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ABSTRACT 

The effects of intracerebral infusions of the non-specific muscarinic receptor 

antagonist, scopolamine, into the anteroventral (AV) thalamic nucleus on 

spatial working memory performance in delay and standard 12-arm radial maze 

tasks were assessed. The first experiment provided evidence that implants of 

angled bilateral cannula guides, rather than vertical unilateral cannulae 

combined with a unilateral AV lesions, were optimal to assess the effects on 

spatial working memory of scopolamine infusions to the AV thalamic nucleus. 

Experiment 2 examined the effects of drug infusions (1, 2.51, 6.31, 10 and 

15.85 µg/side) made at the beginning of a IO-minute delay period between the 

6th and ]1h arm choices, in a two-phase 12-arm radial maze task (Part One, 

lower three doses, and Part Three, higher three doses. During Parts One and 

Three, scopolamine (6.31, 10 and 15.85 µg/side) impaired performance 

temporarily in a dose-dependent manner, but infusions of phosphate buffered 

saline vehicle (PBS) also caused temporary impairments in performance which 

was probably the effect of the internal cannula rather than infusions per se (Part 

Two, Experiment 2). Drug infusions (10 µg/side) were also administered in 

Part Four before the daily session in a standard 12-aiu1 radial maze task. In Part 

Four clear and significant differences in choice accuracy, but not choice 

pattern, between Scopolamine (10 µg/side) and PBS infusions were obtained; 

PBS infusions produced only minor changes relative to No cannulae. It was 

concluded that infusions of scopolamine produce more significant impairments 

in performance on spatial working memory task when infused before the daily 

session, rather than during the delay between the 6th and 7th arm choices in 12-

arm radial maze tasks. The results of this research contribute novel findings on 

the involvement of both the AV thalamic nucleus, and especially of the 

brainstem cholinergic innervation to the AV thalamic nucleus, during spatial 

working memory. 



1.0 Introduction 

1.1 General Introduction 

Diencephalic structures are important for normal learning and memory 

(Aggleton & Sahgal, 1993; Aggleton & Saunders, 1997; Aggleton & Shaw, 1996; 

Delay & Brion, 1969; Kopelman, 1995). It is only recently however that new 

research has highlighted and provided an increase in specificity and importance to 

certain keys areas within the limbic diencephalon. The medial parts of the anterior 

region of the thalamus are comprised of various thalamic limbic structures. It is 

now theorised that the anterior thalamic nuclei (A TN), an important group of 

thalamic limbic structures, play an essential role in learning and memory processes. 

This renewed interest in the ATN was explained by Aggleton and Brown (1999) 

who recently summarised the relevant human and animal literature. They proposed 

that interactions between parts of the diencephalon and the hippocampal formation 

support the existe~ce of an 'extended hippocampal system', due to the neural 

circuitry shared,by these structures. Different structures within this 'extended 

hippocampal system' process information specific to certain learning and memory 

processes. In particular, the A TN and mammillary bodies, together with the 

hippocampal formation and the fornix, are hypothesised to be involved in spatial 

and context-dependent memory processes. Indeed, the A TN may constitute a 

pivotal or nodal point within this 'extended hippocampal system'. By contrast, 

Aggleton and Brown (1999) also suggest that other limbic brain structures, 

particularly the mediodorsal thalamic nuclei and the perirhinal cortex, play a role in 

a separate system responsible for familiarity-based recognition processes. 

Although a clearer understanding is emerging concerning the A TN 

contribution to learning and memory processes, other related aspects still need 

investigating. One important aspect concerns the neurochemical and biochemical 

in the A TN and of its neural connections. Brainstem cholinergic cells of the 

laterodorsal tegmental nucleus (LDTg) provide a major cholinergic innervation to 

the ATN (Hallanger, Levey, Lee, Rye, & Wainer, 1987). At present, there is 
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virtually no research literature regarding the functions of these brainstem 

cholinergic cells. Everitt & Robbins (1997) have proposed that to determine the 

function ofbrainstem cholinergic cells, the effects on behavioural performance 

following intracerebral infusions of cholinergic drugs were required. Such drug 

infusion studies would need to focus on sites where these brainstem projections 

terminate, for example in the ATN. 

The contribution of the present study was to focus on whether brainstem 

cholinergic terminals within the anterior thalamic nuclei influence learning and 

memory processes. As will be shown, current evidence strongly implicates the 

ATN in spatial working memory in particular. Permanent lesions to the 

anteroventral thalamic nucleus disrupt radial maze performance (Aggleton, Hunt, 

Nagle, & Neave, 1996; Byatt & Dalrymple-Alford, 1996). Radial maze tasks are 

widely regarded as excellent for testing spatial working memory in the rat (Olton, 

Becker & Handelmann, 1979). Furthermore, termination sites for brainstem 

cholinergic cells are recorded at greater densities within the anteroventral (AV) 

thalamic nucleus of the A TN than elsewhere in thalamic limbic regions (Hallanger, 

et al, 1987). Therefore, the current study examined whether the brainstem 

cholinergic projections to the A TN contribute to learning and memory processes. 

The effects on performance were assessed following direct infusions of 

scopolamine (a cholinergic muscarinic receptor antagonist) to the AV thalamic 

nucleus in rats that had been trained in 12-arm radial maze tasks. 

The next section first provides a brief review of the clinical evidence 

implicating the involvement of medial diencephalic structures in anterograde 

amnesia. It also summarises early animal studies involving lesions to the 

dorsomedial thalamic nuclei, followed by recent animal research involving lesions 

to the anterior thalamic nuclei and AV thalamic nuclei specifically. In the third 

section, neural circuitry of the A TN is described including reviews of studies using 

anterograde and retrograde transport tracing techniques which reveal the degree of 

brainstem cholinergic innervation to the anterior thalamic nuclei. The fourth 

section reviews the more traditional cholinergic systems, the nucleus basalis

neocortical pathways and septo-hippocampal pathways, and their involvement in 

visual attentional functioning and short-term spatial working memory, respectively 
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(Everitt & Robbins, 1997). The fifth section reviews our current speculative 

knowledge about how brainstem cholinergic pathways may contribute to learning 

and memory. The Introduction ends with the main rationale and outline of the 

current study. 

1.2 Anterior Thalamic Nuclei Involvement in Anterograde Amnesia 

Aggleton and Brown (1999) proposal that anterograde amnesia is associated 

with damage to brain structures within either the medial temporal lobe or the 

diencephalic limbic system revived Delay and Brion's (1969) hypothesis, but with a 

new emphasis on the anterior thalamic nuclei and a more limited domain of 

learning and memory. The precise contributions to learning and memory made by 

different diencephalic structures remain however a highly controversial topic, for 

example see commentaries in reply to the proposal of Aggleton and Brown (1999; 

e.g. Dalrymple-Alford, Gifkins & Christie, 1999; Gabriel & Smith, 1999; 

Krieckhaus, 1999; Mair, Burk, Porter, & Ley, 1999; Markowitsch, 1999). Thus, it 

is pertinent to review the clinical and experimental evidence on the relationship 

between lea.ming and memory and diencephalic damage. 

Clinical Evidence 

Anterograde amnesia is the inability to form new memories for events and 

experiences occurring after amnesia-related brain injury. In humans, anterograde 

amnesia resulting from brain injury to the diencephalon may result from Korsakoff 

syndrome, vascular accidents, infarctions or tumors surrounding the third ventricle. 

A major neural component underlying diencephalon amnesia is damage to the 

anterior region of the thalamus. More specifically, the damage resulting in amnesia 

can incorporate the anterior nuclei, and the mediodorsal nuclei of the limbic 

thalamus, as well as the mammillary bodies (von Cramon, Hebel & Schuri, 1982; 

Dusoir, Kapur, Byrnes, McKinstry & Hoare, 1996; Knight & Longmore, 1994b; 

Markowitsch, 1982; Mair, Warrington, & Weiskrantz, 1979; Mayes, Meudell, 

Mann, & Pickering, 1982; Parkin, Rees, Hunkin, & Rose 1994; Victor, Adams & 

Collins, 1971). Damage can also affect neural pathways that traverse this region, in 
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particular the mammillothalamic tract and the lateral internal medullary lamina 

(Markowitsch, 1988; Savage, Sweet, Castillo, & Langlais, 1997). 

In the Korsakoff syndrome, degeneration of the mammillary bodies (MB) and 

structures in the anterior region of the thalamus are consistent features in the 

neuropathology. Yet, the critical damage necessary to produce diencephalic 

amnesia remains unknown. This controversy is confounded by the fact that the 

excessive alcohol consumption leading to Korsakoffs syndrome affects many other 

brain regions, including the parietal and frontal lobes, and the pre-frontal cortex, 

which is involved with 'executive functions' like planning, coordination and 

utilising strategies in behavioural tasks (Knight & Longmore, 1994a; Mayes, et al., 

1988). The same problem, a lack of isolated lesions, is also true of other human 

cases with diencephalic damage (Knight & Longmore, 1994a & b; Kopelman, 

1995). In addition, recent evidence that the nuclear size, and populations of 

neurons within the anterior thalamus and mammillary body regions are particularly 

susceptible to excess alcohol consumption, was reported in a study examining the 

brains of24 chronic alcoholics (Belzunegui, Insausti, Ibanez, & Gonzalo, 1995). 

Initial assessment of the brain histologies of Korsakoff syndrome patients 

focused on the dorsomedial (DM) thalamic nuclei, The neuropathological findings 

reported by Victor et al. (1971 cited from Knight & Longmore, 1994a) concluded 

that in 38 out of 43 patients, extensive atrophy in DM thalamic nuclei was 

responsible for the memory dysfunction; the five patients without extensive atrophy 

reportedly did not have any long-lasting memory deficits. In addition, Victor et al. 

(1971) noted the mammillary bodies (MB) had atrophy in most cases, including the 

five non-amnesic cases, which suggested to the researchers that the MB alone were 

not critical for the memory impairments. 

