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Abstract 

The anterior thalamic nuclei (ATN) and the perirhinal cortex (PRC) have been 

differentially implicated in independent memory systems subserving spatial 

learning and object recognition systems respectively (Aggleton & Brown, 1999). 

A more traditional view is that these two main regions should sub serve a single 

declarative memory system (Squire & Zola-Morgan, 1991). This study explicitly 

examined the comparative effects of ATN and PRC lesions in a spontaneous 

object recognition task (in an open field), spatial memory (in a 12-arm radial 

maze), and elemental and configural cue learning (also in the radial maze). On 

the spontaneous object recognition test no group differences were detected even 

when differing (80sec, 5min, 14min, 40min) delay times were introduced, 

providing an indication that neither the ATN nor PRC are essential for object 

recognition. For spatial memory, in both delayed (20sec, 5min, 14min, 40min) 

and standard versions, the A TN group demonstrated a marked impairment in 

comparison to both the Sham and PRC groups. The only effect of PRC lesions 

was to improve performance during the transition from the standard to delay 

procedure. These findings conflict with Liu & Bilkey's (1999) suggestion that 

the PRC is part of a temporal brain system subserving spatial memory. The PRC 

does however, appear to play a part in associative learning of complex objects, 

as these lesions produced impairments on the elemental-cue learning task and 

the configural-cue learning task, whereas ATN lesions had no detrimental 

effects on cue association learning. The results of this study confirm the 

differential involvement of the ATN and PRC in learning and memory but 

provide only partial support for Aggleton & Brown's (1999) specific hypothesis 

of dual memory systems responsible for anterograde amnesia. 

VI 



1. Introduction 

Anterograde amnesia is typified by the failure to acquire and retain 

episodic information after brain injury. Damage to more than one brain region 

can result in anterograde amnesia and neuropathological studies have repeatedly 

highlighted the medial temporal lobes and the medial diencephalon. However 

identifying the critical structures involved in producing this deficit and the 

nature of their involvement has proven to be more difficult. 

1 

The hippocampus has been the focus of learning and memory studies since 

it was found to be involved in human memory function (Scoville & Milner, 

1957) although its precise role remains unclear. The dominant notion at this 

point in time is based on the neural connections of the hippocampus and the 

adjacent rhinal regions. Various models view these brain regions as a unitary 

temporal lobe memory system, in which the rhinal cortical regions form a vital 

pathway for information reaching the hippocampus as a basis for declarative 

memory (Eichenbaum, Otto & Cohen, 1994; Squire & Knowlton, 1995; Squire 

& Zola-Morgan, 1991; Suzuki, 1996). 

Aggleton & Brown (1999) have elaborated an alternative view that the 

range of deficits found in anterograde amnesia does not reflect disruption to a 

single temporal lobe memory system, but rather damage to two distinct memory 

systems. One system is believed to be responsible for recall-based retrieval 

mechanisms involved in spatial and context dependent memory, while the other 

is responsible for familiarity-based recognition. Aggleton & Brown (1999) 

suggested that context dependent memory relies on a hippocampal-anterior 

thalamic axis, while a perirhinal-dorsomedial thalamic axis is responsible for 

familiarity-based recognition. However, as yet there is no consensus on the 

precise role and relative independence of these axes. It is, therefore of particular 

interest, whether these two parallel temporal-thalamic systems make 

qualitatively different contributions to learning and memory or whether, as 

indicated by more traditional viewpoints, they constitute a single functional 

system. The evidence in support of the differentiation between these systems 
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comes from research indicating that lesions involving the perirhinal cortex 

produce severe deficits in object recognition (eg, Bussey, Duck, Muir & 

Aggleton, 2000). This is not the case when lesions of the anterior thalamus are 

examined (Aggleton, Neave, Nagle & Hunt, 1995), although there is as yet 

insufficient evidence to fully exclude the anterior thalamus from involvement in 

object recognition. In contrast, the ability to perform allocentric spatial tasks 

does appear to depend on the integrity of the anterior thalamus (Aggleton, Hunt, 

Nagle & Neave, 1996; Byatt & Dalrymple-Alford, 1996; Sziklas & Petrides, 

1999) and, according to Aggleton & Brown (1999), there is little evidence to 

indicate perirhinal cortex involvement in spatial memory. That is, except for a 

series of studies by Liu and Bilkey (1999; 1998a; 1998b; 1998c) whose evidence 

consistently supports the view that the PRC is part of a unitary temporal brain 

system that sub serves spatial memory. 

Given these conflicting findings and viewpoints, it is surprising that no 

study has yet directly compared the effects of PRC and ATN lesions. To address 

the gap in our understanding of dual memory system function, the present study 

directly compared the performance of an anterior thalamic lesion group and a 

perirhinal cortex lesion group using three tasks that were chosen to provide 

evidence on the similarity or otherwise of ATN and PRC lesions. The three tasks 

used were: A spontaneous object recognition task (an animal analogue of 

familiarity based recognition), radial maze tasks (an analogue of scene specific 

working memory), and elemental and configural cue learning with complex 

objects (a non-spatial analogue of simple versus complex representational 

systems). 

As we shall see, object recognition and spatial memory constitute two 

obvious tasks to address the similarity or otherwise of the effects of ATN and 

PRC lesions. The inclusion of the configural learning task was important to the 

present study because there are indications in the literature that allocentric 

spatial learning can be construed as a special case of configural or relational 

learning (Rudy & Sutherland, 1995). The present study attempted to establish 

whether anterior thalamic or perirhinal cortex lesions would impair configural 



learning, and whether the impairment would coincide with an impairment in 

spatial memory. Configural learning has not been studied after ATN lesions and 

only one study, using monkeys, has examined the effects of PRC lesions alone 

on configural learning (Buckley & Gaffan, 1997). 

1.1 The neuropsychology and neuroanatomical bases ofanterograde amnesia 

3 

To provide the context for this study, a brief overview of the 

neuroanatomical correlates of anterograde amnesia is presented. In 1957 

Scoville & Milner described the now famous case of patient H.M. who had 

undergone a complete bilateral resection of the medial temporal lobes. While his 

intelligence and other perceptual and cognitive functions remained unimpaired, 

H.M. exhibited profound amnesia for recent events. When H.M's performance 

was examined on tasks of perceptual, motor and sensory-response learning, he 

was able to learn to make correct responses and yet was unable to remember 

having done so. Examination of other patients with anterograde amnesia has also 

revealed a similar pattern of impairment (Weiskrantz and Warrington, 1968; 

Tulving and Schacter, 1990). The distinction between what people with 

anterograde amnesia can and cannot learn reflects the basic neural organisation 

of multiple learning and memory processes. 

The above findings on amnesic patients prompted researchers to suggest 

that two major catagories of memories can be differentiated. Declarative 

memory is defined as knowledge which is explicitly available to conscious 

recollection such as facts, events or specific stimuli, while non-declarative 

memory appears to operate more autonomously without requiring deliberate 

attempts on the part of the learner to memorise anything. Hence anterograde 

amnesia is usually conceptualised as an inability to establish new declarative 

memories. 

Extensive studies of H.M. and other amnesic patients has generally 

confirmed that anterograde amnesia results from damage to the hippocampal 
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formation or to the regions that supply its inputs and outputs (Aggleton & 

Saunders, 1997; Aggleton et al., 2000) . The hippocampal formation is 

comprised of the dentate gyms, CA fields, and the subiculum. The entorhinal 

cortex provides the most important cortical input into the hippocampal 

formation. The neurons in the entorhinal cortex have axons that terminate in the 

dentate gyms and areas CA3 and CAl. The entorhinal cortex receives inputs 

from the cingulate cortex and all regions of the association cortex directly or 

through the two adjacent regions of limbic cortex, the perirhinal and 

parahippocampal cortex. These two latter regions provide nearly two-thirds of 

the cortical inputs to the entorhinal cortex (lnsausti et al., 1987; Suzuki & 

Amaral, 1994). The hippocampal formation also receives inputs from the ventral 

tegmental area, locus coeruleus, raphe nuclei, and medial septum, mostly via the 

fornix. The outputs of the hippocampal formation project primarily to the 

subiculum and are relayed back through the entorhinal, perirhinal, 

parahippocampal and cingulate regions, and thus to all of the association cortex. 

Although the strongest indications are that it is damage to the hippocampal 

formation that causes anterograde amnesia, it is likely that other structures are 

also involved. Evidence from Korsakoff's patients who experience anterograde 

amnesia suggests that these other structures include the medial thalamus, 

mammillary bodies, and mammillo-thalamic tract. 

The apparently complex anatomical basis of human anterograde amnesia 

has led researchers to study the phenomenon in laboratory animals. 

Experimentation with animals has produced a number of interesting findings. It 

appears that specific diencephalic structures are involved in memory functions, 

in particular the medial thalamic nuclei. Within the medial thalamus, the anterior 

thalamic nucleus (ATN), the dorsomedial thalamic nucleus and the internal 

medullary lamina appear to have some involvement in memory function. The 

ATN are of particular relevance as they receive direct hippocampal projections 

via the fomix and indirect hippocampal projections via the mammillary bodies 

and mammillothalamic tract (Aggleton & Brown, 1999). Interestingly, these 



medial nuclei have increased disproportionately in neuronal number in the 

human brain (Armstrong, 1986; Armstrong et al., 1987). 

While the hippocampal fmmation is acknowledged as critical for the 

formation of new declarative memory, evidence from behavioural and 

electrophysiological studies of rats has been able to establish that temporal 

neural structures other than the hippocampus also participate in memory 

functions. It appears that the rhinal and parahippocampal cortices are important 

in a broad array of memory tasks, including object recognition, while only a 

subset of these tasks rely on hippocampal activity (Meunier et al. 1996; Murray, 

1996; Zola-Morgan et al. 1993). C-fos neuronal activation studies have also 

implicated multiple neuronal pathways in learning and memory tasks, including 

dissociations between the hippocampal system and the perirhinal cortex (PRC) 

(Vann, Brown, Erichson & Aggleton, 2000b). 

These and other findings contributed to Aggleton and Brown's (1999) 

suggestion that anterograde amnesia may result from disruption to more than 

one distinct memory system. As mentioned, one system is believed to be 

responsible for recall-based retrieval mechanisms involved in spatial and 

context-dependent memory (episodic or event memory), while the other is 

responsible for familiarity-based recognition. Further, event/episodic memory is 

presumed to rely on a hippocampal-anterior thalamic axis, whereas a perirhinal

dorsomedial thalamic axis is responsible for familiarity-based recognition. 

While some of the literature supports this anatomical differentiation of memory 

function, there is general disagreement regarding the degree of differentiation 

between the mnemonic functions of these neural axes. 

1.2 The anterior thalamic nucleus (ATN) and spatial mem01y 

The main lesion evidence to suppmi Aggleton & Brown's (1999) 

proposal, that the ATN is part of the hippocampal-anterior thalamic axis which 

is responsible for spatial memory, is as follows. The involvement of the ATN 

5 
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was previously neglected because one early study reported no evidence of an 

ATN group deficit in a radial maze task, instead finding that deficits emerged in 

a non-spatial task when a short (45sec) delay was used (Beracochea, Jaffa.rd & 

Jarrard, 1989). A number of workers have recently reported that rats with ATN 

lesions are impaired in the acquisition of T-maze spatial alternation (Warburton, 

Morgan, Baird, Muir & Aggleton, 1999; Warburton, Baird & Aggleton, 1997; 

Aggleton, Hunt, Nagle & Neave, 1996; Aggleton, Neave, Nagle, & Hunt, 1995) 

and in the Morris water maze (Sutherland & Rodriguez, 1989; Warburton & 

Aggleton, 1999; Warburton, Morgan, Baird, Muir & Aggleton, 1999), as well as 

showing deficits in radial maze tasks (Aggleton et al., 1996; Hunt & Aggleton, 

1998; Sziklas & Petrides, 1999). In one of the first studies to look at ATN 

lesions and spatial maze learning, Byatt & Dalrymple-Alford (1996) even found 

that rats with small lesions confined to areas within the ATN (anterior-medial or 

anterior-ventral nuclei) showed persistent spatial working-memory and 

reference-memory deficits in the radial maze. 

The addition of a delay interval between acquisition and performance of a 

spatial task has generally been shown to accentuate the behavioural deficits of 

rats with ATN damage. In an operant delayed non-matching to position spatial 

task, Aggleton, Keith & Sahgal (1991) found a delay dependent increase in the 

deficit in ATN rats across delay intervals of 4, 8, 16 and 32 seconds. Warburton 

et al. (1997) found that a delay of either 10, 20 or 30 seconds resulted in an ATN 

group impairment in a spatial cross-maze task. And Beracochea & Jaffa.rd 

(1994) found that ATN mice were impaired on a long delayed (6 hours), rather 

than a short delayed (5 minutes) spatial alternation task. 

Thus there appears to be considerable evidence that the ATN plays an 

important role in spatial memory and in particular when an animal has to retain 

spatial inf01mation over time. Since the study by Beracochea et al. (1989) that 

did not find an ATN spatial impairment, the four recent studies have all reported 

that ATN rats show substantial impairment in spatial radial maze tasks. 

Spatial memory as tested by the standard radial maze task is acknowledged as a 

litmus test of the effects of hippocampal lesions (Jarrard, 1993), so for this and 
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other reasons (see below) this task was used in the present study. Table 1 

provides a summary of studies that have examined the effects of ATN and PRC 

lesions in spatial radial maze tasks (See Summary of experimental procedures in 

this study, p. 19). 

1.3 The anterior thalamic nucleus (ATN) and non-spatial mem01y 

Although the involvement of the ATN in spatial memory has been well 

demonstrated, some conflicting data exists as to whether the ATN is solely or 

primarily involved in spatial memory processing. Earlier work on avoidance 

learning in rabbits, which would not normally be regarded as a task that is 

particularly sensitive to hippocampal lesions, indicated that AV lesions disrupt 

performance (For a review, see Gabriel, 1993). In the only study that has 

examined the effects of ATN lesions on a spontaneous object recognition test 

Aggleton et al. (1995) did not find the ATN group to be impaired. Although no 

significant impairment was found at delays of 1 and 15 minutes, from the 

descriptive analysis it appears that while all four experimental groups (ATN, 

fornix, mammillary bodies & control) discriminated between the novel and 

familiar object equally on the one minute delay session, on the 15 minute delay 

the ATN group's attention to the novel object appeared to be less than that 

shown by other groups. This finding encourages speculation that the ATN might 

be contributing in some way when there is a delay component in the object 

recognition task. 

Sziklas &Petrides (1999) also offered some indication of ATN 

involvement in object recognition. In the first experiment the researchers tested 

rats on a task in which they had to learn to select one or other of two visual cues 

depending on whether they were placed on the north or the south part of an 

open-field. Lesions of the ATN severely affected acquisition of this task. In a 

second experiment rats were tested on a task in which they had to learn that the 

particular cue present on any given trial indicated which of two arms of a T

maze was the correct one. On this second task, ATN animals perfo1med at a 
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comparable level to the control group. From the above findings Sziklas & 

Petrides (1999) suggested that the ATN might be involved in an ability to 

associate spatial information with specific objects. In the present study delays 

were included in the object recognition test to see if retention affected ATN rats' 

recognition performance in this task. 

1.4 The perirhinal cortex (PRC) and spatial memory 

There is conflicting evidence and theory regarding the role of the PRC in 

spatial memory. A number of studies suggest that PRC lesions in rats can disturb 

the performance of complex spatial tasks. These tasks include: delayed non

matching to position (Wiig & Burwell, 1998; Wiig & Bilkey, 1995); Morris 

water maze (Liu and Bilky, 1998c; Wiig & Bilky, 1994); T-maze (Liu & Bilkey, 

1998a); and the Radial-arm maze (Liu and Bilkey, 1999; 1998b). In contrast 

Ennaceur et al. (1996) tested PRC rats on a spatially guided delayed non

matching to position T-maze task across delay intervals of 10, 30 and 60 

seconds, but observed no deficits. Several other studies have failed to find any 

evidence of a PRC spatial deficit based on performance in the radial-arm maze. 

Ennaceur & Aggleton (1997) found that a PRC+ fornix group were impaired on 

a standard radial maze task, but a PRC group were not impaired, while Bussey, 

Muir & Aggleton (1999) even found evidence of facilitation of spatial 

pe1formance in PRC rats in the standard and delayed radial maze task using 30 

minute delays. Glenn and Mumby (1998) found that PRC rats were unimpaired 

in performance of a spatial water maze task even when delays of 4, 30, 120 and 

300 seconds were used. In contrast a hippocampal lesion group were impaired 

regardless of the delay. 

Liu and Bilkey (1998b) suggested that different delay intervals used across 

studies might explain the inconsistent PRC lesion studies. Furthermore, they 

suggested that as short-term memory has been shown to be intact after PRC 

lesions (Buckley et al., 1997; Wiig & Bilkey, 1995) it is important that retention 
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intervals are chosen that place demands on the PRC-dependent memory, rather 

than the intact short-term system. They argued that the longest interval of 60 

seconds used by Ennaceur et al. ( 1996) may have been insufficient to unmask 

the lesion-induced pe1formance deficits. Liu & Bilkey (1998b) tested this 

proposition on PRC rats in two versions of the radial maze task, using delay 

intervals of 15, 60, 120 and 180 seconds, and found a general acquisition deficit 

along with a delay dependent deficit that occurred when the delay interval was 

greater than 60 seconds. Other researchers have investigated the role of the PRC 

in spatial memory when a time delay is included in the task. Nagahara, Otto & 

Gallagher (1995) found a delay dependent deficit in PRC+ enthorinal cortex 

lesioned rats using a Morris water maze task. The impairment was evident after 

a five minute delay but not after a 30sec delay. Liu & Bilkey (1998a) also 

reported that deficits they found in PRC rats' radial maze performance were 

exacerbated by the addition of delay intervals of either 30 seconds or 10 

minutes. In a different context, Wiig & Burwell (1998) found that although PRC 

rats were able to acquire an operant delayed non-matching to position spatial 

task as well as controls, they were impaired when a delay longer than 4 seconds 

was included (delays ranged from 5 - 128 seconds). These animals were most 

clearly impaired when the delay length was between 5-20 seconds. Not 

surprisingly Wiig & Burwell (1998) concluded that the critical factor in 

producing PRC-related spatial memory deficits is the length of the delay interval 

between acquisition of the spatial task and performance of the task. 

Bilkey (1999) has suggested that the tasks used by other researchers may 

not have been sufficiently demanding to produce PRC related deficits, and has 

suggested various reasons (particularly the use of pre-operational training and 

the lack of any delay protocols) that might explain the contrary findings. 

The present study employed 20 second, 5 minute, 14 minutes and 40 

minute delay intervals (i.e. a log delay scale) in order to test Liu and Bilkey's 

(1998) hypothesis that spatial deficits produced by lesions to the PRC are delay 

dependent. Thus if Liu and Bilkey's (1998b) proposal is correct, spatial deficits 

should occur in PRC animals when delay intervals of five minutes and longer 
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are included. By contrast Aggleton & Brown (1999) proposed that a PRC

dorsomedial thalamic axis plays a functionally different role from the 

hippocampal-ATN axis. For Aggleton & Brown (1999), damage to the PRC 

should not cause any spatial memory deficits; rather it should cause deficits in 

familiarity based recognition as measured by the spontaneous object recognition 

task. 

1.5 Ob;ect recognition and familiarity-based performance after PRC lesions 

There are two main sources of evidence that show that object recognition 

and familiarity based memory are impaired after PRC lesions. The first approach 

has used mainly monkeys and has examined performance on matching tasks; the 

second has used rats and stimulus recognition tasks. 

Delayed non-matching to sample - Monkey studies. The animal analogue of the 

test of recognition that has been most extensively used in research is the delayed 

non-matching to sample task, and most of this research is with monkeys rather 

than rats due to the difficulty of suitably comparable tasks for rats (the rat 

studies are not reviewed here). In delayed non-matching to stimulus (DNMS) the 

animal is first presented with a sample stimulus, after a delay the animal is 

presented with the same stimulus along with a novel or less familiar stimulus. 

Selection of the novel (non-matching) stimulus is rewarded in DNMS. Studies 

that employed DNMS using monkeys provided evidence that large medial 

temporal lobe lesions produce very severe recognition deficits (Aggleton & 

Mishkin, 1983; Zola-Morgan et al. 1982; Mishkin, 1978). The largest and most 

persistent impairment in object recognition tasks has been found after lesion of 

the rhinal cortex within the temporal lobe (Murray 1996; Suzuki et al., 1993; 

Zola-Morgan et al., 1989b; Murray & Mishkin, 1986). Studies examining the 

role of the anatomical regions within the rhinal cortex have found that entorhinal 

cortex lesions produce a very mild, often transient impairment (Leonard et al., 

1995; Meunier et al., 1993), while removal of the parahippocampal cortex 
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(equivalent to the postrhinal cortex in the rat) does not affect DNMS 

performance at all (Meunier et al., 1996; Zola-Morgan & Ramus, 1994). In some 

of the monkey studies lesions of the hippocampal formation have been found to 

produce mild impairments on DNMS tasks (Zola-Morgan et al., 1993; 1989; 

1986; Murray & Mishkin, 1986), while in other studies substantial impairments 

have been found (Meunier et al., 1993; 1996). However, the deficits produced by 

lesioning the PRC are markedly greater than the mild impairments caused by 

hippocampal lesions, so it appears that the PRC is participating independently 

from the hippocampus in recognition memory (Meunier et al., 1996; Murray, 

1996; Zola-Morgan et al., 1993). Recently Buffalo et al. (2000) have reported 

that monkeys with PRC lesions were unimpaired in a DNMS task when a 0.5 sec 

delay was used, but that the PRC group's performance fell to chance when a 

delay of 10 minutes was used. They suggested that the PRC may be only 

involved in DNMS when the formation of longer-term memory traces is 

necessary. 

