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ABSTRACT 

Controversy still surrounds the neural bases of diencephalic amnesia. Recent 

research in rats suggests that incidental damage to the anterior thalamus (AT) may 

be responsible for impairments following other experimental procedures such as 

dorsomedial thalamic (DM) lesions or pyrithiamine-induced thiamine deficiency 

(PTD). Part One of this study assessed the effects of small radio-frequency 

lesions, confined to either the anteroventral (AV) or anteromedial (AM) nuclei of the 

AT, on the performance of naive rats on a 12-arm radial maze procedure (8 arms 

baited). Both lesions impaired reference memory and working memory over an 

extended period of testing. Latency measures in the radial maze showed that these 

impairments were not due to general behavioural deficits. The only difference in 

te1ms of maze activity was that control rats, but not lesioned rats, took longer to run 

to the ends of previously baited arms. Concurrent testing in an activity chamber 

found only that control rats tended to show more marked within-session 

habituation. Part Two investigated the relative contributions of intramaze and 

extramaze cues to radial maze performance and showed that for all groups both 

working memory and reference memory were impaired following the removal of 

extramaze cues; the removal of the previous intramaze cues further impaired 

perf01mance relative to the original conditions. In the most restricted cue condition, 

reference memory pe1f ormance was reduced to chance whereas working memory 

performance was impaired yet still considerably better than chance. Given that all 

groups were affected in a similar fashion by the cue manipulations, it is possible 

that AT lesions produce a general deficit rather than a specific one (e.g. 

spatial/working memory). In general, this study showed that minor damage to the 

AT, comparable to that sustained incidentally following other experimental 

procedures was sufficient to impair pe1fo1mance in the radial maze, a task known to 

be sensitive to damage to the hippocampal system. The impairments following AT 

lesions are likely to be due to disruptions of circuits involving the limbic cortex and 

hippocampal system. 
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1. INTRODUCTION 

Neuropathological data suggest that damage to either the medial temporal lobe or the 

medial diencephalon may cause amnesia. However, the precise neuroanatomical bases of 

amnesic disorders continue to evoke controversy especially with regard to the relative 

contributions of nuclei within the diencephalon. The present study focuses on the role of the 

anterior thalamus (AT), specifically the anteroventral (AV) and anteromedial (AM) nuclei, 

which have dense reciprocal connections with hippocampal and related cortical regions 

known to be involved in memory. Traditionally, the human neuropathological evidence has 

emphasised the dorsomedial nucleus of the thalamus (DM ) (Victor, Adams & Collins, 

1989) and the mammillary bodies (MB) (Mair, Warrington & Weiskrantz, 1979) as the 

critical structures in diencephalic amnesia, but a reassessment of this evidence encourages 

the view that the AT may play a more impo1tant role in this disorder than has been 

previously recognised. 

1.1. Clinical Evidence of Medial Diencephalic Involvement in Amnesia 

The clinical data are an important source of information about which structures are 

critical for memory. The main source of evidence for medial diencephalic involvement in 

human amnesia has come from the Wernike-Korsakoff (WK) syndrome. Other sources of 

evidence include acute trauma, such as cerebra-vascular accidents (CV A) or penetrating head 

injuries, and intracranial tumours. 

The Wernike-Korsakoff syndrome. The relatively high prevalence of WK has meant 

that this disorder has been the main source of info1mation about diencephalic amnesia. 

Unfortunately, the neuropathology associated with WK is varied and diffuse, consisting of a 

series of small haemorrhagic and necrotic lesions throughout the periventricular regions of 

the diencephalon and brain stem (Mayes, Meudell, Mann & Pickering, 1988, Victor et al., 

1989), so it remains unclear which lesions or combination of lesions are responsible for the 

memory impairments associated with this disorder. 

The two structures most consistently implicated in WK are the MB and the DM and 

much debate has focused on which of these may be the critical lesion. Victor et al. (1989) 

examined the brains of 38 WK patients and found both DM and MB damage in all cases, 

although they also reported five cases involving "severe and chronic" lesions of the MB, 

without DM damage, in which there was no clinical record of memory impairment. They 

concluded therefore that MB damage is incidental to the memory disorder and damage to the 

DM is both necessary and sufficient for the amnesic symptoms. However, the strength of 

their conclusion must be tempered by the fact that MB damage was evident in all cases where 

there was clinical evidence of memory disturbance and that none of their amnesic cases 

showed DM damage only. 
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Other researchers (e.g. Mair et al., 1979; Mayes, Meudell, Mann & Pickering, 1988) 

have considered that amnesia can occur in WK patients without appreciable damage to the 

DM. Mair et al. (1979) reported two cases in which severe retrograde and anterograde 

amnesia were well documented and subsequent post-mortem examination revealed damage 

mainly to the MB, although there was also a thin band of subependymal gliosis evident 

which bordered on the DM and extended rostrally to involve the paratenial nucleus (PT). A 

similar pattern of damage, with the addition of a small unilateral infarction in the DM, was 

reported in the two patients (also well supported neuropsychologically) described by Mayes 

et al. (1988). Both Mair et al. and Mayes et al. concluded that the MB damage, either alone 

or in combination with damage to the PT, was sufficient to account for the memory 

impairments. 

The picture is further complicated because DM and MB damage are by no means the 

only neuropathological consequences of WK; damage to many other diencephalic structures 

is often apparent in this disorder. Victor et al. (1989) also reported that 35% of their cases 

showed damage to the AT. This may be a conservative estimate given the relative size of the 

AT and the limited availability of relevant material for serial section. For example, a large 

study of patients diagnosed with Wernike's encephalopathy (Cravioto, Korein & Silberman, 

1961) in which the thalamus was available for study in 22 cases, found that all had damage 

to the AT and that this structure was more severely affected than the DM. Many other 

diencephalic areas are damaged in WK but are not consistently implicated in the memory 

impairments. 

Other sources of evidence. It is well established that medial thalamic infarcts can result 

in memory impairment (Graff-Radford, Tranel, Van Hoesen & Brandt, 1990; von Cramon, 

Hebel & Schurri, 1985). Amnesia has been reported following haemorrhagic (Von Cramon 

et al., 1985) and ischemic (Graff-Radford, Eslinger, Damasio & Yamada, 1984) infarction, 

after bilateral (Winocur, Oxbury, Roberts, Agnetti & Davis, 1984) and unilateral damage 

(Akiguchi, 1987; Goldenberg, Wimmer & Maly, 1983). The neuropathological 

consequences of CV A's may involve many structures, as the arteries that supply the 

diencephalon cover large territories although the damage tends to be less dispersed than in 

WK. The DM is occasionally implicated in these memory disturbances (e.g. Akiguchi, Ino, 

Nabateme, Udaka, Matsubayashi, Fukuyama & Kameyama (1987) although many cases 

reveal extensive DM damage without any evidence of amnesic symptoms (Clarke, Assal, 

Bogousslavsky, Regli, Townsend, Leenders & Blecic, 1994; Kritchevsky, Graff-Radford 

& Damasio, 1987; Graff-Radford et al., 1984; von Cramon et al., 1985). The evidence 

from CV A cases favours the view that damage focused anterior to the DM (i.e. involving the 

AT region and connections that possibly dismpt both the AT and the DM) is likely to be 

critical and these lesions can be small as long as they are strategically situated so as to disrupt 

structures within key circuits of the limbic system (Graff-Radford et al., 1990; Parkin, Rees, 

Hunkin & Rose, 1994). 
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There are also occasional reports of amnesia following unusual cranial injuries, most 

notably, patient N.A. who developed amnesia following a penetrating paranasal injury 

which was originally described by Teuber, Milner and Vaughan (1968) as resulting in a pure 

DM lesion. However, recent results of magnetic resonance imaging (MRI) examination 

(Squire, Amaral & Zola-Morgan, 1989) have revealed that N.A. sustained more widespread 

damage which included: MB, the mammillothalamic tract (MTT), and post-commissural 

fornix. This pattern of damage would interrupt hippocampal efferents to AT and MB and 

also intenupt AT projections to limbic cortex (Robertson & Kaitz 1981 ). A similar case is 

reported by Dusoir, Kapur, Byrnes, McKinstry and Hoare (1990) in which a snooker cue 

caused damage to the posterior hypothalamus, MB and possibly MTT, resulting in severe 

amnesia. Overall, the evidence from acute trauma suggests that damage to the AT and fibre 

tracts such as the internal medullary lamina (IML) and MTT and fornix may be preferentially 

involved in causing these amnesic symptoms. 

Further evidence regarding the involvement of the AT in memory disturbance comes 

from studies of intracranial tumours and third ventricular cysts. Ten percent of all 

intracranial tumours are in the diencephalon and these are most likely to result in memory 

impairments when the area surrounding the walls and floor of the third ventricle are 

disturbed (Williams & Pennybacker, 1954). Traditionally, emphasis has been placed on DM 

and MB involvement, but Dennis, Spiegler, Fitz, Hoffman, Hendrick, Humphreys and 

Chuang (1991) studied computed tomography (CT) scans from 46 children and adolescents 

and suggested that, in these cases, memory impairments may have resulted from the 

involvement of the anterior as well as the medial thalamic nuclei. Amnesia may also result 

from surgical procedures to remove tumours or other abnormalities. This is especially so 

with the removal of third ventricle cysts (Hodges & Carpenter, 1991) and following repair 

of aneurysms, especially those of the anterior communicating artery. In these latter cases a 

likely cause is damage to the fornix (Gaffan, Gaffan & Hodges, 1991) which for anatomical 

reasons again implicates the AT region. Surgical lesions of the AT that were pe1formed to 

alleviate chronic depression (Mark, Barry, McLardy & Ervin, 1970) were reported to be 

followed by severe memory loss for recent events and periods of confusion for time and 

place, although these were found to be substantially improved before the patients death (by 

suicide) a few months after the initial surgery. 

Summary of clinical evidence. All cases of diencephalic amnesia, irrespective of 

aetiology, are associated with multiple sites of damage. Nevertheless, it is clear from this 

brief survey of the clinical literature that there are several structures within the diencephalon 

which are likely to play some role in memory processes. These include the AT, DM and MB 

as well as fibre tracts such as the IML, MTT and fornix. There is limited evidence for the 

direct involvement of the AT in WK, but this region or its main connecting pathways (MTT 

and fornix) are often critically involved in other cases of diencephalic amnesia. The balance 

of recent evidence suggests that within the diencephalon it is the AT, MB, MTT and fornix, 

rather than the DM, which are critical for amnesic symptoms (Kopelman, 1995). 

Neuroanatomical and functional considerations provide further persuasive grounds to expect 

that the AT region plays an important role in learning and memory. 



1.2. Neuroanatomical and Functional Considerations 

The AT is richly interconnected with other brain regions which are strongly 

implicated in memory disorders. This section examines the AT in terms of the major 

strategic position it occupies within the many circuits and potential sub-circuits connecting 

structures within the limbic system (see Figure 1). 

The AT can be subdivided into three distinct nuclei: AV, AM and anterodorsal (AD). 
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The AD is a group of large cells in the rostral thalamus along the lateral border of the stria 

medullaris. Lateral to the AD is the AV and the AM is ventral and medial to the AV 

(Robertson & Kaitz, 1981 ). Nuclei of the AT project to the hippocampal formation and 

entorhinal co1tex mainly via the subicular region. The AM projects to the presubiculum, and 

the AV and AD projections terminate in the postsubiculum, presubiculum and the subiculum 

proper (Finch, 1993). The AV also has projections to the entorhinal cortex (Brauk & Brauk, 

1993). The AT in turn receives hippocampal afferents directly via the fornix, with the 

predominant hippocampal afferents to the AV arising from the presubiculum and the 

parasubiculum and those of the AM arising mainly from the subiculum (Robertson & Kaitz, 

1981; Aggleton, Desimone & Mishkin, 1986). 

The MB are unusual within this circuitry as they do not have major reciprocal 

connections with the hippocampal formation: they receive significant projections from the 

subiculum (from different populations of subicular neurons than those that project directly to 

the AT, Seki & Zyo, 1984) but project mainly to the AT. There is some evidence however, 

that the supramammillary region has reciprocal connections with the septo-hippocampal 

system (Ino, Itoh, Kamiya, Shigemoto, Akiguchi & Mizuro, 1988). The major 

subdivisions of the MB have independent patterns of connectivity. It is the medial MB that 

is most often implicated in WK and fornix fibres terminate exclusively in this area. The 

main MB afferents go directly to the AT via the MTT, with the medial MB having the 

densest projections to the AT. Specifically, the medial region of the medial MB (pars 

medialis centralis) projects exclusively to the AM, the lateral region of the medial MB (pars 

medialis dorsalis) projects to the AV and the lateral MB projects to the AD (Seki & Zyo, 

1984; Shibata, 1992). 