Other neuropathological studies of diencephalon amnesia in humans have been 

unable to pinpoint minimal lesions to one brain structure, despite the influential 

conclusions of Victor et al. (1971). Difficulties in assessment have occurred due to 

the relatively small size and proximity of diencephalon structures. The size and 

proximity have resulted in the majority of human cases sustaining reasonable 

damage to combined diencephalic structures and other nearby brain regions 

surrounding the third ventricle (Mair, et al., 1979; Parkin et al, 1994). 
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A related difficulty of the complexity of the thalamus are the numerous fiber 

pathways traversing the region linking multiple cortical and other subcortical brain 

structures. For example, the mammillothalamic tract and internal medullary 

lamina, linking the diencephalon with other subcortical brain regions, have also 

been implicated in the memory dysfunction suffered in individual cases 

(Markowitsch, 1988). Another problem is that individual human cases also tend to 

lack pre-morbid memory assessment. Often human case studies must rely on long 

periods between assessment of learning and memory impairments and post-mortem 

analysis of their brain lesions. 

These limitations in the clinical evidence have forced revisions in the approach 

to determine a specific diencephalon structure, whose damage would lead to the 

long-lasting amnesic state associated with brain injury to this region. The 

following section briefly reviews some of the advances in research including 

animal models that have been developed to interpret the functions of different 

diencephalon structures. Influential conclusions in the clinical evidence (Victor, et 

al., 1971) directed initial experimental research to study lesions centred on the 

dorsomedial thalamic (DM) nuclei. However, the lack of deficits in memory 

performance following DM lesions across a variety of different studies forced a 

shift in the focus of animal models. Experimental lesion sites focused instead on 

the anterior thalamic nuclei. 

Experimental Diencephalic Lesions 

Animal models are a useful way to overcome the limitations inherent in human 

clinical evidence. Surgical lesions in animals can normally be somewhat more 

circumspect and involve planned subtotal or complete tissue destruction to a more 

precise degree than is evident in comparative human cases. In addition, direct 

comparisons are possible between control and lesion animals, within pre- versus 

post-operative testing, or across the effects of placebo and drug infusions or many 

experimental manipulations. 

Despite the benefits of experimental diencephalic lesions, animal studies have, 

like the clinical evidence, also suffered difficulties and produced conflicting 

findings. Reasons for the conflicting results include different techniques employed 
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to create lesions in the brain, differences in the size and location of these lesions, 

atrophy to surrounding brain structures, and of course the inherent complexity of 

the region of interest. 

In addition, it is difficult to design appropriate tasks for animals. Nevertheless, 

it is widely accepted that some tests of spatial working and reference memory 

provide adequate measures of animal memory that are analogous to human episodic 

recall tasks. These tasks include 8- and 12-arm radial mazes, Morris water mazes, 

and T-, and Y-mazes. 

Experimental Dorsomedial Thalamic Nuclei Lesions 

As previously indicated the neuropathological reports of Victor et al (1971) 

greatly influenced early research on thalamic lesions to learning and memory in 

animals. These brain lesions focused on dorsomedial (DM) nuclei of the thalamus. 

Given the relevance of this literature to the current study, this section briefly 

reviews research that explored lesions to DM thalamic nuclei and assessed their 

impact on performance during spatial memory tasks. A more detailed summary of 

the studies involving DM thalamic lesions in working memory tasks is included in 

Table One (p. 10). 

Although early studies on DM lesions found significant deficits in memory 

components of performance in spatial tasks, further studies have not replicated 

these initial results. Stokes & Best (1988 and 1990a & b) reported significant 

deficits in both spatial working and reference memory components of a radial arm 

maze task after complete lesions to DM nuclei either by electrolytic or neurotoxic 

methods. However, the findings of Stokes and Best (1988 and 1990a & b) have not 

been replicated. Other researchers used more restricted DM lesions and failed to 

find deficits in spatial working memory tasks, including the Morris water maze, T

Maze alternations, radial maze and operant delayed non-matching-to-position (Hunt 

& Aggleton, 1991; 1998; Kolb, Pittman, Sutherland & Whishaw, 1982; Neave, 

Sahgal & Aggleton, 1993). Thus it has been concluded from animal models that 

DM lesions alone are inadequate to affect performance on spatial working memory 

tasks. 
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In an important study, Hunt & Aggleton (1991) created either radiofrequency 

or ibotenic acid lesions to DM thalamic nuclei but reported no significant deficits in 

performance on performance during a delayed matching-to-position task, testing 

working memory, unless some additional damage occurred to the adjacent anterior 

thalamic nuclei. 

More recently, Hunt and Aggleton (1998) reported that some temporary 

impairment to spatial reference memory but not spatial working memory may result 

following neurotoxic lesions to the DM nuclei. Hunt and Aggleton (1998) tested 

both spatial working and reference memory in a standard version of the radial-arm 

maze task following DM lesions. Deficits occurred temporarily in the spatial 

reference memory component of the task. It was concluded that these deficits may 

be due to DM lesions affecting factors, such as a failure of extramaze cues to 

overshadow intramaze cues, a change in activity and exploration levels and deficits 

in with-holding spatial responses. These factors interact with the rat's ability to 

perform the task (Hunt & Aggleton, 1998). 

Animal models used to interpret the functions ofDM thalamic nuclei suggest 

that while DM thalamic nuclei are part of the anterior region of the thalamus, these 

nuclei are u.11.likely to have a.11.y prominent role in spatial working memory tasks 

although there may be a mild contribution to spatial reference memory. It seems 

likely that the DM contribution to learning and memory processes is distinct to that 

ATN (but see Gabriel, 1993). 

Experimental Anterior Thalamic Nuclei Lesions 

The work of Hunt and Aggleton (1991) suggested a possible contribution of 

the A TN to learning and memory processes. A selective review of the current 

literature follows including a more detailed summary of the research involving 

ATN lesions and assessments on spatial working memory tasks (Table 2, p. 11). 

Researchers have employed an array of different spatial tasks to test rats that 

have sustained permanent lesions to the A TN. In general, this research has 

indicated that impairments in performance occur across a variety of spatial working 

memory tasks. These tasks have included the Morris Water Maze (Sutherland & 

Rodriguez, 1989; Warburton, et al, 1999), T-maze alternation tasks (Aggleton, et al, 
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1995; Sziklas & Petrides, 1999; Warburton, et al, 1997), and 8 and 12-ann radial 

maze tasks (Aggleton et al, 1996; Byatt & Dalrymple-Alford, 1996; Sziklas and 

Petrides, 1999). The findings have been confirmed further by a variety of different 

lesion techniques, electrolytic, radio-frequency and cytotoxic using NMDA and 

Ibotenic acid. Extensive amounts of pre-operative training in Morris water maze 

and T-maze tasks also did not reduce the disruptions in performance following 

ATN lesions using NMDA lesions techniques (Warburton et al., 1999). 

Interestingly, it has also been found that ATN lesions do not disrupt the 

performance of rats, in particular during object recognition tasks (Aggleton et al., 

1995; Warburton & Aggleton, 1999). ATN lesions also do not impair performance 

when tasks can be solved using egocentric discrimination rather than allocentric 

spatial cues in T-maze tasks (Aggleton, et al. 1996; Warburton et al, 1997; Sziklas 

and Petrides, 1999). Thus A TN lesions produce substantial deficits on a variety of 

allocentric spatial working memory tasks. 

In other domains involving animal models, including the pyrithiamine-induced 

thiamine deficiency (PTD) model partial ATN damage caused by excessive alcohol 

consumption may contribute to the PTD-induced impairments. The PTD model is 

used to mimic in rats the effects of chro!lic alcoholism and thiamine deficiency 

suffered by humans. The anterior thalamic nuclei (Langlais & Savage, 1995) and 

medial marnmillary bodies (Mair et al, 1991) have both been shown to be 

significantly affected in animals exposed to research involving the PTD model, 

with other PTD-induced damage centred on the internal medullary lamina of the 

thalamus (Mumby, Cameli, & Glenn, 1999). To conclude from research domains 

that have used animal models to assess experimental A TN lesions; the A TN and 

AV thalamic nucleus have both been strongly implicated in processing of spatial 

working memory. 
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Table One. Summary of Studies involving DM Thalamic Lesions with 
Assessment of Performance in Working Memory Tasks. 

Year Author· Lesion Size Lesion Type Task Training Delay Deficit 

1974 Tigner L Electrolytic T-Mz Alt. pre-op No 

1980 Weis&Means L Electrolytic T-Mz post-op Yes 
Spont. Alt. 

1981 Kessler & Kainic Acid T-Mz Delay Alt. post-op No 

Markowitsch 
1982 Brito, Thomas, T-Mz Delay Alt pre-op No 

Davis & Gingold 
1982 Kessler, M Ibotenic RadialMz pre-op 1 hour Yes 

Markowitsch & Otto 
1982 Kolb, Pittman, L Electrolytic Morris Water Mz post-op No 

Sutherland & RadialMz post-op No 
Whishaw 

1982 Greene & s Electrolytic T-Maze post-op 5 sec No 
Naranjo Spont. Alt. 

1989 Beracochea, M Ibotenic 8-arm Radial Mz post-op No 
Jaffard, & T-Mz Temp. Alt post-op 15 sec Yes 
Jarrard 45 sec No 

T-Mz Spatial Rev No 
1988, Stokes & Best L Electrolytic 8-arm Radial Mz pre-op Yes 
1990a Stokes & Best 
1990b Stokes & Best L Electrolytic 8-arm Radial Mz post-op Yes 

- working & reference 
1990c Stokes & Best L Ibotenic 8-arm Radial Mz post-op Yes 

- serial position 
1990 MHarzi, Jarrard, M Electrolytic Radial Maze post-op Yes 

Willig, Palacios, Place Recognition No 
&Delacour Object Recognition No 

1991 Hunt& L Radio freq. Y-Mz Object post-op 0 20 Yes 
Aggleton & Ibotenic Recognition 60 sec 

T-Maze Delay post-op 10 30 Yes* 
Alternation 60 sec 

1991 Peinado-Manzano L Electrolytic Operant Delay post-op 0-80 sec Yes 
& Pozo-Garcia Alternation 

1992 Neave, Sahgal, L Cyctotoxic DNMTP post-op 0-32 sec No 
&Aggleton Spatial Discrim. post-op No 

+ reversal 
1995 Krazem, L Ibotenic T-Maze Spatial post-op 24 hrs No 

Beracochea, & Jaffard (mice) repetition 
T-Maze reversal Yes 

1998 Hunt & Aggleton L Neurotoxin 8-arm Radial Mz post-op 60 sec No 
8-arm Radial Mz post-op 60 sec Yes* 
(45° rotation) 

T-Maze alternation No 
Abbreviations: 
L= Large, M= Medium, S= Small, Alt.= Alternation, Discrim. = Discrimination, Mz= Maze, 
Spont. = Spontaneous, post-op= post-operative, pre-op= pre-operative 
Yes* (1991) spatial memory deficits only a consequence of anterior thalamic involvement 
Yes* (1998) deficit when intramaze vs extramaze cues assessed 
All studies used rats unless noted otherwise. 
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Table Two. A Summary of Lesions to Anterior Thalamic Nuclei and 
Assessment of Performance on S~atial Working Memory Tasks. 