Spontaneous object recognition studies using rats. It has been argued that lack 

of clear hippocampal lesion deficits in DNMS tasks in monkeys may be due to 

training prior to surgery which can then mask subsequent lesion deficits 

(Alvares et al., 1995). This claim led to a number of rat studies using a 

spontaneous object recognition task (SOR) based on preferential viewing of 

novel visual stimuli. In the first phase of this task a rat is presented with two 

identical objects, then in the second phase the rat is presented with a triplicate of 

the familiar object and a novel object. Since the rats have been familiarized with 

one of the objects in the first phase, they should recognize that object and spend 

more time with the novel object. 

In SOR it has been reported that lesions of the rhinal cortex (including the 

perirhinal, postrhinal) and Area TE disrupt recognition performance (Aggleton 

et al., 1997; Bussey et al., 1999). Ennaceur & Aggleton (1997) also found that a 

PRC group failed to discriminate between objects in the SOR, and the same was 

true of a PRC + fornix group but only when their exposure to the sample object 
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was limited to either 20 or 40 seconds. Ennaceur et al. (1996) used two delay 

conditions (1 minute and 15 minutes) between the first and second phases of the 

object recognition task and reported PRC impairments when a delay of 15 

minutes, but not when a delay of one minute, was used. 

In contrast to this evidence Liu and Bilkey (1999) reported that a PRC 

group performed better than a control group on a SOR. However this task 

differed from previous SOR' s because simple wooden cubes were used as 

familiar objects and complex multi-coloured children's toys were used as novel 

objects, whereas in previous studies similar complex objects were used as both 

novel and familiar objects. Liu & Bilkey (1999) explained the disparity between 

their findings and that of other workers by suggesting that PRC animals might 

have had a greater tendency to explore objects per se, and might have been 

responding to the greater complexity rather than the non-familiarity of the novel 

object. The results of studies in which effects of PRC lesions have been assessed 

in spontaneous object recognition are summarised in Table 2 (see summary of 

experimental procedures, p22). 

The weight of the evidence thus far from SOR is inconclusive regarding 

the involvement of the PRC. Ennaceur et al. (1996, 1997) have reported a delay 

dependent deficit, and Bussey et al. (1999, 2000a, 2000b) have consistently 

found that lesions of both the PRC + postrhinal cortex produce an impairment on 

SOR. Furthermore the research suggests that complex objects may be necessary 

to cause PRC deficits and that adding 15min delays to the SOR may be 

necessary to impair recognition performance. 

Other than the lesion studies, evidence from C-fos studies provide a clue 

regarding the anatomical areas that are involved in object recognition. C-fos 

neuronal activation studies have been used to identify regions that respond to 

specific experimental manipulations. Zhu et al. (1995) compared counts of fos

stained nuclei in the brains of rats shown novel objects and in the brains of rats 

shown highly familiar objects. A significantly higher level of fos-proteins were 

found in the PRC of rats exposed to novel stimuli even when the differences in 

behaviour induced by the presence of novel objects was controlled for. Novel 
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stimuli were found to activate more neurons in the perirhinal cortex, area TE and 

ventral lateral geniculate nucleus of the thalamus. No differences were observed 

in the hippocampus or any other area sampled. It was argued that the failure to 

evoke significantly increased C-fos products in the hippocampus is consistent 

with the view that neurons in this structure do not show novelty-related changes. 

However in a study where exposure to novel objects took place in either a 

familiar or novel context the hippocampus in comparison to the PRC showed a 

four-fold increase in activity for the novel context compared to the familiar 

context (Zhu et al. 1997). This result contrasts with that for novel compared to 

familiar objects, and provides a double dissociation between the function of the 

hippocampus and the PRC. 

In summary the research findings on the PRC involvement in object 

recognition tasks support Aggleton and Brown's (1999) position regarding the 

role of the PRC in a familiarity based memory system. Furthermore there are 

some indications that PRC impairments may occur only when the objects used 

are complex, and that the PRC may be involved to a greater extent in object 

recognition when the task requires retention ofrecognition memory. 

1.6 Configural learning and limbic structures 

In 1989 Sutherland & Rudy suggested that deficits in many learning 

situations observed after hippocampal damage were based on disruption of a 

single process. In their view damage to the hippocampus impairs an animal's 

ability to form and use configural associations. A configural representation is an 

association comprising more than one distinguishable cue. The association 

includes a description of each cue and of its relationship to at least one other cue. 

Both the configural cue and the individual cues that it includes can be used 

independently as information about the situation in which they are found. That is, 

the meaning or significance of the individual cues is different when they occur 



alone and when they occur as part of the configural cue (McDonald, Murphy, 

Guarraci, Gorder, White & Baker, 1997). 
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The relevant contribution of Sutherland & Rudy (1989) was that they 

proposed two types of associative memory systems. A simple (elemental) 

associative system and a configural associative system (CAS). Within this model 

spatial information is made up of a series of configural associations relating to 

individual locations within the environment. Therefore spatial learning is a special 

type of configural learning. Furthermore, Sutherland & Rudy (1989) proposed 

that damage to the hippocampal formation would disrupt the operation of the 

CAS. That is deficits produced by hippocampal damage in spatial memory and 

other tasks might all be attributable to disruption of the CAS. 

To test the working of the CAS a number of tasks have been designed that 

have no linear solutions and thus cannot be simply solved by an elemental 

association system. Two chief kinds of these discrimination problems have been 

used to test configural association learning: transverse patterning and negative 

patterning. The transverse patterning problem requires the subject to solve three 

simultaneous discriminations concurrently, A+ vs B-, B+ cvs C- and C+ vs A-. 

Because the three problems are constructed of only three elements (A, B and C), 

each element is associated equally with a reinforced and non-reinforced response. 

This task requires a configural solution as the elemental system could not provide 

the basis for making a correct choice since the associative strengths of each 

element would be equal. Alvarado and Rudy (1995) found that rats with 

hippocampal damage could solve an elemental association problem, but their 

perfonnance on a transverse patterning problem was impaired. 

According to MacDonald et al. (1997), the negative patterning 

discrimination problem should be a better configural learning task than the 

transverse patterning problem. In the negative patterning task the subjects 

receive a reward when either of the two individual cues (A+ or B+) are 

presented. The simultaneous presentation of the two individual cues as a 

configural cue is not associated with reward. The standard associative theory 

argues that the negative patterning is difficult to solve, because if A and B have 
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been rewarded, the compound AB should be at least as likely to elicit responses 

as the individual elements of the compound, hence the animal would fail to 

discriminate between the simple cues and the compound (Rescorla & Wagner, 

1972). However this is not the case, as rats are able to perform tasks requiring 

configural solutions (Rescorla, 1972). 

Rudy & Sutherland (1989) found that hippocampal lesion rats were able to 

solve a simple discrimination problem but were unable to solve a configural 

association problem using a negative patterning task. However, generally the 

literature provides mixed evidence for the proposition that configural learning is 

mediated by the hippocampal formation. Support for the involvement of the 

hippocampal formation in configural and relational tasks has been both positive 

(Sutherland, McDonald, Hill & Rudy, 1989; Alvarado & Rudy, 1995a; 1995b) 

and negative (Whishaw & Tomie, 1995; 1991; Davidson, McKernan & Jarrard, 

1993; Holland & Gallagher, 1992). 

In 1995, Rudy & Sutherland revised the CAS theory and suggested that 

the critical neural system for configural associations is in cortical circuitry 

outside the hippocampus. And that the hippocampal formation contributes to 

configural processing by enhancing the activation or salience of configural or 

conjunctive representations constructed in other areas of cortex. Furthermore 

they argued that the extent of this enhancement provided by the hippocampal 

f01mation depends on two factors: the similarity of the cues that constitute the 

discrimination problem and the extent to which the associative values that attach 

to the representative units of the components of the compound are opposite to 

those that must attach to the representative configural units of the compound 

(both aspects are related to the "enhancement" role attributed to the hippocampal 

system). While Rudy & Sutherland (1995) suggested that the neural system for 

configural associations lies outside the hippocampus they did not identify the 

specific area that might be involved. 

There is now some indication that the PRC might be the specific area 

involved in the formation of configural associations. In Table 3, a summary of 

the studies that have examined the effects of PRC lesions on configural learning 
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is presented, but this evidence is not clear (see summary of experimental 

procedures, p22). Buckley and Gaffan (1998; 1997b) assessed the performance 

of monkeys with PRC lesions using a configural learning task, and reported a 

significant impairment. They attributed this impairment to the PRC' s 

specialization in processing knowledge about objects. However impaired ability 

to perform configural associations has yet to be demonstrated in PRC lesioned 

rats. Recently, Bussey et al. (2000b) examined rats performance on a configural 

learning problem after a PRC + postrhinal cortex lesion but failed to find any 

impairment. 

There is also very little evidence to suggest a role for the ATN in 

configural learning. Given that Rudy & Sutherland (1995) presume that a spatial 

task is a subtype of the CAS, it could be speculated that damage to the ATN 

would impair configural association learning, as there is already some evidence 

to suggest that damage to the ATN impairs spatial learning. This would extend 

Rudy & Sutherland's (1995) proposal because the ATN is part of diencephalon 

rather than cortical circuitry. However there are no published studies examining 

the role of the A TN in configural learning. 

In the only study that has addressed the contribution of the thalarnic region 

in configural learning Tomie & Wishaw (1996) examined rats configural 

learning after either ibotenic or quinolinic acid lesions of the dorsomedial 

thalamus (DM). They found that the lesions produced by ibotenic acid were 

relatively confined to the DM and that these produced no impairment in 

configural learning behaviour. The quinolinic acid lesions in contrast caused 

widespread thalamic damage, including considerable damage to the ATN and 

these lesions caused substantial impairment in configural learning. In other 

words this study implicated the involvement of the medial thalamus in general in 

configural learning, while negating the specific contribution of the DM. 

In summary the evidence with regards to configural learning remains 

controversial. While there are some indications that areas outside the 

hippocampus are involved in performance of this task, it remains unclear what 

the areas are. The research to date on the possible involvement of the ATN and 



PRC in this task is extremely limited (see Table 3) and the findings are unclear. 

Hence the goal of the present study was to directly examine the differential 

contributions of the ATN and PRC on configural learning using a negative 

patterning task which included two discrimination problems: A+, B+, AB- and 

C-, D-, CD+. 
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1.7 Summary of the experimental procedures employed in this 

study to test spatial memory, object recognition and configural 

learning. 

1.7.1 Spatial memory with radial maze 

18 

The nearest equivalent to human episodic memory in rats are measures of 

allocentric spatial memory. Spatial working memory in rats is perhaps the most 

sensitive measure of hippocampal function (Jarrard, 1993) and is most readily 

studied in the radial-arm maze. The radial maze has been used extensively to 

study foraging based behaviour in rats since the initial work of Olton and 

Samuelson (1976). Foraging for food in the radial maze requires spatial cue 

learning to facilitate pe1f ormance. 

To place maximal demand on spatial memory the present study used a 12-

arm radial maze rather than an eight-arm maze. In addition, delays (20sec, 5min, 

14min & 40min) were included between the forced entry and choice phases of 

the delayed radial-maze procedure to investigate the effects of delay on ATN 

and PRC lesioned rats spatial memory performance. Also only minimal 

familiarisation and pre-training was used, which is another variable targeted by 

Bilkey (1999) as important in producing spatial memory deficits after PRC 

lesions. 

By way of comparison, Table 1 provides a summary of the studies that 

have used the radial-arm maze to test spatial memory in rats after lesions of the 

PRC or ATN. The table is organised according to lesion type. The majority of 

both PRC and ATN studies report a deficit in the radial-mm maze. 



Table 1. Summary of studies involving AT or PRC that 
investigate spatial memory in the radial maze 

Study 

2001 
Liu &Bilkey 

1999 

Liu &Bilkey 

1998a 
Liu &Bilkey 

1998b 
Liu &Bilkey 

1997 

Lesion Method 

PRC ibo 

PRC ibo 

PRC ibo 

PRC elect 

PRC NMDA 

Task Training 

RMz 

RMz 

RMz 

RMz 
RMz 

RMz 

RMz post 
Ennaceur etal. PRC+fornix NMDA+elect RMz 

1999 PRC+POST NMDA 
Bussey et al. 

1999 ATN 
Sziklas & Petrides 

1996 AM rf 
Byatt & Dalrymple-Alford AV rf 

1996 ATN NMDA 
Aggleton et al. AM NMDA 

1989 
Beracochea 

1998 

AV/AD NMDA 

ATN ibo 

DM NMDA 
Hunt & Aggleton DM+ATN 

Abbreviations: 

RMz post 

RMz 

RMz pre&post 

RMz post 

RMz 

RMz 
RMz 

Delay Impaired 

yes 

none yes 

30s, lOm yes 

none yes 
30s, lOm yes 

none yes 
5s, 60s, 120s, 240s yes 

none 

30m 

20s 

none 

none 

none 

none 

no 
yes 

no 

yes 

yes 
yes 

yes 
no 
yes 

no 

no 
yes 
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perirhinal cortex (PRC); postrhinal cortex (POST); anterior thalamus(ATN); anterior medial 
nucleus (AM); anterior ventral nucleus (AV); anterior dorsal nucleus (AD); dorsomedial nucleus 
(DM). Lesion type: ibo (ibotanic acid lesion); elect (electrolytic lesion); NMDA (cytotoxic lesion); 
rf (radiofreqency). Equipment: RMz (radial maze) 
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1.7.2 The obiect recognition test 

The present study used a spontaneous object recognition task to test 

familiarity-based memory by examining exploration of familiar and novel items. 

This test takes place in a large open field and has two phases. In the first phase of 

a session subjects are presented with two identical three-dimensional objects and 

are allowed to explore both objects. In the second phase a third copy of the 

familiar stimulus is presented with a novel object and the subject's preference for 

the novel and familiar object is recorded. The task makes use of rats general 

preference for exploring novel objects rather than familiar ones. According to 

Ennaceur & Delacour (1988) this object recognition task is similar to memory 

tests used in humans as it does not involve primary reinforcement. It is also 

similar to visual recognition tests used in sub-human primate testing allowing a 

more general comparison to primate recognition studies. 

In the present study a variety of time-delays (80sec, 5min, 14min & 

40min) were added between the sample and choice phases of the task to test the 

possibility of the involvement of the PRC in long-term retention of stimulus 

familiarity. To adapt the spontaneous object recognition task to suit the current 

study, one object recognition trial needed to be completed for each of four time 

delays (80sec, 5min, 14min & 40 min). It was deemed preferable to use a new set 

of objects in every spontaneous object recognition trial, so it was necessary first to 

devise a task that provided a measure of rats preference for particular objects. An 

object preference test was employed to help ensure that it was rats preference for 

the novel object rather than rats preference for a particular object that was being 

measured in the spontaneous object recognition task, and that any effects from 

time delay were unlikely to be confounded with differences between the pairs of 

objects used in each trial. 

For comparison purposes, Table 2 summarises the studies that have 

included medial thalamic or perirhinal cortex lesions and have used the 

spontaneous object recognition task. Seven of the eight studies have found an 

object recognition impairment after PRC lesions. The only study to examine the 
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effects of ATN lesions in SOR did not report an impairment, as did the sole study 

which examined cingulate, fomix, prefrontal and dorsothalamic medial lesions. 



22 

Table 2. Summary of studies using a spontaneous object 
recognition task 

Study Lesion Method Task Training Delay Impaired 

1999 PRC ibo SOR fam lxlOmin no 
Liu &Bilkey 

1996 PRC NMDA SOR fam5x3min lmin no 
Ennaceur et al. 15min yes 

1995 PRC NMDA SOR fam5x3min lmin no 
Ennaceur et al. 15min yes 

2000 PRC+POS NMDA SOR fam4x10min yes 
Bussey et al. A 

2000 PRC+POS NMDA SOR fam4x10min yes 
Bussey et al. B 

1999 PRC+POS NMDA SOR fam4x10min 15min yes 
Bussey et al. 

1997 PRC+POS+TE NMDA SOR fam3x6min yes 
Aggleton et al. 

1997 PRC NMDA SOR fam5x3min yes 
Ennaceur & Agg PRC+fornix SOR no 

1995 ATN NMDA SOR fam5x3min lm no 
Aggleton et al. 15m no 

1998 DM ibo SOR fam5x3min no 
Hunt & Aggleton 

1997 ACc ibo SOR fam 5x3min 1&15m no 
Ennaceur et al. RSc ibo SOR 1&15m no 

Fx elect SOR 15m no 
Pfc ibo SOR 15m no 

Addreviations: 
fornix (Fx); medial prefrontal cortex (Pfc); anterior cingulate cortex (ACc); retrosplenial cortex 
(RSc); perirhinal cortex (PRC); postrhinal cortex (POS); visual association area (TE); dorsomedial 
thalamic nucleus (DM). Lesion type: ibo (ibotenic lesion); elect (electrolytic lesion); NMDA 
(cytotoxic lesion) Other: SOR (spontaneous object recognition); fam (familiarisation session) 
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1. 7.3 The configural learning task 

The configural learning task utilized a negative patterning type of 

discrimination problem (A+, B+, AB-; C-, D-, CD+), but in this procedure rats 

first learned the reward/non-reward status of four elemental object cues. The 

animal then needs to learn that the rewarded elemental cues are not rewarded 

when presented together and that the combination of the two non-rewarded 

elemental cues is rewarded. Configural learning has taken place when the animal 

has learned that the compound stimulus is distinct from its individual components. 

Negative patterning tasks usually test only one configural association (A+, B+, 

AB-), but the present design aimed to provide a better evaluation of animals 

ability to form associations by including the opposite configural problem (C-, D-, 

CD+). 

In the present study the negative patterning task took place in the 12-arm 

radial maze and made use of visual/tactile cues. The aim of using the radial maze 

was to facilitate comparison with the spatial task by equating general demand 

characteristics of both tasks, thereby minimising the influence of non-specific task 

variables (Woolley, 1997). Over a number of trials subjects learned whether 

reinforcement was or was not associated with four elemental visual/tactile cues 

that the animal needed to travel over to reach the food well at the end of each arm. 

When a learning criterion (achieving twice the choice latency to non-rewarded 

cues as choice latency to rewarded cues) had been met over four consecutive 

sessions, four of the twelve cues were changed to configurations of either the two 

rewarded or two non-rewarded elemental cues. As explained, these configural 

cues now offered the opposite reinforcement as their components offered as 

elemental cues. 

Table 3 provides a summary of studies that examined configural learning 

behaviour after lesions of the hippocampus, fornix, perirhinal cortex or medial 

thalamic nuclei. Unlike the radial maze task or spontaneous object recognition 

there is no recognised procedure to test configural learning. The present study 

used cues that were both visual and tactile. The object cues were comprised of 
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patterns of repeating objects (e.g. white dowling rods) that could be described as 

complex objects. One value of using such cues was that they fulfil Rudy & 

Sutherland's revised view that the similarity between elemental cues is a stronger 

test of the hippocampal-dependent "enhancement process". In addition, these cues 

allowed the elemental objects to be easily reconfigured into a configural cue 

without altering the context that the cue was presented in. In the current study, the 

rats physically cross over the cues, the advantage here being that this should 

encourage the rat to attend to the complex object and thus learn the cue 

associations more readily. 
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Table 3. Summary of studies assessing configural learning 

Study Lesion Method Task Impaired 

1997 PRC ablat TP * used monkeys yes 
Buckley & Gaffan 

1998 PRC+ENT ablat TP *olfactory task yes 
Dusek & Eichenbaum Fornix elect TP yes 

2000 PRC+Post NMDA NPat no 
Bussey et al. Fornix no 

1999 HP+PHP elect NPat *pigeons 110 

Papadimitriou & Wynne 

1996 HP+Cortex NPat yes 
Deacon & Rawlins HP no 

1998 HP NPat yes 
McDonald et al. Fornix no 

1998 Fornix TP no 
Bussey et al. 

1996 HP ibo/elect Npat/TP yes 
Alvarado & Rudy 

1995 HP ibo TP yes 
Alvarado & Rudy 

1992 HP ibo G&H post-op 110 

Gallagher & Holland 

1989 HP Npat yes 
Rudy & Sutherland 

1989 HP ibo Npat *light & tone stimuli yes 
Sutherland & McDonald 

1996 MD ibo *odour + string task 110 

Tomie & Wishaw MD+ATN quin yes 

Addreviations: 
perirhinal cortex (PRC); postrhinal cortex (POS); entorhinal cortex (ENT); hippocampus (HP); 
PHP (parahippocampus); DM (dorsomedial thalamus). Lesion type: ibo (ibotenic lesion); elect 
(electrolytic lesion); quin (quinalinic acid); ablat(ablation); NMDA(cytotoxic lesion). Task: NPat 
(negative patterning task); TP (transverse patterning task); G&H (a variation of TP). 
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1.8 Controlling for variability in the current study 

Procedural variables are commonly cited to explain the inconsistent 

reports following ATN and PRC spatial memory studies, particularly those 

differences relating to delay performance. For example, some studies have used 

very short delay periods (<1 minute), while other studies use delay periods of 

between 15 minutes and 1 hour. In the present study the same delay intervals were 

used for testing both object recognition and spatial memory performance. The 

delays were based on a logarithmic scale that included both short and long delay 

durations (20sec, 5min, 14min and 40min) although in the spontaneous object 

recognition test the minimum delay needed to be 80sec for procedural reasons. 