Thus, the hippocampal formation has both, direct and indirect reciprocal circuits with 

the AT and also with the limbic cortex. Both the anterior cingulate and retrosplenial cortex 

are reciprocally connected with the hippocampal formation, including the subiculum, 

entorhinal and perirhinal cortex, and the hippocampus proper (Finch, 1993). In addition, all 

areas of the limbic cortex project independently to both AV and AM, with AD receiving 

much lighter projections. This represents an important convergence of cortical projections 

within each AT nucleus (Seki & Zyo, 1984 ). The main efferents of the AT are to limbic 

cortex (van Groen, Vogt & Wyss, 1993; Robertson & Kaitz, 1981) with the AM having the 

most diffuse projections to the cingulate region of all the thalamic nuclei, projecting mainly 

to the anterior cingulate and also to the retrosplenial cortex (Domesick, 1972; van Groen et 

al., 1993). The AV and AD project predominantly to retrosplenial cortex (van Groen et al., 

1993; Bentivoglio, Kultas-Ilinsky & Ilinsky, 1993). 



CG 

AT 

MB 
AT efferents 

AT afferents 

Other connections 

Figure 1. Schematic diagram of the main connections between the AT and other 
key components of the limbic system. 

Abbreviations: AT, anterior thalamus; AD, anterodorsal nuclei; AM anteromedial nuclei; AV, 
anteroventral nuclei; MB, mammillary body; mMB, medial mammillary body; pmc, pars medialis 
centralis; pmd, pars medialis dorsalis; 1MB, lateral mammillary body; MTT, mammillothalamic tract; 
HF, hippocampal formation; S, subicular region; H, hippocampus; EC, entorhinal cortex; CG, 
cingulate gyrus; AC anterior cingulate cortex; RSp, retrosplenial cortex. 
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In general, therefore, all three AT nuclei converge on retrosplenial cortex whereas the 

anterior cingulate is mainly innervated by the AM. The AT projections to limbic cortex 

overlap with projections from the hippocampus and the lateral dorsal thalamic nucleus 

(Robertson & Kaitz, 1981 ), suggesting a convergence of info1mation within the limbic 

cortex (Finch, 1993). Information processing by the hippocampus involves reciprocal 

connections with entorhinal, perirhinal and parahippocampal c01tices and these in turn 

receive input from multiple neocortical association areas, the cingulate cortex and the 

retrosplenial cortex. The hippocampus thus comprises an important convergence site for 

neocortical input. The subiculum is considered to be the final stage of hippocampal 

processing (Eichenbaum, Otto & Cohen, 1994) and it is significant, therefore, that this 

structure projects to the AT both directly and indirectly (via the MB efferents). 

7 

These anatomical considerations demonstrate that the AT occupies a pivotal role 

within limbic system circuitry. There is also evidence that these limbic structures are 

functionally connected, as parts of circuits that interact in learning and memory, and this 

adds further support to the idea that the AT nuclei play a major role in learning and memory. 

One source of evidence for the functional relatedness of limbic structures comes from studies 

which examine local cerebral glucose utilisation (LCGU). Radioactive 2-deoxyglucose (2-

DG) injected in a brain indicates those regions which are more active during the pe1f01mance 

of particular tasks. Glucose utilisation in the hippocampus (Friedman & Goldman-Rakic, 

1988) and also in DM, AV and AM (Friedman, Janas & Goldman-Rakic, 1990) is enhanced 

in monkeys performing working memory tasks. Matsunami, Kawashima & Satake (1989) 

found that 2-DG uptake to the thalamus, retrosplenial c01tex and other memory related 

structures greatly increased during a delayed response task and more so in AT than DM. 

The most likely explanation for such increases in 2-DG uptake is that it is a result of 

increased neuronal activity related to learning or memory suggesting that these areas may 

function co-operatively to promote memo1y processing. 

Findings that AT neurons and their cortical projection sites are essential for 

discriminative avoidance learning in rabbits provides a second source of evidence for the role 

of the AT in learning and memory processes. There are systematic changes in neuronal firing 

patterns in the AT and limbic cortex which accompany behavioural acquisition (Gabriel, 

Lambert, Foster, Orona, Sparenborg & Maiorca, 1983). Discriminative training induced 

neuronal activity (TIA) in the thalamus increases as learning occurs and reaches maximum 

amplitude in individual nuclei and their cortical projection sites at different stages of 

behavioural acquisition (Gabriel, Vogt, Kubota, Poremba & Kang, 1991). Very early peaks 

of TIA are found in the AD, the hippocampus and related cortical areas, which suggests that 

these regions are involved early in training for the rapid encoding of novel associations and the 

suppression of behavior in response to novel events (Kubota & Gabriel, 1995; Poremba, 

Kubota & Gabriel, 1994). At an intermediate stage of training maximum excitation occurs in 

the lateral dorsal nucleus (LD), the parvocellular division of the AV (AVp) and related cortical 

fields. By contrast, in well trained rabbits maximum excitation occurs in projection sites of the 

AM and the magnocellular division of the AV (A Vm) (Gabriel, Cuppernell, Shenker, Kubota, 
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Renzi & Swanson, 1995). Furthermore, post-training AV lesions impaired perfo1mance in a 

differential avoidance conditioning task and also abolished the excitatory discharges that had 

developed in the cingulate and retrosplenial cortices in response to the conditional stimulus. 

(Gabriel et al., 1983). Projections from the MB also play an important role in the development 

of normal TIA in the AV during acquisition and performance of discriminative avoidance 

behaviour which suggests that the AT/ MB system is important for maintaining aversively 

motivated responding (Gabriel et al., 1995). 

In summary, the AT's dense hippocampal, MB and cortical connections place it in a 

pivotal position within limbic circuitry. Furthe1more, these neural pathways have been shown 

to be essential for normal learning related neuronal activities. Thus, despite the relatively little 

attention the AT has received in the literature regarding human amnesia, it is likely that this 

region plays an important part in memory function. 

The following section reviews findings from experimental studies (in rats unless 

otherwise stated) that have looked at the effects of lesions involving key medial diencephalic 

structures thought to play a role in human amnesia. The experimental studies, like the clinical 

literature, have tended to focus on the MB and the DM and it is thus important to review this 

literature, especially in light of suggestions that impairment following DM lesions may be 

related to incidental AT damage. Before reviewing the results of specific AT lesion studies, 

the evidence from a thiamine-deficiency model of WK is also reviewed because behavioural 

deficits reported in this paradigm may also be related to AT damage. 

1.3. Effects of Experimental Diencephalic Lesions 

Experimental studies with animals overcome many of the problems associated with 

clinical studies. They allow greater control over the extent and location of lesions thus 

enabling the contributions of specific regions to be evaluated. In addition, direct comparison 

of lesion and control groups can be made with sufficient numbers to permit statistically valid 

interpretations. Like the clinical data however, experimental lesion studies have also produced 

conflicting results. There are many reasons why experimental results may differ. Important 

variables such as the size and exact location of the lesion, the lesion technique used, task 

characteristics and the extent of pre-operative training may all vary across studies, making 

comparisons difficult. 

MB Lesions. As can be seen from Table 1 (page 14), experimental MB lesions have 

produced mixed evidence for impaired mnemonic function and, when evident, impairments 

tend to be delay dependent. For example, Aggleton, Neave, Nagle and Hunt (1995) found 

that MB lesions resulted in mild impairment on a T-maze forced alternation task relative to 

controls only after delays of 10, 20 or 40 seconds. Beracochea and Jaffard (1995) found that 

mice were impaired on a T-maze delayed non-matching to position (DNMTP) task with a 6 

hour delay but not with a 5 minute delay, although, no impairment was evident on the 

supposedly more demanding delayed matching to position (DMTP) version of the task at any 

delay. Similarly, Tako, Beracochea & Jaffard, 1988) found that mice with MB lesions were 
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unimpaired in a T-maze spontaneous alternation task with a 5 minute delay but impaitments 

were evident when the delay was increased to 24 hours (increasing the delay to 48 hours 

resulted in chance levels of performance for both MB lesioned and control groups). 

However, changing the context on either acquisition trials, retention trials or both totally 

alleviated the deficit in lesioned mice but did not affect the perfmmance of controls. Another 

study with mice (Beracochea & Jaffard, 1987) noted impairments of spontaneous alternation 

behaviour with a 30 second delay but not when the delay was reduced to 5 seconds. 

By contrast, other studies have found minimal or no impairments following MB 

lesions, even with delays. Aggleton, Hunt and Shaw (1990) found that MB lesions had a 

mild effect on the acquisition of a T-maze forced alternation task with retention periods of 10, 

30 or 60 seconds although these lesions had no effect on the acquisition or subsequent 

performance of a Y-maze recognition task with delays of 20 or 60 seconds. No deficits were 

found in pre-operatively learned operant DNMTP task over delays of up to 32 seconds 

(Aggleton, Keith & Sahgal, 1991) or operant delayed matching to sample (DMTS) with delays 

from 6 to 35 seconds (Harper, McLean & Dalrymple-Alford, 1994). Only minor post

operative acquisition impairments were reported on a Morris water task by Sutherland and 

Rodriguez ( 1989) and pre-trained animals with MB lesions did not differ overall in 

performance from controls. Similarly, Jarrard, Okaichi, Steward and Goldschmidt (1984) 

found no impairments of reference or working memory in either spatial (distal cues) or non

spatial (proximal cues) radial maze tasks despite large MB lesions. Harper, Dalrymple-Alford 

and McLean (1993) found that MB lesions abolished a pre-operatively established serial 

position effect (SPE), but did not impair overall accuracy, in pre-trained rats in an item-list 

radial maze task. 

Nevertheless, some studies have found marked impairments after MB lesions. 

Saravis, Sziklas and Petrides (1990) found that large MB lesions produced a substantial 

impairment in working memory on a standard 8-arm radial maze task and, while the MB rats 

were not impaired on a DNMTS radial maze task with a minimal delay they were impaired 

with delays between 15 and 60 seconds. Field, Rosenstock, King, and Greene (1978) and 

Greene and Naranjo (1986) found severe impairments following MB lesions using an 

automated T-maze alternation task that involved a delay of only 5 seconds. However, the 

impairment evident in these latter studies may be related to an interaction between the 

hyperactivity observed following MB lesions and the automated nature of the task. 

Overall, experimental studies do not consistently indicate that MB lesions result in 

substantial impairment of mnemonic functioning except in alternation procedures with 

relatively long delays. 

DM Lesions. Despite the considerable attention given to the effects of experimental DM 

lesions, little progress has been made towards identifying the contribution of this region to 

memory and learning (see Table 2, page 15). Many studies report severe behavioural deficits 

following DM lesions (e.g. Stokes & Best 1988, 1990a) whereas many others find little or no 

impairment (e.g. Greene & Naranjo, 1986; Neave, Sahgal & Aggleton, 1993). In the context 

of the present thesis it is especially important to consider the literature regarding DM lesions 

carefully in light of recent claims that deficits following DM lesions may be due to incidental 

damage to the AT. 
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Many factors may influence the outcome of lesion studies but neither task 

characteristics nor lesion technique seem to be able to account for the conflicting results 

following DM lesions. Some studies have reported deficits on spatial tasks (M'Harzi, 

Jarrard, Willig, Palacios & Delacour, 1991; Stokes & Best, 1988, 1990b; Weis & Means, 

1980) and non-spatial tasks (Hunt & Aggleton, 1991; Tigner, 1974; Weis & Means, 1980); 

whereas other studies have reported a lack of impairment on both spatial (Beracochea, 

Jaffard & Jarrard, 1989; Hunt & Aggleton, 1991) and non-spatial (Beracochea et al., 1989; 

M'Harzi et al., 1991) tasks. Lesion technique is also an important factor but comparisons 

between studies using conventional lesions, which may damage fibre tracts, and those using 

neurotoxic lesions, which spare fibre tracts, also produce conflicting results. Deficits 

following conventional lesions of the DM have been reported for spontaneous alternation 

(Vicidomini, Corwin & Nonneman, 1982; Weis & Means, 1980), go/no-go alternation 

(Winocur, 1985) and the radial maze task (Stokes & Best, 1988), whereas other studies 

have reported no impairment of spatial alternation (Greene & Naranjo, 1986; Tigner, 1974), 

the Morris water task or the radial maze task (Kolb, Pittman, Sutherland & Whishaw, 1982) 

following conventional procedures. Lesions of the DM produced by neurotoxin have 

impaired pe1formance of a T-maze alternation task (Kessler & Markowitsch, 1981) and in 

the radial maze (Kessler, Markowitsch & Otto, 1982; Stokes & Best, 1990b). By contrast, 

Beracochea et al. (1989) reported no deficit in either spatial reversal or radial maze 

performance following ibotenate DM lesions and Neave et al. (1993) found no deficit on an 

operant DNMTP task following N-methyl-D-aspartate (NMDA) induced DM lesions. Direct 

comparisons of the two lesion techniques have also been inconclusive. Hunt and Aggleton 

(1991) found no difference between the effects of RF and ibotenic DM lesions, both 

methods produced a deficit in DNMTS object recognition and neither method produced 

significant deficits in T-maze delayed alternation. Stokes and Best (1990b) found that both 

RF and ibotenic DM lesions produced severe deficits in the radial maze. These inconsistent 

results suggest that neither damage to fibres of passage nor general task characteristics 

readily explain the mixed findings following DM lesions. 