Year Author Lesion Size Lesion Type Task Training Delay Deficit 

1986 Greene & s Electrolytic Auto. Y-Maze post-op 5 sec No 

Naranjo AV& AM Spont. Alt. 

1989 Beracochea, L Ibotenic T-Maze post-op 45 sec Yes 

Jaffard & Jarrard Temporal Alt. 15 sec No 
8-arm Radial Mz No 
Spatial Reversal No 

1989 Sutherland & L Electrolytic Morris Water Mz post-op Yes 

Rodriguez pre-op No 

1991 Aggleton, M Neurotoxin Operant DNMTP pre-op >0-32 sec Yes 

Keith & Saghal NMDA 0 sec No 

1991 Beracochea & L Ibotenic T-Mz Spont. Alt. post-op 30 sec Yes 

Jaffard (mice+ alcohol) 
1991 Peindao-Manzano, L Electrolytic Operant Delay Alt. post-op 0-80 sec Yes 

& Pozo-Garcia 
1994 Beracochea & L Ibotenic T-Maze post-op 5min No 

Jaffard (mice) Delay Alt. 6 hrs Yes 
T-Maze Seq Alt. 30 sec No 

1995 Aggleton, Neave, M Neurotoxin - T-Maze post-op 10 20 Yes 
Nagle, & Hunt NMDA Forced Alt. 40 sec 

Object Recognition 1 15 min No 
1996 Aggleton, Hunt, Cytotoxic T-Maze Forced Alt. post-op 15 sec Yes 

Nagle & Neave M AM Allocentric Alt. for all Yes 
M AV/AD Egocentric Discrim. tests No 
L ATN 8-arm Radial Mz 60 sec Yes 

1996 Byatt& s Radio-freq. 12-arm Radial Mz post-op 
Dalrymple-Alford AV,AM - working & reference Yes 

1997 Warburton, Baird, L Cytotoxic T-Maze Forced Alt. post-op 0 10 Yes 
&Aggleton 20 30 sec 

X-:Maze Allocentric no delay Yes 
X-Maze EgoDiscrim 10 sec No 

1999 Warburton& L Cytotoxic Morris Water Mz post-op Yes 
Aggleton T-Mz Alt. post-op 15 sec Yes 

Object Recognition No 
1999 Sziklas & Petrides M Electrolytic 8-ann Radial Mz post-op 20 sec Yes 

Visual Assoc.( open field) Yes 
T-Mz EgoDiscrim. No 

1999 Warburton, L Cytotoxic Morris Water Mz pre-op no delay Yes 
Morgan, Baird, T-Mz pre-op no delay Yes 
Muir, & Aggleton 

2000 Celerier, Ognard, M Ibotenic T-Mz Spont Alt. post-op 
Decorte & Beracochea (mice) T-Mz Seq. Alt 30 60 sec Yes 

2000 Warburton, Baird, M Cytotoxic Object Recognition post-op No 
Morgan, Muir & AT-FXIpsi T-Mz Alt. Yes 
Aggleton AT-FX Contra 

AT-FX Contra+ Hippo. Morris Water Mz post-op Yes 
8-arm Radial Mz Yes 
T-MzAlt Yes 

Abbreviations: L= Large, M= Medium, S= Small, AD = anterodorsal, AV = anteroventral, AM = 
anteromedial thalamic nuclei, AT-FX = Anterior thalamic nuclei- FX = Fornix, Contra= Contralateral, 
Ipsi = Ipsilateral, Alt.= Alternation, EgoDiscrim. = Egocentric Discrimination, Mz= Maze, Seq. = 
Sequential, Spont. = Spontaneous, post-op = post-operative training, pre-op = pre-operative training. 
All studies used rats unless noted otherwise. 
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Current Perspectives 

Current animal models support the proposal that the ATN and other limbic 

system lesions produce substantial deficits in spatial working and episodic memory 

(see Aggleton & Brown, 1999; Aggleton & Sahgal, 1993; and Aggleton and 

Saunders, 1997, for reviews). Aggleton and his colleagues suggest that the ATN 

represent a pivotal position within an 'extended hippocampal system' responsible 

for spatial and context-dependent (episodic) memory. This extended system is 

comprised of the hippocampal formation (CAl-4, dentate gyrus and subicular 

complex), the fornix, the mammillai-y bodies, and the cingulate and retrosplenial 

cortex. The cingulate and retrosplenial cortices are involved in the higher order 

learning- and memory-associated functioning (Gabriel, 1993; Sutherland & 

Hoesing, 1993). This extended hippocampal-anterior thalamic axis system is 

believed to be responsible for episodic memory functioning. The system 

contributes to encoding episodic information, permitting this information to be set 

in spatial and temporal contexts, aiding subsequent retrieval and reducing 

interference (Aggleton and Brown, 1999). The previous distinctions made between 

temporal lobe amnesia and diencephalic amnesia are thus considered as misleading: 

both types of memory dysfunction have damage to the same functional system. 

What may now make the individual cases unique concerns the concurrent damage 

to other subcortical or cortical structures that may also play a function in other 

aspects of memory. 

For the most part a better understanding has emerged about functional 

dissociations between different areas of the limbic thalamus, but the neurochemical 

mechanisms of the diencephalon as part of the 'extended hippocampal system' in 

spatial working memory have yet to be examined. The main interest of this present 

study is the influence of the cholinergic system that projects to the anterior thalamic 

nuclei. This is especially so given that previous manipulations of central 

cholinergic neurotransmitter systems have shown impaired learning and memory 

across a variety of tasks (see Section 1.4). The following section describes the 

general neural circuitry that interconnects the anterior thalamic nuclei with other 

structures within the 'extended hippocampal system' together with the relevant 

cholinergic pathways. 
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1.3 Interconnections of Anterior Thalamic Nuclei and Related 

Distribution of Cholinergic System Pathways 

The anterior thalamic nuclei have been described as a nodal structure within 

the 'extended hippocampal system' due to neural circuitry interconnecting it with 

other subcortical and cortical structures (see Figure 1, p. 15). Major afferent limbic 

pathways from the mammillary bodies via the mammillothalamic tract, from the 

hippocampus via the fomix, and from the cingulate cortex via the thalamocortical 

tract all connect to the anterior thalamic nuclei. All of these pathways involve 

reciprocal connections except those via the mammillothalamic tract (Aggleton & 

Sahgal, 1993; Oda, 1997; Shibata, 1992 and 1997). These reciprocal connections 

running from the anterior thalamic nuclei via the cingulum bundle presumably 

influence temporal lobe processing and higher order learning and memory 

associated functioning (Sutherland & Hoesing, 1993). 

There are three distinct sub-nuclei within the anterior thalamic nuclei: 

anterodorsal (AD), anteromedial (AM), and anteroventral (AV). These three nuclei 

are distinct neural aggregates; in addition, they have distinct neural connections. 

For example, input arrives ipsilaterally from the medial mammillary bodies to the 

AV and AM nuclei and from the lateral mammillary bodies to the AD nucleus 

(Aggleton & Saghal, 1993; Shibata, 1992). In addition, each of the three nuclei 

send partially overlapping corticothalamic projections to anterior cingulate and 

retrosplenial cortices, which are involved in complex learning and memory 

functions (Gabriel, 1993; Oda, 1997; Shibata, 1997). The AV and AD have more 

caudal projections than the AM, projecting predominantly to the retrosplenial 

cortex, while the AM projects mainly to the anterior cingulate and also to the 

retrosplenial cortices (Bentivoglio, Kultas-Ilinsky & Ilinksy, 1993; van Groen et al., 

1993). 

Hallanger, Levey, Lee, Rye & Wainer (1987) have noted that while almost all 

thalamic nuclei contain significant numbers of cholinergic terminals, the highest 

densities were amongst the anteroventral (AV), dorsomedial (DM), intralaminar 

and reticular thalamic nuclei. A major cholinergic innvervation to the anterior 

thalamic nuclei arrives from the lateral dorsal tegmental nucleus (LDTg), together 
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with a smaller contribution from the peduncolopontine tegmental nucleus (PPT; 

Hallanger, et al., 1987; Satoh & Fibiger, 1986; Shibata, 1997). These LDTg and 

PPT structures are located within the brainstem. Cholinergic projections run 

predominantly ipsilateral to the AV, and weakly to the AM thalamic nuclei from 

the LDTg, but not to the AD thalamic nucleus (Gonzalo-Ruiz, et al., 1995; 

Hallanger, et al., 1987 and 1990; Levey et al, 1987; Shibata, 1997). Other 

neurotransmitter systems are also present, including serotonergic pathways from the 

raphe nuclei and noradrenergic pathways from the locus coeruleus, but these 

pathways are far less dense than those of the cholinergic system (Hallanger, Price, 

Lee, Steininger & Wainer, 1990). Transport tracing techniques have indicated that 

choline acetyltransferase1 immunoreactive axons and varicosities in the AM and 

AV thalamic nuclei are moderately and extremely dense respectively, but lacking in 

the AD thalamic nucleus (Hallanger, et al., 1990; Levey, et al., 1987). The AV 

thalamic nucleus also has the greatest density of cholinergic innervation relative to 

either the AM or AD thalamic nuclei (Bentivoglio, Kultas-Ilinsky & Ilinsky, 1993; 

van Groen, Vogt & Wyss, 1993). The cholinergic receptors in the ATN are 

heteroreceptors - the cells on which the cholinergic receptors are located do not 

synthesize choline acetyltransferase themselves (Vogt & Bums, 1988). 