Lesion type has also been suggested as a possible confounding variable 

between studies. Excitotoxic lesions are thought to spare fibres of passage, while 

radio-frequency lesions are known to destroy these fibres, as do aspiration lesions 

that are often used when studying the PRC. In this study, excitotoxic lesions were 

used for both ATN and PRC lesion groups to minimise damage to surrounding 

anatomy. Also in the control group subjects were counterbalanced between ATN 

and PRC surgery methods. In both cases control animals received the same 

surgical procedure as the lesion group except that the needle was lowered 0.2cm 

less than the actual lesion site and no chemicals were infused. 

The inclusion of substantial pre-training before surgery has been pointed 

out as a possible source of the inconsistent findings in spatial memory studies 

(Alvarez et al., 1995; Sutherland & Rodriguez, 1989; Wiig & Bilkey, 1995). 

Warburton, Morgan, Baird, Muir & Aggleton (1999) explored the idea that the 

ATN might not be involved in the expression and storage of previously acquired 

spatial information by comparing ATN rats with fimbria fomix rats when 

extensive pre-surgery training was used. They found that both their ATN and 

fimbria fornix lesion groups were impaired to the same degree in performance of 

the Morris water maze and T-maze, negating the speculation of Sutherland & 

Rodriguez (1989) that pre-training might ameliorate behavioral deficits in ATN 



27 

animals. Similarly Glenn & Mumby (1998) tested PRC rats that were either 

extensively pre-trained or not and failed to find an impairment in either group's 

spatial performance in a delayed matching-to-place task in a water maze. Wiig & 

Bilkey (1995) found PRC lesion deficits in an object guided delayed non-match to 

sample task. They argued that the use of minimal pre-training might be necessary 

when testing rats with PRC lesions. 

Pre-training was not used in this study. Instead, only a short amount of 

familiarisation to the radial maze was used, during which all doors remained open 

and the food-wells were constantly supplied. All familiarization took place in a 

small room that was different than the room used for testing. 

1.9 Summa,y 

The present study tested the concept of parallel, distributed neural systems in 

memory as proposed by Aggleton & Brown (1999). As stated in their target 

article, the PRC is a critical compone;nt of the perirhinal-dorsomedial thalamic 

axis responsible for object recognition. In contrast the ATN is critical to the 

proposed hippocampal-anterior thalamic axis responsible for spatial memory. In 

order to examine the propositions put forward by Aggleton and Brown (1999) the 

present study directly compared behaviour of three groups ofrats: perirhinal 

cortex (PRC), anterior thalamus (ATN) and controls (Sham) across three distinct 

learning tasks (object recognition, spatial learning and configural learning). The 

expectations of the present study based on the previous reports were that PRC 

lesions would generally impair object recognition performance, whereas ATN 

lesions would not. In contrast it was thought that A TN rats but perhaps not PRC 

rats would be impaired on the spatial memory tasks. In addition the present study 

examined whether the ATN and PRC are involved in associative memory as 

measured on a configural learning task. 
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2. Materials and Method 

2.1 Sub;ects 

42 nai:ve female hooded rats were used in the main study. All rats were 12 

months old and weighed between 180-240g at surgery. Rats were housed either 3 

or 4 per plastic home-cage (0.50m x 0.30m x 0.23m high). A reverse day-night 

12-hour lighting cycle was used and experimentation took place during the dark 

phase. All rats received the same handling and general experiences and were not 

used for any other purpose. Rats were placed on restricted diet to 85% (±5%) of 

their free feeding weight and then on a free feeding regime throughout surgery 

and until the end of object recognition testing when they were food deprived 

again for the remainder of testing. 

Five naive female hooded rats weighing 180-240g were used in the pilot 

study. These rats had free access to food and water throughout object preference 

testing and were maintained in the conditions previously described. 

2.2 Apparatus 

An open field (l.0m x l.0m x 0.5m high) was used for the pilot study and 

for object recognition testing. The insides of the field were painted gray and the 

entire floor area was covered in sawdust. A camera situated directly above the 

open field and mounted on a steel frame attached to the centre of the rear wall of 

the field recorded behaviour in the open field. 

During the object preference test 16 objects were mrnnged in a circle 

within the open field. There was an equal distance between each object and all 

objects were placed 10cm from any wall. Objects were between 15cm - 25cm 

high and had a diameter of between 9cm - 15cm. The objects were made of 

plastic, metal, glass or wood (see Appendix II). None of the objects had any 

natural or previous significance for rats. 
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During the spontaneous object recognition test (SOR) glass jar threads 

(7 .5cm diameter and 1.5cm high) were affixed to the floor in two corners of the 

open field. There was 10cm between the edge of each jar thread and the two 

closest walls of the open field. Ten objects were used, one pair for each of the five 

sessions. Objects were glued to jar lids that could be secured to the jar threads. 

Objects were paired using similar exploration time during the pilot study. 

Triplicates of each object were used. The height of the objects ranged from 15cm 

-25cm. 

The radial maze and configural learning testing occurred in an elevated 

(85cm above floor) 12-arm radial-maze. The maze contained a 35cm-wide central 

wooden dias that had 12 equally spaced aluminium arms. Each of the 12 arms was 

8.5cm wide with 3cm high borders and a single Perspex barrier (25cm high and 

20cm long from the central platform) to discourage rats from jumping across 

arms. A black wooden block (8.5cm x 5cm x 3cm) at the end of each arm 

contained a food-well (2cm diameter, 1cm deep). Constant olfactory cues were 

provided by an inaccessable food supply located in a cavity within each wooden 

block. Twelve clear perspex guillotine doors controlled access to the arms and 

could be raised singularly or as one unit by means of an overhead pulley system. 

The maze remained in a fixed position throughout testing. Behaviour in the maze 

was recorded on an IBM PC using a programme developed within the Canterbury 

University Psychology Department. 

During configural learning, the 12-arm radial maze was cued by placing 

an aluminium insert along the length of each maze arm. The inserts had a 32cm 

long "hump" centred 16cm from the arm door and on which four types of 

"textural cue" were attached: white wire mesh (lcm2
); 18 blue glass beads evenly 

spaced in a cross-hatch design; 5 white doweling rods; and 18 wooden blocks 

(2cm3
) in a diamond shaped orientation with fine sandpaper glued on the top 

sutface (see Appendix III). Two of the four textural cues (elemental cues) were 

associated with reward and the other two were associated with no-reward, 

counterbalanced across rats. 
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2.3 Radial maze: The experimental room 

It is possible that some of the inconsistencies in the literature on spatial 

memory relate to the experimental room characteristics, hence these details are 

provided here. All postoperative radial maze testing (and configural learning) 

occun-ed in the same experimental room. The dimensions of the experimental 

room were 2.7m x 3.2m x 2.2m high. The room was evenly lit by fluorescent 

lights and provided a number of extra-maze cues. All walls and the ceiling were 

painted white apart from one cream concertina-style false wall. The 12-arm radial 

maze was located in the centre of the room, and had a diameter of 1. 7m. The 

computer used for data collection was located in one corner of the room on a table 

(0.6m x 0.6m) and the height from the floor to the top of the computer was 1.4m. 

Next to the computer was a table (0.9m x 0.6m) with the pulley system used to 

operate the radial maze. This table was 0.75m from the wall allowing the 

experimenter to sit behind it. There was a white cabinet (0.7m x 0.45m x 0.6m) on 

the floor in the far corner opposite to the experimenter. A white shelf 2m high 

extended the length of the wall from above the safe to the door, which was 

adjacent to the experimenter. The closest point between the end of a maze aim 

and another surface was 0.2m which seperated the end of one maze arm and the 

table and pulley system. 

2.4 Pre-surge1y familiarisation to the experimental apparatus 

Pre-operatively all subjects were familiaiised to the radial-maze and the 

open-field using identical pieces of apparatus to that used in the main 

experiments. Pre-operative fainiliarisation to the maze occuned six weeks prior to 

surgery in a different room than the experimental room to ensure that post

operative testing emphasised new spatial learning. Over three days rats in their 

home-cages were placed in the familiarisation room and on the fourth day cage

mates were allowed 10 minutes in the radial maze followed by 10 minutes in the 

open field; both maze and open field familairisation was repeated for three days. 
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Chocolate pieces were available throughout the maze at all times, while in the 

open-field no rewards were available. Pre-operative familiarization to the open 

field and post operative testing within apparatus was conducted in the same, small 

(2.4m x 2.4m) room. 

Subjects completed a further three daily sessions in the radial-maze only. 

During these sessions chocolate pieces were available in and on top of the food

wells located at the ends of the maze arms. After five seconds feeding at any 

food-well, rats were returned to the centre of the maze. Feeders remained supplied 

with chocolate pieces and all arm-doors remained open. A tally was kept of how 

many arms rats entered during these three sessions, which was used to allocate 

rats to three groups matched by the number of arm entries made during this part 

of familiarisation. 

2.5 General Surgery Procedures 

A total of 42 rats received surgery: PRC, n=14; ATN, n=14; PRC sham, 

n=7; ATN sham, n=7. All subjects were injected with a dose of atropine (i.p. 

0.125mg/ml; l.5ml/kg). 20-30 minutes later subjects were deeply anaesthetised 

(i.p.) with sodium-pentobarbitone (50mg/ml; l.65ml/kg). The shaved skull was 

disenfected with chlorhexidine gluconate 1 % (PSM HealthCare: Auckland, New 

Zealand.) and two drops of me th opt forte (Sigma Co. Ltd.: Victoria, Australia) 

was added to each eye immediately prior to surgery. A thin layer of Medicream 

(Warner Lambert Ltd. Caringbah, Australia.) was applied to the stitched area 

and rats were allowed to recover in individual cages before regrouping with 

cage-mates. Three subjects died under the general anaesthetic leaving 39 

subjects: PRC, n=12; ATN, n=14; PRC sham, n=6; ATN sham, n=7. All animals 

were allowed three weeks to fully recover before testing began. 



32 

2.6 Anterior Thalamus Lesions 

The incisor bar of the stereotaxic apparatus was set at -7 .5mm below the 

interaural line. This incisor bar position was found optimal as the subject's head 

was tilted downward, allowing the use of a vertical needle insertion while 

minimising damage to the fimbria fomix. Bilaterally, two lesion sites were used to 

maximise damage to the target ATN region. One lesion site was directed at the 

anterior ventral nucleus, while the other was aimed at the anterior medial nucleus. 

Stereotaxic coordinates were initially derived from the stereotaxic atlas (Paxinos 

& Watson, 1986). These coordinates were recalculated after pilot lesion work 

using cohorts of the experimental population. As a result, a formula was devised 

to determine lesion coordinates which took into account the distance between 

Bregma and Lambda and maximised lesion location in this small target region. 

For the AV lesion, the AP coordinates from Bregma, taking into account 

the distances in cm between Bregma and Lambda (B-L) were as follows: B-L, 

0.60 and 0.61 = -0.23; B-L, 0.62 and 0.63 = -0.24; B-L, 0.64, 0.65 and 0.66 = -
0.25; B-L, 0.67 and 0.68 = -0.26; B-L, 0.69 and 0.70 = -0.27. The laterality for the 

AV lesion was± 0.165cm from the midline and ventrality from dura was 0.56cm 

in all cases. 

The AM lesion coordinates were as follows: B-L, 0.60 and 0.61 = -0.22; 

B-L, 0.62 and 0.63 = -0.23; B-L, 0.64, 0.65 and 0.66 = -0.24; B-L, 0.67 and 0.68 

= -0.25; B-L, 0.69 and 0.70 = -0.26. The laterality for the AV lesion was± 

0.10cm from the midline, and ventrality from dura was V-0.58cm. 

N-methyl-D-aspartic acid (NMDA: Sigma Chemicals Co., Australia) 

lesions were produced using a manually operated infusion pump and a Hamilton 

syringe (lµl). The AV lesion was made by diffusing 0.14µ1 of 0.12M NMDA 

dissolved in phosphate buffer (pH 7.2) at the lesion site over three minutes. At the 

AM lesion site, 0.12µ1 NMDA was diffused over a three-minute period. At both 



sites the needle was left in situ for a further three minutes to ensure the NMDA 

diffusion before the needle was slowly retracted. 
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ATN control subjects received the same surgical procedure. However the 

needle was lowered 0.15cm above the actual lesion site bilaterally, and no 

substance was injected. Lowering the needle to this point was intended to mimic 

any incidental damage to the fimbria fornix and overlying cortical area, while 

avoiding damage to the thalamus. 

2. 7 Perirhinal Cortex Lesions 

The stereotaxic apparatus and general procedure was the same as that used 

for ATN operations. However, the incisor bar was set to +5.0mm above the 

interaural line and the needle arm was set on a 10° angle to the vertical in the 

transverse plane of the sterertaxic. 

Bilaterally three lesion sites were used, directed at the anterior, medial and 

posterior PRC. Stereotaxic coordinates were initially derived from the stereotaxic 

atlas (Paxinos & Watson, 1986) adjusted after extensive pilot lesion work. For the 

anterior PRC lesion the AP coordinates from Bregma were derived as follows: (B

L distance in cm, 0.60, 0.61 = -0.14; B-L, 0.62, 0.63 = -0.15; B-L, 0.64, 0.65, 0.66 

= -0.16; B-L, 0.67, 0.68 = -0.17; B-L, 0.69, 0.70 = -0.18). For the medial PRC 

lesion, the corresponding AP coordinates from Bregma were as follows for the 

five sets of B-L distances: (-0.23; -0.24; -0.25; -0.26; -0.27). For the posterior 

PRC lesion the AP coordinates from Bregma were as follows: (-0.32; -0.33; -0.34; 

-0.35; -0.36). The laterality for all three lesion sites was L± 0.49cm from the 

midline, but the actual laterality was free to vary by between L± 0.01 and L± 

0.05cm to ensure the needle insertion site was more medial than the lateral boney 

ridge. Ventrality was calculated from the height of the skull, V = -0.82cm, at each 

lesion site. NMDA lesions were made exactly as before, but using 0.13µ1 at all 

three lesion sites bilaterally. 



To mimic accidental damage to overlying cortical regions, the PRC 

control subjects received the same surgical procedure as the PRC lesion group 

except that the needle was lowered 0.15cm less than the actual lesion sites 

bilaterally, and no substance was diffused. 

2.8 Object preference test - pilot study for object recognition 

2.8.JBehavioural testing 

Rats were allowed to explore the empty open-field individually during 

four daily six-minute familiarization sessions. They were then given two daily 

six-minute testing sessions separated by 24 hours. 

2.8.2 Data Collection 
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The two final sessions were video-recorded and object preference was 

based on the total time exploring each object across both sessions. Exploring an 

object was defined as follows: directing the nose at a distance < 2cm to the object 

and/or touching it with the nose. Climbing onto or turning around the object was 

not defined as object exploration. 

2.9 Experiment 1. Spontaneous object recognition test (SOR) 

2.9.1 Sub;ects 

A final sample of 39 female Hooded rats were used (see surgery). 

2.9.2 Familiarisation 

Three - five weeks after surgery rats were tested on a daily basis in the 

open field for four six-minute familiarisation sessions. White plastic jar lids were 

screwed firmly onto both glass jar threads located in either far corner of the open

field and none of the glass jar-thread was visible. Boli were removed from the 



open-field between rats and the sawdust was mixed but otherwise remained 

unchanged throughout all open field testing. 
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The ability of rats to habituate after PRC or ATN lesions has not 

previously been reported in the literature. Several measures of habituation were 

assessed including activity in terms of squares crossed, which was transcribed 

from video recordings using a monitor with a 5 x 5 grid (20cm squares) 

superimposed on it. Also assessed were reating behaviour in the centre of the field 

and rearing behaviour against the walls of the open-field. 

2.9.3 Spontaneous Ob;ect Recognition 

SOR testing began forty-eight hours after the final familiarisation session. 

There were five SOR sessions and each session was separated by 48 hours. Each 

session consisted of two three-minute phases, a sample phase and a choice phase. 

In the sample phase two identical objects were secured in the far corners of the 

open-field 10cm from any wall. A rat was then placed in the open-field with its 

nose touching the middle of the opposite wall. The total time exploring the two 

objects was transcbed from video-recordings. Exploration of an object was 

defined as directing the nose to the object at a distance of less than 2cm and/or 

touching it with the nose, and none of the objects could be climbed onto. The rat 

was removed from the open-field after three minutes had elapsed and placed in a 

holding box (a clean home-cage with the lid covered with black plastic). After a 

predetermined retention delay, rats were reintroduced to the open field for three 

minutes. In this choice phase the open-field now contained a third identical copy 

of the familiar object and a novel object. Each rat had a different set of objects 

during each of the five object recognition test sessions and object sets were 

counterbalanced between rats, across delays and across UR position. 

During the first session the minimum delay of 80 seconds was inserted 

between the sample and choice phases. In the remaining four sessions (all 

seperated by 48 hours) the delay intervals were 80sec, Smin, 14min and 40min 
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and these were counterbalanced between subjects. The minimum delay interval 

was intended to be 20sec but was extended to 80sec to ensure adequate time to 

change the objects in the open field between trials within a session, and to provide 

sufficient time to move the rat from the open field to the holding-cage and back to 

the open field. The following measures were recorded: time spent exploring the 

two identical objects in the sample phase, time spent exploring either the novel or 

the familiar object in the choice phase, and discrimination ratio based on the 

difference in time spent exploring both the novel and familiar objects divided by 

the total time spent exploring both objects in the choice phase. 

2.10 Experiment 2: Spatial learning in the radial maze 

2.10.1 Standard radial maze task 

No further familiarization sessions were provided post-operatively. All 

rats received 12 sessions (one per day) training on the standard radial maze task. 

At the start of each session all 12 food-wells were baited. The rat was placed into 

the centre of the open-field and 5 seconds later all doors were opened to allow 

free choice of the 12 arms. A choice was recorded when a rat crossed the entrance 

to an arm with its hindpaws. On returning to the central hub all doors were closed. 

After 5 seconds all doors were re-opened to permit a subsequent choice. A session 

was complete when a rat had visited all 12 baited arms or 10 minutes had elapsed. 

Behaviours measured were: the number of errors made in a session, the number of 

coITect arm visits before an eITor and choice latency was recorded from when the 

doors were opened until a choice was made. A choice was correct only on a rat's 

first visit to that arm when it was rewarded by a baited food-well. Subsequently 

visits to previously entered arms were recorded as eirors and were not rewarded. 

2.10.2 Delay testing in the radial maze 

24 hours after the final standard radial maze session, rats commenced 

testing on the delayed version. There were 24 daily sessions comprised of six 
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initial 20sec-delay sessions followed by 18 sessions that were temporally an-anged 

so that a 20sec delay session always preceded one of nine delayed sessions (3 x 

5min, 3 x 14min and 3 x 40min). 

Each session consisted of two phases, a pre-delay and a post-delay phase. 

During the pre-delay phase subjects were placed in the centre of the maze with all 

doors closed. After 5 seconds a single door was opened forcing the subject to 

explore that arm and gather the two O. lg chocolate pieces from the food well. On 

returning to the central hub the door to the arm previously visited was closed. 

After 5 seconds another door was opened and the subject was able to visit that 

arm and collect the reward. This procedure was continued until the rat had 

explored six of the 12 arms using a predetermined sequence, counterbalanced 

across rats and sessions (see Appendix 3). 

At the conclusion of the pre-delay phase subjects were placed in a 

holding-box (as previously described) for the duration of the variable delay, then 

returned to the maze. All arms were now open but only arms not visited during 

the pre-delay phase were baited. Rats were free to explore the maze during a 10 

minute period or until all baited arms had been visited, again using 5sec inter

choice intervals. The sequence of arms presented in the pre-delay phase and the 

sequence of the delays were counterbalanced across rats and across sessions. 

