involving set-shifting to have three

possible stimulus dimensions. This allows for the measurement and manipulation

ofboth perseveration and learned irrelevance. Any task comprising only two

dimensions will ultimately be limited in its applicability and usefulness in the

assessment of attentional set. It is for this reason that the task described in this

thesis is of particular importance. Although tasks purporting to measure set-

shifting have previously been reported (e.g. Shepp & Eimas, 1964), these were

not suitable for the analysis of set-shifting in this way. Aside from the fact that

Shepp & Eimas used visual stimuli, which are difficult for rats to discriminate,

they were further limited by the availability of only two dimensions. With the

inclusion and validation of the third dimension in the task reported in this thesis,

it should be possible to undertake a comprehensive analysis of the mechanisms

underlying the deficit seen in Chapter 4, and further characterise the deficit.

Of similar interest is the further exploration of the possible cost-benefit

trade-off between the dimensions. Is it possible to vary the relevance of the

primary or secondary dimension, at the cost or benefit to the subject at the ED

shift? It should be possible to drive down the emotional valence attached to the

rewarded dimension by, for example, not necessarily rewarding the subject for

every correct trial. This might lessen the strength of attentional set formed, and

consequently minimise the advantage seen in an ID versus ED shifting

comparison. This would be evidenced in an increase in trials to criterion at the
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ID stage, reflecting the reduced strength of certainty with which the rewarded

dimension could be determined. Related is the idea that it could be possible to

increase the relevance of the secondary dimension by varying the probability

with which is it paired with the rewarded exemplar from the relevant dimension.

At present, the task is designed such that the exemplars from the irrelevant

dimension are paired with the rewarded exemplar 50% of the time, specifically to

avoid any differential effect of probability on learning. If however, this were to

be manipulated, for example, presenting a particular exemplar of the irrelevant

dimension on 70% of rewarded trials and its paired exemplar on only 30% of

trials, it should be possible to increase the saliency of this particular exemplar.

Essentially this is a manipulation of the degree to which learned irrelevance

occurs. Is it possible to facilitate transfer of attention to a particular of an

exemplar within a given dimension in this way and again see a relative drop in

the advantage of the ID shift over the ED?

The foregoing discussion raises the possibility that learned irrelevance

and perseveration could be functionally dissociated and experimentally

manipulated. However, it may also be possible to differentiate them neurally.

Neuroanatomy of set-shifting: role of fronto-striato-thalamo-cortical loops

Alexander et al (1986) first suggested that information was relayed

around the brain in a series of topographically organised loops (see Figure 6.1).

Information can be passed between these loops (e.g. Haber et al, 2000), but the

projections otherwise remain more or less discreet. The cortical-basal ganglia

relationship has been implicated in the formation, maintenance and shifting of

attentional set. These three aspects of attentional set could be neuroanatomically

distinct, and thereby dissociated.
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CPu Caudate-putamen; striatum
GP Globus pallidus (GPe)
EP Entopeduncular nucleus (GPI)
STN Subthalamic nucleus
SNc Substantia nigra, pars compacta
TRN Thalamic reticular nucleus

Figure 6.1 Schematic representation of the ffonto-striato-thalamo-cortical loops.

Evidence for the involvement of striatal dopamine in set-shifting stems

from studies of patients with Parkinson's disease. Patients with Parkinson's

disease show deficits in cognitive flexibility, and this is thought to be a result of

the dopamine depletion in the basal ganglia following degeneration of the nigro-

striatal pathway. However, there is no certainty that this cognitive inflexibility is

in fact necessarily the result of striatal dopamine depletionper se. As outlined

above, there is much evidence to support the network of connectivity between

the striatum, the thalamus and the frontal cortex. If there is dysfunction in one

area of the loop, it is reasonable to assume that this dysfunction may be reflected

in neurochemical dysregulation elsewhere. A primary target for this dysfunction

would be prefrontal cortex. In patients with Parkinson's disease, the deficiency

of dopamine in the striatum also results in a converse increase in dopamine in

prefrontal cortex. As such, the possibility of extra-dimensional shifting deficits as
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a result of prefrontal dopamine dysregulation cannot be excluded. However, it's

important to note that the set-shifting impairment in Parkinson's disease has been

seen reasonably rapidly following onset ofmotor symptoms, when dopamine

dysfunction is thought to be restricted to the striatum. This decreases the

likelihood that prefrontal dopamine dysfunction is the primary cause of cognitive

impairments in Parkinson's Disease.