1 
Choline acetyltransferase is the enzyme that transfers the acetate ion from acetyl coenzyme A to choline, 

producing the neurotransmitter acetylcholine. 
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Figure 1. The general neural circuitry that intercollllect the anterior thalamic nuclei with 
other cortical and subcortical structures are shown. The diagram also includes the major 
cholinergic systems of the brain, but focuses specifically on the brainstem cholinergic 
system. f 010.. IS~. details the major pathways, including cholinergic system pathways 
intercollllecting the ATN. (Modified after Everitt & Robbins; 1997). 

Abbreviations 

ATN Anterior Thalamic Nuclei 
AD anterodorsal 
AV anteroventral 
AM anteromedial 

CC cingulate cortex 
HF hippocampal formation 

Origins of the Main Cholinergic Systems 
medial septum 

LD 
MMN 
LMN 
LV 
MTg 
MMT 
PFC 

laterodorsal thalamic nuclei 
medial mammillary bodies 
lateral mammillary bodies 
lateral ventricle 
mammillotegmental tract 
mammillothalamic tract 
pre-frontal cortex 

MS 
VDBB 
HDBB 
NBM 
LDTg 
PPT 

vertical limb nucleus of the diagonal band ofBroca 
horizontal limb nucleus of the diagonal band of Broca 
nucleus basalis magnocellulaiis 
laterodorsal tegmental nucleus 
pedunculopontine tegmental nucleus 
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Figure I continued. 
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1.4 Central and Peripheral Cholinergic Neurotransmitter Systems 

The cholinergic neurotransmitter system has been most obviously implicated in 

learning and memory deficits, both in human and animals studies. This section 

focuses briefly on clinical evidence firstly and then reviews a number of studies 

involving using rodent models that have focused on manipulations to the central 

and peripheral cholinergic systems using scopolamine, a nonspecific muscarinic 

receptor antagonist. 

Clinical Evidence 

In humans, the cholinergic neurotransmitter system has been widely implicated 

in learning and memory deficits following post-mortem neuropathological 

assessment of patients thought to have suffered with Alzheimer's disease-(reviewed 

in Everitt & Robbins, 1997). The cholinergic hypothesis of geriatric memory 

dysfunction proposed by Bartus, Dean, Beer, & Lippa (1982) was based partly on 

pharmacological studies showing cholinergic drugs induce temporary amnesic 

. effects in healthy young adults. Since these findings, research using 

pharmacological manipulations and lesion studies in animals, has endeavored to 

determine the involvement of central cholinergic systems in learning and memory. 

Cholinergic Interventions in Animals -Memory Impairments on Spatial Tasks 

A brief summary is provided of the animal literature that has assessed memory 

impairments on spatial working memory tasks following administration of 

scopolamine, for a selective review see Table Three (p. 18). The current thesis 

focused on performance of rats in delay and standard radial maze tasks following 

scopolamine infusions. Therefore, the summary is restricted to studies involving 

systemic scopolamine injections in rats and performance in radial maze tasks. A 

great many studies have tested the effects on performance in radial maze tasks 

following systemic injection of scopolamine, but problems may occur when the 

procedure allows continuous free choices (i.e. no doors are used). The use of doors 

to confine the rat in the central platform for a small delay between successive 

choices ·eliminates simple turning strategies that animals may employ to find the 
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next non-visited ann (Byatt & Dalrymple-Alford, 1996; Olton, 1987; Strijkstra & 

Bolhuis, 1987). Doors will be incorporated into the maze used in the current study. 

A degree of uncertainty exists in the literature about the role of the central 

cholinergic system in learning and memory. Research that has examined the effects 

of anticholinergic drugs has produced ambiguous findings (see reviews of 

Blokland, 1996; Everitt and Robbins, 1997). These ambiguities have been 

explained by a variety of factors, including degree of training, the complexity of the 

tasks, and dosage of the drugs. Furthermore the exact role acetylcholine plays in 

learning and memory is problematic because cholinergic systems are located 

throughout the peripheral and central nervous systems. Most studies have induced 

amnesia in animals by using scopolamine, a non-selective muscarinic receptor 

cholinergic antagonist. Atropine has also been used previously (Hughes, 1982) but 

scopolamine is now considered the main non-specific anticholinergic drug of 

choice because it more readily passes through the blood-brain barrier (Julien, 

1997). It is well known that temporary inhibition of cholinergic systems in humans 

and animals in general results in cognitive impairments in attention and memory 

processes (see reviews ofBlokland, 1996; Kopelman, 1986). Unfortunately, the 

majority of animal studies have administered se-opolamine by either intraperitoneal 

(IP) or subcutaneous (SC) injections. These systemic injections make the 

assessment of specific central cholinergic systems very difficult to differentiate 

(Blokland, 1996; Hughes, 1982). The non-specific muscarinic cholinergic receptor 

blockade of scopolamine for example may be affecting central cholinergic systems 

in many regions of the brain as well as peripheral cholinergic systems (Hughes, 

1982). Direct infusions of cholinergic drugs to specific brain structures overcome 

this limitation. Animal models using these more precise infusion techniques are 

reviewed in Section 1.4.1. 

17 



Table Three. A Summary of Studies involving Systemic Scopolamine 
Injections and Testing in the Radial Maze Task {with doors) 

Year Author Doses Arms/Injection Procedure Delay During Deficit 
Session 

1981 Godding, 1.0-5.0 8 ann 5 hours No deficit in WM 
Rush& mg/kg IP injected during 5-hr delay 
Beatty between 4th -5th choices 

1981 Stevens 0.3 mg/kg 8 ann No delay Failed to acquire 
SC daily injections 30 min the task 

prior to training 
1985 Beatty 0.125, 0.25, 12arm No delay No at0.125 

&Bierley 0.5 mg/kg injected 20 min prior Yes at 0.25 and 0.5 
1987 Higashida 0.125, 0.25, 8 ann No delay Yes across strains 

&Ogawa 0.5, 1.0 injected 30 min prior 
mg/kg IP tested three rat strains 

1988 Bolhuis, 0.2 mg/kg 8 ann No delay No 
Strijkstra, IP injected 20 min prior 10 sec, 5 20 Yes 
&Kramers 60 120 min 

(taken out) 
0.2 and 0.4 injected after 4th choice 20min Yes 0.4 mg/kg only 
mg/kg 
0.1 and0.2 10 sec, 2.5, Yes 0.1+ 0.2 
mg/kg 5 or 10 min With over-training 

O. lmg/kg only 
at 5 and 10 min 

1988 Peele 0.03, 0.1, Automated 8 arm 0.5 sec Yes 
&Baron 0.3, 0.56 (4 baited) 100 sec Yes 

1.0 mg/kg IP 20 min pre-session 
1991 Hiraga 0.5 mg/kg IP 8arm l-6hrs Yes delay 

delays after 4th choice independent 
Admin0-2 hr 4 hrs Yes administration 
after 4th arm visit time independent 

1992 Ennaceur, 0.125, 0.25, Object Recognition 1, 15 min Yes 1.0, 2.0 mg/kg 
&Meliani 0.5,1.0 + 2.0 8-armRadial Maze Yes 0.25, 0.5 mg/kg 

mg/kg IP 
1993 Inagawa 0.1-0.4 mg/kg 8 arm 45 90 180 Yes dose dependent 

IP (mice) Injected 30 min prior 360min 
to testing in first 4 anns after 4th arm 

1993 Odashima 0.2 + 0.4 4, 6, 8 arm 1-4min Slight impairment 
Masuda, Murai, mg/kg IP housed in maze 
Saito, Itoh, (mice) for 6 hr per day 
&Itoh 

1993 Toumane, 1 mg/kg 8 arm No delay Yes 30 sec - 3 hr 
&Durkin (mice) injected after daily No3-6hr 

testing - 30 sec to 6 hrs 
from 1st acquisition session 

1994 Masuda 0.2 + 0.4 6 hours housed 45 min dose-dependent 
Odashima mg/kg in radial maze 
Murai, Saito, (mice) 
Itoh,&Itoh 

1997 Blanchard 2mg/kg 8 ann 5 hr Yes 
&Duncan injected after 4th choice 

Abbreviations: mg/kg = micrograms/kilogram, IP = intraperitoneal, SC = subcutaneous 
All studies used rats unless noted. 
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1.4.1 Direct Intracranial Infusions of Scopolamine in Rats 

There has been increasing interest in recent work in making direct infusions 

of drugs to brain regions or specific structures. A selective review of these studies 

follows (for a summary see Table Four (p. 22). 

Evidence of deficits in radial maze performance following direct 

administration of scopolamine to specific brain structures is limited though. Only 

as recently as 1995 have studies assessed the effects on radial maze performance 

following intracranial infusions of scopolamine to specific brain structures. Not 

surprisingly, pharmacological intervention to disrupt the cholinergic system within 

the hippocampal system produces spatial memory impairments. Ohno, et al. ( 1992; 

1997) reported substantial deficits in working memory, though not reference 

memory, in a three-panel runway task following bilateral intrahippocampal 

infusions of scopolamine. Carli, Luschi, & Samanin (1997) reported a dose-related 

impairment in a two-platform spatial discrimination task following 

intrahippocampal infusions of scopolamine. Assessment of rats during 

performance in spatial memory tasks following direct infusions of cholinergic drugs 

to other regions of the brain, for example, the medial septum (Markowska, Olton, & 

Givens, 1995; Pang & Nocera, 1999) also implies that hippocampal cholinergic 

systems are involved in learning and memory dysfunction (Everitt & Robbins, 

1997). A.i7.other example is that direct infusions of 5 and 10 µg of scopolamine to 

the prelimbic and infralimbic cortices impaired 12-arm radial maze performance 

when tested with correct and incorrect arm presentations ranging from O to 6 lags 

(Ragozzino & Kesner, 1998). 

These studies have indicated that basal forebrain cholinergic systems may be 

involved at different stages in learning and memory processes. In their review of 

cholinergic system functions distributed throughout the brain, Everitt and Robbins 

(1997) indicate that the nucleus-basalis-neocortical cholinergic system contributes 

to visual attentional function, while the septo-hippocampal projection contributes to 

modulation of short-term spatial working memory processes. Yet, there is as yet no 

information on the influence of the brainstem cholinergic cells in the PPT and 
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LDTg. As Everitt and Robbins (1997) suggest, it would be valuable to examine 

cholinergic manipulations of the targets of these brainstem systems. The obvious 

target is the A TN and the obvious behavioµral task is one that measures spatial 

working memory. 