Measures assessed included the number of errors made, the number of rewarded 

arm visits before making an en-or, the number of re-visits to arms presented in the 

pre-delay phase and the number of re-visits to arms not presented in the pre-delay 

phase. The final measure, choice latency was the time between the maze doors 

opening until the rat entered a maze arm. Latency times for both baited and non

baited arms were recorded. 
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2.11 Experiment 3: Configural Learning in 12-arm radial maze 

2.11.1 Elemental Leaming 

Rats were trained first on discrimination of elemental cues only, beginning 

three days after the completion of the delayed radial maze task. Three identical 

copies of each elemental-cue were used in the maze arms, so that four different 

spatial arrangements of inserts were distributed across the 12 arms, and the 

placement of these inserts varied across rats and across sessions. The 12 arms 

were divided into thirds with one of each type of insert in each third and the 

inserts were also arranged so each type of insert would appear in each arm 

position across rats and trials (see Appendix IV). For half the rats the 3 mesh and 

3 bead cue inseits were baited and the 3 doweling and 3 square-blocks cue inserts 

were unbaited; this condition was reversed for the remaining rats. Rats were given 

access to only one arm at a time and there was a five-second interval between 

when a rat appeared on the central hub and the next arm door being opened. After 

the rat had visited the last arm the food wells were replenished with two chocolate 

pieces and the rat immediately received another 12 visits with a different order of 

arm visits. Choice latency was recorded as a measure of learning. This was 

defined as the time taken to enter an arm (hindlegs past the entrance) once a door 

was raised. Choice latency was assessed for entrance to both baited and non

baited arms. Discrimination performance was assessed after 20 sessions. Rats 

needed to achieve a learning criterion to be changed from elemental, to configural 

cue learning. To reach the criterion an animal must have achieved twice the 

choice latency for entering arms containing non-rewarded compared to rewarded 

elemental cues which had to be maintained over four sessions. If an animal had 

not achieved criterion after 20 trials a further 6 trials were allowed which were 

terminated when the learning criterion was met. 

2.11.2 Configural Leaniing 

One of each type of the four elemental cues was replaced with a new insert 

that provided a configural cue which brought together the the two rewarded 
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elemental cues and the two non-rewarded elemental cues. One configural cue was 

a combination of blue beads and wire mesh, while the other was a combination of 

white doweling rods and diamond shaped wooden blocks (see Appendix III). The 

spatial arrangement of the two elemental cues when presented as a configural cue 

was exactly the same as their elemental configuration. Four of the maze arms 

were cued with the configural cues and the remaining eight maze arms were cued 

with elemental cues. For any given rat, a non-rewarded configural cue consisted 

of two rewarded elemental cues, and rewarded configural cues were comprised of 

two non-rewarded elemental cues. One configural cue was used in each quarter of 

the maze, and the arrangement of the cues in the maze arms was varied as in 

elemental learning. All animals received 36 configural learning sessions using the 

same procedure as elemental cue learning. 

So that the new configural cue inserts had a similar odor to the familiar 

elemental cues, eight female hooded rats familiar with the maze but not part of the 

experimental population were placed in the cued radial maze for three hours. 

Chocolate pieces were scattered throughout the maze and checks were made to 

ensure the rats explored all configural and elemental cue inserts. 

Choice latency was assessed for both baited and non-baited configural, 

and baited and non-baited elemental cue inserts. Discrimination ratio scores were 

calculated for the difference between rewarded and non-rewarded arm entries for 

both configural and elemental cue inserts. Further ratio measures included non

rewarded configural cues/ rewarded elemental cues and non-rewarded elemental 

cues/ rewarded configural cues. 

2.12 Power and sample size considerations 

2.12.1 Sample size 

When making decisions about the sample size to be used in the cmTent 

experiment two things were taken into consideration. Firstly the sample size had 

to be sufficient to enable detection of between-group differences. Secondly the 



40 

sample size had to be manageable so that the entire group of animals could be 

tested in one day. To satisfy the first requirement the expected effect size for the 

present experiment was cal'culated based on the effect sizes reported in previous 

studies. As there has never been a study that directly compared AT and PRC 

lesions, an estimate of the expected effect size was based on studies that 

included either a PRC or ATN lesion group and made use of similar behavioural 

tasks. 

Using a standard 8-arm radial-arm maze, Aggleton et al. (1996) repmted a 

highly significant group effect: (F(3,26)=14.4, P<0.001), due primarily to the 

poor performance of the ATN lesion group: R2=0.624 (f=l.288). Using a similar 

radial maze task, Sziklas & Petrides (1999) included only an ATN lesion group 

and sham group and found them to be markedly impaired relative to controls: 

(F(l,14)=144.1, p<0.0001) R2=0.911 (f=3.199). 

In a spontaneous object recognition task Ennaceur & Aggleton (1997) 

reported a significant group effect after a 15 minute delay: (F(2,25)=5 .00, 

P<0.02). This effect was found to be due to the poor performance of the PRC 

group: R2=0.285 (f=0.631). Bussey et al. (1999) also found a significant effect of 

PRC+ postrhinal cortex lesion versus sham group using a spontaneous object 

recognition task with a 15 minute delay: (F(l,27)=3.59, P<0.04): R2=0.279 

(f=0.622). 

The above studies all reported large effect sizes. Cohen's (1988) 

conventions for a large effect size is R2=0.14 (f=0.40). With the smallest effect 

size above of R2=0.279 (f=0.62). N for 80% power (83%) with 3 groups is 10 

per group (at alpha=0.05). For a pairwise comparison however, a very large 

effect size of d=l.2 requires 12 subjects per group to have power of 80%. It was 

therefore concluded that an initial sample size of N= 14 per group would be 

sufficient for the cun-ent experiment. 
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3. Results 

3.1 Histological findings: 

Histological examination revealed that all PRC lesioned rats bar one had 

bilateral damage to the PRC (see Fig. 1). In acceptable cases the lesion in one 

hemisphere was too high, and resulted in a substantial unilateral lesion of Area 

TE3 and incidental damage to Area TEl while the PRC was left intact, so this rat 

was excluded from the analyses. In most cases the middle and posterior portions 

of the PRC were destroyed. The lesion in one hemisphere tended to be slightly 

smaller and more lateral than the lesion in the other hemisphere. Hence there was 

some unilateral sparing of PRC tissue adjacent to the alveus of the hippocampus 

in six of the 12 PRC rats. In five cases the bilateral damage to the PRC was 

extensive, but also extended to cause some minor damage to hippocampal area 

CAL In all cases, there was some sparing of the most anterior and posterior 

regions of the PRC and minor damage to the lateral entorhinal cortex; in two of 

these cases unilateral entorhinal cortex damage was more marked. These PRC 

lesions and the minor incidental damage were comparable to the more restricted 

of those lesions reported elsewhere. 

There was bilateral damage to the anterior ventral(A V) and anterior 

medial(AM) thalamic nuclei in all but two of the ATN animals. In these two 

animals there was only small to medium unilateral lesions, so these rats were 

discarded from the analysis, leaving a sample of 12 ATN rats. In all 12 acceptable 

cases there was some sparing of the most rostal areas of the ATN, but the AV and 

AM were extensively damaged bilaterally in eight rats, while the remaining four 

rats had a smaller lesion on one side. In most cases the damage extended into the 

rostal aspects of the lateral dorsal thalamic nucleus (LD). In four rats moderate 

unilateral LD damage was combined with minimal contralateral LD damage. In 

eight of the 12 cases there was partial damage to the dorsomedial nucleus (DM), 

mostly unilaterally. In addition, all animals showed slight cell-loss in other 



smaller local non-specific nuclei (paraventricular, reuniens and parataenial) 

adjacent to the ATN. 
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The largest and smallest PRC and ATN lesions are depicted in Figures 1 

and 2 respectively. For the remaining animals, lesions were similar to and within 

the range of the sizes indicated. Both PRC and ATN lesions were ranked from 

largest to smallest and a comparison of rats with the three largest and the three 

smallest lesions in each group was made, to see if the lesion size was related to 

the main effects found in the study. The measures included: EITors made during 

the last six sessions of the standard radial maze task; attention to novel and 

familiar items in the object recognition task and choice latency to enter configural 

rewarded and configural non-rewarded maze arms. 

On the measure of e1Tors made in the standard radial maze there was a 

significant difference between these ATN and PRC animals. There was no 

difference between the small and large PRC lesion groups, but the size of the 

lesion appeared to be related to the size of the deficit in the ATN lesion group. 

The ATN rats with large lesions were more impaired than the ATN rats with 

small lesions. No group differences were evident comparing performance on the 

test phase of the delayed spontaneous object recognition. The last measure 

compared choice latency for configural rewarded and configural non-rewarded 

maze arm entries. Both the large PRC lesion group and the small lesion PRC 

group were slower to learn the discrimination than either ATN group, who 

behaved similarly. In contrast the large lesion PRC group was more severely 

impaired than the small lesion PRC group. The former group barely showed any 

discrimination between the configural rewarded and non-rewarded cues. 
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Fig. 1. Extent of damage caused by the smallest ATN lesion(# 35, grey) and the largest ATN 
lesion(# 24, white). 
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Fig. 2. Representations of the smallest PRC lesion (Subject #48, grey) and largest PRC lesion (Subject 
#57, white). 
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3 . 2 Pilot study - Obiect preference test 

The object preference test was a pilot study for spontaneous object 

recognition testing in the main study. The object preference test was designed to 

establish rats' preference for a range of objects that could be used in the object 

recognition test. Pairing objects by equivalent preference was necessary to 

minimise any effects of object salience during spontaneous object recognition 

testing. The five rats that took pait in object preference testing did not take part in 

the main experiment. 

Sixteen objects were arranged in a circle in the open field. Time spent 

exploring each of the sixteen objects was assessed during two six-minute sessions. 

The sum of the rats' exploration of each object was used to determine preference 

for that object. Exploration of an object was defined as directing the nose to the 

object at a distance of less than 2cm and/or touching it with the nose. Preference 

for these 16 objects was used to select the objects into five object pairs to be used 

in the five sessions of object recognition testing. 

Of the 16 objects used in the object preference test, those objects that were 

strongly prefened and those objects that were mai·ked by a large change in 

preference from session 1 to session 2 were excluded (plastic jug, metal pagoda, 

hand-weight, soap-dispenser) leaving 12 objects with similar salience to the rats 

(see Fig. 3). The bed leg was also discai·ded, because it was made of wood and 

might have unique olfactory/tactile characteristics, and the block-bee was 

discai·ded because it was fragile and could be climbed easily. 

The remaining ten objects were paired on the basis of similar preference 

across sessions. The object sets were: Set A= face & clock; Set B = dolphin & 

vase; Set C = candlestick & block-building; Set C = beer-can & light-bulb and Set 

E = spade & bottle (see appendix II for further description of objects used in the 

object preference test). 
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Fig lA. Object preference test. Time spent exploring objects during two six-minute sessions. 
The solid black column represents exploration during sessionl and the striped column represents 
exploration in session 2. Objects were grouped into 5 pairs of objects according to the similarity 
of time spent exploring the objects in both session 1 and session 2. The object sets for the object 
recognition test are grouped from left to right: Set 1 == toy spade & 330ml bottle; Set 2 == plastic 
face & laboratory clock; Set 3 == light bulb & beer can; Set 4 == glass vase & porcelain dolphin 
and Set 5 == candlestick & block building. The remaining 6 items on the right of the graph were 
not used for the object recognition test. 

3,3 Familiarisation in the open-field 
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Habituation in the open-field was evaluated during four six-minute 

familiarisation sessions. The field was empty except for two white plastic jar lids 

that were screwed on to jar threads that were secured to the maze floor in both far 

corners. Measures assessed included squares crossed and rearing behaviour, these 

were transcribed from video recordings using a 5x5 grid superimposed on a 

monitor, so that each of the 25 grid areas represented 20cm2 in the open field. 

Rearing was analysed using a 3(Group) x 4(Session) ANOV A while the analysis 

of squares crossed included the 6 Minute effect. 
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1. The total number of squares crossed per minute, across four six-minute 

familiarisation sessions. Activity in terms of squares crossed decreased markedly 

in all groups across minutes in each session (see Fig. 2A). There was a main 

effect of Minute (F(S,165)=152.05, p<0.0001), but there was no Session 

(F(3,99)<1.0) effect. Overall group ATN crossed more squares than either group 

Sham or group PRC (F(2,33)=4.92, p<0.05; respective means per minute: 14.49, 

10.45, 9.19). Post-hoc tests confirmed that only group ATN differed from the 

other two groups. It is interesting that mean activity in group ATN appeared to be 

comparable to that of group Sham and group PRC in the final session, but there 

was no Group x Session (F(6,99)=1.28), Group x Minute (F(l0,165)=1.08), or 

Group x Session x Minute (F(30,495)<1.0) interaction effects. There was however 

a clear Session x Minute interaction, (F(lS,495), p<0.001) due primarily to 

activity showing a sharper decline after the first minute as sessions progressed. 
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Fig 2A. Familiarisation in the open-field, Mean number of squares crossed in each minute of each 
session. There is a Group F(2,33)=4.92, p<0.05 effect, but none for Session F(3,99)=0.44, n.s, There 
is a highly significant Minute F(S,165)=152.05, p<0,0001, and Session x Minute F(l5,495)=2.99, 
p<0.001 effect. But there are no interactions for Group x Session F(6,99)=L28, n.s. or Group x 
Minute F(l0,165)=1.08, n.s, or Group x Session x Minute F(30,495)=0,72, n.s. The post hoc test for 
the Group main effect showed that the ATN group differed from both the Sham and PRC groups 
(p<0.05). 



2. Total Rearing against walls across four sessions. There was a similar level of 

rearing against walls for both PRC and Sham groups, while the ATN group 

decreased rearing against walls across sessions, but there was no Group effect 

(F(2,33), p=0.88) and no other main effects or interactions (see Fig. 2B). 

Fig. 2B. Familiarisation in the open-field. Rearing behaviour against 
the walls of the field. There are no significant differences between 
Group F(2,33)=2.61, n.s. or Session F(3,99)=1.58, n.s. or Group x 
Session F(6,99)=0.78, n.s. 

3. Total Rearing in the centre of the field. There was a Session main effect 

(F(3,99)=5.90, p<0.01) indicating that rats were habituating and venturing away 

from the maze walls (see Fig. 2C). There were no other effects or interactions. 
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In summary all groups were shown to habituate to the open-field. In terms of 

squares crossed the ATN group were more active than Sham or PRC rats (see Fig. 

2A), but there were no clear Group effects in terms of Rearing behaviour. There 

was a tendency for all groups to increase rearing behaviour in the centre of the 

maze over sessions, which would be indicative of an increased tendency to 

engage in exploratory activity. This change appeared to be coupled with reduction 

in fear related behaviour as reflected by decreased boli for all groups across 
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sessions (Mean boli across sessions: ATN= 2.4, 3.5, 1.6, 1.6; Sham= 1.7, 1.7, 1.7, 

0.7; PRC= 4.0, 2.0, 2.3, 1.4). 

- a- -s,fliiiilrn 

"'•· PRC 

Fig. 2C. Familiarisation in the open-field. Mean number rearing 
behaviour in the center of the open-field. There was no Group 
F(2,33)=0.40, n.s. effect, but there was an effect for Session 
F(3,99)=5.40, p<0.01. There was no interaction between Group x 
Session F(6.99)=0.90, n.s. 

3.4 Spontaneous obiect recognition 

Comparisons focused on the total time spent exploring objects during both 

the three-minute sample and three minute choice phases, and also upon 

discrimination performance during the first minute of the choice phase. 

Performance measures assessed include total time spent exploring the two 

identical objects in the sample phase, total time spent exploring the two objects in 

the choice phase and the discrimination ratio, that is the difference in time spent 

exploring the novel and familiar objects in the choice phase divided by the total 

time spent exploring both objects in the choice phase. 

Analysis of variance (ANOV A) with repeated measures was pe1formed to 

assess the effects of the lesions on rats' discrimination pe1fonnance after various 
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inter-session delay conditions (80sec, 5min, 14min or 40min) and ANOV A were 

followed by Newman Keuls post-hoc comparisons when appropriate. Analysis 

was first performed on the initial (80sec delay) session, followed by analysis of 

the following four sessions. 

3.5 Discrimination during the initial ob;ect recognition test 

1. Exploration activity. A one-way ANOV A was conducted on group differences in 

the amount of time spent exploring the two identical objects during the sample 

phase. Fig 3A shows that the ATN group were spending more time attending the 

identical objects than either the Sham or PRC groups. The total time spent 

exploring both objects just failed to confirm an overall Group difference 

(F(2,33)=3.18, p=0.054) but the post hoc test suggested a difference between the 

ATN and Sham groups (p<0.05), but not between the ATN and PRC groups 

(p>0.05). Mean exploration times were ATN=51.9sec, Sham=38.9sec and 

PRC=39.5sec. 

2. Exploration of both the novel and familiar objects during the first minute of the 

initial trial was also assessed (see Fig. 3B). A one-way ANOV Al did not reveal 

any group differences (F(2,33)=0.83), however one sample t-tests showed that 

both the ATN (t(11)=2.92, p<0.05) and Sham (t(12)=3.35, p<0.01) groups were 

showing a significant preference for the novel object, but the PRC group 

(t(l0)=l.38, p>0.1) were not. 
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Fig 3A. Spontaneous object recognition test. Time spent attending to both 
objects in the sample phase of the first (80sec delay) session. The Group 
effect F(2,33)=3.20, p=0.054 just failed to reach significane. 
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Fig. 3B. Spontaneous object recognition test. Analysis of the 1st minute of 
the choice phase of the initial 80sec delay session. There was no Group 
difference F(2,33)=0.83, n.s. 
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3. Discrimination ratio scores were used to compare performance during the 3-

minute choice phase of the initial session. As shown in Fig. 3C all groups 

showed a preference for the novel object. The data was analysed using a one

way analysis of variance. There were no Group differences (F(2,33)=0.47) 

even though Fig. 3C indicates that the ATN group were discriminating the 

novel object over the familiar object at almost twice the rate of the PRC or 

Sham rats. A one-way ANOV A was also used to compare discrimination in 

the first minute of the choice phase (F(2,33)=0.21) but no Group difference 

was evident (data not shown). 
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Fig. 3C. Object recognition task. During the 3min choice phase of the initial 
80sec delay session all groups showed a preference for the novel object. 
Group discrimination ratio scores were used and there was no Group 
difference F(2,33)==0.77, n.s. 
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3.6 Discrimination during the delayed obiect recognition task 

The final four sessions had a variety of delay intervals between the sample 

and choice phases. The delays assessed were 80sec, Smin, 14min and 40min. 

These sessions were analysed together to see if the length of the delay would have 

an effect on rats' discrimination performance. 

1. Discrimination ratio scores were used to compare object recognition performance 

during the choice phase of the four delayed sessions. Fig. 3D shows that 

regardless of the inter-session delay, all groups were able to discriminate between 

the novel and familiar object. A 3(Group) x 4(Delay) ANOVA failed to find any 

Group (F(2,33)=0.09), Delay (F(3,99)=2.16) or Group x Delay (F(6,99)=1.32) 

differences. However, looking at Fig. 3D several trends are evident. The Sham 

group's discrimination of the novel object over the familiar object decreased as 

the delay increased as was expected. This seemed not to be the case for the PRC 

or ATN groups. Interestingly, on the 14min delay session the PRC group 

appeared to discriminate poorly compared to both Sham and ATN rats. 

Conversely the ATN group discriminated well during the five, 14 and 40 minute 

delay sessions, but did not discriminate as well as Shams or PRC rats on the 80sec 

delay session. 



ATN sham PRC 
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Fig 3D. Object recognition task. Discrimination ratio scores between the novel 
and familiar objects during 3 minute choice phase across all delays. There was 
no Group difference F(2,33)=0.09, n.s., nor differences for Delay 
F(3,99)=2.16, n.s. nor interaction between Group x Delay F(6,99)=1.32, n.s. 
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2. A delay of 15 minutes has been commonly used in studies that have reported a 

PRC deficit in spontaneous object recognition testing (see Table 2). As the 

PRC group in the present study displayed poor discrimination on the 14 

minute delayed session (see Fig. 3D), a one-way ANOV A was conducted just 

for this session, but no Group differences were found (F(2,33)=0.99). 

Individual one-sample t-tests for performance relative to zero (chance) 

showed that PRC rats were not discriminating between the novel and the 

familiar objects on the 14 minute delay session (t(l0)=0.79, p>0.1); the ATN 

group just failed to show sufficient discrimination also (t( 11 )=2.13, p=0 .055), 

but the Sham rats were showing sufficient discrimination (t(l2)=5.56, 

p<0.01). 
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3. Finally exploration of both the novel and familiar objects was compared 

during the first minute across the four delay sessions. Fig 3E. shows that over 

the four delayed sessions, only the Sham group showed a tendency not to 

discriminate the novel object during the 5min delay session and the 40min 

delay session. However a 3(Group) x 4(Delay) ANOVA revealed no 

difference for Group (F(2,33)=1.02), nor Delay (F(3,99)=0.66), nor Group x 

Delay (F(6,99)=0.60). 
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Fig. 3E. Object recognition test. Discrimination ratio scores between the the 
novel and familiar objects during the first minute of the choice phase across 
all delays. There was no Group difference F(2,33)=1.02,n.s., nor were there 
differences for Delay F(3,99)=0.66, n.s., nor was there an interaction effect 
Groun x Delav F(6.99)=0.60.n.s. 