The size of the lesion is perhaps a more important variable to take into account when 

evaluating experimental studies and there are two factors that need to be considered: the 

amount of damage to the target area and, equally important, the extent of incidental damage 

to adjacent areas. Stokes and Best (1990a, 1990b) suggest that large DM lesions (including 

at least 80% of the nucleus) are necessary to impair pe1fo1mance although their lesions also 

encroached the habenula, paraventricular nucleus and reuniens, as well as the AT (AM, AV 

and AD) when associated with severe impairment of radial maze learning. By comparison, 

large electrolytic lesions involving all but the most anterior portion of the DM and also 

including the habenula, paraventricular nucleus and fasciculus retroflexus, but which spared 

the AT, produced no impairment of either a radial maze or Morris water task (Kolb et al., 

1982). Similarly, ibotenate lesions which spared the anterior and ventral DM were also 

without effect on a radial maze task (Beracochea et al., 1989). 
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It has been proposed by Hunt and Aggleton ( 1991) that incidental damage to the AT 

may be a critical factor following DM lesions. They found consistent spatial working 

memory deficits following DM lesions only in animals in which damage extended into the 

AT and there was a significant correlation between the degree of cell loss in the AT and 

behavioural impairment. These authors reviewed several studies which rep011ed deficits in 

spatial tasks following DM lesions and concluded that in many cases these impairments were 

probably due to incidental damage to the AT. This conclusion has been confirmed in a more 

recent study (Neave et al., 1993) in which no impairment was found on an operant DNMTP 

task following neurotoxic DM lesions which avoided the AT. This proposal, that incidental 

damage to the AT may be a critical factor following thalamic lesions, has recently gained 

further support from another area of experimental research that examined the 

neuropathological and behavioural consequences of pyrithiamine-induced thiamine 

deficiency (PTD) in rats. 

PTD model of WK. PTD treatment is considered a useful animal model of WK for three 

main reasons: thiamine deficiency is generally accepted as a major contributing factor to WK 

(Victor et al., 1989), rats that have recovered from PTD exhibit patterns of diencephalic 

pathology similar to that observed in WK and the cognitive impai1ments evident in PTD 

treated rats are similar to those shown by WK patients (Langlais, Mandel & Mair, 1992). 

Many PTD studies have concluded that damage to the lateral IML (L-IML) is mainly 

responsible for the impaired pe1formance (Langlais & Mair, 1990; Mair, Anderson, Langlais 

& McEntee, 1988) but recent evidence indicates that PTD treatment is also associated with 

considerable damage to the AT. A study by Langlais, Henderson and Zhang (1993) which 

examined the progression of PTD induced diencephalic lesions clearly showed that the AT 

was severely affected by this treatment. The ventrolateral part of the AV (AVVL) and the 

gelatinosus nucleus were the first stmctures affected and the entire A VVL was destroyed 

before any substantial damage was evident in the DM, MB or IML. 

A recent study that examined the neuropathological and behavioural consequences of 

PTD treatment (Langlais & Savage, 1995) lends fmiher support to the idea that the AT is an 

important factor in the behavioural deficits. In this study, PTD-treated animals (n = 14) 

were divided into two groups: !ML-lesioned (n = 8) and !ML-spared (n = 6) based on the 

observed extent of IML damage. All 14 PTD-treated animals exhibited cell loss throughout 

the thalamus, including: AV, AM, reticularis, centromedian and the ventral part of the DM. 

The dramatic effect that PTD treatment had on cells in the AT is demonstrated by the 40-50% 

(p < .0001) loss of AV neurons relative to controls in the group rated as !ML-spared. 

Neuronal counts for the AM were not carried out although this area was also reported to be 

affected. The !ML-lesioned group revealed more severe and widespread neuronal loss, 

including the entire anterior-posterior limits of the AV and significant MB damage. The 

behavioural results revealed that the !ML-lesioned group was impaired relative to both the 

control and !ML-spared group on a T-maze spontaneous alternation task and also on operant 

DNMTP and DMTP tasks. However, the !ML-spared group was also impaired relative to 

controls on the operant DNMTP task. A second study (Savage & Langlais, 1995) found 



that both !ML-lesioned and !ML-spared groups were impaired on a T-maze version of the 

DMTPtask. 
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These findings are consistent with the conclusion that damage to the IML is 

responsible for memory impai1ments, but they also strongly support the conclusion that 

damage to the AT is a critical contributory factor for these behavioural deficits. This 

evidence that AT damage may be a factor in impai1ments following PTD treatment provides 

further support for Hunt and Aggleton's (1991) claim that many if not most of the 

impairments following DM lesions may be related to incidental damage to the AT. This 

proposal gains additional support from direct lesion evidence showing that selective damage 

to the AT alone produces many similar memory impai1ments to those observed following 

both DM lesions and PTD treatment. 

AT Lesions. Relatively few studies have explicitly examined the effects of AT lesions on 

memory yet there is accumulating evidence that lesions to this region are reliably associated 

with memory impairments. In fact, all studies bar one (Greene & Naranjo, 1986) have 

provided at least some evidence of memory impairment after AT Lesions (see Table 3, page 

16). Neurotoxic lesions of the AT involving substantial loss of AM neurons with some 

sparing of the lateral AV, impaired T-maze forced alternation with delays of 10, 20 or 40 

seconds (Aggleton et al., 1995) and similar lesions substantially impaired pe1fo1mance of a 

pre-operatively learned operant DNMTP task (Aggleton et al., 1991). Electrolytic lesions of 

the AT have resulted in post-operative acquisition deficits in the Morris water task 

(Sutherland & Rodriguez, 1989), and impairments in an operant delayed alternation task 

(Peinado-Manzano & Pozo-Garcia, 1991). A study with mice (Beracochea & Jaffard, 1991) 

found that ibotenic acid AT lesions impaired sequential alternation (with a 30 second inter

trial interval) in chronically alcohol-treated mice, although neither chronic alcohol treatment 

nor AT lesions alone impaired performance. 

A lack of impairment after AT lesions tends to be evident mostly with alternation 

procedures involving minimal delays. For example, Beracochea and Jaffard (1994) found 

that delayed spontaneous alternation was impaired in mice with a 6 hour but not a 5 minute 

delay following AT lesions. Beracochea et al. (1989) found that ibotenic acid AT lesions in 

rats impaired performance of a temporal alternation task in a straight alley with a 45 second 

delay between choices but not with a 15 second delay. 

Relatively few studies have directly compared the effects of AT and other lesions. 

Peinado-Manzano and Pozo-Garcia (1991) found similar, severe impairments of Go/NoGo 

alternation following both AT and DM lesions. Beracochea et al. (1989) reported that DM 

but not AT lesions impaired temporal alternation with a 15 second delay but when the delay 

was increased to 45 seconds impairments were evident in the AT group but not the DM 

group; neither lesion impaired radial maze pe1formance. 
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Aggleton et al. ( 1995) found that fornix lesions impaired T-maze forced alternation to a 

greater extent than AT lesions and the AT lesions had a greater effect than MB lesions on this 

task. However, the AT and MB lesions produced equal impairments when the task was 

changed to continuous alternation. Similarly, AT lesions have been found to produce a more 

severe effect on post-operative acquisition of the Morris water task than lesions of the MB or 

medial septal region but the most severe impairments were associated with fimbria/fornix 

lesions which affected both pre-operatively and post-operatively trained rats, suggesting a 

qualitative as well as quantitative difference between fimbria/fornix and AT lesions (Sutherland 

& Rodriguez, 1989). On the other hand, Aggleton et al. (1991) reported that AT and fornix 

lesions produce equivalent impai1ments on a pre-operatively learned operant DNMTP task at all 

delays, whereas MB lesions had no effect on performance of this task. In a subsequent study, 

Aggleton and Sahgal (1993) found that fornix and hippocampal lesions produce equivalent 

DNMTP impairments, suggesting hippocampal, fornix and AT lesions all have similar effects 

in this task. 

The only study that has examined the effects of separate AM or AV lesions (Greene and 

Naranjo, 1986) reported that neither lesion impaired alternation performance in an automated 

maze. These negative data are important because they have been interpreted (e.g. Aggleton et 

al., 1995) as showing that such minor damage is insufficient to impair memory. However, 

Greene and Naranjo's procedure involved very short delays with only 5 seconds between 

choices and other alternation studies have found a similar lack of deficit with short delays 

following larger AT lesions (e.g. Beracochea et al., 1989). Thus it is likely that the minimal 

delay between choices rather than size of lesion accounts for the lack of impairment in Greene 

and Naranjo (1986). 

1.4. The Present Study 

The purpose of the present experiment was to reassess the effects of AV and AM 

lesions on spatial memory pe1formance in the rat. There is anatomical and functional evidence 

to suggest that individual AT nuclei have distinct roles in discriminative avoidance learning 

(Gabriel et al., 1991). In addition two sources of evidence suggest that relatively minor 

damage to the AT is in fact sufficient to impair memory. AT damage following PTD treatment 

impaired operant and T-maze DMTP tasks even in !ML-spared rats (Langlais & Savage, 1995, 

Savage & Langlais, 1995) and Hunt and Aggleton (1991) proposed that incidental AT damage 

may be responsible for some of the deficits following DM lesions. 

Non-specific lesions of the AT have been shown to impair working memory (Aggleton 

et al., 1991; Hunt & Aggleton, 1991; Peinado-Manzano & Pozo-Garcia, 1991) and reference 

memory (Sutherland & Rodriguez, 1989) in operant, T-maze and water maze tasks, known to 

be sensitive to hippocampal system damage. The overlap between the behavioural effects of 

AT and hippocampal system damage, and the reciprocal connections that exist between these 

neural structures, suggest that radial maze learning should also be impaired by AT lesions. The 

present study used a 12-arm radial maze task, in which eight arms were baited, to assess the 

effects of separate AV and AM lesions on measures of working and reference memory. 



Table 1. 

Summary of Studies Involving MB Lesions 

Lesion 

Study a Size Method T raining Task Delay Impaired 

Jarrard et al. L elect pre-op RMz {Place) no 
(1984). RMz (cue) no 

Saravis et al. L elect pre-op RMz 20s yes 
(1990) RMzDNMTsb 15, 30, 60, 

120 s yes 
V Disc & Rev no 

Harper et al. M RF pre-op RMz (SPE) yes 
(1993) RMz (accuracy) c no 

Sutherland & L elect post-op MWMz yes d 
Rodriguez (1989) pre-op no 

Tako et al. e M RF pre-op T. SA 5min no 
(1988) 24 hours yes f 

Beracochea & M ibo pre-op T. DNMTP 6 hr yes 
Jaffard (1995) e 5min no 

T. DMTP no 

Beracochea & s RF&KA pre-op T.SA 30 s yes 
Jaffard (1987) e 5s no 

Aggleton L NMDA post-op T. FdA 10, 20, 40 s yes 
et al. (1995) Obj Disc 1, 15 min no 

Aggleton, M ibo post-op Y. nSp Rec 20, 60 s no 
et al. (1990) T.SA 10, 30, 60 s yes d 

Krazem L ibo post-op T. Sp Rep 24 hr no 
et al. (1995) e &Rev 

Aggleton, L NMDA pre-op OpDNMTP to 32 s no 
et al. (1991) 

Harper et al. M RF pre-op Op. DMTS 6 - 35 s no 
(1994) 

Field et al. M elect post-op Auto T. DA 5s yes 
(1978) 

Greene & M elect post-op Auto T. DA 5s yes 
Naranjo (1986) 

Abbreviations. 
L, large; M, medium; S, small; elec, electrolytic; ibo, ibotenic acid; NMDA, N-methyl-o-aspartate; 
KA, kainic acid; RF, radio-frequency; pre-op, pre-operatively trained; post-op, post-operatively 
trained; RMz, radial arm maze; MWMz, Morris Water Maze; T., T-maze; Y., Y-maze ; Op, 
operant; SA, spontaneous alternation; DA, delayed alternation; FA, forced alternation, Sp, 
spatial; 
nSp, non-spatial; Obj, object; Pl, place; Rec, recognition; Rep, repetition; 
Rev, reversal; Temp, temporal; SPE, serial position effect 

Disc, discrimination; 

Notes. 

a All studies use rats unless otherwise stated. 

b Rats were presented with 1 arm and then given a choice between that arm and one other . 
c Lesions abolished SPE but didn't impair overall accuracy. 
d Only mildly impaired. 
e Mice 

f Deficit alleviated by context change. 

I 



Table 2. 