1.5 Current Knowledge about the Role of Laterodorsal Tegmental 

Nucleus-Medial Mammillary Bodies Projections in Leaming and 

Memory 

In the ATN, both nicotinic and muscarinic cholinergic receptors are expressed 

at high densities, in comparison to other thalamic nuclei (Pare & Steriade, 1990). 

Autoligand studies report that there are predominantly more muscarinic M2 sub

type receptors in the whole of the thalamus region than either Ml or M3-M5 sub

type receptors (Levey, 1993). Currently, it remains speculative whether the 

cholinergic LTDg afferents reaching the A TN contribute in any way to learning and 

memory processes, although Pare and Steriade (1990) propose that this may occur 

through regulation of the mammillothalamic axis projections via the cholinergic 

LDTg afferents to the AV thalamic nucleus. The dominant hypothesis of Pare and 

Steriade (1990) that prevails in the current literature suggests a facilitatory response 

in the AV thalamic nucleus following LDTg innervation that acts via 

mammillothalamic tract terminals. In addition, LDTg input to the medial 

mammillary body regions could regulate the flow of information from the 

mammillothalamic tract to the AV thalamic nucleus during the consolidation of 

memory traces at cortical storage sites in the cingulate and retrosplenial cortices 

(Shibata, 1992). 

There are two pieces of evidence, which support these conjectures. In the cat, 

LDTg stimulation is associated with a long-lasting enhancement of synaptic 

responsiveness in the anterior thalamic nuclei especially after co-stimulation of the 

medial mammillary bodies (Pare, Steriade, Deschenes & Bouhassira, 1990). It has 

also been found that up-regulation of m2 muscarinic receptor binding in the anterior 

thalamic nuclei occurs during discriminative avoidance learning in rabbits (Vogt, 

Gabriel, Vogt, Poremba, Jensen, Kubota & Kang, 1991). This m2 receptor binding 
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change in the AV neurons most closely paralleled behavioural performance; 

neurons in the AV reached peak discharge frequencies and discrimination later in 

. training, once the animal had reached 1:t "first significant" behavioural criterion. 

Vogt et al, (1991) also noted that AV m2 receptor binding occurred at the session in 

which the animal first showed a 25% greater rate of avoidance responding to the 

positive, rather than to the negative, conditional stimulus. Gabriel (1993) now 

suggests that the training-induced neural activity response in the AV could be 

produced by a temporally correlated by mammillary and tegmental afferents 

inducing up-regulation of the muscarinic receptors presynaptic on the 

mammillothalamic axon terminals (see Figure 2). These m2 receptors enhance the 

release of the mammillothalamic excitatory neurotransmitter (Gabriel, 1993). 

To Cingulate Co1tex 

Anterior Thalamus 

Mamillothalamic Tract 

Cholinergic Dorsal 
Tegmentum 

Mamillary Nuclei 

Figure 2. The hypothetical roles of cholinergic and marnmillothalamic afferents in 
production of anterior thalamic training-induced excitation. Coactivation of the 
marnmillothalamic and LDTg cholinergic inputs results in the increased number of m2 
receptors on the terminals of marnmillothalamic axons. Training-induced neural activity is 
due to the consequent increased release of the marnmillothalamic neurotransmitter release. 
(Modified after Gabriel, 1993). 
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Table Four. A Selective Review of Intracranial Infusions of Scopolamine 
and Assessment in Radial Maze Tasks 

Year Author Infusion Region Number of Arms, Dose Delay Deficit 
Administration Procedure Involved 

1995 Buhot, Patra, Uni - CAI field 8 ann Radial Mz No delay Yes,WM 
&Naili Dorsal Hippocampus, - 10 µg/1.0µl &RM 

1998 McIntyre, Bi - Amygdala 8 arm Radial Mz 24 hrs No 
Ragozzino, ( 4 arms baited) 
&Gold - 0.5 µg/0.5 µ1 

1998 Ragozzino Uni - Anterior 12 arm Radial Mz No delay No 
&Kesner Cingulate Cortex - 1, 5, 10 µg/0.6 µ1 

Uni - Infra and 12 arm Radial Mz No delay Yes 
Prelimbic Cortices - 1, 5, 10 µg/0.6 µ1 

2000 Mishima, Iwasaki, 
Tsukikawa, 
Matsumoto, 
Egashira, Abe, 
Egawa, & Fujiwara 

Bilateral 8 arm Radial Mz (no doors) 
10 & 30 min prior to testing 

Abbreviations: 

Ventral Hippocampus - 20 µg/1.0µl i.c.v. 
- 2 µg/1.0µl 

Dorsal Hippocampus - 2 µg/1.0µ1 
Frontal cortex - 2 µg/1.0µl 
Parietal cortex - 2 µg/1.0µ1 
Mammillary body - 2 µg/1.0µl 
Dorsomedial thalamic nucleus - 2 µg/1.0µl 
Central amygdaloid nucleus - 2 µg/ 1. 0µl 
Basolateral amygdaloid nucleus - 2 µg/1.0µl 
Medial caudate putamen - 2 µg/1.0µl 
Lateral hypothalamus - 2 µg/ 1.0µ1 
Basal Forebrain - 2 µg/1.0µl 
Medial Septal nucleus - 2 µg/1.0µ1 
Dorsal raphe nucleus - 2 µg/1.0µl 
Medial raphe nucleus - 2 µg/1.0µl 

Yes at both 
Yes at both 

Yes at 30 min only 
no at both 10 and 30 min 
no at both 10 and 30 min 
no at both 10 and 30 min 

yes at 10 min only 
no at both 10 and 30 min 
no at both 10 and 30 min 
no at both 10 and 30 min 
no at both 10 and 30 min 

yes at 30 min only 
no at both 10 and 30 min 
no at both 10 and 30 min 

yes at 30 min only 

Uni = Unilateral infusion, Bi = Bilateral infusions; µg/µl = micrograms/microlitre, 
i.c.v. = intracerebroventricular. 
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1.6 The Current Study 

The purpose of the present experiments was to assess spatial working memory 

performance in the rat following infusions of anticholinergic muscarinic drugs at 

varying doses into the AV thalamic nucleus. 

There is substantial evidence to suggest that permanent lesions to the anterior 

thalamic nuclei disrupt spatial working memory performance (Aggleton, et al., 

1995; Warburton et al, 1998; Sziklas & Petrides, 1999). In addition to the recent 

studies using large A TN lesions, some researchers have assessed whether more 

isolated lesions to specific sub-nuclei in the ATN also result in deficits in spatial 

working memory tasks. The underlying reasons for isolating a small group of 

nuclei in the A TN that may contributed to learning and memory has emerged as a 

consequence of a greater understanding about the neural circuitry of the anterior 

thalamus nuclei. This analysis has indicated different sub-nuclei of the ATN region 

have some distinctive connections with other cortical and sub cortical regions ( see 

Section 1.3). In an early study, Greene & Naranjo (1986) tested rats on an 

automated self return T-maze task, with water as the reward, and reported no 

deficits in performance of rats with electrolytic lesions to AV and anteromedial 

(AM) thalamic nuclei. However, more studies testing spatial working memory 

using either 8- or 12-arm radial maze tasks have shown that damage to the AV 

produces a substantial deficit (Aggleton et al, 1996; Byatt and Dalrymple-Alford, 

1996). These radial maze deficits after AV lesions are weaker than those produced 

by ATN lesions. Aggleton et al. (1996) found only minor deficits after NMDA 

anteromedial (AM) lesions. The deficit found after AM lesions in Byatt and 

Dalrymple-Alford's (1996) study may have been related to the radio-frequency 

lesion method employed in that study. 

Studies assessing cholinergic innervation to the thalamus have identified that 

there is a high density of cholinergic innervation to the AV region especially 

(Hallanger, et al. 1987 and 1990). Therefore, we proposed that neurochemical 

manipulations by the non-specific muscarinic cholinergic antagonist, scopolamine 

may impair performance in radial maze tasks following its infusion into the AV 

thalamic nucleus. To be able to assess the functions of the brainstem cholinergic 
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system at the termination sites in the anterior thalamic nuclei, infusions of 

scopolamine to the AV thalamic nucleus occurred both before and during 

performance on standard ·and delay radial maze tasks, respectively. 

Current "specific" muscarinic anticholinergic agents have only relative 

specificity for the various muscarinic receptors (Dorje, Wess, Lambrecht, Tacke, 

Mutschler & Brann, 1991). Evidence provided by Dorje et al (1991) suggests that 

himbacine is the better of the various "M2 receptor antagonists," displaying a 10-

fold higher affinity for M2 (and M4) receptors than Ml receptors. Himbacine is 

only soluble in methanol and unfortunately, if methanol were infused into the AV 

thalamic nucleus, its effects would confound any conclusions that could be 

attributed to the effects of the anti-cholinergic drugs. This is especially so given 

that the anterior thalamic nuclei are particularly susceptible to alcohol-induced 

damage (Belzunegui et al., 1995; Langlais & Savage, 1995). Therefore, 

scopolamine ( a non-selective muscarinic cholinergic receptor antagonist, soluble in 

phosphate buffered saline) is the preferred cholinergic muscarinic receptor 

blockade drug available at present. This choice of antagonist is reinforced by the 

fact that the current experiment is perhaps the first one of its kind to test the effects 

on spatial working memory of a cholinergic antagonist infused to the AV region. 

The present study used delay and standard 12-arm radial maze tasks, to assess 

the effects on memory performance of scopolamine infusions. The radial maze task 

has proven sensitive to previous research involving permanent AV thalamic lesions 

(Aggleton, et al. 1996; Byatt and Dalrymple-Alford, 1996). In part of the current 

study, the radial maze task involved two phases separated by a delay. In the first 

phase of the task (acquisition) the rat received access to a total of six baited forced 

choice arms, presented one at a time in a pseudo-random design. A delay separated 

the two phases, of either 20-seconds or 10-minutes. At the start of the 10-minute 

delay, direct scopolamine infusions to the AV thalamic nucleus occurred, finishing 

seven minutes before re-entry into the maze for the second phase of the task. At 

that point, the rat had free access to all 12 arms and had to locate the six baited 

arms (retrieval) that they had not visited in phase 1 of the task. 