In summary all groups generally prefetTed the novel object over the 

familiar object, including the variable inter-session delay periods. During the 

initial session the ATN group tended to spend more time exploring both objects in 

the sample phase compared to either the Sham or PRC group (see Fig. 3A). 

Discrimination ratio scores were used to counter any effect that increased activity 

might have on the analysis, and although the PRC group showed a deficit of 

discrimination of the novel object in the first session (particularly during the first 

minute), and no consistant group differences were found. 



3.7 Standard radial maze testing 

Optimal pe1f ormance on the standard radial maze task requires that each 

aim is visited only once. During each session the number of errors (revisits) and 

the number of con-ect choices before making an en-or were assessed as measures 

of spatial memory. Choice latency was also assessed as a third performance 

measure, defined as the time taken to choose either a con-ect or an inconect arm 

after the maze doors were opened. All subjects received 12 sessions of standard 

radial maze testing. The first six days of testing were not included in the 

following analysis to eliminate non-specific factors that are apparent in the data 

(see Fig. 4A) and which presumably reflect continued familiarisation to the 

apparatus and the task (minimal familiarization had been used for theoretical 

reasons, see Introduction). 
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1. En-ors were analysed using a 3(Group) x last 6(Sessions) ANOV A. Fig. 4A 

clearly shows that the ATN group made more en-ors than either the Sham or PRC 

groups across the last six sessions. There was a highly significant main effect for 

Group (F(2,33)=46.51, p<0.0001), but no effect for Session (F(S,165)=1.92), and 

no interaction between Group x Session (F(12,165)=1.04). Group means across 

the sessions were: ATN=l8.09; shain =9.75; PRC =9.33, and the post hoc 

comparison confirmed that the Group effect was due to the poor performance of 

the ATN group (p<0.001), while both the PRC and Sham groups pe1formed 

similarly. 

2. C01Tect entries before making an enor was also assessed using a 3(Group) x 

6(Session) ANOV A. Although the ATN group were found to be impaired, all 

groups improved on this measure across sessions (see Fig. 4B). There was a 

Group main effect (F(2,33)=3.33, p<0.05) and a main effect for Session 

(F(S,165)=3.44, p<0.01) reflecting that all groups were learning something about 

the task. The interaction between Group x Session was not significant 

(F(l0,165)=0.71). Group means across sessions were ATN=4.48, Sham=5.31 and 
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PRC=5.38. The post hoc test showed that the ATN group differed from both the 

PRC and Sham groups (p<0.05), while the Sham and PRC groups' did not differ. 

21 

3 

2 3 4 5 6 7 8 9 10 11 12 

days 

--<>-- ATN 
• .,_ sham 

.. •. PRC 

Fig. 4A. Standard radial maze task. Mean number of errors by sessions 
(Although the information from all 12 days of testing is shown, analysis 
was only pe1formed on the last six days). There are a highly significant 
Group F(2,33)=46.51, p<0.0001, but no Session F(5,165)=1.92, n.s. 
effects or interaction between Group x Session F(12,165)=1.04, n.s. The 
Group effect was due to the poor performance of the ATN group 
compared with both the sham and PRC groups (both p<0.001). 
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Fig 4B. Standard radial maze task. Mean number of cmTect entries before 
making an error during the final six sessions. There was a significant 
Group F(2,33)=3.33, p<0.05 and Session F(5,165)=3.44, p<0.01 effect but 
no Group x Session interaction F(l0,165)=0.71, n.s. The ATN group is 
significantlv different from sham and PRC grouos fo<0.05). 
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3. Choice latency for entering a baited arm (correct choice) and non-baited arm 

(error) were examined separately using 3(Group) x 6(Session) ANOVA designs. 

Fig. 4C shows that all groups behaved similarly when making correct choices and 

there were no Group (F(2,33)=0.21), Session (F(5,33)=1.03), or Group x Session 

(F(l0,165)=0.91) differences. However judging from Fig. 4D, the ATN group did 

not appear to behave as if the choice was likely to be non-rewarded, as they 

continued to enter non-rewarded arms at a similar latency to rewarded arms, 

whereas the Sham and PRC rats showed slower choice latencies to enter non

rewarded mms. This is reflected in the main effect for Group (F(2,33)=13.66, 

p<0.0001). There was also a main effect for Session (F(S,165)=3.18, p<0.01) 

reflecting that the PC and Sham group were learning across sessions. There was 

no interaction between Group x Session (F(2,33)=1.52). The post hoc test 

confirmed that the ATN group differed from the Sham group (p<0.01) and that 

the ATN group also differed from the PRC group (p<0.001). There was no 

difference between the Sham and PRC groups. 

3.1 

2.9 

2.7 

'" 'O 2.5 C 
0 
0 .,, 
'" 2.3 

2.1 

1.9 

1.7 
2 3 4 5 

: ::aNrn I 
6 "•' PRC 

- - - - - -- ----- ---- - - ----- ----·-- -· - - -- ----

Fig 4C. Standard radial maze task. Choice latency when making correct 
choices in the last six sessions for all groups. A 3(Group) x 6(Session) 
ANOVA revealed no effect for Group F(2,33)=0.21, or Session 
F(5,33)=1.03, or Group x Session F(l0,165)=0.91. 



3,3 

3.1 

2.9 

2.7 

VI ,,, 
2,6 C 

0 
0 
OJ 
VI 

2.3 

2.1 

1,9 

1.7 

i 
... : 

,,.,,•,,,,,,,. ,.,,,,,,,·,,/,,. ,.. 

.. ·· ~ 

( 

' 

Cj.~""'''. ''''"':''~ 

"• ,.. 

,.,.,,,,. ....... ;._ .. ,,, ....... ;""' 
/-----;, 

~ : ____....-----"?-.............. : / : ~-•···· ········•··· ~. t ' __,,_ ATN 

- o- sham 

2 3 4 6 6 ,,,~. PRC 

Fig 4D. Standard radial maze task. Choice latency for incorrect arm entries 
(errors) in the last six sessions. There is a main effect for Group 
F(2,33)==13.66, p<0.0001, a main effect for Session F(S,165)==3.18, 
p<0.01., but no interaction between Group x Session F(2,33)==1.52, n.s. 
The post hoc test confirmed that the ATN group differed from the Sham 
group (p<0.01) and the PRC group (p<0.001), while the Sham and PRC 
groups did not differ. 
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In summary the ATN group were severely impaired during standard radial 

maze testing relative to both the Sham and PRC groups. According to the number 

of e1rnrs made in each session (see Fig. 4A) the PRC and Sham groups appeared 

to be learning the task in a similar manner while the ATN group appeared to be 

severely deficient. The ATN group were also impaired on the measure of c01Tect 

choices made before making an error, but on this measure (see fig. 4B) the ATN 

group were clearly showing some improvement on the task. The ATN group also 

appeared to be impaired on the choice latency measure. While the Sham and PRC 

groups took longer across sessions to enter arms that were not baited (ie: when 

making an error), the ATN group continued to enter baited and non-baited arms in 

a similar way. Fmthermore, as the ATN group did not appear to have faster 

latencies than Sham and PRC rats when making conect choices, their spatial 

memory deficit does not appear to be a general activity problem. 
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3.8 Delayed radial maze testing 

Each delayed radial-maze session consisted of two phases and rats were 

removed from the maze during the inter-session delay interval. During the pre

delay phase subjects were presented with six forced arm choices, while during the 

post-delay (choice) phase subjects were allowed 10 minutes to find the six 

remaining baited arms. All groups performed equivalently in the initial forced 

choice phase and performance was assessed during the choice phase. Measures 

used to assess spatial learning were similar to the measures used in the standard 

radial maze task. The measures assessed were total effors, number of correct 

choices before making an error and choice latency to enter either rewarded 

(correct choice) or non-rewarded (error) maze arms. Two further measures of 

learning were recorded to see if there was a group difference in the two possible 

error types during the test phase: The number of errors made by visiting arms 

presented in the pre-delay phase, and the number of errors made by revisiting 

arms other than those presented in the pre-delay phase. 

3.8.1 The initial six sessions 

The initial analysis concerned the first six sessions during which the pre

delay and post-delay phases were seperated by a 20sec delay. 

1. Fig 5A shows that the ATN group remained impaired during the first six 

sessions of the delayed radial maze procedure. There is also now some suggestion 

that the PRC group were initially better than the Sham group at this version of the 

task. Errors were compared using a 3(Group) x 6(Session) analysis of variance. 

There was a large Group effect (F(2,33)=28.35, p<0.0001), along with a Session 

effect (F(5, 165)=3.16, p<0.01), but no Group x Session interaction 

(F(l0,165)=0.14). Group means across the six sessions were ATN =13.51, sham 

=7.90, PRC =6.31, and the post hoc analysis confirmed that the ATN group made 
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more errors overall than either the PRC or sham groups (both p< 0.001), while the 

PRC and sham groups did not differ significantly. However Fig. SA indicated that 

the PRC group actually performed better than controls during the first few 

sessions of the delayed maze procedure, so separate analysis of the PRC and 

Sham groups was conducted. The Group difference was not significant 

(F(l,22)=3.36), but the Session effect was (F(S,110)=2.9S, p<0.0S), plus there 

was now a significant interaction between Group x Session (F(S,110)=4.10, 

p<0.01). From Fig. SA it appears that while the PRC group were better than the 

Sham group during the initial three sessions, their performance remained stable 

whereas the Sham group improved across sessions. 
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Graph 5A. Delayed radial maze task. Mean errors made in the first six 
(20sec delay) sessions. There is a Group (2,33)=28.35, p<0.0001 and 
Session F(5,165)=3.16, p<0.001 effect, but no Group x Session interaction 
F(l0,165)=0.14, n.s. The ATN group made more errors than either the PRC 
or sham groups (both p< 0.001) 

2. Correct choices before an error. All animals were performing similarly on this 

measure, but as with the previous measure the PRC animals were initially better 

than the Sham group and the ATN group (see Fig. SB). Correct choices before an 

error was analysed using a 3(Group) x 6(Session) ANOVA, but there were no 
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significant effects for Group (F(2,33)=1.50), Session (F(S,165)=2.0l) or Group x 

Session (F(l0,165)=0.46). 

3. Errors made by entering an arm presented in the forced choice phase was also 

analysed using a 3(Group) x 6(Session) ANOV A and as shown in Fig. SC, 

revealed a similar pattern to the measure of total errors. A highly significant 

Group effect was found (F(2,33)=24.90, p<0.0001), along with a Session effect 

(F(S,165)=4.39, p<0.001), but no interaction (F(l0,165)=1.71). 
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Fig 5B. Delayed radial maze. Mean number of correct choices before an 
en-or during the first six (20sec dely) sessions. There was no significant 
Group F(2,33)=1.50, n.s., Session F(5,165)=2.0l, n.s., or Group x Session 
F(l0,165)=0.46, n.s. interaction occurred. 
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Fig 5C. Delayed radial maze task (20sec delays). Mean en-ors made by re
entering an arm visited during the forced choice phase of the initial 6 
sessions. There is a significant Group F(2,33)=24.90, p<0.0001 and 
Session F(5,165)=4.39, p<0.001 effect, but no interaction between Group x 
Session F(l0,165)=1.71, n.s. 
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4. Errors made by entering an arm not presented in the forced choice phase was also 

analysed using a 3(Group) x 6(Session) ANOV A. Similar to the previous measure 

the Group comparison was very significant (F(2,33)=22.25, p<0.0001), but there 

was no Session (F(S,165)=1.15) effect, or Group x Session interaction 

(F(l0,165)=1.50) (see Fig. 5D). Note that, in all groups, far fewer errors are made 

to new arms (see Fig. 5D) than to arms visited during the forced choice phase (see 

Fig SC). 

5. Choice latency to enter both cmrect and incoffect anns was assessed using a 

3(Group) x 2(Choice) x 6(Session) ANOV A. The analysis did not however reveal 

a difference for Group (F(2,33)=1.86) difference, but there was a significant 

Choice (F(l,33)=11.17, p<0.01), and Session (F(5,165)=3.44, p<0.01) difference. 

There was no interaction between Group x Choice (F(2,33)=2.59), Group x 

Session (F(l0,165)=0.72), Choice x Session (F(S,165)=0.58) or Group x Choice x 

Session (F(l0,165)=0.63). 



6,0 

5.5 

5.0 

4.5 

4.0 

3,5 

~ 3.0 g 
0) 2.5 

2.0 

1.5 

1.0 

0.5 
-.... ATN 
. ,,_ sham 

0.0 
PRC 2 3 4 5 6 .. ,,. 

days 

Fig. 5D. Delayed radial maze task (20sec delay). Errors made by entering 
an arm not presented in the forced choice phase during the first six 
sessions. There was a significant Group effect F(2,33)=22.25, p<0.0001, 
but no difference emerged for Session F(S,165)=1.15, n.s. or Group x 
Session F(l0,165)=1.50, n.s. 
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Fig. 5E. Delayed radial maze task (20sec delay). Choice latency to enter 
both correct and incorrect arms during the first six sessions. There was no 
difference for Group F(2,33)=1.86, n.s., but a difference for Choice 
F(l,33)=11.17, p<0.01, and SessionF(S,165)=3.44, p<0.01. There was no 
interaction effect for Group x Choice F(2,33)=2.25, n.s., Group x Session 
F(l0,165)=0.72, n.s. There was no interaction for either Choice x Session 
F(S,165)=0.58, n.s. or Group x Session x Choice F(l0,165)==0.63, n.s. 
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A comparison of Fig 4A and Fig. 5A indicated that both the ATN and 

PRC groups initially benefited, relative to the Sham group, as a result of the 

change from the standard radial maze procedure to the delayed radial maze 

procedure. Thus 3(Group) x 2(Session) ANOV A was conducted to compare 

enors made in the last session of the standard radial maze task ( during which 

subjects had to visit all 12 arms) and errors made during the first session of the 

delayed radial maze task (in which subjects were forced to visit six arms and then 

had to find the last six arms) to examine if the change in the procedure had a 

differential effect on the experimental groups. There was a significant Group main 

effect (F(2,33)=22.90, p<0.001), but no significant difference between Maze 

procedure (F(l,33)=2.52). More importantly, there was an interaction between 

Group x Maze procedure (F(2,33)=14.87, p<0.01) which confirmed that the 

change from the standard to the delayed radial maze procedure had a differential 

effect on the experimental groups. As seen from Fig. SF the ATN group benefited 

immediately from the procedure change but the Sham group were made worse, 

while the PRC group also showed some improvement, suggesting that the 

strategies used by the Sham group to complete the delayed task differed from that 

of the ATN and PRC groups. 

standard procedure delayed procedure 

__.,__ ATN 

- .o- sham 

··•· PRC 

Fig. SF. Comparison of e1rnrs made in the final session of the standard 
radial maze task and the first session of the delayed radial maze task. There 
was a large difference between Groups F(2,33)=22.90, p<0.0001, but the 
difference between Maze procedure F(l,33)=2.52, n.s. was not significant. 
However there was an interaction effect F(2,33)=14.87, p<0.01. 
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3.8.2 The effects of delays (5min, 14min and 40min) 

The remaining data consisted of nine short-delayed trials (9x 20sec) and 

nine longer delay trials (3x 5rnin, 3x 14min and 3x 40rnin). To assist with analysis 

the nine non-delayed trials were averaged into three sequential blocks of three 

sessions. The main interest here was whether the PRC group would be adversely 

affected by the delays. 

1. Errors made across the delay sessions was assessed using a 3(Group) x 4(Delay) x 

3(Session) ANOV A. Fig. 6A shows that the ATN,group made more errors than 

the Sham and PRC groups across all delays. There was a signficant Group effect 

(F(2,33)=34.29, p<0.001), but no Delay (F(3,99)=1.57) or Session (F(2,66)=2.43) 

effects. There were also no significant interaction effects: Group x Delay 

(F(6,99)=0.54); Group x Session (F(4,66)=0.17); Delay x Session 

(F(6,198)=0.78); Group x Delay x Session (F(12,198)=0.43). Mean e1Tors across 

all delays are provided in Table 4 below. Post hoc tests confirmed that the Group 

difference was due to the ATN group making more errors than both the Sham and 

PRC groups (both p<0.001), and there was no difference between the Sharn and 

PRC groups. Table 4. suggests that both the Sharn and PRC means were 

increasing over delays. A separate analysis of the Sham and PRC groups did not 

show a Group main effect (F(l,22)=0.63), nor Group x Delay interaction, but 

there was a Delay main effect F(3,66)=4.68, p<0.01 indicating that both of these 

groups were pe1fonning worse as the delay was increased. Hence the delay 

manipulation was effective but did not differentially impair the PRC group. 

20sec 5rnin 14rnin 40min 
delay delay delay delay 

ATN 13.657 13.833 13.666 13.416 
Sham 5.017 6.410 5.948 6.820 
PRC 5.565 6.939 7.030 7.121 

Table 4. Means of errors of all groups across all delays in the delayed radial maze task. 
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Fig 6A. Delayed radial maze task. Mean number of errors by sessions over all delays. 
There are a signficant Group F(2,33)=34.29, p<0.001, but no Delay F(3,99)=1.57, 
n.s., or Session F(2,66)=2.43, n.s. effects. There were also no significant interaction 
effects: Group x Delay F(6,99)=0.54, n.s.; Group x Session F(4,66)=0.l 7, n.s.; Delay 
x Session F(6, 198)=0.78, n.s.; Group x Delay x Session F(12, 198)=0.43, n.s. The 
Group difference was due to the ATN group making more errors than both the sham 
and PRC groups (both p<0.001). Restricting the analysis to Sham and PRC groups 
revealed a Delay main effect F(3,66)=4.68, p<0.01, but no Group main effect of 
Group x Delay interaction (F's <1.0). 
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2. Correct choices before making an error was analysed using a 3(Group) x 4(Delay) 

x 3(Session) ANOV A. Fig 6B suggests that the ATN group were poorest at this 

measure and again there was some indication that the PRC animals were doing 

better than Shams during the 20sec delay sessions. There was a Group 

(F(2,33)=3.41, p<0.05) and a Delay (F(3,99)=3.43, p<0.05) effect, but no Session 

(F(2,66)=0.94) effect or any interaction effects: Group x Delay (F(6,99)=0.99), 

Group x Session (F(4,66)=0.75), Delay x Session (F(6,198)=0.90) and Group x 

Delay x Session (F(12,198)=1.25). As it appeared that on this measure the PRC 

group were better than both the ATN and Sham groups during the nine 20sec 

delay sessions, a separate 3(Group) x 3(Session) ANOVA was used to compare 

groups across the three blocks of three 20sec delay sessions. On this measure a 

Group difference was found (F(2,33)=4.96, p<0.05), but no Session 
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(F(2,66)=1.06), or Group x Session (F(4,66)=1.87) interactions. Post hoc analysis 

revealed that the ATN group differed from the PRC group (p<0.01), but that 

neither the PRC or the ATN group differed from the Sham group. 
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Fig. 6B. Delayed radial maze task. Correct arm choices before an error 
across all delays. There are a significant Group F(2,33)=3.41, p<0.05 and 
Delay F(3,99)=3.43, p<0.05 difference, but no Session F(2,66)=0.94, n.s. 
difference. There were no interaction effects: Group x Delay F(6,99)=0.99, 
n.s.; Group x Session F(4,66)=0.75, n.s.s; Delay x Session F(6,198)=0.90, 
n.s.; Group x Delay x Session F(l2,198)=1.25, n.s. 

3. Enors made by entering an arm visited in the forced choice phase were also 

analysed using a 3(Group) x 4(Delay) x 3(Session) ANOVA Fig. 6C shows that 

the ATN group were impaired on this measure equally across the all delays. 

Whereas both the Sham and PRC groups behaved similarly. There was a 

significant Group effect (F(2,33)=28.46, p<0.0001), but no other differences were 

detected: Delay F(3,99)=2.44, Session F(2,66)=3.0l, Group x Delay 

F(6,99)=0.68, Group x Session F(4,66)=0.23, Delay x Session F(6,198)=0.64, 

Group x Delay x Session F(l2, 198)=0.65. 