Summary of Studies Involving OM Lesions 

Lesion 

Study a Size Method Training 

Stokes & Best 
1988, 1990a 
1990b 
1990c 

Kolb et al. 
(1982) 

Kessler et al. 
(1982) 

Beracochea 
et al. (1989) 

M'Harzi et al. 
(1991) 

L elec 
L elec/ibo 
L ibo 

L elec 

M ibo 

M ibo 

M elec 

Tigner, L elect 
(1974) 

Neave et al. L NMDA 
(1993) 

Hunt & L RF & ibo 
Aggleton (1991) 

Peinado- L elect 
Manzano & 
Pozo-Garcia, (1991) 

Krazem et al. e 
(1995) 

Kessler & 
Markowitsch, 
(1981) 

Weis & Means 
(1980) 

L ibo 

KA 

L elect 

Greene & S elec 
Naranjo, (1986) 

Abbreviations. 

pre-op 
post-op 
post-op 

post-op 

pre-op 

post-op 

post-op 

pre-op 

post-op 
pre-op 

post-op 

post-op 

post-op 

post-op 

post-op 

Task 

RMz 
RMz (RM&WM) 

RMz (SPE) 

MWMz 
RMz 

RMz 
(Hexagonal) 

RMz 
T. TmpA 

T.Sp. Rev 

RMz 
Pl. Rec 
Obj. Rec 

T. Sp Rec 
Y. nSp Rec c 
T. SA 

Op. DNMTP 

Y. Obj Rec 
T.DA 

Op DA. 

T. Sp Rep 
&Rev 

(acquisition) 

T.DA 

nSp Disc f 
SA 

T.SA 

L, large; M, medium; S, small; elec, electrolytic; ibo, ibotenic acid; 

Delay 

15 s 
45 s 

Impaired 

yes 
yes 
yes 

no 
no 

yes 

no 
yes 
no 
no 

yes 
no 
no 

no 
3min yes 
5 s no 

0-32 s no 
no 

0, 20, 60 s yes 
10,30,60 s nod 

0- 80 s 

24 hr 

5s 

yes 

no 

yes 

no 

yes 

yes 

no 

NMDA, N-methyl-o-aspartate; KA, kainic acid; RF, radio-frequency; pre-op, pre-operatively 
trained; post-op, post-operatively trained; RMz, radial arm maze; MWMz, Morris Water Maze; 
T., T -maze; Y., Y-maze ; Op, operant; SA, spontaneous alternation; DA, delayed alternation; FA, 
forced alternation, Sp, spatial ; nSp, non-spatial; Obj, object; Pl, place; Rec, recognition; Rep, 
repetition; Disc, discrimination; Rev, reversal; Temp, temporal; 
RM , reference memory; WM, working memory; SPE, serial position effect 

Notes. 

a All studies involved rats unless otherwise stated. 
b Impairment only evident when a 1 hr. delay interpolated between choices 4 and 5. 
c Brightness and tactile discrimination. 
d Impairments evident only in rats with incidental AT damage, or with massed trials at 30 s delay. 
e Mice 

f Visual/tactile discrimination 
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Table 3. 

Summary of Studies Involving AT Lesions 

Lesion 

Study a Size Method Training Task Delay Impaired 

Aggleton et al. M NMDA post-op T. FA. 10, 20, 40 s yes 
(1995) obj Rec. 1, 15 min no 

Aggleton M NMDA pre-op opDNMTP >0-32s yes 
et al. (1991 Os no 

Sutherland & L elect post-op MWMz yes 
Rodriguez, (1989) pre-op no 

Peinado- L elect post-op Op DA. 0- 80 s yes 
Manzano & 
Pozo-Garcia, (1991) 

Beracochea L ibo post-op T. DA. 6 hr yes 
& Jaffard (1994)b 5min no 

T.SeqA 30 s no 

Beracochea & L ibo 
Jaffard (1991 )b, c 

post-op SA 30 s yes 

Beracochea L ibo post-op Temp A 45 s yes 
et al. (1989) 15 s no 

RMz no 
Sp. Rev no 

Greene & S d elec post-op Auto T. SA. 5s no 
Naranjo (1986) 

Abbreviations. 
L large; M, medium; S, small ; elec, electrolytic; ibo, ibotenic acid; NMDA, N-methyl-o-aspartate; 
RF, radio-frequency; pre-op, pre-operatively trained; RMz, radial arm maze; 
MWMz, Morris Water Maze; T, T maze; Op, operant; SA, spontaneous alternation; 
DA, delayed alternation; FA, forced alternation, SeqA; sequential alternation; 
Temp A, temporal alternation; Sp, spatial ; Obj , object; Pl, place; Rev, reversal; 

Notes. 

a All studies use rats unless otherwise stated. 
b Mice 

c Following 6 month alcohol treatment. 
d Involved separate AV and AM lesions, neither resulted in impairment. 
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Working memory deficits in the radial maze routinely occur following hippocampal 

damage (Barnes, 1988). Most studies have revealed deficits in reference memory and 

especially working memory after hippocampal system lesions (Eichenbaum et al., 1994; 

Jarrard, 1993). Only rarely, for example in some work with entorhinal cortex lesions 

(Jarrard, 1993), is radial maze reference memory impaired in the presence of intact 

working memory. The suggestion of functional dissociation between different 

components of the hippocampal system (Jarrard, 1993; but see Barnes 1988) leaves open 

the possibility that AM and AV lesions may have differential effects on reference and 

working memory pe1formance in the radial maze. 

Another suggestion however is that there may not be a complete overlap between 

the behavioural consequences of AT and hippocampal system lesions (Aggleton & 

Sahgal, 1993), a view that is based on a single study by Beracochea et al. (1989) . These 

workers found that large AT lesions produced no impairment of working memory in the 

standard version of the radial maze (8 arms, all baited), despite producing a deficit in a 

temporal alternation task. It should be noted that they used only 5 animals in the AT 

group and, perhaps more importantly, only 10 trials were carried out which is relatively 

few for radial maze testing. The mean errors reported for the first eight choices (CT, 

0.86 ± 0.27; DM, 0.60 ± 0.21; AT, 0.87 ± 0.20) do suggest that the performance was 

already reasonably good in all groups yet the differences in the total errors made by the 

three groups approached significance (p < .08, unfortunately no details were reported). 

These data do not provide a particularly convincing basis to conclude that AT lesion do 

no impair spatial memory in the radial maze 

The main part of the present study (Part One) assessed the effects of AM and AV 

lesions on various measures of radial maze pe1fonnance over an extended post-operative 

training period (65 trials). The radial maze provides a rich stimulus environment in which 

complex interactions of cues can influence choice behaviour. Successful pe1formance is 

usually considered to depend on the utilisation of extramaze visual cues, rather than 

intramaze cues such as odour trails (Olton & Samuelson, 1976). Even when intramaze 

and extramaze cues are equally salient, the extramaze cues tend to overshadow the 

intramaze cues (March, Chamizo & Mackintosh, 1992) and rats can solve the radial maze 

task when olfactory cues conflict with spatial cues (Olton & Collinson, 1979). 

Nevertheless, intramaze cues such as odour trails must still be taken into account as part 

of the complex sensory information that is available to the animal, especially when 

extramaze cues are restricted in some way. Thus Part Two of the present study assessed 

the relative contributions that extramaze and intramaze cues made to pe1f01mance by 

manipulating the availability of these cues. 

17 
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Changes to general activity levels are a common consequence of experimental lesions 

(e.g. Greene & Naranjo, 1986, Field et al., 1978), and these changes may contribute to 

impaired pe1formance in memory tests. The present study assessed activity levels following 

surgery and throughout radial maze training in order to ascertain whether this was likely to 

be an important factor in this research. A general radial maze activity measure was obtained 

by dividing the time taken to complete a trial by the number of arms visited on that trial 

(which includes time spent making choices), as per Shors & Dryver (1992) who assessed 

how activity levels in the radial maze changed as a function of stress. 

In addition activity testing was carried out in a standard activity chamber. It is well 

known that rats engage in a sustained period of exploratory behavior on initial exposure to a 

novel environment which reduces as they habituate to the new conditions. The effects that 

various forms of treatment have on this pattern of activity are often assessed using a measure 

of single beam breaks, but this procedure may not always accurately measure locomotor 

activity. An excessive amount of localised behaviour, such as grooming or rearing, could 

lead to a high count even in the absence of any ambulatory behaviour. To counteract this, 

Sahgal & Keith (1986) proposed using two separate photocells (20 cm apart) such that the 

counter is only incremented following consecutive intenuptions (crossings). This count is 

not increased by repeatedly interrupting a single beam. They found that administration of 

(D-trp11) neurotensin led to a decrease in the total number of breaks and an increase in the 

number of crossings relative to controls. This treatment, therefore, was shown to increase 

ambulatory behavior at the expense of more localised behaviours - an effect that would have 

been missed by looking at total beam breaks alone. The present study used Sahgal and 

Keith's procedure to examine whether activity levels differed over groups as measured by 

either single beam breaks or crossings. 



2. MATERIALS AND METHOD 

2.1. Subjects 
Thirty-four naive male Wistar rats, 9 months old at the time of surgery and weighing 

between 400 and 500 g were used. They were housed three to a cage pre-operatively and 

individually after surgery, under reversed light conditions (lights off 07:00 to 19:00) and 

maintained at 80-85% of free-feeding weight and allowed free access to water. Testing 

occurred during the dark cycle (10:00 to 16:00) and was followed by access to food 

allocation. 

2.2. Surgical Procedure 
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The rats were anaesthetised (ip) with a ketamine/xylazine mixture (5: 1, 1.2 ml/ kg) 

and placed in a stereotaxic apparatus with the incisor bar set 2 mm below the interaural line. 

Small lesions, to minimise incidental damage to adjacent areas, were produced using a 0.25 

mm RF electrode (Radionics RF-4GA lesion generator) with the exposed 0.3 mm electrode 

tip held at a stabilised temperature for 60 seconds. For the AV group lesions were made at 

four locations relative to lambda and dura: AP + 0.58 mm, L ± 0.19 mm; V 0.49 mm, at 

69° C and AP + 0.62 mm, L, ± 0.16 mm, V 0.54 mm, and at 68° C. For the AM group the 

lesions were made at two locations relative to lambda and dura: AP + 0.62 mm, L ± 0.07 

mm, V - 0.55 mm, and at 71 ° C. The sham operated controls received anaesthetic and scalp 

incisions only. 

Two rats in the AM group were found to have sustained no damage to the AM and 

their data were excluded from all analyses. All remaining lesioned animals exhibited some 

damage to their respective target areas and were retained, leaving 12 AV, 10 AM and 10 

control animals. 

2.3. Radial Maze Testing 

Apparatus. Radial maze testing was carried out in an elevated (85 cm above the floor) 

12-atm radial maze, consisting of a central wooden platform 35 cm wide with equally spaced 

aluminium arms (9 cm x 65 cm) Each arm had 3 cm high borders and a perspex barrier (25 

cm high and extending 20 cm out from the centre) to prevent mo.vement from arm to arm. A 

raised (2 cm high) wooden insert (9 cm x 4 cm) with a 2 cm diameter hole (1 cm deep) 

situated at the end of each arm served as a food-well. Access to each aim was controlled by 

perspex guillotine doors which could be raised individually or all together. 

Procedure. Prior to surgery the rats were familiarised with the maze, the operation of the 

doors and trained to run to the end of the arms for reinforcement (3 x chocolate chips, 0.1 g 

each). For the first 3 sessions rats were placed on the maze three at a time (cage-mates) with 

chocolate scattered throughout for 10 minutes, 5 minutes confined to the centre platfotm and 

5 minutes with all doors open to freely explore the entire maze. The animals were then 
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placed on food deprivation and were introduced to the maze singly with the doors being 

closed for 5 seconds each time the animal returned to the centre platform. The reinforcers 

were moved progressively further out the arm with each session until they were confined to 

the food-wells. Surgery was performed when all animals were running freely in the maze to 

collect food from the ends of arms. A final pre-training session was conducted following a 

post-operative recuperation period of 21 days. 

Radial maze testing was comprised of two parts. Part One involved training the rats 

with eight of the 12 arms baited for 65 trials during which no attempt was made to alter the 

extramaze or intramaze cues. The maze remained in a fixed position in a room with even 

lighting provided by two 22W fixed fluorescent light fittings. The room provided multiple, 

fixed extrarnaze cues: door, shelves; corrugated room partition, computer and trolley with 

several rat cages. Part Two evaluated the relative influence of extramaze and intramaze cues 

on performance by altering aspects of the test room or maze as described below. 

Part One: Training in standard conditions. Using one trial per day, 

different rats were trained with one of three configurations of eight baited and four unbaited 

arms with different configurations balanced within groups and across rats within the session. 

Using squads of rats the approximate time of testing was held constant for each rat while 

allowing subject order to be varied across sessions. Confinement to the centre platform 

between choices (Olton & Samuelson, 1976) plus the choice of baited/unbaited 

configurations effectively prevented the occurrence of simple response strategies in rats' 

choice behaviour. 

At the start of each trial the appropriate arms were baited and the animal was placed on 

the centre platform facing one wall with all doors closed. After 5 seconds all the doors were 

raised, a single door remaining open once an arm was selected to allow the animal to return 

to the centre. After 5 seconds (signalled by a computer 'beep') all doors were again raised to 

permit the animal to make its next choice. A trial was terminated when all eight reinforcers 

had been obtained or 24 arm visits had been recorded - an arm was considered 'visited' if 

both hind feet were on the arm. The rats were first trained on alternate days, then after 30 

trials this was increased to three consecutive days testing followed by a rest day. Part One 

was terminated after 65 trials, during which time all extramaze cues were kept constant and 

the maze was not cleaned other than to remove boli. 