Due to the novelty of current research on the effects of scopolamine on spatial 

working memory performance and because of technical issues concerning neural 
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structures adjacent to the AV (especially the fimbria-fomix), it was deemed 

appropriate to begin with a pilot study to assess whether cannula guides positioned 

above the anterior thalamic nuclei alone would disrupt performance. Therefore the 

aim of Experiment 1 in the present study was to assess the effects on performance 

in a radial maze task of cannula guide implants alone (i.e. no drug infusions). The 

prospect of a unilateral cannula (for infusion) combined with a contralateral NMDA 

lesion of the AV was compared with the effects of bilateral cannulae positioned on 

10-degree angles to the midline fissure above the AV thalamic nucleus region. 

The guide cannulae were set at different depths, with either a 1 mm or 2 mm 

internal cannula projection to the AV thalamic nucleus. Thus different rats would 

have varying degrees of damage to the overlying fimbria-fomix; it was not 

expected that unilateral AV lesions would impair performance. 

Following the completion of Experiment 1, analyses of the data and rat brain 

histologies suggested that some additional technical adjustments were required (see 

Method and Materials: Section 3), which were incorporated into the method of 

Experiment 2. The main aim part of the study was conducted in Experiment 2, to 

investigate the effects on performance in spatial working memory tasks following 

bilateral infusions of scopolarnine to the AV thalamic nucleus. An additional aim 

of Experiment 2 was to assess the differences in performance following 

administration of scopolamine during a delay period imposed between arm choices 

6 and 7, versus administration of scopolamine before the daily session. There were 

four separate parts in Experiment 2. During Parts One, Two and Three, delays 

were imposed between arm choices 6 and 7 and infusions were administered at the 

start of a 10-minute delay imposed between the two phases of the task (see details 

mentioned above). The use of this delay procedure in Parts One, Two and Three 

was related to the radial maze work ofBolhuis et al, (1988) and Buresova and 

Bures, (1982). Those researchers reported that deficits following scopolamine 

(administered IP) only reliably occurred when a delay was imposed between 

choices 4 and 5 in an 8-arm radial maze task. 

In addition, Part Four of Experiment 2 assessed effects on performance when 

the infusions were administrated finishing seven minutes before the beginning of a 

daily session in a standardised version of the radial maze task (Olton & Samuelson, 
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1976). In the standard task, no delay is imposed between an initial and later set of 

arm choices. All arms are baited and in tasks, which employ doors the rat has free 

choice of all arms each time following, say 5-second confinements in the centre 

after each choice until all rewards have been retrieved. 
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2 Materials and Method 

2.1 Subjects 

Subjects were na1ve female hooded rats, weighing between 180 and 240 

grams before surgery. Different groups of na1ve female hooded rats were used in 

Experiments 1 and 2 aged from 4-8 months old and 9 months old, respectively. 

Rats were housed either 3 or 4 per standard (500 cm x 300 wide, x 230 cm high) 

cage on a reversed light schedule (lights on 1900-0700 hours). All rats had free 

access to water and their body weights were maintained between 80-85% of 

normal free-feeding, which was achieved slowly by reducing their daily food 

over several weeks. Rats had free access to food just prior to surgery, with their 

weights being gradually reduced again during post-operative recovery. Daily 

training and testing sessions occurred at roughly the same time to avoid any 

fluctuations in performance across time of day, during the dark period between 

0800 and 1900 hours at a rate of 6-7 sessions per week. All of the rats were 

tested in the maze before they received their daily food allocation. 

2.2 Apparatus 

For all experiments, rats were trained on an elevated (85 cm above floor) 

12-ann radial maze, with a 35-cm-wide central wooden platform and equally 

spaced aluminium arms. Each of the 12 arms was 8.5 cm wide with 3-cm high 

borders and a single Perspex barrier (25 cm high and 20 cm long from the central 

platform) to discourage the rats from jumping across arms. A black wooden 

insert (8.5 cm x 5 wide, x 3 cm high) at the end of each arm contained a food 

well (2 cm diameter, 1 cm deep). Baited food wells contained two chocolate 

chip pieces (0.1 gram each). Inaccessible chocolate chip pieces were present 

under each food well to control for bait odours. Twelve clear Perspex guillotine 

doors controlled access to the arms and could be raised singly or as one unit via 

manually operated overhead fishing lines attached to a pulley system above the 

centre of the maze. Two small weights were tied to the line above each door to 

facilitate operation of the pulley system. 
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The radial maze was left in a fixed position within a well-lit room 

containing multiple extra-maze cues such as the experimenter, shelves, a side

screen, a door, computer, chair, table, and two sets of three triangular-shaped 

bright pieces of paper on one of the walls and on a side-screen. 

2.3 General Surgery Procedures 

Each rat was injected with a dose of atropine (0.125mg/ml; l .5ml/kg) and 

20 minutes later deeply anaesthetised (i.p.) with pentobarbitone (50 mg/ml; 

l.65ml/kg), before placement in a double arm research model stereotaxic 

apparatus (David Kopf Instruments, Tujunga). Extensive pilot surgeries (see 

below) led to an optimal positioning of the cannula guides. The cannula guides 

were inserted in the transverse plane of the stereotaxic base, with the incisor bar 

set at - 7 .5 mm below the interaural line. Bilateral trephines were made above 

the target regions and the dura cut to expose the cortex. Twenty-two gauge 

stainless steel cannula-tubing guides (Plastics One Inc., Roanoke) were 

implanted above the anteroventral thalamic nuclei and secured to the cranium 

' with four jeweller screws and dental acrylic. During later surgeries and in the 

main experiment, the internal cannulae were inserted into the cannula guides to 

enhance the accuracy of measurements and to minimise any cannula-induced 

damage occurring at the initial infusion. These internal cannulae were removed 

at the end of surgery and cannula obturators inserted (flush with end of cannulae 

guide) to protect the brain. All stereotaxic coordinates were calculated from 

bregma and were adapted from the stereotaxic atlas of Paxinos and Watson 

(1986). 

The exact locations for the cannula implants were determined through a 

large number of pilot surgeries prior to the main research. Various orientations 

and depths were explored leading up to Experiment 1 and for the final procedure 

used in Experiment 2. The anteroventral thalamic nucleus is an extremely 

difficult and small subcortical target. In the final analysis it was necessary to 

implant the bilateral cannula guides at a specific angle above the target AV 

nuclei to minimise damage to other structures (especially the fimbria-fornix) yet 

maximise infusion of drugs into the anteroventral thalamic nucleus alone. 

During these pilot surgeries, guideline criterion for the anterior-posterior 
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coordinates were established, based on the actual AP length between lambda and 

bregma as measured by the stereotaxic in each individual rat. The AP 

coordinates in the horizontal plane were based on the distance from lambda to 

bregma found in each individual rat (namely either a: 0.60/0.61; b: 0.62/0.63; c: 

0.64/0.65/0.66; d: 0.67 /0.68). In Experiment 1, the placements for AP target 

coordinates relative to bregma were a: -0.2325; b: -0.245; c: -0.255; d: -0.265 

mm. However, this guideline was modified slightly after histological analysis of 

the rat brains in Experiment 1. In the main study (Experiment 2), the 

corresponding AP targets used one of the following measurements from bregma: 

a: -0.245; b: -0.255; c: -0.265; d: -0.275mm. 

EXPERIMENT 1 

Experiment 1 was a pilot study to assess the extent to which cannulae 

implants positioned directly above the AV region, but with no infusions, might 

disrupt acquisition and affect performance ofrats in a 12-arm radial maze task. 

The performance of these rats with cannula implants was compared with the 

performance of sham rats that had no cannulae. 

2.4 Method 

Initially 24 animals, aged from 4-8 months old, received pre-operative 

familiarisation in the radial maze task. Six animals did not shape quickly and 

were thus removed. The remaining 18 rats were counterbalanced across one of 

five different experimental groups, dependent on their performance during the 

initial pre-operative familiarisation. The five different experimental groups were 

as follows. Rats received BILATERAL cannula implants on a 10 degree angle, 

with either a 1 mm (3 rats - 1st group, BC - Al) or 2 mm (3 rats - 2nd group, 

BC-A2) projection of the internal cannulae below the cannula guides. Other 

rats received an upright UNILATERAL cannula implant, with either a 1 mm 

(3 rats- 3rd group, UC-LNl) or 2 mm (5 rats -4th group, UC-LN2) 

projection of the internal cannulae below the cannula guides, in combination 

with a N-methyl-D-aspartic acid lesion to the contralateral AV thalamic nucleus. 
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The final group was a SHAM group (4 rats). Following post-surgery recovery 

(two weeks) all of the rats received training in the radial maze and their rates of 

acquisition were analysed. This experiment examined whether either of the two 

BILATERAL implant groups or either of the two UNILATERAL implant groups 

were comparatively similar to the SHAM rats in their rates of acquisition or 

number and type of errors made at the end of training in the 12-arm radial maze 

task. 

2.4.1 Surgery 

Just prior to surgery, but following completion of initial familiarisation in the 

radial maze, all animals were allowed free access to food again. All cannula 

implants were inserted in the transverse plane of the stereotaxic apparatus with 

the incisor bar set at -7 .5 mm. 

The BILATERAL cannulae implants (1 st and 2nd groups) were placed at 

10-degree angles from the midline, in the transverse plane of the stereotaxic base. 

The AP measurements followed the guideline criteria mentioned above. The 

laterality for the bilateral cannulae implants was L± 0.264 mm from the midline. 

Internal cannulae were inserted during surgeries and went to a depth ofV-0.581 

mm (from dura), but the internal cannulae projected either 1-mm (1 st group) or 2-

mm (2nd group) below the cannula guides. Thus the cannula guides were set in 

the brain at depths ofV-0.481 mm (1 st group) and V-0.381 mm (2nd group) 

respectively. 