4. Errors made by re-entering arms not presented in the forced choice phase was 

analysed using a 3(Group) x 4(Delay) x 3(Session) ANOVA (see Fig. 6D). This 
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analysis revealed a Group effect (F(2,33)=29.20, p<0.0001), but no Delay effect 

(F(3,99)=0.50), and no Session effect (F(2,66)=1.49). There were no interaction 

effects: (Group x Delay F(6,99)=0.67), (Group x Session F(4,66)=1.23), (Delay x 

Session F(6,198)=0.63), (Group x Delay x Session F(l2,198)=0.96). Again, far 

fewer errors were rnade by all groups to the arrns not visited in the pre-delay 

phase than to arrns visited in the pre-delay phase, and both this and the previous 

measure showed slight increases across delays in the PRC and Sharn groups. 
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Fig 6C. Delayed radial maze. Mean errors made by re-entering an arm 
visited during the forced choice phase during the delayed sessions. There 
are a significant Group F(2,33)=24.90, p<0.0001 and Session 
F(S,165)=4.39, p<0.001 effect was found, but no interaction between 
Group x Session F(l0,165)=1.71, n.s. 
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Fig 6D. Delayed radial maze task. Errors made by re-entering arms not 
presented in the forced choice phase over all delays. There are a Group 
F(2,33)=29.20, p<0.0001 effect, but no Delay F(3,99)=0.50, n.s. or Session 
F(2,66)=1.49, n.s. effect. There were no interaction effects: Group x Delay 
F(6,99)=0.67, n.s.; Group x Session F(4,66)=1.23, n.s.; Delay x Session 
F(6,198)=0.63, n.s.; Group x Delay x Session F(12,198)=0.96, n.s. 
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5. Finally choice latency to enter both correct and incorrect arms was assessed (see 

graph 6E). All of the data was collapsed within each delay to assist analysis. A 

3(Group) x 2(Choice) x 4(Delay) ANOVA was conducted. There was no 

significant difference for Group (F(2,33)=1.81), neither was there a difference for 

Delay (F(3,99)=0.037), but there was a difference between Choice (F(l,33)=7.09, 

p<0.001). Interaction effects: Group x Delay F(6,99)=0.63, Group x Choice 

F(2,33)=0.68, Delay x Choice F(3,99)=0.23, Group x Delay x Choice 

F(6,99)=1.31. When collapsed across delays (see Fig 6E) it can be seen that all 

groups at all delays showed a greater choice latency before entering non-rewarded 

arms. 
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Fig, 6E. Delayed radial maze task. Choice latency to enter either correct or 
incorrect arms over all delays (sessions were collapsed). There was no 
difference for Group F(2,33)=1.81, n.s., nor Delay F(3,99)=0.037, n.s. There 
was a difference for Choice F(l,33)=7.09, p<0.001, but no interaction 
effects: Group x Delay F(6,99)=0.03, n.s.; Group x Choice F(2,33)=0.68, 
n.s.; Delay x Choice F(3,99)=0.23, n.s.; Group x Delay x Choice 
F(6,99)=1.31, n.s. 
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In summary the ATN group were impaired relative to the Sham and PRC 

groups in the delayed radial maze spatial task. This impairment was evident on 

measures of errors made and cmTect choices before an error. The PRC group 

performed better than Shams on the early delayed radial maze sessions when the 

shortest delay (20sec) separated the forced pre-delay phase from the post-delay 

phase which is evident on the measure of correct choices before an error (see Fig. 

6B). However, across the various delays and various measures the performance of 

the PRC and Sham groups were otherwise similar. 
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3.9 Configural learning task 

3.9.1 Elemental-cue learning 

The 12-arm radial maze was cued by placing an aluminium insert along 

the length of each arm maze. These inserts had a long hump on which four types 

of textural cues were attached (see introduction & Appendix III for description). 

Rats had to learn that two of the cues denoted a reward while two other cues 

denoted no reward. The maze was divided into thirds (4 adjacent arms) with one 

of each type of insert placed in each third, and the inserts were also arranged so 

that each type of insert would appear in each arm position across sessions. Rats 

were forced into one arm at a time and the sequence of visits was arranged so that 

arms were visited in thirds and the order of arms visited within each third varied 

across sessions. There were 10 daily sessions of elemental cue learning consisting 

of two trials per session. Nine of the ten elemental-cue learning sessions were 

assessed to examine acquisition of the reward status of the elemental cues. The 

first day's trials were not considered in the analysis as rats were becoming 

familiarised with the new task and equipment. 

Fig. 7 A shows the increase in choice latency over sessions when entering 

arms with cues that are not associated with reinforcement. All groups were getting 

faster at entering aims with rewarded cues, and all groups were getting markedly 

slower when entering arms with non-rewarded cues. The ATN group appear to be 

faster than either the Sham and PRC group to learn the non-rewarded cues 

association while the PRC group was slower to learn the non-rewarded cue 

association. A 3(Group) x 2(Choice) x 18(Trials) ANOVA revealed a Group 

(F(2,33)=4.70, p<0.05) effect, as well as a large Choice (F(l,33)=138.22, 

p<0.0001) and a large Session (F(17,561)=37.36, p<0.0001) effect. The 

interaction of Group x Choice (F(2,33)=2.99) just failed to reach significance 

(p<0.1) and the Group x Session (F(34,561)=1.31) interaction was not significant. 

The Choice x Session (F(l 7,561)=55.77, p<0.0001) interaction was significant. 
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There was also however, a significant Group x Choice x Session (F(34,561)=1.74, 

p<0.01) interaction indicating that the three groups choice 

latency behaviour differentially changed across sessions. 

-o- ATN 

-o- sham 

2 4 6 8 10 12 14 16 18 2 4 6 8 10 12 14 16 18 --•·· PRC 

non-rewarded cues rewarded cures 

-·---- --~---~- --------

Fig 7 A. Elemental learning prior to the configural learning task. There was a Group 
F(2,33)=4.70, p<0.05 effect, as well as a large Choice F(l,33)=138.22, p<0.0001 and a 
large Session F(17,561)=37.36, p<0.0001 effect. The interaction of Group x Choice 
F(2,33)=2.99, n.s. just failed to reach significance and the Group x Session 
F(34,561)=1.31, n.s. interaction was not significant. The Choice x Session 
F(l7,561)=55.77, p<0.0001 interaction was significant, as was the Group x Choice x 
Session F(34,561)=1.74, p<0.01 interaction. 

To progress to configural learning subjects had to have achieved a 

learning criterion during elemental cue learning which was defined as twice the 

choice latency of entering arms containing non-rewarded cues compared to arms 

containing rewarded cues on four consequtive trials (or over two sessions). Rats 

that met this learning criterion by the end of the 20th session were: ATN=llcN=I4), 

Sham=9cN=l3) and PRC=8cN=I2). Subjects that failed to achieve the criterion 

received a maximum of six further trials: One PRC and two Sham rats required 

six extra trials, while two Sham required four extra trials and three ATN and three 
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PRC rats required two extra trials. Thus all animals (N=39) achieved the learning 

criterion and subsequently were transferred to the configural learning task. 

3.9.2 Configural cue learning 

Configural learning sessions commenced 24 hours after all rats had 

reached the elemental cue learning criterion. During the configural learning 

sessions one member of each of the four elemental cue sets was replaced with a 

new insert that provided a configural cue which brought together two of the 

stimuli used in the single cues. The two previously non-rewarded cues were 

combined and were now associated with a reward, while the previously rewarded 

elemental cues were combined but now were not associated with reward. Thus 

two sets of two configural cues were inserted in four of the 12 arms, and two of 

each of the four elemental cues were used in the remaining eight arms using 

varying arm positions across sessions as described previously. All animals 

received 36 configural cue learning sessions using the same procedure as 

elemental cue learning. Entry into the eight anns containing the two types (2 

baited and 2 non-baited) of elemental cues is reported first. 

3.9.3 Elemental cue learning during the confi,gural learning task 

1. Choice latency to enter arms containing elemental rewarded and elemental non

rewarded cues during the configural learning sessions was assessed using a 

3(Group) x 2(Choice) x 36(Trials) ANOVA. There was no Group effect 

(F(2,33)=2.62) but there was a large difference in choice latency between non

rewarded and rewarded elemental cues (F(l, 33)= 184.33, p<0.0001). There was a 

significant effect for Session: (F(35,1155)= 36.74, p<0.0001) indicating that 

choice latency times for entering arms containing non-baited elemental cues 

increased across sessions. Fig. 8A indicates that the ATN group tended to show 

better performance than either the PRC or Sham group. However no significant 



interactions were detected in Group x Choice (F(2,33)=1.44), Group x Session 

(F(70, 1155)=1.21) and Group x Choice x Session (F(70, 1155)=0.97). There was 

however a Choice x Session (F(35,1155)=10.35, p<0.0001) interaction. 
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Fig. SA. Configural learning task Choice latency to enter arms containing elemental 
rewarded and elemental non-rewarded cues over 36 trials. There was no Group effect 
F(2,33)=2.62, n.s. but there was a large effect for Choice F(l, 33)= 184.33, p<0.0000 and 
Session F(35,1155)= 36.74, p<0.0001. There was no Group x Choice F(2,33)=1.44, n.s. or 
Group x Session F(70,1155)=1.21, n.s. interaction, however there was a Choice x Session 
F(35,1155)=10.35, p<0.0001 interaction and no interaction for Group x Choice x Session 
F(70,1155)=0.97, n.s. 
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2. Choice latency for entry into arms containing the configural rewarded and 

configural non-rewarded cues. Figure 8B suggests that all animals behaved 

similarly when entering arms containing the configural non-rewarded cue and 

arms containing the elemental (rewarded) cues it was composed of. Latency times 

to enter arms with non-rewarded configural cues (in the first panel of Fig 8B ), 

suggests that all groups failed to show marked discrimination between the 

configural non-rewarded cue and its component rewarded cues until the 16-20 

trials (see also Fig. 8E). Whereas in Fig 8A where rats learnt the elemental non

rewarded cue association faster. In the second panel of Fig 8B all groups quickly 
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learnt to differentially associate the rewarded configural cue from its components. 

Only in the first few sessions was there any evidence that groups were responding 

to its elemental components rather than the configural rewarded cue (see also Fig. 

8F). Over sessions all groups were able to learn the associations of both the 

rewarded and non-rewarded configural cues. A 3(Group) x 2(Choice) x 36(Trials) 

ANOVA found a main effect for Group (F(2,33)=3.91, p<0.05), Choice 

(F(l,33)=5.69, p<0.05) and Trials (F(35,1155)=16.73, p<0.0001). There was no 

Group x Choice (F(2,33)=1.58), n.s. interaction, but there were Group x Session 

(F(70,1155)=1.47, p<0.01), Choice x Session (F(35,1155)=22.81, p<0.0001) and 

Group x Choice x Session (F(70,l 155)=1.45, p<0.01) interactions. The three-way 

interaction suggests that over sessions the groups were differentially changing 

their response patterns to the configural cues, which is examined below. 
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Fig. SB. Configural learning task. Choice latency for entry into arms containing configural 
rewarded and configural non-rewarded cues over 36 trials. There was an effect for Group: 
F(2,33)=3.91, p<0.05, an effect for ChoiceF(l,33)=5.69, p<0.05 and Session F(35,l 155)=16.73, 
p<0.0001. There was no Group x Choice F(2,33)=1.58, n.s. effect, however there was a Group x 
Session F(70, 1155)=1.47, p<0.01, Choice x Session F(35,l 155)=22.8 l, p<0.0001 and Group x 
Choice x Session F(70,l 155)=1.45, p<0.01 interaction. The ATN group differed from the PRC 
group (p<0.05), but neither group differed from the sham group. 
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3.9.4 Configural cue learning- -further analyses using ratio scores. 

Further analysis of the configural learning task was conducted to control 

for interindividual response variability. Choice latency scores were expressed as 

ratio scores which were calculated for a number of contingencies: non-rewarded 

elemental/ rewarded elemental; non-rewarded configural / rewarded configural; 

non-rewarded configural / rewarded elemental cues and non-rewarded elemental 

cues/ rewarded configural cues. Using ratios scores, a total of one indicates equal 

choice latencies for both rewarded and non-rewarded cues. To further simplify the 

analysis, the 36 configural learning trials were averaged into nine blocks (four 

trials each). 

3. Figure 8C shows the discrimination ratio for latency to enter arms containing 

elemental non-rewarded cues relative to arms with elemental rewarded cues 

during the configural learning task. The graph suggests that the AT group were 

better at discriminating the elemental cues in the first five blocks of sessions (20 

trials) than either the Sham or PRC groups. During the remaining sessions all 

groups showed similar discrimination of the elemental cues. The continued 

preference shown by the ATN group to enter rewarded arms in the first block, 

suggests that this group did not react to the change in procedure (configural cues 

were introduced) as quickly as the Sham and PRC groups. The 3(Group) x 

9(Block) ANOV A did not find a Group effect (F(2,33)=0.45). There was a large 

Session effect (F(8,264)=17.93, p<0.0001), but no Group x Session 

(F(l6,264)=0.87) interaction. In general all groups reacted to the elemental cues 

in the same way over sessions. 

4. Fig. 8D shows the discrimination ratio scores for entry latencies to arms 

containing configural non-baited/ configural baited cue types. From the 

beginning of the configural task all groups show a preference to enter arms 

containing non-rewarded configural cues as reflected by ratio scores less than one, 

further evidence that all groups were treating the configural cue as two separate 
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elemental cues. Not until the fifth to sixth block of trials (trials 16-24) did 

preference reverse (i.e. ratio scores> 1) indicating that groups were learning the 

co1Tect associations of the configural cues and treating the configural cue an 

individual stimulus. From this mid-point in testing the PRC group appeared to be 

slower than both the ATN and Sham groups at differentiating between rewarded 

and non-rewarded configural cues. However, a 3(Group) x 9(Session) ANOVA 

did not reveal an interaction effect, Group x Session (F(16,264)=1.57, p=0.078, 

and there was no Group effect (F(2,33)=2.05, p> 0.1), although there was a large 

Session (F(8,264)=45.71, p<0.0001) effect, reflecting that all animals were 

learning the reward status of the configural cues. The means for groups across all 

sessions were: ATN=l.25, sham=l.37 and PRC=l.08. As there was some 

indication from Fig. 8D that the PRC rats were learning the reward status of the 

configural cues at a slower rate than the other two groups, a separate analysis 

between the Sham and PRC groups was performed to see if these groups differed. 

Now there was a significant Group (F(l,22)=4.42, p<0.05) difference which 

means that the PRC group were impaired relative to the Sham group at learning 

the configural cue associations. There was also a significant Block effect 

(F(8,264)=45.71, p<0.0001), but the Group x Block interaction just failed to reach 

significance: (F(l6,264)=1.57, n.s.). 
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Fig. 8C. Configural learning task - Elemental cues. Discrimination ratio scores for 
entries into arms containing non-rewarded elemental cues/ rewarded elemental cues 
during the configural learning task. There was no Group effect F(2,33)=0.45, n.s. 
There was a large Session effect F(8,264)=17 .93, p<0.0001 and no Group x Session 
F(l6,264)=0.87, n.s. interaction. 
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Fig. 8D. Configural learning task. Ratio scores for entering configural 
non-rewarded/ configural rewarded cues. There was no Group 
F(2,33)=2.05, p >0.1 difference, but there was a large Session 
F(8,264)=45.71, p<0.0001 difference. The Group x Session effect 
F(6,264)=1.57, p=0.078 just failed to reach significance. 
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5. Ratio scores of entries to arms containing non-rewarded configural cues relative 

to rewarded single cues. Fig 8E shows that all groups continued to treat the non

rewarded configural cues in the same way as they treated the elemental rewarded 

cues until the fifth to sixth block of trials (trials 16-24). At this point the Sham 

group and the ATN group (to a lesser extent) appear to have begun treating the 

configural cue as an individual non-rewarded stimulus. However, the PRC group 

appear to have been slower at making this association. The 3(Group) x 9(Session) 

ANOVA did not reveal a Group (F(2,33)=2.07) difference. There was a Session 

(F(8,264)=34.94, p<0.0001) difference, but no Group x Session (F(l6,264)=1.25) 

interaction. The mean scores across all sessions were ATN=l.53, sham=l.63, 

PRC=l.30. However, when the ATN group were removed from this analysis a 

group difference was apparent between the PRC and Sham groups (F(l,22)=4.32, 

p<0.05). This finding shows that the PRC group were impaired relative to Shams 

at learning to respond to the configural non-rewarded cue as a unique stimulus 

rather than as the combination of two elemental stimuli.As before there was also a 



Session (F(8,l 76)=24.26, p<0.0001) effect, but now there was also a Group x 

Session (F(8, 176)=2.02, p<0.05) interaction. 
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Fig. 8E. Configural learning task. Ratio scores of entries to arms 
containing non-rewarded configural cues/ rewarded elemental cues. 
There was no Group F(2,33)=2.07, n.s. difference. There was a Session 
F(8,264)=34.94, p<0.0001 effect, but no Group x Session F(16,264)=1.25, 
o>0. l interaction. 
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6. Fig. 8F shows the discrimination ratio of choice latency to enter arms with non

rewarded elemental cues/ arms with rewarded configural cues. The graph 

suggests that all groups were able to learn the new association of the configural 

rewarded cue and at the stait of testing all groups appeai·ed to be treating the 

rewarded configural cue as if it were still the individual non-rewai·ded elements. 

The 3(Group) x 9(blocked session) ANOVA was computed. There was no Group 

(F(2,33)=0.06) effect, but there was a large Session (F(8,264)=50.05, p<0.0001) 

effect, and no interaction between Group x Session (F(16,264)=1.20). That the 

PRC group were did not differ from the other groups suggests that they only had a 

problem learning the association of the configural non-rewarded cue (see Fig. 

8E). 
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Fig. SF. Configural learning task. Discrimination ratio scores of entries to 
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There was no Group F(2,33)=0.067, n.s. difference, but a lrge Session 
F(S,264)=50.05, p<0.0001 difference, and no Group x Session 
F(16,264)=1.20, p >0.0linteraction. 

In summary, during the configural learning sessions all groups were able 

to learn the reward status of both the elemental cues and the configural cues. 

However there was some evidence (see Figs. 8D and 8E) that PRC rats were 

unable to learn the association of the non-rewarded configural cue as quickly as 

the sham and ATN groups. In fact the PRC group were significantly slower at 

learning this association than the sham group on both these discrimination 

measures. This was not the case when the PRC group had to learn the new status 

of the configural rewarded cue ( see Fig. 8F) suggesting that it is not a configura] 

learning problem shown by the PRC group, but a more specific problem when 

associating objects with non-reward. The ATN group displayed comparable 

pe1formance to the Sham group throughout the elemental and configural learning 

tasks, with the exception of the 1st block of four trials of the configural learning 

task. ATN animals were slower to react to the change in the procedure than the 
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Sham rats in terms of their discrimination of the elemental cues, which was 

temporarily disrupted by the introduction of the configural cues. 
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4. Discussion 

4.1 Summa,y of Main Issues and Main Findings 

There are two main positions regarding the significance of neural connections to 

the hippocampal formation. One view emphasises the dorsal (retrosplenial, cingulate) and 

subcortical (anterior thalamus, mammillary bodies) connections (Aggleton & Brown, 

1999). The other view focuses on the more traditional temporal lobe memory system and 

the importance of the perirhinal and parahippocampal cortices (Eichenbaum et al., 1994; 

Squire & Knowlton, 1995; Burwell et al., 1995). Eichenbaum et al. (1994) emphasised the 

importance of the hippocampus in aspects of spatial learning and relational 

representations. Aggleton & Brown (1999) on the contrary asse1t that it is the link from the 

hippocampus to the mammillary bodies and anterior thalamic nuclei that are critical for 

normal episodic memory functioning. That is, these structures are contributing something 

new and not just passively processing hippocampal outputs. 

Research from Aggleton's laboratory has consistently found that damage to the 

ATN can disrupt rats performance on tests of spatial memory such as T-maze alteration, 

radial maze, Mon-is water maze and delayed non-matching and matching to position in an 

operant chambe1:. Research from the same laboratory has not found that damage to the 

perirhinal cortex (PRC) results in a spatial memory deficit (Ennaceur & Aggleton, 1997). In 

particular lesions to this area had no effect in a standard version of the radial maze task or a 

spatially guided delayed non-match to position task conducted in a T-maze. These findings 

have led Ennaceur & Aggleton (1997) to suggest that the hippocampus and perirhinal cortex 

can be functionally dissociated on the basis of a spatial/non-spatial dichotomy. This 

differentiation was further supp01ted by findings that lesions of the PRC produce marked 

deficits on object recognition memory tasks, the same not being true of lesions of the 

hippocamapus. Consequently, Aggleton & Brown (1999) have suggested a dual memory 

system in which context dependent memory relies on a hippocampal-anterior thalamic axis 

while familiarity based recognition is based on a perirhinal-dorsomedial thalamic axis. The 

findings and conclusions put forward by Aggleton and Brown (1999) have been actively 

disputed by Liu & Bilkey (1999), particularly as they (Liu &Bilkey, 1998a, 1998b, 1998c) 

83 



repeatedly find that lesions of the PRC cause a deficit on spatial tasks such as the T-maze, 

radial-maze and water maze. 