Part Two: Influence of intramaze and extramaze cues. At first during 

Part Two, 'light trials' were conducted under conditions identical to those in Part One, mixed 

with 'dark trials' to minimise potential extramaze cues. Three days after the completion of 

Part One the rats received three trials on consecutive days under the original/light conditions. 

This was followed by six trials on consecutive days carried out in alternate dark and light 

conditions. For these dark trials, the maze was left as before but several changes were made 

to the test room. The room lights were turned off, the room light proofed, light-proofing 

was placed over the computer monitor, the computer's 'beep' was relayed to a speaker 

directly above the centre of the maze and the rats were taken into the testing room one at a 
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time to eliminate potential olfactory and auditory cues from other animals. During the 'dark 

trials' the only illumination was provided by a photographic dark-room red light (0.2 lx). 

Three days after the completion of the light/dark trials with the maze in the original 

condition, the rats were again given three consecutive trials under the original/light conditions 

and then additional light/dark trials were unde11aken using a clean and reconfigured maze to 

test the effect on pe1formance of minimising intramaze cues. The maze was disassembled 

and thoroughly cleaned, the centre platfo1m rotated 60° (two arm positions) clockwise and 

the arms reinstalled such that no arm was in its original position either within the room or 

relative to the centre platform, and for any given rat no never-baited position (in the room) 

was occupied by a previously never-baited arm. Six alternate light/dark trials were 

conducted as described previously except that the maze was cleaned after each animal to 

remove any odour cues. 

2.4. Data Collection 

Radial maze pe1formance was recorded using an Apple Macintosh LCIII and a 

Hypercard program. In addition to the arm visits, four associated latency measures were 

recorded: the time that the rat spent on the centre platform with the doors raised (choice 

latency), the time taken to reach a food-well once a choice had been made (end-aim latency), 

the total time spent on the arm (aim latency) and the total trial time. On each trial two 

reference memory measures and three working memory measures were recorded. Initial 

choices to arms that were never baited (RME) and the number of arms visited before visiting 

a never-baited arm (NAR) were considered measures of reference memory. The working 

memory measures included revisits to baited arms (working memory-correct errors WM-C) 

and the number of aims from the baited set visited before revisiting one of these arms 

(NAW). Revisits to never-baited arms were (following Jarrard et al., 1984) classified as 

working memory incorrect errors (WM-I). 

Performance was grouped in 13 blocks of 5 trials with the means of each block 

analysed by two-way (Lesion x Blocks) analysis of variance (ANOVA) for each working 

memory and reference memory measure. Significant lesion main effects were explored 

further using Newman-Keuls post hoc tests. Two-way (Lesion x Blocks) analyses were 

also carried out separately on the first 6 blocks and the last 6 blocks for each measure in 

order to evaluate performance during early learning sessions as distinct from performance 

towards the end of training. The median end-arm latency values for each type of arm visit 

for each rat per block of 10 trials were used to mitigate the effects of occasional extreme 

latencies and to ensure adequate data per block. The mean latencies per group were then 

analysed over 60 trials. 
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2.5. Activity Testing 

Apparatus. Two identical activity boxes were used, constructed of clear perspex (30 cm x 

40 cm; height 18 cm), with sawdust scattered on the floor (changed after each animal) and a 

wire mesh lid. Activity was recorded using two photo-electric beams mounted on one side 

( 40 cm), 8 cm from each end and 1 cm from the floor, connected to a Rockwell 

microcomputer. The testing room was dimly lit by two fluorescent lamps (22W, providing 

10 lx as measured from within the activity boxes). The two activity boxes were screened 

from each other. 

Procedure. Spontaneous locomotor activity testing was carried out on three occasions 

during Part One of the radial maze testing. All animals were tested prior to their first radial 

maze trial (3 weeks after surgery), after Trial 12 (6 weeks after surgery) and finally after 

Trial 30 (12 weeks after surgery). Activity testing always took place on a rat's rest day from 

radial maze testing and at approximately the same time of day as its radial maze testing. Two 

measures of spontaneous locomotor activity were recorded: the number of individual beam 

interruptions (Breaks) and the number of times the rat proceeded from one beam to the other 

(Crossings). Crossings and breaks were calculated concurrently in 10 minute bins in each 

60 minute session. 

2.6. Histology 

At the completion of testing the rats were sacrificed with an overdose of sodium 

pentobarbital and intracardially perfused (0.9% saline followed by 4% formalin) . The brains 

were postfixed in 4% formalin for 24 hours and then transferred to a weak formalin plus 

30% sucrose solution and stored at 4° C. Brains were sectioned at 30 µmusing a cryostat. 

Every section through the lesion area was retained, with every alternate section stained either 

for cell bodies, using Cresyl violet or for acetycholinesterase. Additional unmounted 

sections were retained to provide material for examination of evidence of degeneration in 

anterior cingulate, retrosplenial cortex and MB (unavailable at time of submission of this 

thesis). 

The mounted slides were examined and photographed where lesions were visible. The 

photographs were digitised and the lesion extent determined by reconstructing the lesion on 

eight relevant, evenly spaced control sections (0.12 mm apart, corresponding to -0.92 to 

-1.76 relative to Bregma). Lesion size was determined using software (Adobe Photoshop) 

that allowed the lesion site to be traced and its area expressed in terms of pixels. The left and 

right lesions were superimposed and the number of overlapping pixels used to estimate the 

bilaterality of the lesion relative to the target area. 
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3. RESULTS 

3.1. Training in Standard Conditions (Part One) 

Working memory. Performance on working memory-correct errors (WM-C) is shown in 

Figure 2A. The ANOV A for 13 blocks (Lesion x Block) on WM-C revealed highly 

significant Lesion (F(2, 29) = 7.72, p < .005) and Block (F (12, 348) = 51.21, p < .0001) 

main effects. Both the AV and the AM groups made significantly more revisits to baited arms 

than controls (AV, p < .01; AM, p < .05), but the AM vs. AV difference was not significant 

(mean WM-C scores were 4.17, 3.31 and 2.16 for AV, AM and control groups respectively). 

As expected from Figure 2A, the lesion effect varied as a function of blocks (Lesion x Block, 

F(24, 348) = 1.62, p < .05), with group differences apparent from the fifth block . For the 

first 6 blocks, ANOV A revealed neither a significant group difference in the number of revisits 

to baited arms (Lesion, F(2, 29) = 2.49, p < .20; mean WM-C scores of 5.30, 4.67 and 3.96 

for AV, AM and control groups, respectively) nor a Lesion x Block interaction (F(l0, 145) = 

1.71, p < .10). By contrast the two lesion groups were clearly impaired over the last 6 blocks 

(Lesion, F(2, 29) = 12.74, p < .0001) with both the AV and the AM groups making 

significantly (p < .01) more revisits to baited arms than controls but no difference between the 

two lesion groups (mean WM-C scores of 3.07, 2.05 and 0.54 for AV, AM and control 

groups, respectively). There was also a significant main effect for Blocks (F(5, 145) = 2.4, 

p < .05) but no Lesion x Block interaction (F(l0, 145) < 1.0) for the last 6 blocks. In order 

to allow a comparison of the present results with those of the previous radial maze study that 

used AT lesions (Beracochea et al. 1989), WM-C errors for the first 8 visits to arms from the 

baited set on each trial, averaged over the first IO trials, were also examined. The mean 

number of errors (± SE) were comparable across groups (2.04 (0.10), 2.10 (0.12) and 2.13 

(0.11)) for the AV, AM and control groups, respectively (F(2, 29) < 1.0). 

Performance in terms of arms visited before revisiting a baited aim (NA W) is shown 

in Figure 2B. The ANOVA revealed significant main effects for Lesion (F(2, 29) = 6.66 p < 

.005) with the AV group visiting significantly (p < .01) fewer arms before making an error 

than controls but the AM group not differing significantly from either the AV group or 

controls (mean NAW scores were 5.40, 5.89 and 6.47 for AV, AM and control groups, 

respectively). All three groups improved over blocks (F (12, 348) = 46.04, p < .0001) and 

differences between groups varied as a function of blocks (Lesion x Block, F(24, 348) = 

2.13, p < .005). Separate analysis of the first 6 blocks revealed neither a significant 

difference between experimental groups (Lesion F(2, 29) = 7.04, p < .20; mean NAW scores 

of 4.82, 5.16 and 5.48 for AV, AM and control groups, respectively), nor an interaction 

(Lesion x Block F(l 0, 145) = 1. 71 p < . I 0). Over the last 6 blocks there were clear group 

differences in the number of arms visited before revisiting a baited arm (Lesion, F(2, 29)= 

9.37, p < .001) this time with both AV (p < .01) and AM (p < .05) groups differing 

significantly from controls, but not from each other (mean NA W scores were 5.98, 6.60 and 

7.39 for AV, AM and control groups, respectively). There was no interaction (Lesion x 

Block (F(l0, 145) = 1.73, p < .10). 
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Figure 2. Working memory: Mean (± SE) number of revisits to baited arms 
(A: WM-C), mean (± SE) number of baited arms visited before revisiting a 
baited arm (B: NAW) and mean (± SE) number of revisits to never-baited 
arms (C: WM-I) over the 13 blocks of 5 trials for the three experimental 
groups (AM, anteromedial thalamic lesion group; 
AV, anteroventral thalamic lesion group; CT, control group). 
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Performance on working memory-incorrect errors (WM-I) is shown in Figure 2C. 

The ANOV A revealed a significant main effect for lesion (F(2, 29) = 3.56, p < .05) with 

only the AV group making significantly (p < .05) more revisits to never-baited arms than 

controls; the AM group did not differ significantly from either the AV or control groups 

(mean WM-I errors were 1.13, 0.9 and 0.6 for AV, AM and control groups, respectively) . 

All three groups improved over blocks (F (12, 348) = 59.05, p < .0001) but the interaction 

over 13 blocks was not significant (Lesion x Block, F(24, 348) < 1.0). Analysis on the first 

6 blocks found neither a significant main effect for Lesion (F(2, 29) = 1.41, p = .26; mean 

WM-I scores of 1.86, 1.65 and 1.39 for AV, AM and control groups. respectively) nor a 

significant interaction (Lesion x Block, F(lO, 145) <1). Over the last 6 blocks the ANOVA 

revealed significant main effects for Lesion (F(2, 29) = 6.42, p< .005; mean WM-I scores of 

0.44, 0.23 and 0.02 for AV, AM and controls, respectively) with the AV group making 

significantly (p < .01) more revisits to never-baited arms than controls, but the AM group not 

differing significantly from either the AV or control groups and there was no Lesion x Block 

interaction (F(l0, 145) =1.63, p < .10) for the last 6 blocks. 

Reference memory. Performance on initial visits to never-baited arms (RME) is shown 

in Figure 3A. The ANOVA (Lesions x Blocks) revealed significant main effects for Lesion 

(F(2, 29) = 6.82, p < .005; mean RME scores of 2.67, 2.63 and 1.96 for AV, AM and 

control groups, respectively) with both the AV and the AM group visiting significantly (p < 

.01) more never-baited arms than controls; the two lesion groups did not differ significantly 

from each other. All three groups improved over blocks, (F (12, 348) = 61.29, p < .0001) 

although differences between groups varied as a function of blocks (Lesion x Block, F(24, 

348) = 2.71, p < .0001). Analysis on the first 6 blocks found neither a significant main 

effect for Lesion (F(2, 29) = 2.11, p < .20; mean RME scores of 3.23, 3.28 and 2.99 for 

AV, AM and control groups respectively) nor a significant interaction (Lesion x Block, F(lO, 

145) = 1.11, p < .40). Over the last 6 blocks the ANOV A revealed a main effect for Lesion 

(F(2, 29) = 7.96, p< .005; mean RME scores of 2.12, 1.98 and 0.93 for AV, AM and 

control groups, respectively) irrespective of trial blocks (Lesion x Block, F(lO, 145) < 1.0) 

with both lesion groups making significantly (p < .01) more RME errors than controls and no 

difference between the two lesion groups. 

Perf01mance in terms of the number of arms visited before visiting a never-baited aim 

(NAR) is shown in Figure 3B. The ANOV A revealed a significant main effect for Lesion 

(F(2, 29) = 3.88, p < .0_5; mean NAR scores of 3.01, 2.83 and 3.84 for AV, AM and control 

groups respectively) with both the AV and the AM group visiting significantly (p < .05) 

fewer arms before visiting a never-baited arm than controls, but there was no difference 

between the two lesion groups. All three groups improved over blocks (F(5, 348) = 25.82, 

p < .0001) and group differences varied as a function of blocks (Lesion x Block, F(24, 354) 

= 2.07, p < .005). Over the first 6 blocks the ANOV A revealed neither a main effect for 

Lesion (F(2, 29) < 1.0; mean NAR scores of 2.16, 1.95 and 2.35 for AV, AM and control 

groups, respectively) nor an interaction (Lesion x Block, F(lO, 145) = 1.12, p < .40). Over 
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the last 6 blocks, the ANOVA revealed a main effect for Lesion (F(2, 19) = 4.18, p < .05; 

mean NAR scores of 3.91, 3.71 and 5.41 for the AV, AM and control groups, respectively) 

with both AM and AV groups visiting significantly (p < .05) fewer arms before visiting a 

never-baited arm than controls. The group effect varied across the last 6 trial blocks (Lesion 

x Block F(l0, 145) = 2.42, p < .05). 