Nevertheless, it is likely that prefrontal dopamine plays at least some role

in the set-shifting process. Dopamine-depleting lesions of prefrontal cortex in

marmosets have been shown to enhance performance at the ED shift (Dias et al,

1994). In other words, performance was facilitated, because the marmosets were

exemplar learning throughout the task, unable to form an attentional set.

However, although this serves to highlight the importance of prefrontal

dopamine in set-shifting, it does not provide evidence to support the theory that

increased prefrontal dopamine as a result of striatal degeneration is responsible

for the cognitive inflexibility demonstrated by Parkinson's Disease sufferers.

This has led researchers to assume that the cause of this impairment is likely to

lie in the basal ganglia itself.

However, there is a growing body of evidence put forward to counter the

claim that dopaminergic transmission in the basal ganglia results in impaired

attentional set-shifting ability. Blackwell et al (2000) showed that rats with

dorsal striatal lesions showed no impairment on the ED shift, in the task

described in this thesis. Furthermore, the ED shifting deficit seen in Parkinson's

patients has been shown to be non-L-dopa responsive, thereby weakening the

argument that striatal dopamine is responsible for mediating this shift in attention

(R. Cools, personal communication). In short, it is clear that the individual roles
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played in behavioural flexibility by both structures and neurotransmission in the

basal ganglia are not well understood. It is hoped that the development of a

rodent analogue of the primate test of attentional set-shifting will be instrumental

in the exploration and assessment of attention modulation.

A third possibility is that this attention modulation is mediated by

another, non-dopaminergic mechanism, such as basal forebrain cholinergic

inputs. Lesions of the basal forebrain have been shown to increase reaction time

in a divided attention task similar to the one reported in Chapter 2 of this thesis.

As the ventral medial frontal cortex receives the majority of its cholinergic

innervation from the basal forebrain, it may well be the case that this projection

is involved in attentional modulation. However, rats with lesions of the ventral

medial frontal cortex have been shown to be unimpaired on this task (Chapter 2),

and yet impaired on another task of attention modulation. It should be noted that

this task of attentional set-shifting is not a test of attentionper se but rather

reflects the modulation of selective attention and privileged processing of

sensory information. The basal forebrain also exerts influential control of cortical

areas via the thalamic reticular nucleus (TRN), and it is possible that it is this

pathway (also implicated in the control of attention, e.g. see McAlonan et al,

2000) that is disrupted following cholinergic basal forebrain lesions.
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Conclusions

In short, this thesis set out to examine the claim that rat medial frontal

cortex is functionally analogous, if not homologous, to primate prefrontal cortex.

It has been shown that rats are capable of a level of cognitive complexity

associated with the modulation of attention processing and thought to be sub¬

served by dorsolateral prefrontal cortex in primates. Furthermore, it has been

demonstrated that lesions of the ventral, but not the dorsal, medial frontal cortex

can disrupt this function. Conversely, lesions of the dorsal, but not the ventral,

medial frontal cortex result in deficits in reversal learning. Rats with ventral

frontal lesions are also without impairment on tests of divided attention,

indicating the intact ability to process information from more than one modality

at any given time. These results have both functional and practical implications.

Preuss (1995) argued that there was no clear anatomical evidence for prefrontal

cortex in rats, and in the absence of evidence that they were capable of

comparable functional complexity, it should be concluded that the rat does not

have prefrontal cortex. These results challenge this claim, suggesting that rat

ventral medial frontal cortex is a functional homologue of primate dorsolateral

prefrontal cortex. Furthermore, these results have practical implications for the

use of animals in research. Having demonstrated that the rat is capable of such

high cognitive functioning, it will now be possible to attempt to further analyse

the nature ofmany deficits seen in neurodegenerative diseases such as

Parkinson's disease using rats instead of primates, which is of financial and

ethical benefit.
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