84 

Presently it is seldom disputed that the ATN is involved in spatial learning (but see 

Berachochea, 2000) even though the involvement of the ATN is not predicted by models of 

a unitary temporal-lobe memory system (Otto & Eichenbaum, 1992). In contrast the 

conflicting reports concerning PRC involvement in both familiarity recognition as well as 

spatial learning remains to be clarified. 

Comparisons across studies are problematic because of subtle procedural differences 

that may explain some of the differential outcomes (Bilkey, 1999). The present study 

directly compared the effects oflesions in the anterior thalamic nuclei (ATN) and perirhinal 

cortex (PRC) on the performance of object recognition, spatial learning and configural 

associative learning tasks. 

ATN lesions caused severe deficits in measures of spatial learning in the radial maze 

tasks and the addition of various delays (20sec, Smin, 14min & 40min) did not further 

impair their pe1formance. PRC lesions did not cause any deficits on performance of the 

spatial radial maze tasks regardless of the delay. In the configural learning task the PRC 

group were slower to learn the association of the non-rewarded configural cue, whereas they 

showed no impairment learning the association of the rewarded configural cue. In contrast 

the ATN group were not impaired in the configural task. The spontaneous object 

recognition test (SOR) did not provide evidence to suggest that either ATN or PRC lesions 

cause a recognition deficit as all groups showed some evidence of discriminating the novel 

object over the familiar object across all delay sessions (80sec, 5min, 14min & 40min). 

The most notable finding in the present study was the severe deficit of the ATN 

group's ability to learn the spatial radial maze tasks. This finding highlights the importance 

of the ATN in allocentric spatial learning. In contrast the lack of impairment in the PRC 

group strongly suggests that the PRC is not of vital importance for allocentric spatial 

learning. The addition of various inter-session delays, as it would be expected, resulted in 

mild impairment, but of the same magnitude in both the PRC and Sham rats also were 

superior to the Sham group when their performance was measured by the number of coD'ect 

arm entries before an eD'or during the fifteen, 20-second delay sessions (see Fig. 6B). The 

similaiity of the PRC and Sham group's perf01mance, in comparison to the severe 
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impairment of the ATN group on a number of measures, reflects a clear dissociation 

between the effect of the PRC lesion and the ATN lesion in spatial learning. 

In contrast to the spatial tasks, ATN rats were not impaired on either of the non

spatial tasks, whereas the PRC group were impaired on the configural learning problem. 

The specific nature of the PRC impairment was indicated as PRC rats were able to learn to 

respond to the elemental rewarded cues and the configural rewarded cues similarly to 

controls, but PRC rats performance differed from Sham and ATN rats when they were 

entering arms that contained elemental and configural non-rewarded cues. The ATN group 

in contrast did not demonstrate an impairment on the configural learning task and were 

superior to controls over a number of sessions when discriminating elemental cue 

associations. These results mirror the findings from the spatial radial maze task in which 

ATN rats were impaired and PRC rats were better than controls on some measures. 

Therefore a double dissociation was demonstrated between ATN and PRC lesion types 

which has not previously been reported. Furthermore it is significant that this double 

dissociation was found using the same testing apparatus for both procedures. 
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A double dissociation of the ATN and PRC groups fits well with Aggleton & 

Brown's model (1999) of dual memory systems. This model proposes two distinct memory 

systems: context-dependent (episodic or event) memory relies on the hippocampal-anterior 

thalamic axis, while familiarity based recognition is presumed to rely on the perirhinal

dorsomedial thalamic axis. The model predicts that ATN lesions wi11 disrupt spatial 

memory, which is what was found in the present study, but the model also predicts that PRC 

lesions will disrupt familiarity-based recognition. This was not the case in the present study 

where there was little evidence to suggest that PRC rats were impaired on a spontaneous 

object recognition task. The evidence instead suggests that the PRC group had a specific 

object-association problem, which was evident when they had to make a negative 

association but not a positive association during the configural learning task. This finding 

challenges Aggleton & Brown's (1999) definition of how the PRC is contributing to 

memory suggesting a review of the PRC's functioning as a structure that supports 

associative learning rather than familiarity based recognition. And it may be the case that 

previous repo1ts of PRC impairment in object recognition have involved some degree of 

associative learning in the recognition task especially when complex objects were used. 

85 



The following sections will address in more detail the findings of each task and 

compare these to the results from other studies. 

4.2 Ob;ect Recognition Performance 

All groups preferred the novel object to the familiar object across all choice sessions 

(that included variable inter-session delay periods) of the spontaneous object recognition 

task (SOR) and no group differences were found. The ATN group spent more time 

attending to both objects in the initial sample phase (see Fig. 3A, p51), but discrimination 

ratio scores were used to counter the effects of increased exploration. 
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Consistent with previous findings (Aggleton et al., 1995), the current study did not 

find evidence of an ATN group deficit in the SOR. In contrast the findings regarding PRC 

group performance were inconsistent with a number of studies that have reported that PRC 

rats are impaired on SOR (see Table 2, p22). Furthermore, previous research has indicated 

that the PRC group deficit may be related to the length of the delay between the sample and 

test phase (Ennaceur et al. 1995; 1996), as PRC rats were found to be impaired after a inter

session delay of 15 minutes but not one minute. This finding led to speculation that the PRC 

deficit was related to the retention of object recognition. The current study did not find that 

PRC deficits emerged as the length of the inter-session delay increased. PRC rats could be 

described as discriminating poorly between the novel and familiar objects after a 14-minute 

inter-session delay (not significant), but they showed no evidence of a recognition deficit 

after the 40-minute inter-session delay. Thus, the length of the delay does not appear to 

relate to a PRC recognition deficit. The future research should examine more closely the 

effects of inter-session delays on PRC rats, to help clarify the conflicting results found by 

Ennaceur et al, (1995; 1996) and the present study when an inter-session delay of 14-15 

minutes was included. 

Bussey et al. (1999) and Dix and Aggleton (1999) recently highlighted the 

importance of assessing discrimination in the first minute of the SOR. They have argued 

that the first minute in the test phase will be the most sensitive period in the SOR because 

the difference between the two objects is greatest. The present study calculated 
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discrimination for the first minute of the test phase over all sessions but did not find any 

consistent group differences. In general the Sham group showed the least consistent 

discrimination between the novel and familiar objects, therefore the current findings do not 

support the suggestion that the first minute of the test phase is the most sensitive period in 

SOR. 

The contrasting results found in the PRC studies may be due to procedural 

differences across laboratories. Previously it has been suggested that the length of time that 

PRC animals spend exploring objects may relate to the size and complexity of the objects 

used. In particular Liu & Bilkey (1999) argued that it may have been the complexity of the 

multicoloured objects used by Aggleton et al. (1997) that resulted in the impairment found 

in PRC rats object recognition performance. Furthermore Liu & Bilkey (1999) detected a 

PRC impairment in SOR using simple wooden cubes as familiar objects and bright 

childrens toys as novel objects. The authors reported that the result might not be due to a 

recognition deficit, but instead might relate to the complexity of the novel stimuli. In 

relation to the present study the objects used for both novel and familiar stimuli were of 

similar complexity and had been paired according to rats preference in the pilot study (see 

Results, p43 and Appendix 1). Controlling for the possibility that specific objects might 

have greater salience to rats in the present study enhances the validity of the object 

recognition measures used here. In previous studies that did not control for rats object 

preference, there exists a possibility that measurements of object exploration might reflect 

object salience, rather than familiarity or novelty per se. This may be a greater problem if 

prolonged delay times between acquisition and recognition are used, as object salience 

would then be confounded with the effect of the delay. 

Ennaceur & Aggleton (1997) suggested that their findings of a PRC group 

impailment in SOR might relate to the length of post-operative recovery. They tested a PRC 

group seven weeks post surgery and found these rats were unable to discriminate the novel 

object from the sample object. However these same rats did not demonstrate an impairment 

when re-tested 16 weeks and 20 weeks post-surgery. The present series of tests did not 

detect a PRC deficit in the recognition test even though the test commenced five-seven 

weeks post-surgery (surgeries were completed over two-weeks). Unless PRC rats in the 

present study were able to recover more quickly than the rats in Ennaceur & Aggleton' s 
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(1997) study, it seems unlikely that recovery of function can explain why PRC rats were not 

impaired in the current study. 

Another problem of previous experiments that involved object recognition tasks was 

the lack of information concerning animals ability to habituate to the novel environment. If 

level of habituation is not controlled for it is likely that animals attention to objects in the 

open-field would reflect their general activity level rather than recognition memory. The 

present study showed that during the four familiarisation sessions in the open field all rats 

were able to habituate at a similar rate (see Results, p 46). Therefore a specific inability to 

habituate to a novel environment does not appear to be a factor in the present findings. ATN 

rats were generally found to be more active in the open-field than any of the other groups, 

but any difference in group activity was controlled for by using ratio scores during the SOR. 

In summary, the present study indicates that neither the PRC or ATN are involved in 

familiarity based object recognition. Group activity levels, object salience, and post surgery 

recovery times and other procedural details were controlled for, yet no clear deficits in 

group pelformance on exploration measures in the spontaneous object recognition test were 

found. Even the inclusion of inter-session delays of 80-sec, 5 minute, 14 minute and 40 

minutes did not reveal any group differences. The ATN group were found to be generally 

more active in the open-field, which was reflected in their exploratory behaviour of both 

novel and familiar objects. While their activity level was higher there was no evidence that 

the ATN lesion caused any impairment on the object recognition test. The PRC group were 

also able to discriminate the novel object consistently over the familiar object throughout 

testing and fluctuations in object discrimination imply the PRC has at best only a minor role 

in object recognition. 

4.3 The ATN and spatial radial maze performance 

Results of the present study unambiguously demonstrated that animals with ATN 

lesions were impaired on the radial maze tasks. This impairment was evident across a range 

of pelformance measures. The findings of the present study are consistent with those of 

Aggleton et al. (1996), Byatt & Dalrymple-Alford (1996) and Sziklas & Petrides (1999) 
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who have all shown that ATN lesions cause a substantial deficit in spatial radial maze 

performance. The importance of the ATN in models of spatial memory has been neglected 

in much of the recent literature (Eichenbaum, 1999; Eichenbaum et al, 1994; Squire & 

Knowlton, 1995; Burwell et al., 1995; Liu & Bilkey, 1999). This may be due to an early 

study by Beracochea et al. (1989) that contradicts the present findings regarding ATN 

performance in the spatial radial maze. The procedural differences and lesion problems in 

the study by Beracochea et al. (1989) may have contributed to the conflicting findings in 

later ATN studies. For example, Beracochea et al. (1989) excluded rats with small lesions, 

which amounted to seven of the 12 ATN rats although later work suggests that even small 

ATN lesions impair radial maze performance (Aggleton et al., 1996; Byatt & Dalrymple

Alford, 1996). 
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The procedural modifications used by Byatt & Dalrymple-Alford (1996) were 

incorporated in the present experiment to discourage egocentric response strategies and 

promote the use of external allocentric spatial strategies in the radial maze. The 

modifications included closing all maze-doors once a rat returned to the maze hub so that 

rats could not immediately enter adjacent maze arms and waiting five seconds before re

opening the maze doors. While explicit choices sequences were not examined in this study, 

our laboratory has confirmed that this procedure discourages simple response strategies 

(Mitchell, 2001). As these precautions were not used in the Beracochea et al. (1989) study, 

ATN rats might have been able to make use of egocentric strategies. 

Sziklas and Petddes (1999) found very similar results to the present study when they 

examined spatial performance of ATN rats in the 8-arm radial maze. Interestingly they first 

carried out two experiments to see if both egocentric (use of tactile or other local cues) and 

allocentric (use of distal cues) learning, were impaired by ATN lesions. In the first task rats 

had to learn to select one or the other of two visual cues depending on whether they were 

placed in the south or the north corner of an open-field. This task required the rat to use 

allocentric spatial cues to maintain an efficient strategy and ATN rats were severely 

impaired on this task. However on the second task rats had to learn that the particular cue 

present on any given trial indicated which arm on a T-maze was the correct one. This task 

could be solved by using egocentric spatial cues and ATN rats were not impaired on this 

task. Therefore by also finding a severe impairment in spatial radial maze performance 
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Sziklas and Petrides (1999) were able to conclude that ATN lesions affect the ability of rats 

to remember allocentric spatial infonnation and the ability to associate that information with 

different objects. 

As the present study made use of a complex spatial problem by using the 12-arm, 

rather than the eight-arm radial maze; and the present study forced rats to use allocentric 

spatial strategies by controlling for egocentric response strategies the severe impairment 

found is likely to be due primarily to an allocentric spatial deficit. There may always be a 

concern that intramaze odour cues guided choice behaviour, but this needs to be considered 

against the severe deficit shown by ATN rats, which persisted over a prolonged period of 

testing. Increased general activity also cannot be used to explain the differences found in the 

radial maze as all groups arm entry latency times were similar. 

In Sziklas and Petrides (1999) study the ATN lesions in seven out of ten animals 

partially affected the lateral dorsal thalamic nucleus. All of the ATN animals in the present 

study were also found to have sustained some minor damage to the lateral dorsal nucleus. 

Mizumori, Miya, & Ward (1994) reported that anesthetic lesions of the LD impaired spatial 

radial maze performance. Thus it is possible that accidental damage to the lateral dorsal 

nucleus might have intensified the deficit displayed by ATN animals in the radial maze, 

although unpublished results in this laboratory (Monasterio, Dalrymple-Alford & McLean) 

found that substantial lateral dorsal nucleus lesions did not impair an operant delayed non

matching to position task, while ATN lesions did cause an impairment. 

The change in the procedure from the standard radial maze task to the delayed radial 

maze task appears to have facilitated the performance of the ATN group. While they were 

still markedly impaired relative to the PRC or Sham groups, the ATN group consistently 

made fewer e1Tors on the delayed rather than the standard radial maze task. It may be that 

the specific demands of the delayed version of the maze facilitated the strategy being used 

to solve the maze by the ATN group. 

In particular, during standard radial maze testing, rats were free to explore all the 

arms until they had collected all of the 12 rewards (or until 10 minutes had elapsed). By 

contrast, the delayed radial maze task had two phases. In phase 1 rats were forced to run 

down six arms and collect the reward, while in the second phase rats were pennitted to 

explore all arms and find the remaining six rewards. In the standard radial maze task the 
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ATN rats mean number of errors across all sessions was 18.9 and in the delayed version 

across all sessions mean errors was 13.6. Thus the procedural difference resulted in a 28% 

average decrease in the amount of errors being made during the spatial task by ATN rats 

(note: even in the standard task, ATN rats generally made five or six choices before an 

error). Analysis of the delayed radial maze task looked separately at the types of errors 

made ( entering arms presented in the forced choice phase, or re-entering previously visited 

arms) but the data was similar to the main measure of errors, and no other differences were 

found between the groups. One might speculate then, that the standard radial maze 

procedure provided a higher working memory load for ATN rats. 

4.4 PRC lesions and spatial radial maze performance 

Turning to the effects of PRC lesions, these did not produce any impairment in the 

radial maze tasks. Even the introduction of delays did not affect the performance of PRC 

rats. This is not the first study to indicate that PRC lesions can spare spatial memory 

(Ennaceur et al., 1996; Aggleton et al., 1997). In the radial maze Ennaceur & Aggleton 

(1997) found that rats with large PRC lesions showed no impairment relative to controls on 

a standard radial maze task, in which another lesion group (fornix+PRC) was found to be 

impaired. Bussey et al. (1999) have also failed to find a PRC deficit in the standard radial 

maze task during acquisition and when a 30 minute delay was imposed. These workers even 

reported that the PRC group were outperforming controls, and on some sessions this was 

significant. Surprisingly similar paradoxical results were found in the present radial maze 

procedure. PRC rats performed better than Shams consistently on a number of measures, 

particularly the number of correct ann choices before making an error during the minimally 

delayed sessions (20sec delay), however enhanced PRC group performance was not found 

to significantly different from control rats. These studies are consistent with Aggleton and 

Brown's (1999) dual memory model in which the PRC is not necessary for the performance 

of spatial memory tasks, but conflict with the findings of Liu & Bilkey (1999, 1998a) who 

have consistently reported PRC rats are impaired in spatial radial maze tasks. 
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Procedural differences have been cited as being responsible for the different 

findings. For example, Liu & Bilkey (1999) suggested that rats seemed to make few errors 

in Ennaceur & Aggleton's (1997) radial maze task in comparison to their own study, and 

rats in the former study might therefore have reached a ceiling level of performance that 

masked inter-group differences. The present study addressed this concern by using the 12-

arm radial maze thereby increasing the difficulty of the task. Thus all rats were behaving 

well below a ceiling-effect which cannot be used to explain the present findings. It is more 

likely that the difference between the present findings, Ennaceur & Aggleton's (1997) 

findings, and Liu & Bilkey' s findings has something to do with the extent and type of 

lesion. 

Both Ennaceur & Aggleton (1997) and the present study used N-methyl-D-aspartic 

acid (NMDA) to produce perirhinal lesions, while Liu & Bilkey used ibotenic acid in the 

1999 study, and an electrolytic method in the 1998b study. NMDA lesions are believed to 

spare fibres of passage while electrolytic lesions destroy these fibres. So it could be that 

spatial information is routed through the PRC but is not necessarily dependent on its 

function, but this does not explain the ibotenic acid findings (but see Glen & Mumby, 

1998). Alternatively, both ibotenic acid and electrolytic lesions may cause incidental 

damage to structures other than the PRC that contributed to Liu & Bilkey's (1999; 1998b) 

findings. A follow up study is required to address this issue. 
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Another interesting finding in relation to the PRC group and spatial learning was 

that the PRC group performance actually improved immediately after the procedure change 

from the standard to the delayed radial maze task, in comparison to the Sham group whose 

performance worsened by the change of the procedure (see Fig. SF). Indeed the PRC group 

performed better than the Sham group for the first four sessions of delayed radial maze 

testing and during the 20-second delay sessions which occurred during mixed delay testing. 

These findings add evidence that the PRC group did not exhibit a spatial deficit. However to 

explain the improvement of the PRC group across procedures will require further 

investigation. It could be speculated that both lesion groups were depending on particular 

strategies to solve the maze which were different than that employed by the control group 

and resulted from the specific damage caused by both lesion types. Follow-up reassessment 

of the data will be required to answer this question. 
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In summary the present findings confirm that the ATN is involved in performance of 

spatial memory tasks. In addition the findings indicate that the PRC is unlikely to be 

involved in spatial memory performance in the radial maze. These findings provide support 

for Aggleton and Brown's (1999) dual memory model, which stresses the importance of 

circuitry outside the temporal lobe in spatial memory, and are contrary to Liu and Bilkey's 

(1999) suggestion that the PRC is involved in spatial memory. 

4.5 Confi,gural learning task performance 

Sutherland and Rudy (1989) proposed that simple association learning and complex 

association learning depend on different pathways for their acquisition and storage. In their 

original model the hippocampal formation is necessary for the acquisition of tasks that 

require complex associative learning, whereas it is not necessary for tasks that require 

simple associative learning. This model predicts that those rats with spatial deficits will also 

be impaired on a negative patterning task because both of these tasks require complex 

associations. According to standard associative theory (Rescorla & Wagner, 1972) this task 

should be very difficult to solve, because the configural cue should still elicit responses as if 

the rat was attending to the elements within the configural cue. However as rats are known 

to be able to solve configural associative problems (Rescorla, 1972) it was deduced that rats 

are able to make configural associations. In order to form a configural association the 

configural cue is first expected to inherit the inhibitory or excitatory association of the 

elemental cues from which it was derived. Over repeated trials, however, the two elements 

that comprise the configural cue are started to be treated as unique cues and are able to 

acquire inhibitory or excitatory attributes, while the elemental cues retain their 

inhibitory/excitatory response properties (Rescorla et al., 1985). 

The negative patterning problem used in the cun:ent study is a non-spatial configural 

learning task. The rats first had to learn to associate two object cues with reward and two 

object cues with no reward. Then rats learned the inverse reward association of configural 

cues, presented with the familiar elemental cues. The rewarded configural cues were either 

a combination of the two non-rewarded elemental cues, or a combination of the two 
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rewarded elemental cues. In the present study when the animals were initially changed from 

elemental cue learning to configural cue learning the evidence suggested that they attended 

to the configural cue as two single cues rather than a new cue. The ATN group responded 

more slowly, while both Sham and PRC groups responded in the same way to the rewarded 

configural cue that consisted of stimuli that were non-rewarded when presented singly and, 

apart from the first session, all rats continued to respond at the same rate to the non

rewarded configural cue that consisted of stimuli that were rewarded when presented singly. 

All groups then learnt the relevant configural associations. In this procedure rats could not 

use the number of cues or differential reward values of the simple versus configural cues to 

perform accurately; therefore this procedure provided a valid demonstration of configural 

learning. The results of the present study show that ATN lesions have no adverse effect on 

acquisition or pe1formance of the negative patterning configural learning task even though 

ATN rats were severely impaired on the spatial radial maze task. In contrast the PRC group 

were impaired when discriminating both the elemental and configural non-rewarded cues 

even though they showed no impairment on the spatial tasks. This dissociation provides 

evidence that the PRC and not the ATN is necessary for negative association learning, 

opposite to the previous dissociation found, in which the ATN but not the PRC was 

necessary for spatial learning. Together these findings provide a double-dissociation 

between the function of the ATN and PRC. 