Both lesion groups showed a similar impai1ment in performance on the reference 

memory measures although on working memory measures the AM group tended to be more 

intermediate. The lack of significant lesion effects over the first six blocks is an indication of 

the time it took controls to learn the task more effectively than the two lesion groups. 

Arm latencies. The time taken to run to the end of the arms was also recorded, as 

previous radial maze studies with intact rats (e.g. Brown & Cook, 1986) have suggested that 

incorrect choices are associated with longer running times. Three types of arm visits were 

identified depending on the type of choice made: C01Tect, WM-C and RME arm visits (there 

was insufficient data for revisits to never-baited arms (WM-I) to be included in the analysis). 

The results are shown in Figure 4 (latencies associated with revisits to never-baited aims are 

included in Figure 4 for comparison purposes). 

A three way ANOV A (Lesion x Alm x Block) found a significant main effect for 

Lesion (F(2, 29) = 4.73, p < .05), with the control group taking significantly (p < .05) 

longer than either the AM or AV groups over all arm types combined. There was a highly 

significant main effect for Arm (F(2, 290) = 45.98, p < .0001; means (± SE) of 0.40 (0.02), 

0.42 (.02) and 0.60 (0.02) for correct, RME and WM-C arms, respectively) with the rats 

taking significantly (p < .01) longer on WM-C aims than either RME arms or correct arms, 

the differences between times for correct arm visits and RME arm visits were not significant. 

Especially noteworthy was the fact that the arm effect varied as a function of lesion (Arm x 

Lesion, F(4, 290) = 2.63, p < .05) with simple main effects showing that lesion groups 

differed significantly on WM-C arms only (F(2, 29) = 5.36, p < .05) and that the arm effect 

was significant for the control group only (F(2, 58) = 5.21 , p < .01). As can be seen from 

Figure 4, increased latencies are also associated with repeat visits to never-baited arms (WM

I), even more so than for WM-C arms, with comparable times for the control group and the 

AV group and smaller latencies evident for the AM group. Figure 4B shows that the same 

pattern of results holds over the latter stages of training (blocks 4 to 6) and ANOV A on these 

data produced the same conclusions as had been found when all blocks were analysed. 

Radial maze activity. Data obtained from the 13 five-trial blocks were also used to 

calculate an activity measure (the time taken to complete a trial divided by the number of aims 

visited on each trial) which provided a measure of time-per-arm-visit. As Figure 5 shows, 

activity levels did not differ across experimental groups (two-way ANOVA, Lesion, (F(2, 

29) < 1.0) and there was no interaction (Lesion x Block, F(l2, 348) <1), but animals did 

visit arms more quickly as training progressed (Blocks, F(l2, 348) = 47.55, p < .0001). 
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3.2. Part Two: Extramaze and Intramaze Cue Manipulation 

The extent to which animals were able to utilise the available extramaze and intramaze 

cues was assessed (using the same behavioural measures and analyses as Part 1) by 

manipulating the availability of these cues over further trials. To evaluate the degree to 

which performance was affected by reduced cue conditions an estimate of the chance level of 

pe1formance for each measure was obtained by rnnning a computer simulation of radial maze 

behaviour which visited arms on a purely random basis. The simulated performance of 36 

random 'rats' was evaluated over 5000 trials (i.e. 36 x 5000 runs through the simulation) to 

obtain the mean values and variances for each measure that would be expected by chance. 

The mean simulated chance levels and associated 99% confidence intervals are plotted on the 

appropriate figures. These data enabled statistical verification of the significance of the 

experimental rats' group means relative to these chance values. 

Original intramaze conditions: Working memory. Performance was clearly better 

than chance on all working memory measures in the original maze condition. Pe1formance 

on WM-C is shown in Figure 6A (Left Panel). The ANOVA (Lesion x Cue) confirmed that 

animals made far more errors in the dark condition (Cue, F(l, 58) = 93.83, p < .0005). 

Lesioned animals continued to make more errors than controls (Lesion (F(2, 29) = 58.75, p 

< .01) with both the AM and the AV group making significantly (p < .01) more revisits to 

baited arms than controls and no difference in performance between the lesion groups, 

irrespective of cue condition (Lesion x Cue F(2, 29) = 2.04, p < .20). 

Performance on NA W in the original maze condition is shown in Figure 6B (Left 

Panel). The ANOVA revealed a significant main effect for Cue (F(l, 58) = 10.95, p < 

.005), with the animals visiting far fewer arms before making an error in the dark condition. 

The lesion groups were impaired relative to controls (Lesion, (F(2, 29) = 27.86, p < .005) 

with both the AM and the AV group visiting significantly (p < .01) fewer arms before 

revisiting a baited arm than controls, irrespective of cue condition (Lesion x Cue, F(2, 29) < 

1.0). 

Performance on repeated visits to never-baited arms in the original maze condition 

(WM-I) is shown in Figure 6C (Left Panel). The rats made more errors in the dark condition 

(Cue F(l, 58) = 29.67, p < .0001), with no difference between groups (Lesion, F(2, 29) = 
2.08, p < .20) irrespective of cue condition (Lesion x Cue F(2, 29) = 2.73, p < .10). 

Original intramaze conditions: Reference memory. As can be seen from Figure 

7 A (Left Panel), with the maze still in the original condition the animals visited more never

baited arms (RME) in the dark (Cue F(l, 58) = 26.22, p < .0001). There was a main effect 

for Lesion (F(2, 29) = 3.93, p < .05) with both the AV and AM groups visiting significantly 

(p < .05) more of the never-baited arms than controls and the two lesion groups did not differ 

from each other, irrespective of cue condition (Lesion x Cue F(2, 29) < 1). In the absence of 

extramaze cues all groups still perfo1med better than chance. 
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Figure 7. Reference memory: Mean (±SE) number of initial visits to never-baited 
arms (A: RME) and arms visited before visiting a never-baited arm (8: NAR), in Light 
(L) and Dark (D) conditions prior to the maze being cleaned and reconfigured 
(Original) and after maze cleaning and reconfiguration (Clean) for each of the three 
experimental groups. Chance levels and associated 99% confidence limits shown. 



Performance on NAR is shown in Figure 7B (Left Panel). Rats visited far fewer 

arms before visiting a never-baited arm in the dark condition (Cue F(l, 58) = 15.59, p < 

.0005). There was no effect for Lesion (F (2, 29) = 1.18, p < .40) and no interaction 

(Lesion x Cue, F(2, 29) < 1.0). As can be seen from Figure 7B (Left Panel), all three 

experimental groups were approaching chance levels of pe1formance in the absence of 

extramaze cues. 
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Performance on both working and reference memory was impaired when extramaze 

cues were reduced. However, performance was clearly above chance on all working 

memory measures but not on reference memory measures (with the exception of controls on 

RME). After the maze had been cleaned and the arms reconfigured (as described in Section 

2.3) a further series of six, alternate light and dark, trials were conducted. 

Clean, reconfigured maze: Working memory. In clean conditions the rats working 

memory performance was only moderately dismpted relative the original condition . Even 

with the reduction of both extramaze and intramaze cues (clean, dark) it is clear (see Figure 6, 

Right Panels) that the rats still performed well above chance levels. 

Performance on WM-C in the clean maze is shown in Figure 6A (Right Panel). The 

ANOVA (Lesion x Cue) revealed a significant main effect for Cue (F(l, 58) = 11.62, p < 

.005) with the animals making more errors in the dark condition. There was no main effect 

for lesion, although a trend was evident (F(2, 29) = 2.84, p < .08) with controls making 

fewer WM-C errors than lesioned animals. There was no Lesion x Cue interaction (F(2, 29) 

< 1.0). 

Performance on NAW in the clean, reconfigured maze is shown in Figure 6B (Right 

Panel). The rats visited fewer aims before revisiting a baited arm in the dark condition (Cue, 

(F(l, 58) = 7.03, p < .05). There was no main effect for lesion although, again, a trend was 

evident (F(2, 29) = 3.15, p < .06) with controls visiting more arms before revisiting a baited 

arm than the lesion groups. There was no Lesion x Cue interaction (F(2, 29) < 1.0). 

Perf01mance on WM-I in the clean maze is shown in Figure 6C. The ANOVA 

revealed a significant effect for Cue (F(l, 58) = 20.42, p < .0001), with the animals 

revisiting more of the never-baited arms in the dark. There was no main effect for Lesion 

(F(2, 29) < 1.0) and no interaction (Lesion x Cue, F(2, 29) < 1.0). 

Clean, reconfigured maze: Reference memory. The change to clean conditions had a 

more marked effect on reference memory measures than it had on working memory 

measures, affecting all groups comparably. Performance on RME in the clean maze is shown 

in Figure 7 A (Right Panel). The rats visited more never-baited arms in the dark condition 

(Cue (F(l, 58) = 18.34, p < .0005) and while controls tended to make fewer of these enors 

there was no main effect for Lesion (F(2, 29) < 1.0) and no interaction (Lesion x Cue, F(2, 

29) = 1.41, p < .30). As can be seen from Figure 7 A (Right Panel) all three experimental 

groups performed at chance levels in the clean maze in the dark with respect to RME. 
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Performance on NAR in the clean, reconfigured maze is shown in Figure 7B (Right 

Panel). The ANOVA revealed only a main effect for Cue (F(l, 58) = 5.18, p < .05) with the 

animals visiting fewer aims before entering a never-baited aim in the dark condition. There 

were no other significant effects (Lesion, F(2, 29) = 2.06, p < .20; Lesion x Cue, F (2, 29) 

< 1.0). Despite the significant effect for cue, Figure 7B (Right Panel) shows that none of the 

groups differed from chance levels in either the light or dark conditions with respect to NAR. 

3.3. General Locomotor Activity 

Two measures of general locomotor activity, consecutive breaks of the two photo

electric beams (Crossings) and the total number of beams breaks (Breaks), were obtained 

concurrently in the activity chamber. One animal from the AV group was excluded from the 

analysis because of an equipment malfunction during its first session. 

Crossings. Activity levels as measured by crossings are shown in Figure 8. Within 

sessions, activity levels declined over bins, with significant main effects for bins (p < .0001) 

in all sessions. In Session 1 there was no main effect for Lesion (F(2, 28) < 1.0) although a 

significant Lesion x Bin interaction (F (10, 140) = 2.60, p < .01) was apparent, due to the 

control group's higher initial activity followed by a quicker rate of habituation than was 

evident in the lesion groups. In Session 2 there was a main effect for lesion (F(2, 28) = 

7.56, p < .005), with the AV group being significantly (p < .01) more active than controls 

(and the AM group did not differ significantly from either the AV or control group), and there 

was a Lesion x Bin interaction (F (10, 140) = 2.00, p < .05) once more because of the 

control group's quicker rate of habituation. Analysis of the third session found no main 

effect for Lesion (F(2, 28) < 1.0) but again a greater habituation shown by the control group 

(Bin x Lesion, F(l0, 140) = 2.10, p < .05). 

Breaks. Activity levels as measured by breaks are shown in Figure 9. The analysis 

revealed a similar pattern of results as was evident for crossings. In all sessions there was a 

significant main effect for Bins (p < .0001) as activity levels decreased over time. In 

Session 1 there was no main effect for Lesion (F (2, 28) = 1. 15, p < .40) and the Lesion x 

Bin interaction approached significance (F (10, 140) = 1.85, p < .06) due to the greater 

habituation shown by the control group. In Session 2 there was again no main effect for 

Lesion (F (2, 28) = 1.74, p < .20) and the interaction was significant (Lesion x Bin, F (10, 

140) = 2.01, p < .05), again due to the control groups quicker rate of habituation relative to 

lesioned animals. In Session 3 there was no main effect for Lesion (F (2, 28) < 1.0) and no 

interaction (Lesion x Bin F (10, 140) = 1.16, p < .40). 
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Figure 8. Activity chamber: Mean (± SE) number of consecutive beam 
interruptions (crossings) in each session over 6, 10-Minute Bins for each 
of the three experimental groups. 
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Activity: Breaks 
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Figure 9. Activity chamber: Mean (± SE) number of total beam 
interruptions (breaks) in each session over 6, 10-Minute Bins 
for each of the three experimental groups. 
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3.4. Histology 
Estimates of the extent of the lesions were based on measurements from 

reconstmctions at eight locations covering the entire AP extent of both the AM and AV (from 

Bregma -0.92 to Bregma -1.76, 0.12 mm apart). Reconstructions of the largest, smallest 

and median lesion for both groups are shown in Figure 10. In many cases there was 

considerable unilateral sparing of neurons within in each nucleus. The relationship between 

behavioural rank, total lesion size, bilateral extent of the damage and incidental damage to 

other areas is summarised in Table 4 . The mean behavioural ranking for each rat was 

determined by ordering the rats according to the mean of their ranks on all five behavioural 

measures: WM-C, NAW, WM-I, RME and NAR. Incidental damage tended to be a function 

of lesion placement rather than size and was usually unilateral only. In no case was damage 

to the fimbria/fornix, DM, IML or MTT evident. It should be noted that all incidental 

damage was minimal, but any evidence of encroachment of adjacent areas was included in 

Table 4 for completeness. 