The UNILATERAL cannulae implant and contralateral NMDA lesion (3 rd 

and 4th groups) were placed perpendicular to the stereotaxic base (i.e. no angle). 

The laterality for these cannula implants was L-0.160 mm (left side only). 

·1nternal cannulae were inserted during surgeries and went to a depth ofV-0.565 

mm (from dura), but the internal cannulae projected either 1-mm (3rd group) or 2-

mm (4th group) below the cannula guides. Thus these cannula guides were set in 

the brain at depths ofV-0.465 mm (3rd group) and V-0.365 mm (4th group) 

respectively. The contralateral NMDA lesion was placed at L+ 0.165 mm (right 

side) and V -0.565 mm (dura). The NMDA lesion of the anteroventral thalamic 
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nucleus was produced using a 1-JA Hamilton syringe attached to a manually 

driven Microinjection Unit, Model 5000 (David Kopf Instruments, Tujunga). 

A volume of0.15 JA 0.1 M NMDA (Sigma Chemicals Co., Australia) dissolved 

in phosphate buffer (pH 7.2) was infused over a three-minute period (0.05 

µ/min). The syringe was left in situ for a further three-minute period to allow 

adequate diffusion. The SHAM animals (5th group) received sham surgery 

involving two cranial trephines, with dura cut and the cranium filled with bone 

wax followed by a sham head-cap (four jeweller screws and dental acrylic). The 

two weeks post-surgery recovery allowed the body weights of the rats to be 

gradually reduced again to 80-85% of normal free feeding. 

2.5 Behavioural Procedure: 

Radial Maze Familiarisation and Training 

2.5.1 Pre-Surgery Familiarisation 

Familiarisation to the radial maze occurred prior to surgery. At the start of 

familiarisation, chocolate chips were scattered throughout the maze and central 

platform; rats were placed on the central platform and were allowed to explore 

the whole maze freely for ten minutes (two days). From day three onwards, the 

chocolate chips were progressively moved until they were only found in the food 

wells by day six. Raising and lowering of doors was incorporated on days 4 to 7. 

All of the arms were continually baited during the familiarisation trials. After a 

rat had consumed some chocolate chip pieces from the food wells for about 15 

seconds, the experimenter returned the rat to the central platform to select 

another arm. The rat was either turned around or picked up and placed back on 

the central platform. The rats received one session per day for a maximum of 

seven days. Rats received surgery once they were freely running to collect the 

chocolate rewards from the wells (a total of 7 trials). 

2.5.2 Radial Maze Training 

Following up to 14 days of post-operative recuperation, the rats received 

three further days of familiarisation before training in the radial maze task began. 
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Rats were trained in a version of the radial maze task in which all 12 arms 

were baited once in each session. The radial maze task was divided into two 

phases. In phase one, which comprised the first six arm visits, the rats were 

forced to select an arm to enter by the experimenter raising only one of the 12 

doors at a time. The schedule for the six-forced arm presentations was pseudo

randomly determined prior to training. There were eight different schedules, 

with each rat receiving a different one of the eight schedules per session. See 

Appendix One for details of the eight different pseudo-random arm schedules. 

There was no time limit imposed for completing phase 1 of the task. 

During both phases 1 and 2 of the task, each time the rat returned to the 

central platform after visiting one of the arms, it was always confined in the 

centre by lowering all of the doors for a five-second delay. These confinements 

in the central platform minimise the rats' use of simple non-spatial response 

strategies, such as continually turning left or right (Byatt & Dalrymple-Alford, 

1996; Strijkstra & Bolhuis, 1987). 

After the rat had visited the six-forced arm presentations in phase 1, a 20-

second delay was imposed. During the delay, on alternating trials, rats were 

removed from the central platform and held in a small container. On every other 

trial, they were left in the central platform of the maze. This allowed the rats to 

gain some familiarity with being removed from the maze during delay periods. 

The second phase of the task immediately followed the 20-second delay. 

This phase involved a free choice of all 12 arms in that the experimenter opened 

all doors together after each 5-second confinement in the central platform, 

allowing the rats to select the six non-visited arms from phase 1 of the task and 

collect the rest of the chocolate rewards. The rats had to complete phase 2 within 

seven minutes or a maximum of 24 additional arm visits. An error was recorded 

when a rat entered an arm, with all four feet, that it had already visited during the 

session (including both the forced arm presentations in phase 1 and the free arm 

choices in phase 2). In an errorless session, a rat would visit the six remaining 

non-visited arms from phase 1 in its first six free arm choices during phase 2. 

The choice latencies and total latency to complete the task were also recorded for 

each session. All events and recording of data including the sequence of arms 

presented in phase 1, were signalled to the experimenter on a computer screen, 

located to one side of the maze. 
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The rats received one training session per day, with up to seven sessions per 

week in order to reach an initial behavioural behavioural criterion set as a rat 

making five correct free arm choices within its first six visits during phase 2 on 

each of five consecutive sessions. However, none of the rats in Experiment 1 

had reached this criterion after 20 training sessions at which point training for 

this pilot study was terminated. 

2.6 Data Analysis 

Differences between the groups were assessed using between-groups 

analysis of variance (ANOVAs) of the number of errors made and the number of 

arm visits before an error, during daily testing in the radial maze averaged across 

blocks of four sessions. Pair-wise comparisons were analysed with Newman 

Keuls post hoc tests. 

2.7 Histology 

Following training, rats were sacrificed with an overdose of pentobarbitone. 

Some animals (4 rats) received infusions with trypan blue when under the final 
I 

anaesthetic, using the drug infusion method described in experiment 2. All rats 

were perfused with 0.9 % saline followed by 4% formalin. The extracted brains 

were stored for a-further 24 hours in 4% formalin and then transferred to a long

term glucose solution. Brain tissue sections (50 µm) were stained with cresyl 

violet to determine the sites of the cannula tips. 
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3 Experiment 1 - Results and Discussion 

Histology 

Following histological analysis, the final group numbers were as follows: 

Sham, n = 4; UC- LNl, n = 3; UC - LN2, n = 4; BC -Al, n = 3; and BC-

A2, n = 3. One other rat from the UC- LN2 group was excluded from the data 

analysis because it became unwell during the training sessions. Histological 

analyses are not included, though brain histologies in Experiment 2 are indicative 

of the damage (Fig. 4). All rats in the unilateral UC-LNl and UC-LN2 

groups had unilateral NMDA lesions to the AV thalamic nucleus. All cannula tip 

placements were located in the anterior region of the AV thalamic nucleus. 

Consequently, there was greater damage to the medial fimbria, at the level of the 

fimbria-fornix, than intended. This fimbria damage was more extensive in those 

rats with the deeper guide cannula placements (groups UC - LNl and BC - Al). 

For those two groups, the cannula guides had been set only slightly above the 

AV thalamic nucleus to allow for a 1 mm projection of an internal cannula. By 

contrast, the cannula guide placements in the UC - LN2 and BC - A2 groups, 

which allowed for a 2 mm projection, were located above the fimbria-fomix. 

One problem was that the cannula guides on the right side in the BC groups were 

set slightly too lateral to the midline fissure. Also, all internal cannulae extended 

more deeply within the AV region than intended. Those errors were corrected in 

Experiment Two. 

Delay Radial Maze Task Performance 

Exploratory data analysis revealed no behavioural differences between 1 

mm and 2 mm projection groups, Fs(l,11) < 1.0. Given the small sample sizes 

in this pilot experiment, the cannulation sub-groups (1mm and 2 mm) for 

unilateral and bilateral cannula placement were combined for the analyses of 

radial maze performance. Thus the Sham group was compared with Unilateral 

(UC) and Bilateral (BC) groups in a 3 (Group) x 4 (Session block) ANOVA for 

the main measures. The first block of four sessions reflected adaptation to the 

changed procedures (i.e. from the standard task to the delay [phase 1 / phase 2] 

procedure) and was not included in the analyses. The main purpose of 
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Experiment 1 was to examine final performance across the various cannula 

groups. 

The mean number of errors (revisits) made across sessions 5 - 20 is shown 

in Figure 3A. The main effect of Group on this measure just failed to reach 

significance, F(2,14) = 3.42,p < .061, which was explored further given the 

small sample sizes. Newman-Keuls tests indicated that the UC group (mean= 

8.13) made more errors than the Sham group (mean= 5.27,p < .051), with the 

BC group showing intermediate overall performance (mean= 6.50). All groups 

improved across blocks of training sessions, F(3,42) = 5.62,p < .003, but there 

was no Group by Block interaction, F(6,42) = 1.24,p > .10. However, the 

failure to find an interaction may again be due to the small sample sizes in each 

group. Figure 3A shows that the Sham and BC groups are equivalent on the last 

block of sessions, whereas the UC group continues to show poorer performance. 

Analysis of this last block of sessions confirmed a Group simple main effect, 

F(2,14) = 4.71,p < .03. 

The Group main effect was significant for the number of arm visits before 

an error, F(2,14) = 5.90,p < .014 (see Figure 3B). Newman-Keuls analysis of 

the mean scores for number of arm visits before an error revealed a significant 

difference (p < .01) between the Sham group (mean= 2.53) and the UC group 

(mean= 1.43), but no other comparisons were significant (BC group mean= 

2.02). Figure 3B also shows that the Sham group improved across blocks of 

sessions, but the UC group did not improve; by contrast, the BC group improved 

on the last block of sessions. However, the Group x Blocks interaction was not 

significant, F( 6,42) = 1.81, p > .10. Again, due to the small sample sizes it was 

deemed appropriate to consider the Group simple main effect on the last block, 

which revealed clear differences across the groups, F(2,14) = 10.12,p < .002. 

The BC group did not differ markedly from the Sham group on this last block of 

sessions, (p < .21), whereas even the BC showed superior performance to the UC 

group (p < .02). 

In summary, performance on both major variables, the mean number of 

errors made and the mean number of arm visits before an error, was generally 

comparable across the three different groups during the earlier parts of training. 

By the last block of training, the (UC) group continued to show poorer 
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performance whereas the (BC) group indicated substantial improvement to a 

level that was comparable with that shown by the Sham group. 