That the PRC group were also worse than both the Sham and A TN groups when 

discriminating the elemental non-rewarded cue suggests that the particular deficit observed 

in the present study may be a more general problem rather than a configural learning 

problem per se. The cunent study shares some similarities with a recent configural learning 

study using monkeys. Buckley & Gaffan (1998) found that using a touch-screen procedure 

PRC monkeys were impaired on both a configural learning problem and on a paired 

associative learning problem equally. Therefore these researchers concluded that it was not 

necessarily the nature of the configural problem that caused the deficit, but was more likely 

that the PRC was important in the formation of stimulus-stimulus associative memories and 

providing information about objects. Based on these and previous findings, Gaffan et al. 

(2000) proposed that the PRC becomes increasingly involved in memory as the stimuli 

become more complex. The researchers supported this statement by finding evidence of a 
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"spatial scene" impairment in PRC rats when using a touch screen task that necessitated the 

association of complex visual stimuli; familiar objects in constant screens had to be 

distinguished from many variable objects that changed on every trial. Furthermore these 

impairments were found to be exacerbated as the learning set difficulty increased. The 

proposal of Gaffan et al. (2000) that PRC involvement in memory is based on stimulus 

complexity are consistent with the current findings, although it does not specifically explain 

why the PRC deficit emerged when making a negative association but not a positive 

association. 

Bussey et al. (2000b) have recently tested PRC rats on a negative patterning 

configural learning task and found no deficits. However they used a more traditional 

negative patterning task, in which light and tone were stimuli, not visual objects as used in 

the present study. This difference is likely to explain the different findings between Bussey 

et al. (2000b) and the present study. According to Murray & Bussey (1999) and Saksida & 

Bussey (1998), the study by Bussey et al. (2000b) was in fact an unlikely test of a PRC 

deficit. They described a neural network model in which visual representations are bound in 

the PRC into configural units that represent complex objects consisting of representations of 

simple features of objects that are stored in cortical regions upstream from the PRC. This 

theory predicted that the Bussey et al. (2000) study would not find a PRC deficit because 

the task did not necessitate the assemblance of simple object features, which is the 

suggested function of the perirhinal cortex. However like the Gaffan et al. (2000) theory of 

PRC function, this theory does not fully explain why in the present findings an impairment 

was only evident when PRC rats were making a non-rewarded association. 

Sutherland and Rudy (1995) suggested that the configural association system (CAS) 

is critical for configural associative learning and the solution of a range of tasks including 

spatial learning. Furthermore they re-appraised the role of the hippocampal formation and 

suggested that it is the cortical circuitry outside the hippocampus that is responsible for 

configural associations. The present study does not provide any clear evidence to support 

this theory, mainly because the impairment found in PRC rats on the negative configural 

cues was also evident to a lesser extent on the negative elemental cues. Therefore the PRC 

deficit found is not thought to be specifically a configural learning deficit. More obviously, 

it also seems unlikely that spatial tasks are subsumed under the CAS. If this was the case 
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then we would expect the ATN rats to perform poorly on both the radial maze task and on 

the configural learning task, which was not the case. Hence these results cast doubt on the 

notion that spatial learning is a special case of configural learning. The current results, 

together with those of Bussey et al. (2000b ), can also be interpreted as indicating that the 

PRC is not an important substrate for the operation of configural learning, but plays a more 

general role in associative learning of complex objects. Finally as it has been demonstrated 

(Davidson et al., 1993) that an intact hippocampus is not required for rats to solve 

configural processing problems, the accumulating evidence suggests that it is unlikely that 

there are specific memory processes such as CAS. Instead it appears that specialisation of 

memory systems are conferred by the specialisation of their anatomical connections to other 

structures, rather than by any specialisation in specific memory processes such as configural 

learning. 

In summary, the findings of the present study indicate that the ATN is unlikely to be 

involved in configural learning tasks as no deficit was observed relative to controls and 

PRC rats. In contrast the PRC rats were found to be impaired at learning the association of 

the negative configural cue. However the finding that PRC rats were also impaired 

(although not so clearly) at learning the elemental negative cue association, and the finding 

that the PRC group were unimpaired learning the configural positive association provides 

evidence that this is unlikely to be a configural learning deficit, but rather a more general 

deficit related to the association of complex visual cues in the absence of reward. These 

findings once again show that the effects of PRC and ATN lesions can be dissociated as 

proposed by Aggleton & Brown (1999), but the specific nature of the PRC impairment 

would not be predicted by their model. Furtheimore, these findings do not lend support for 

Rudy & Sutherland's (1989) account of a configural association system, and indicate that it 

is unlikely that such a specific memory system exists. 
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4.6 Technical contributions of the present study 

Several contributions to the study of object recognition and spatial memory 

performance have been highlighted from the cmTent research. The first contribution 

concerns the fine-tuning of procedures involved in SOR task administration. The present 

study highlighted the importance of controlling for activity level in the open-field. ATN rats 

were found to be more active than PRC and Sham rats and spend more time exploring 

objects per se. Activity level needs to be controlled for in the open-field particularly when 

making comparisons between the hippocampal-ATN axis and other anatomical structures. 

The cunent findings of increased ATN activity resemble findings of increased activity in 

both hippocampal and fornix lesioned rats, and in so doing further emphasise the similar 

behavioural effects associated with lesions of these structures. 

The second contribution of this study was the introduction of the object preference 

task. Previous research that utilized SOR without the object preference task was taking the 

risk of generating results that were more reflective of the differential salience of the objects 

rather than their familiarity to the animal. Conducting the initial object preference task 

eliminates the objects that invite intense exploration on the part of the animal; this is 

particularly evident for objects that can be climbed into or onto. Secondly, having a measure 

of rats object preference allows familiar and novel object pairs to be matched. Information 

generated regarding the differential salience of objects could be used to facilitate object 

choice for future research. 

Another improvement included in the present study was the use of the 12-arm radial 

maze in preference to the eight arm radial maze. The introduction of the 12-arm radial maze 

increases the difficulty of the spatial task in comparison to the eight arm radial maze and 

increases the utility of the radial maze. For example, the 12-ann radial maze was 

particularly suited to the configural learning task. Using the maze first for the spatial maze 

task, followed by the configural learning task ensured that rats did not need to be 

familiarised to a new environment, and helped to equate some of the behavioural measures 

such as choice latency to enter arms. 
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Secondly the two cues used in configural leaming were of the same combination of 

modality (i.e. visual/tactile) rather then the separate modality (light versus sound) cues 

previously used. The use of cues of the same type controls for differential salience of 

different cue types. Also the cues used in the present study were of significant complexity 

and were presented on arched inse1is that the rat had to travel over to reach the food-well. 

Although we have no direct evidence, forcing rats to continually run over the various cue 

types was presumed to aid in learning the cue association. 

Another contribution of the study involved the surgical procedure utilized. An 

extensive pre-experimental lesion site study revealed that more accurate lesion sites could 

be determined by first calculating the length between Bregma and Lamda. Using this 

measurement to calculate the AP measurement from Bregma was thought to contribute to 

the consistency of lesions in both experimental groups (see Histology). 

4. 7 Further issues and future directions 

The current study also indicated some future directions for further research in the 

area of ATN and PRC functioning in learning and memory processes. The major issue 

concerning future research involves replication and extension of the current study. Due to 

the originality of the cmTent study, and in particular the use of the 12-arm radial maze to 

test configural learning using visual/tactile cues, it would be of interest to learn whether 

damage to other areas involved in the dual system memory model produce comparable 

impairments on the presently utilised tasks. 

The role of the PRC in memory and learning remains to be ascertained. In the 

present research there was some indication that the PRC might be involved in associating 

complex objects with non-reward. It would be of interest to further examine the 

involvement of the PRC in associative leaming tasks, in particular on those tasks that 

demand more complex associations due to increased complexity of the cues to be 

disc1iminated. 

The procedural change from the standard radial maze to the delayed radial maze 

procedure facilitated both the ATN and PRC animals ability to solve the spatial task. It 
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remains to be found if this is a chance procedural effect of the present study or whether the 

same effects can be replicated when animals with lesions to other related areas are subject 

to this methodology. 

The effects of different lesion type needs to be further assessed. In our view, the 

lesion type appears to be the major difference between the studies that have found PRC 

involvement in spatial memory (Liu & Bilkey, 1999) and those that have not found 

evidence of PRC involvement in spatial memory (Ennaceur & Aggleton, 1997). 

4.8 Limitations of the present study 

The major limitation of the present study was the truncated histological analysis due 

to time constraints. In particular it would be of interest to establish quantitative measures of 

the magnitude of damage to each strncture and then establish the relationship between the 

size of the lesion and the performance of the animals on all tasks utilised. Of particular 

concern is incidental damage to thalamic structures, particularly the lateral dorsal thalamic 

nucleus, which has been evident in ATN rats. The lateral dorsal thalamic nucleus has been 

implicated in spatial memory and was found to be associated with disruption of 

pe1formance on the radial maze task (Mizumori et al., 1994). 

4.9 General summa,y 

There are two main positions regarding the significance of neural connections to the 

hippocampal formation. One view emphasises the dorsal (retrosplenial, cingulate) and 

subcortical (anterior thalamus, mammillary bodies) connections (Aggleton & Brown, 1999). 

The other view focuses on the more traditional temporal lobe memory system and the 

importance of the perirhinal and parahippocampal cortices (Eichenbaum et al., 1994; Squire 

& Knowlton, 1995; Burwell et al., 1995). The need to include the ATN in a model of spatial 

memory cannot be reconciled with views of a unitary temporal lobe memory system that 

stresses the importance of the perirhinal and parahippocampal cortices (Eichenbaum et al., 
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1994; Squire & Knowlton, 1995; Burwell et al., 1995). Instead, the present study lends 

support to some but not all of the features of the dual system memory model (Aggleton & 

Brown, 1999). In partial support of the model it was found that there was a double 

dissociation between the effects of the ATN and the PRC lesions. Furthermore it is 

confirmed that the hippocampal-ATN axis is likely to be involved in spatial learning but not 

in familiarity based recognition. However Aggleton & Brown's (1999) specific hypothesis 

concerning the function of the PRC-dorsomedial thalamic receives no support from the 

present study. According to the model the PRC lesions should disrupt familiarity based 

recognition. However in the present study the PRC was not necessarily involved in object 

recognition per se (see object recognition test). The PRC was, however, found to be 

involved in negative associative memory in the radial maze, which is difficult to fit into any 

current proposals of PRC function, and is not predicted by Aggleton & Brown's (1999) 

model. Thus it is suggested that a revision of the functioning of the perirhinal-dorsomedial 

thalamic axis is required. The present study may thus stimulate further studies to enrich our 

understanding of the role of the perirhinal cortex in memory. 

With regard to human anterograde amnesia, the present findings suggest that 

amnesia may result from disruption to more than one distinct memory system. In particular 

there is strong indication that event/episodic memory deficits are likely to be due to damage 

to one or more structures within an extended hippocampal-axis. By contrast the anatomical 

substrates of the recognition deficits remain to be established. 
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Appendix 1. Objects used in the spontaneous object recognition test. 



Seq 1. Seq 2. Seq 3. Seq 4. Seq 5. Seq 6. Seq 7. 

10 6 5 2 11 4 8 
3 12 10 4 1 7 9 
12 7 8 11 9 2 6 
4 10 2 3 5 8 1 
11 5 6 10 12 1 3 
7 2 9 8 4 11 12 

Appendix 2. Arm opening sequences used during the forced entry phase of the 
delayed radial maze task. 

Seq 8. 

1 
6 
3 
7 
9 
5 



1. (a) Arm placement of cue 12 1 2 3 4 5 6 7 8 9 

(b) Corresponding cue B A D C A B C D B D 

(c) First visit sequence 1 12 3 2 7 6 4 5 10 9 

(ie. of single arm visits) 

(d) Second visit sequence 7 4 6 5 9 10 11 8 2 1 

2. (a) Arm placement of cue 12 1 2 3 4 5 6 7 8 9 

(b) Corresponding cue C D B A C D A B A B 

(c) First visit sequence 11 10 8 9 12 2 3 1 4 7 

(ie. of single arm visits) 

(d) Second visit sequence 12 1 2 3 5 6 4 7 8 10 

3. (a) Arm placement of cue 12 1 2 3 4 5 6 7 8 9 

(b) Corresponding cue D C A B D A B C D C 

(c) First visit sequence 7 4 6 5 9 10 11 8 2 1 

(ie. of single arm visits) 

(d) Second visit sequence 1 12 3 2 7 6 4 5 10 9 

4. (a) Arm placement of cue 12 1 2 3 4 5 6 7 8 9 

(b) Corresponding cue A B C D B C D A C A 

(c) First visit sequence 12 1 2 3 5 6 4 7 8 10 

(ie. of single arm visits) 

(d) Second visit sequence 11 10 8 9 12 2 3 1 4 7 

Training in configural learning sessions (includes A/B and CID): 

1. (a) Arm placement of cue 12 1 2 3 4 5 6 7 8 9 

(b) Corresponding cue B A CID C A A/B CID D B D 

(c) First visit sequence 1 12 3 2 7 6 4 5 10 9 

(ie. of single arm visits) 

(d) Second visit sequence 7 4 6 5 9 10 11 8 2 1 

2. (a) Arm placement of cue 12 1 2 3 4 5 6 7 8 9 

(b) Corresponding cue C D B A/B C CID A B A A/B 

(c) First visit sequence 11 10 8 9 12 2 3 1 4 7 

(ie. of single arm visits) 

(di Second visit sequence 12 1 2 3 5 6 4 7 8 10 

3. (a) Arm placement of cue 12 1 2 3 4 5 6 7 8 9 

(b) Corresponding cue D CID A B CID A A/B C D C 

(c) First visit sequence 7 4 6 5 9 10 11 8 2 1 

(ie. of single arm visits) 

(d) Second visit sequence 1 12 3 2 7 6 4 5 10 9 

4. (a) Arm placement of cue 12 1 2 3 4 5 6 7 8 9 

(b) Corresponding cue A A/B C CJD B C D A/B CID A 

(c) First visit sequence 12 1 2 3 5 6 4 7 8 10 

(ie. of single arm visits) 

(d) Second visit sequence 11 10 8 9 12 2 3 1 4 7 

Appendix 3. Cue placement for the elemental cue learning task and the configural cue learning task. 
For some rats A=reward, B=reward and AB=no-reward; C=no-reward, D=no-reward and CD=reward. 
For other rats A=no-reward, B=no-reward and AB=reward; C=reward, D=reward and CD=no-reward. 

10 11 

A C 

11 8 

12 3 

10 11 

C D 

5 6 

9 11 

10 11 

B A 

12 3 

11 8 

10 11 

D B 

9 11 

5 6 

10 11 

A/B C 

11 8 

12 3 

10 11 

CID D 

5 6 

9 11 

10 11 

B A/B 

12 3 

11 8 

10 11 

D B 

9 11 

5 6 



Appendix 4. Two elemental cues and their configural cue. 



Appendix 5. Two elemental cues and their configural cue. 



Expt: James Moran - PRC lesions 

Date: 

Subject:# 

Age: 

Wgt: 

Result: 

(M/F) Lesion type / Comments: 

Aneasthetic Prep: Atropine Stock: 0,65mg/ml; final cone: 0.125mg/ml (1:5 with saline) 

Pentob Stock: 300mg/ml; final cone: 50mg/ml (1:5 with saline) 

Injections: Atropine (1.5ml/kg): mis at (time) 

Pentob: (l.8ml/kg): mis at (time) 

Comments: 

Incisor bar at: Rat ear-bars at: L = R= 

10 degree angles to vertical; On Left: AP L V On Right: AP L V 

Hamilton/ ear bars: 

Lambda (all at skull): 

Bregma (all at skull): 

Final Left and Right AP Left: L Skull Ham/ton Right:L Skull 

(at site) 1st (at site) 
#1 -0.33 +0.48 -0.68 2nd -0.48 -0.68 

Vol 
(Bregma) Inf "t" 

Skull Def "t" Skull 
(at site) (at site) 
LDura 1st RDura 

#2 -0.48 2nd 

Vol 
(Bregma) Inf "t" 

Skull Def "t" Skull 
(at site) • (at site) 
LDura 1st RDura 

#3 -0.54 +0.68 -0.68 2nd -0/48 -0.68 
Vol 

(Bregma) Inf "t" 
Def "t" 

Hamilton 

1st 
2nd 

Vol 
Inf "t" 
Def "t" 

1st 
2nd 

Vol 
Inf "t" 
Def "t" 

1st 
2nd 

Vol 
Inf "t" 
Def "t" 

Note: For 0.12M NMDA solution, weigh between 0.002 - 0.003g and dissolve in wgt/1.765xto·5 µI of pH 
7.20 phosphate buffer 
SurgerySheet_May00.doc 

Appendix 6. Surgery sheet for perirhinal cortex lesion. 



Expt: James Moran - AT lesions 

Date: 

Subject:# 

Age: 

Wgt: 

Aneasthetic Prep: 

Injections: 

Comments: 

Incisor bar at: 

Hamilton/ ear bars: 

Lambda: 

Bregma: 

Final AP/ L: 

AV 

(Bregma) 

AM 

(Bregma) 

LD 

(Bregma) 

LD 

(Bregma) 

Result: 

(M/F) Lesion type/ Comments: 

Atropine Stock: 0.65mg/ml; final cone: 0.125mg/ml (1:5 with saline) 

Pentob Stock: 300mg/ml; final cone: 50mg/ml (1:5 with saline) 

Atropine {1.Sml/kg): mis at (time) 

Pentob: (2.0ml/kg): mis . at (time) 

Rat ear-bars at: L = R= 

AP L V 

Skull Hamilton Skull 

L Dura 1st RDura 
-0.07 +0.17 -0.17 -0.56 2nd -0.56 

Vol 
Inf "t" 

Skull Def "t" Skull 

LDura 1st RDura 
-0.07 +0.10 -0.10 -0.62 2nd -0.62 

Vol 
Inf "t" 

Skull Def "t" Skull 

LDura 1st RDura 
-0.16 +0.23 -0.23 -0.50 2nd -0.50 

Vol 
Inf "t" 

Skull Def "t" Skull 

LDura 1st RDura 
-0.14 +0.22 +0.22 -.048 2nd -0.48 

Vol 
Inf "t" 
Def "t" 

Hamilton 

1st 
2nd 

Vol 
Inf "t" 
Def "t" 

1st 
znd 

Vol 
Inf "t" 
Def"t" 

1st 
2nd 

Vol 
Inf "t" 
Def "t" 

1st 
2nd 

Vol 
Inf "t" 
Def "t" 

Note: For 0.12M NMDA solution, weigh between 0.002- 0,003g and dissolve in wgt/1.765xto·5 µI of pH 
7.20 phosphate buffer 
SurgerySheet_l 7 Apr00.doc 

Appendix 7. Sugery sheet for the anterior thalamus lesion. 



University of Canterbury 

Private Bag 4800 

Christchurch 

New Zealand 

/ 

6 April 2000 

Telephone: +64-3-366 700 I 

Facsimile: +64-3-364 2999 

John Dalrymple-Alford, James Moran and Annie l\tlitchell 
Department of Psychology 
UNIVERSITY OF CANTERBURY' 

Dear John, James and Annie 

I am pleased to inform you that the Animal Ethics Committee approved your 
application entitled: 2000: 12 - Pilot work on specific component neural structure of 
the "Limbic System": involvement of the interior thalamic nuclei and the perirhinal 
cortex in learning and memory 

Yours sincerely 
Alan Hayward 
REGISTRAR 

,::£ A/)'~/21 ~~✓/Z// #, ~ 
per: Isobel Phillips 
Faculty Administrator 

Appendix 8. Ethics approval for pilot study. Involvement of the anterior thalamic nuclei and the 
perirhinal cortex in the "Limbic System". 

----------



University of Canterbury 

Private Bag 4800 

Chriscchurch 

New ZeJland 

11 May 2000 

Telephone: +64-3-366 700 I 

Facsimile: +64-3-364 2999 

John Dalrymple-Alford & James Moran 
Psychology Department 
UN--rvERSITY OF CAi'fTERBURY 

Dear John and James 

I am pleased to inform you that the Animal Ethics Committee has approved your 
application entitled: 2000: 16 - Behavioural study on specific component neural 
structure of the "Limbic System": involvement of the anterior thalamic nuclei and 
perirhinal cortex in learning and memory. 

Yours sincerely 
Alan Hayward 
REGISTRAR 

~,;/#~~ 
.per: Isobel Phillips 
Faculty Administrator 

_.,. 

Appendix 9. Ethics approval for main study: involvement of the anterior thalamic nuclei and perirhinal 
cortex in learning and memory. 
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