The AV lesions were generally small and variable involving between 9 and 37% 

(median, 20%) of the entire nucleus. At their maximum cross-sectional extent the lesions 

involved between 21 and 86% (median, 65%) of the intact nucleus. Other structures which 

were affected included the stria medullaris (SM, 3 cases), reticular nucleus (RT, 11 cases) 

and ventrolateral nucleus (VL, 5 cases), the anterodorsal nucleus (AD, 7 cases) and the AM 

(8 cases - all slight, unilateral damage). There were four cases in which a combination of AD 

and AM damage was evident following AV lesions (rats: A, J, E and C) but these were 

associated with only moderate impairment (ranked 3, 5, 6 and 7 respectively), the remaining 

four rats with accidental AM damage (rats: B, G, Hand F) were ranked: 1, 2, 8 and 10 

respectively) and the most impaired rats in the AV group (rat I) sustained neither AM nor AD 

damage. 

The AM lesions were smaller than the AV lesions, both absolutely and relative to the 

intact nucleus, and less variable, involving between 6 and 16% (median, 12%) of the entire 

nucleus. At their maximum cross-sectional extent the AM lesions ranged between 21 and 

72% (median, 42%) of the intact nucleus. Other structures affected following AM lesions 

included the stria medullaris (SM, 7 cases), paraventricular nucleus (PV, 4 cases), paratenial 

nucleus (PT, 8 cases), centromedian nucleus (CM, 5 cases), rhomboid nucleus (RH, 4 

cases), AD (2 cases) and AV (2 cases). Incidental damage to adjacent areas did not appear to 

be related to performance. For example, the rat discarded from the AM lesion group (rat Zin 

Table 4) because its lesions were situated dorsally and missed the AM, had relatively major 

damage to the SM, PT, CM and AD yet its pe1formance on all behavioural measures was 

indistinguishable from control animals. Two rats sustained slight damage to both AV and AD 

following AM lesions, one of these was only mildly impaired (rat C, rank 5), the other was 

more severely impaired (rat E, rank 9). However, the most impaired rat in the AM group had 

the least amount of incidental damage to other areas, with only minor encroachment on the PT 

and no AM or AD involvement. 
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Smallest (rat A) 

A AM Lesion 

Median (rat E) Largest ( rat J) 

Bregma - 0.92 

Bregma -1 .04 

Bregma -1 .16 

Bregma -1 .40 

Bregma -1 .52 

Bregma -1 .64 
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B AV Lesion 

Smallest (rat A) Median (rat F) Largest (rat L) 

Bregma - 0.92 

Bregma -1.04 

Bregma -1.28 

Bregma -1. 76 

Figure 10. Reconstructions showing the largest, median and smallest lesion for the AM (A) 
and AV (B) groups. 
A shows consecutive sections spaced 0.12mm apart; 
B shows consecutive sections spaced 0.12 mm apart for the first two rows, then 0.24 mm apart. 



TABLE 4. 

Behavioural Rank, Lesion Size and Incidental Damage Following 

AM and AV Lesions. 

AV Lesion Group 

Lesion Size (AV) Incidental Damage 
Behavioural 

Rank Rat (AV) Total Bilateral AP SM RT VL AD AM 

1 B 9.42% 4.64% ant X X 

2 G 21.23% 5.88% post X X X 

3 A 9.24% 4.65% ant X X X X 

4 D 12.80% 3.78% ant X X X 

5 J 27.79% 16.11 % ant X X X 

6 E 16.63% 4.27% post X X X 

7 C 12.44% 1.81% post X X X 

8 H 25.76% 15.20% med X X X 

9 K 28.59% 10.97% post X X X 

10 F 19.47% 9.92% post X X X 

11 L 36.60% 18.60% med X X 

12 I 26.09% 18.42% post X X 

AM Lesion Group 

Lesion Size (AM) Incidental Damage 
Behavioural 

Rank Rat(AM) Total Bilateral AP SM PV PT CM RH 

1 D 11.60% 0.00% med X X X 

2 A 5.83% 1.77% med X X 

3 B 8.77% 0.53% ant X X X 

4 G 13.74% 11.73% ant X X X X 

5 C 10.75% 0.44% med X X X 

6 J 15.83% 9.49% med X X X X X 

7 H 14.53% 9.97% med X 

8 I 15.07% 3.66% ant X X X 

9 E 11.95% 1.67% med X X X 

10 F 12.21% 10.43% ant X 

(not impaired) Z none X X X 

Notes. 
The behavioural rank was determined by ordering the rats according to their mean 
rankings on each of the 5 behavioural measures (WM-C, NAW, WM-I, RME & NAR), 
1 = least impaired, 10 = most impaired (AM group), 12 = most impaired (AV group) 
Incidental damage is indicated by x, no damage by -

Abbreviations. 
AP, anterior - posterior extent of lesion; ant, anterior; med, medial; post, posterior 
SM, stria medullaris; PV, paraventricular nucleus; PT, paratenial nucleus; 
CM, centromedian nucleus; RH, rhomboid nucleus; RT, reticular nucleus; 
VL, ventrolateral nucleus; AD, anterodorsal nucleus; AV, anteroventral nucleus; 
AM, anteromedial nucleus. 
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X X 

X X 
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Correlations between behavioural impairment and lesion size were limited to the mean 

behavioural ranking, WM-C and RME pe1formance. The WM-C and RME data consisted of 

the mean number of errors for each measure over the 13 blocks for each animal. These data 

were correlated with the total amount of damage sustained to the target nucleus. The 

relationship between these variables is shown in Figure 11. For the AV group, lesion size 

was significantly correlated with mean behavioural ranking, (r ( 10) = .64, p < .05) and 

working memory pe1formance (WM-C, r (10) = .67, p < .05), but not reference memory 

performance (RME, r (10) = .49, p < .20). For the AM group, correlations with lesion size 

were evident but, perhaps because of the restricted range of lesion sizes, failed to reach 

significance either for overall behavioural ranking (r (8) = .55, p < .09) or working memory 

performance (WM-C, r (8) = .56, p < .09). AM lesion size was not correlated with reference 

memory performance (RME, r (8) = .20, p < .60). 

Although lesion size was generally related to working memory pe1formance but not 

reference memory it is possible that other characteristics of the lesion may have been related 

to radial maze performance. In the AV group, those lesions that were more caudal and/or 

with more bilateral involvement of the AV region tended to be associated with greater 

impai1ments (Table 4). However, neither anteriority nor bilaterality of the AM lesions was 

related in any obvious way to the degree of impairments found in this group (e.g. rats E and 

Fin the AM group). Removal of the least impaired rat (rat Din Table 4) that had a relatively 

large but only unilateral AM lesion improved the correlation between lesion size and WM-C 

errors (r (7) = 0.63, p < .06). 

AM AV 
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Figure 11. The relationship between AM lesion size and WM-C (Panel A) and RME (Panel B), 
and the relationship between AV lesion size and WM-C (Panel C) and RME (Panel D). 
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4. DISCUSSION 

4.1. Radial Maze Performance, Standard Conditions 

The results of Part One of this study demonstrated that relatively minor AT damage 

was sufficient to impair all measures of both working and reference memory in the radial 

maze. This is the first study to demonstrate impaired radial maze performance following AT 

lesions and the first to show that minor damage restricted to individual AT nuclei impairs 

memory. There was no evidence of any difference between the AM and AV groups in te1ms 

of pe1formance on reference memory measures although on the working memory measures 

there was some indication that the AM group was intermediate to the AV group and controls. 

All three groups were comparable at the start of post-operative training but group differences 

emerged as the controls learned the task more effectively than did lesioned rats and these 

differences persisted throughout an extended period of testing. 

The fact that AT lesions impair radial maze learning is another example of the similarity 

between the effects of AT and hippocampal system lesions. Previous work on AT lesions 

have reported deficits on several other tasks known to be sensitive to hippocampal system 

damage, including operant DNMTP (Aggleton et al., 1991; Peinado-Manzano & Pozo

Garcia, 1991), temporal alternation (Beracochea et al., 1989), T-maze delayed alternation 

(Beracochea & Jaffard, 1994) and post-operative acquisition of the Morris water task 

(Sutherland & Rodriguez, 1989). It is likely, therefore, that the overlap between the 

behavioural effects of AT and hippocampal lesions is related to the key position the AT 

occupies within hippocampal and associated limbic circuitry. 

The relative contributions that the various components of this circuitry make to 

memory and learning processes remains uncertain. There is some evidence that large AT 

lesions have similar effects on operant DNMTS pe1fo1mance to those produced by 

fimbria/fornix or hippocampal lesions (see Aggleton & Sahgal, 1993). On the other hand, 

fimbria/fornix lesions produce more severe impairments than large AT lesions on T-maze 

alternation (Aggleton et al., 1995) and the Morris water task (Sutherland & Rodriguez, 

1989). The present results suggest a milder impairment in the radial maze following small 

AT lesions than has been observed following large hippocampal or fimbria/fornix lesions 

(e.g. Olton, 1983) although small, selective hippocampal lesions also produce only transient 

deficits on the radial maze (Jarrard, 1983; 1993). 

In contrast to the impairments known to occur after large hippocampal system lesions, 

one study that examined the effects of large neurotoxic AT lesions (Beracochea et al., 1989) 

failed to find any impairment on a standard 8-arm radial maze task. This result needs to be 

treated with some caution given the limited number of AT lesioned rats (5) and trials (10) 

involved. The mean error rates over the first eight choices reported by Beracochea et al. 

suggest that the rats had little problem with the task, but it is questionable whether e1rnrs on 

the first eight choices provide a sufficiently sensitive measure over so few trials. The more 

difficult 12-arm baited/unbaited task in the present study precludes direct comparison with 

Beracochea et al.'s study. Nonetheless, over the first 10 trials of the present experiment there 

were also no differences between groups, but clear and consistent impailments in lesioned rats 
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emerged with continued testing. The lack of impairment in a radial maze task reported by 

Beracochea et al. has led to the suggestion (e.g. Aggleton et al., 1991) that AT lesions only 

produce deficits on a specific subset of tasks sensitive to hippocampal formation damage, and 

this has led to some uncertainty about the role of the AT in spatial memory. Thus the present 

results make an important contribution by showing that even relatively minor AT damage is 

sufficient to impair radial maze performance. It remains to be seen whether large AT lesions 

can produce the severe impairments in the radial maze often found after conventional lesions of 

the hippocampal formation. 

The only previous study to have used small lesions similar to the present work (Greene 

& Naranjo, 1986) found that neither AM nor AV electrolytic lesions had any effect on 

spontaneous alternation on an automated T-maze task. This lack of deficit reported by Greene 

& Naranjo (1986) is important because their study has been cited (e.g. Aggleton et al., 1995, 

Aggleton & Sahgal, 1993) as evidence that discrete lesions restricted to individual AT nuclei 

are insufficient to impair memory. Similarly, Neave et al. (1994) also suggested that AV 

damage alone is insufficient to impair memory because their neurotoxic lesions of retrosplenial 

cortex did not impair DNMTS, despite having detrimental effects on cells in the AV region. 

By contrast, the present study shows that radio-frequency AT lesions, smaller than those of 

Greene and Naranjo (1986), produce clear and persistent memory impairments in a spatial 

task. The lack of impairment reported by Greene and Naranjo after their small lesions may be 

a consequence of the task and procedure used. In their study only a 5 second delay was used 

but other alternation studies have found that deficits after (much larger) AT lesions usually 

emerge only during delay conditions ( e.g. Aggleton et al., 1991; Beracochea et al., 1989; 

Beracochea & Jaffard, 1994). 

Neither AT nor hippocampal system lesions impair DNMTS in an object recognition 

task, whereas DM lesions that spare the AT do produce deficits in this non-spatial task 

(Aggleton & Sahgal, 1993; Hunt & Aggleton, 1991; Mumby, Wood & Pinel, 1992). Lesions 

of the DM are also often associated with deficits in spatial tasks including the radial maze 

(Stokes & Best, 1988, 1990a) but Hunt & Aggleton (1991) have proposed that in many of 

these cases the impairment may be related to incidental damage to the AT. The latter authors 

made this claim on the basis that deficits in alternation tasks were evident only in rats in which 

the DM lesions had extended into the AT and that the degree of impairment was c01Telated with 

the amount of AT damage. Hunt and Aggie ton's proposal that spatial memory deficits 

following DM lesions are due to incidental AT damage was subsequently confirmed by the 

unimpaired operant DNMTP pe1formance shown by rats with discrete DM lesions that did not 

encroach on the AT (Neave et al., 1993). Thus far, evidence on the distinctive contribution of 

the AT and DM to petforrnance in many memory tasks is limited by the fact that previous AT 

lesions have generally been large and included incidental damage to the DM (e.g. Aggleton et 

al., 1995; Peinado-Manzano & Pozo-Garcia, 1991). Consistent with Hunt and Aggleton's 

suggestion, the present study has shown that even minor AT damage, which spared the DM 

and was comparable in extent to the AT damage observed following large DM lesions (e.g. 

Stokes & Best, 1988), produces substantial spatial memory impairments in the radial maze. 
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The fact that relatively minor damage to the AT is sufficient to impair perf01mance in a 

radial maze task is relevant to another research approach on the effects of diencephalic lesions, 

namely the PTD model. Behavioural deficits following PTD treatment have been reported in a 

variety of tasks including appetitively and aversively motivated T-maze tasks (Mair, Otto, 

Knoth, Rabchenuk & Langlais, 1991), acquisition of the Morris water maze task (Langlais, 

Mandel & Mair, 1992) and acquisition of a radial maze task (Robinson & Mair, 1992). These 

studies have generally concluded that the critical damage following PTD treatment is to the L

IML (e.g. Langlais et al., 1992; Mair et al., 1991; Knoth & Mair, 1991), but the AT is one of 

the first and the most severely affected regions following PTD treatment and complete 

destruction of AV neurons is evident before any substantial damage occurs in the MB, OM or 

IML (Langlais et al., 1993). Furthermore, PTO treated rats that were rated '!ML-spared', 

although with significant cell loss in the AV, were impaired on an operant DMTP task 

(Langlais & Savage, 1995) and on a T-maze DMTP task (Savage & Langlais, 1995). In the 

present study neither AM lesions nor AV lesions encroached on either the OM or IML. Thus 

the present findings that damage restricted to the AV can cause clear deficits in the radial maze 

suggest that PTO-induced damage of the AV may be a particularly important contributory 

factor for the PTO-induced behavioural deficits. 

Arm Latency and Activity Measures. Previous research with intact rats using an all

arms-baited radial maze task has rep01ted that incorrect choices are associated with slower 

running times to the ends of arms (Brown & Cook, 1986). The present study also found that 

slower running times were associated with repeated visits to baited arms. This increased 

latency was evident only for the control group which suggests that rats with AT lesions were 

impaired in their ability to utilise info1mation about the correctness of these choices. On the 

basis of their work on discriminative avoidance training and related neuronal activity in the 

AT, Gabriel's group suggests that AT lesions would disrupt appropriate responses to 

unexpected events (see Kubota & Gabriel, 1995) two consequences of which have been 

observed in the current radial maze study: problems inhibiting entry into incorrect arms and 

failure to slow down when revisiting a previously baited arm. 

Interestingly, there were no group differences in running times for initial entries to 

baited arms, whereas the (limited) data for revisits to never-baited arms suggest that all three 

groups ran more slowly on these arm visits. Another important finding from the latency data 

was that the running times for correct arms did not differ across the three experimental groups. 

In addition, analysis of the average time per aim visit per trial during radial maze testing 

revealed no difference in activity level between lesion and control rats at any stage of training. 

This evidence, in conjunction with the equivalent pe1formance of all groups at the start of 

training, suggests that the radial maze impairments following AT lesions were unlikely to be 

due to general behavioural deficits such as activity or motivational differences. Thus the 

differences that emerged between groups over training were probably due to memory or 

learning impairments caused by lesions of the AT rather than other non-specific factors . 
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Testing carried out in the activity chamber also revealed no consistent differences 

between the experimental groups, on either consecutive intenuptions (crossings) or single 

intenuptions (breaks) of photocell beams. These findings contrast with previous rep011s of 

lethargy and poverty of spontaneous movement following AT or MTT lesions (Field et al., 

1978; Greene & Naranjo, 1986) and of hyperactivity associated with MB lesions (Greene & 

Naranjo, 1986). Within sessions the rats tended to be more active initially as they explored 

the activity chamber and activity levels declined over time. This habituation was, however, 

generally more marked for the control group. 

4.2. Part Two: Intramaze and Extramaze Cues 

In Part Two the relative importance of intramaze vs. extramaze cues was examined. 

It was found that, using otherwise original conditions, the reduction of visual (and most 

auditory) extramaze cues (the 'dark' condition) impaired both reference and working 

memory performance relative to normal 'light' conditions (see Figures 6 & 7, Left Panels). 

Differences between groups were maintained in the original intramaze conditions of Part 

Two, but there was no clear evidence of any differential effect of the dark condition on 

performance across groups. The removal of previous stable intramaze cues ('clean' 

condition) further impaired performance relative to the original conditions. Relative to the 

original condition, working memory performance in the clean maze was impaired to a lesser 

extent than reference memory. Removal of the previous intramaze cues diminished the 

group differences on baited arms and abolished the group differences on the never-baited 

arms . 

Overall, the cue manipulations revealed that reference memory perf01mance was 

severely impaired by dismption to any of the cues, which suggests that choices with respect 

to never-baited arms are made relative to both extramaze and intramaze stimuli. Working 

memory was relatively less severely affected by cue manipulations as long as either 

extramaze or intramaze cues remained. As expected, the most restricted cue condition ( clean, 

dark) had the greatest effect in all groups on both reference and working memory (Figure 6 

& 7, Right Panels). Performance in the clean dark maze was at chance levels for reference 

memory measures but, interestingly, was substantially better than chance for the working 

memory measures. A previous radial maze study with intact rats (Mazmanian & Roberts, 

1983) found that reducing the rats' view of the extramaze environment impaired 

performance, although these authors suggested that even the most restricted visual condition 

(using tunnels) still provided sufficient information about the extramaze environment to 

guide behaviour at above chance levels. In the present study (clean, dark condition) access 

to cues was restricted to a much greater degree than by Mazmanian & Roberts (1983) and 

this manipulation actually reduced reference memory perf01mance to chance levels. 

Nevertheless, the rats were still able to perform above chance on the working memory 

measures, so information unique to previously visited arms must have still been available to 

guide choices, the most likely candidate being each rat's own within-trial odour cues. 
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Previous studies have shown that odour cues do facilitate radial maze learning in rats 

(e.g. Buresova & Bures, 1981) and especially in mice (e.g. Roullet, Lassalle & Jegat, 

1993). On the other hand, many authors have made it clear that odour cues are not normally 

necessary for successful radial maze perfo1mance (e.g. Olton & Collinson, 1979; Zoladek & 

Roberts, 1978) although they still form part of the stimulus complex that is available to the 

animal (see Einon & Pacteau, 1986). It should be noted that the evidence against the 

imp01tance of odour cues in the radial maze tends to be negative, serving only to show that 

odour trails are not necessary for adequate pe1formance. The present study suggests that 

odour cues may in some cases be sufficient, at least to enable rats to achieve above chance 

working memory pe1formance on radial maze tasks. 

The cue manipulations showed that rats with AT lesions, like controls, take advantage 

of both spatial/visual and non-spatial/olfactory cues to guide choice behaviour. These data 

imply that impaired radial maze pe1f01mance following AT lesions may reflect a more general 

deficit in the processing of the relevant relationships among cues rather than any specific 

difficulty with spatial/visual or non-spatial/olfactory cues. AT lesions may disrupt the 

hippocampal-dependent declarative memory/relational representation system proposed by 

Eichenbaum et al. (1994). If so, the AT may constitute part of an extended hippocampal 

system in both an anatomical and functional sense (Aggleton, 1994). 

4.3. Relevance of the Present Study to Human Amnesia 

Although the AT has received comparatively little attention in the context of human 

amnesic disorders, areas with which it has close anatomical connections feature prominently 

in clinical cases. Damage to the hippocampal system has long been known to result in 

memory problems (Corkin, 1984; Scoville & Milner, 1957). In addition, evidence from 

cases of diencephalic amnesia support the view that memory loss is a likely consequence of 

interruptions to major hippocampal - AT connections such as the MTT and fornix (Gaffan et 

al., 1991; von Cramon et al., 1985). The retrosplenial cortex is another key structure within 

hippocampal - AT circuitry and damage limited to the retrosplenial cortex and cingulum can 

result in amnesic symptoms similar to those found following bilateral hippocampal damage 

(Valenstein, Bowers, Ve1faille, Heilman, Day & Watson, 1987). The role of the MB is less 

clear although damage to this region has been considered by some (e.g. Mair et al., 1979) to 

be a critical factor in WK, yet there is limited evidence that MB damage alone is sufficient for 

amnesia. Anatomically the MB do not occupy a key position within hippocampal system 

circuitry, neither their main efferents nor afferents are reciprocated and their main output is to 

the AT which also receives hippocampal information directly. 

The contribution of AT damage has only recently received more serious consideration 

in discussions of human diencephalic amnesia ( e.g. Kopelman, 1995). There is some 

evidence for AT involvement in WK but considering the effect that PTD treatment has on the 

AT and the commonalties of aetiology, neuropathology and behavioural impaitment between 

PTD treatment and WK it is surprising that the AT is relatively infrequently considered as a 

predominant factor in WK (e.g . Knight & Longmore, 1994; Mayes, 1995; Zola-Morgan & 
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Squire, 1993). There is stronger clinical evidence of AT involvement in amnesia following 

infarcts and tumours and recent experimental evidence that discrete AT damage can produce 

memory deficits. As even relatively minor damage to the AT is sufficient to impair memory 

in rats it is likely that minor damage to this nucleus in humans including those with WK is 

sufficient to cause amnesia (Graff-Radford et al., 1990; Victor et al., 1989). 

4.4. Further Issues 

The clear deficit shown in post-operatively learned radial maze performance following 

discrete AT lesions in the present study provides a useful benchmark against which to 

establish the relative contributions of other key diencephalic strnctures. The role of the MB 

and DM especially are in need of clarification. Previous studies have found mixed evidence 

regarding radial maze perfoimance with pre-trained rats following MB lesions (Harper et al., 

1993; Jarrard et al., 1984; Saravis et al. 1990). The effects of MB lesions on acquisition of 

the radial maze task in naive rats remains to be determined. The role of the AT in the 

expression of post-operative retention of pre-learned behaviour also remains to be 

determined and would be useful in the context of modelling retrograde amnesia. 

The finding of Beracochea and Jaffard (1991) that AT lesions had no effect on 

sequential alternation except in mice that had also undergone chronic alcohol treatment (and 

thus had MB damage) suggests that a combination of MB and AT damage may produce more 

severe deficits than either lesion alone. The effects of this combination of AT and MB 

damage on radial maze performance should be assessed. Therefore, further studies, 

comparing the effects of AT, MB, DM and combined AT/MB lesions on radial maze 

performance in both naive and pre-trained rats would provide useful insight into the relative 

and specific contributions that these regions make to learning and memory. 

An important issue which needs to be addressed is the extent to which behavioural 

impairments following AT lesions may be due to damage to axons passing through the lesion 

site. It is clear that both neurotoxic (Aggie ton et al., 1991; Aggie ton et al., 1995) and 

conventional (Sutherland & Rodriguez, 1989) lesions of the AT are reliably associated with 

impairment but the contributions of fibres of passage may be more important when assessing 

the effects of damage to individual AT nuclei. For example, it is possible that AM lesions 

could intenupt MTT projections to the AV, and also intenupt AV commissural fibres and 

cortical projections (Bentivoglio et al., 1993, van Groen et al., 1993), although there is no 

evidence that AV lesions would intenupt AM projections. A replication of the present study 

with neurotoxic lesions would be useful to examine this issue. 

There is some indication that the AV nucleus consists of two functionally discrete 

components, the AVVL and AVDM (Gabriel et al., 1991), and PTD studies suggest that 

these two sub-components are differentially susceptible to damage following thiamine 

deficiency (Langlais et al., 1993). An examination of the relative effects of lesions to these 

two regions of the AV on radial maze perfoimance may be informative here. 
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A further issue is the degree to which delays would contribute to impairments 

following discrete AT lesions. Delay-dependant deficits are often found following large AT 

lesions (Aggleton et al., 1991; Beracochea et al., 1989; Beracochea & Jaffard, 1994), and 

also following damage to the perirhinal or entorhinal cortex, whereas deficits following 

damage to the hippocampus tend to be delay independent (Eichenbaum et al. 1994; Mumby 

& Pinel, 1994; Wiig & Bilkey, 1994). It is known that individual AT nuclei play distinct 

training-stage-related roles in learning and memory (Gabriel et al. 1991) and therefore the 

effects of these lesions may be differentially sensitive to delay procedures. 

4.5. Concluding Remarks 

The present results are important for several reasons. They showed that discrete AT 

lesions, limited to either the AM or AV nuclei, can produce clear and persistent impairments 

to both reference and working memory in the radial maze baited/unbaited task, a well 

established behavioural paradigm known to be sensitive to damage to the hippocampal 

formation. By avoiding damage to other key diencephalic stmctures such as the MTT, IML 

and especially the DM, the present results provide strong support for the proposal put 

forward by Hunt and Aggleton (1991) that many of the deficits associated with DM lesions 

may be due to incidental damage to the AT. Thus, this study supports suggestions that the 

AT nuclei occupy pivotal positions within a functional system subserving memory and 

learning and are therefore likely to play an important role in diencephalic amnesia. The 

importance of the AT in this respect has generally been underestimated not only in the 

experimental literature but also in the clinical literature especially that concerned with the WK 

syndrome. 
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