Experiment One examined whether the effects of different cannula implants 

positioned above the AV thalamic nucleus or cannula implants with combined 

unilateral NMDA lesions to the AV, affected performance in a delay 12-arm 

radial maze task. After 20 sessions, rats with unilateral cannula implants 

combined with a contralateral NMDA lesion to the AV thalan1ic nucleus 

continued to be markedly impaired in performance during the delay task. These 

impairments might confound the effects of drug infusions making any evaluation 

of the main experiment difficult to determine. By contrast, bilateral cannula 

implants appeared to have some early negative effects on performance, but it 

rapidly improved to a level comparable to that shown by non-implanted rats. 

In addition, as mentioned previously, the placement of cannula guides in the 

unilateral or bilateral groups that allowed for a 1 mm internal cannula projection 

resulted in more extensive damage to the fimbria-fornix structures than was 

evident in those rats with provision for a 2 mm internal projection. Thus, for the 

main experiment below, it was considered optimal to use angled bilateral cannula 

guides implanted above the anteroventral thalamic nucleus, which allowed 2-mm 

internal cannulae projection. 
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Figure 3A. Experiment 1: Mean number of errors (revisits) made by the 
three different groups - Sham, UC and BC, over the last four blocks of 
training sessions. 
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Figure 3B. Experiment 1: Arm Visits before Error: Mean number of arms 
visited before an error in all three groups - Sham, UC and BC, over the last 
four blocks of training sessions. 

Sham= sham operated rats; UC = unilateral cannula implants (including rats in groups UC LNl 
and UC - LN2 with either a 1 mm or 2 mm internal projection (left side) and a combined 
unilateral NMDA lesion to AV thalamic nucleus (right side)); BC= bilateral cannula implants 
(including rats in groups BC - Al and BC - A2 with either a 1 mm or 2 mm internal projection). 
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4 

EXPERIMENT 2 

Experiment 2 was the main study, which examined the effects on learning 

and memory performance in the radial maze of infusing the nonspecific 

muscarinic antagonist, scopolamine, into the anteroventral thalamic nucleus. 

Various conditions in the experiment examined the effects of scopolamine or 

PBS either during a two-phase radial maze task or prior to testing in a standard 

radial maze task. 

4.1 Surgery 

All animals received surgery to implant cannulae following the General 

Surgical Procedure outlined in Section 2.3. All rats in Experiment 2 received 

bilateral twenty-two gauge cannula guide implants as described previously. 

Internal cannulae were inserted into the guide cannulae during surgery and 

projected 2 mm below the guide cannulae. The internal cannulae were removed 

at the end of surger; and ca.'Ulula obturators inserted (flush with end of cannula 

guides) to protect the brain. The bilateral cannulae guides were all set at angles 

of 10 degrees as described previously. The AP coordinates followed the guide 

criteria detailed in Section 2.3, based on the lambda to bregma measurement 

criteria for any given rat. The laterality on the left was - 0.259 mm and on the 

right+ 0.254 mm. The reason for this slight laterality difference was as follows. 

During examination of the rat brains from Experiment 1, and following further 

pilot surgeries before this main experiment, it was observed that cannulae guides 

placed on the right side were always slightly more lateral that those on the left 

side. This difference was due to a small measurement bias of the experimenter 

when working with guides at the 10-degree angle. This over-estimation of the 

midline distance on the right side was effectively corrected by adjusting the 

right-sided lateral measurements. The depth from dura for the internal cannula 

was V - 0.520 mm. Hence the cannula guides were set at a depth of - 0.320 

mm. This depth varies from Experiment 1. Again the histology analysis from 

Experiment 1 indicated that the internal cannulae projections were slightly too 
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deep to the AV thalamic nucleus which was corrected through additional pilot 

surgeries. 

During surgery one rat sustained an accidental unilateral lesion to the 

substantia innmoninata and was excluded from the later data analysis. Several 

rats were discounted during the training and testing stages of the experiment 

because they lost their cannula implants and were euthanased at that time. In 

addition three rats became unwell during testing and did not complete the 

experiment. Therefore the results of all these rats have been excluded from the 

data analyses. 

4.2 Microinfusion Procedure 

On infusion days, the cannula obtruators were removed and bilateral 28-

gauge stainless steel internal cannulae were inserted to a depth 2.0-mm below the 

tip of the guide cannulae. Scopolamine hydro bromide (Sigma Chemical Co., 

Australia) or only the phosphate buffered saline vehicle (pH 7 .36) was infused at 

a rate of 0.05µ1/minute for a three-minute period. Each internal cannula was 

linked to a cannula connector attached a 1-µl Hamilton syringe driven by one of 

two motorised microinfusion pumps (Bioanalytical Systems Inc.). Internal 

cannulae remained in situ for a further 3-minute period to allow for diffusion. 

The five doses of scopolamine used in various parts of Experiment 2 were 

lµg/side, 2.Slµg/side, 6.3lµg/side, l0µg/side, and 15.85µg/side, all diluted from 

a stock solution of20µg per 0.15µ1 of phosphate buffered saline. These 

concentrations were determined using a Log 10 scale that included scopolamine 

concentrations that had been used in previous cannulae infusion research and 

which had produced substantial deficits in performance during radial maze tasks 

(Bu.hot, Patra, & Naili, 1995; Ragozzino & Kesner, 1998). 

Infusions occurred at two different stages during the experiments. In Part 

One and Three, the drug or vehicle was infused into each individual rat during 

the delay period between the forced arm presentations (phase 1) and free arm 

choice (phase 2) and was finished approximately seven minutes before the rat 

was re-tested in the radial arm maze. In Part Four, the drug or vehicle was 

infused into each individual rat before the start of each daily session in a standard 
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radial maze task (no delay) and was finished approximately seven minutes before 

the rat was placed in the centre of the maze. 

Drug infusions were administered with at least one infusion-free session 

between consecutive infusions. Assessment of spatial working memory 

continued on the infusion-free session using the same radial maze task procedure 

used for the last drug infusion session. The performance of the individual rat had 

to retum to the behavioural critelion that was set before infusions began, which 

was to retrieve the six rewards in phase two of the task with no more than six 

errors. Rats usually completed the task with far fewer than six errors made on 

these infusion-free days (a summary of errors made by rats during the first post

infusion day is: 0 errors, n = 8; 1 error, n = 5; 2 errors, n = 4; 3 errors, 

n = l; and 13 errors, n = 3). If the errors for an individual rat were above six, 

that rat received another infusion-free session before their next drug infusion. 

(On the consecutive infusion-free sessions the three rats from Experiment 2: Part 

One that scored 13 errors following the first infusions scored for 1 or 2 errors, 

n = l and n = 2 respectively). During Parts One- Four of Experiment 2, there 

were no instances in which more than two infusion-free sessions were required 

for an individual rat to reestablish their previously good performance. 

4.3 Behavioural Procedure - Radial Maze Testing 

In Experiment 2, each rat was housed in an individual home cage after 

surgery, but during familiarisation, training and testing periods, groups ofup to 

12 rats were held together in one of three open field boxes (63 cm x 63 cm x 27 

cm deep) containing sawdust and lids with holes. These boxes were located in 

the room adjacent to that where the radial maze was set up. This procedure was 

used to prevent social isolation (which may impair radial maze performance; 

Einon, 1980), yet minimise damage to cannulae pedestals when food deprived 

rats are housed in groups. 

Pre-surgery familiarisation and training followed the same procedure 

described in Experiment 1 (Section 2.5). In addition, following pre-surgery 

familiarisation, all rats received an extra seven days of pre-surgery training ( on 

alternate days) using a standard radial maze task. In the standard radial maze 

task, all of the arms were baited (i.e. at the start of the session) and all of the 
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doors were opened together as one unit by the experimenter, for the rat to make 

an arm choice. Repeated choices followed the 5-second confinement each time 

the rat returned to the central platform. The total time allowed for the rat to 

gather all 12 chocolate rewards was 10 minutes. Eight rats were excluded from 

the experiment at this early stage because they were too slow at obtaining all 12 

rewards during these pre-surgery training sessions. 

A post-operative recovery period of about two weeks was again imposed to 

allow the weights of the rats to be gradually reduced to 80-85% of free feeding. 

At the same time, all of the animals were moved to a different animal research 

facility within the university1
• A further five days were added to post-operative 

recovery for the rats to re-adjust to their new habitat. During the latter period, all 

of the rats were handled daily and groups of 12 or 13 rats were placed together in 

the open fields (up to 1 hour). 

After post surgery recovery, all of the rats received three sessions ofre

training in the maze and new environment. The re-training sessions involved the 

same standard radial maze task procedure described above. 

Following re-training in the standard task, rats were introduced to the two

phase task. There were 10 sessions following the procedure for training in 

Experiment 1 (20-second delay after phase 1; Section 2.5). On the 11th session 

of training, the rats were introduced to 10-minute delay periods, given on 

alternate sessions interspersed with 20-second delay periods. In the 20-second 

delay rats were not removed from the maze. At the beginning of the 10-minute 

delay periods, the rats were always removed by the experimenter from the last 

arm visited in phase 1 and held in a towel while their cannula obturators were 

removed and replaced again. This allowed for some experience to adapt them to 

the cannulation procedure. During the remainder of the 10-minute delay, the rat 

was held in a standard cage in the room adjacent to the testing room. 

Rats began to receive their first drug infusions once they had received a 

minimum of five 10-minute delay sessions and had reached an initial behavioural 

criterion in their performance in phase 2. This criterion for Experiment 2 was 

set so that the rat had to retrieve the six remaining rewards in phase 2 within a 

1 It was necessary to move the rats to the other side of the university due to the construction of 
two new floors on top of the Psychology Building at Canterbury University, starting in December 
2000. 
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total of 12 visits in each of three consecutive sessions. A maximum duration of 

pre-infusion testing was imposed whereby rats who had not reached the criterion 

after five 10-minute delay sessions continued to be trained in the radial maze task 

until they had received up to eleven IO-minute delay sessions (a total of 35 post

operative training sessions). All of the remaining sessions followed the same 

behavioural procedure as the training sessions, but now also involved drug 

infusions during some of the 10-minute delay periods. A daily session was 

completed for Parts 1, 2 and 3 once the rat had retrieved the six remaining 

chocolate rewards in phase 2, or had made a total of 24 arm visits (including 

visits to both phase 1 and 2), or once 7 minutes had elapsed during phase 2. 

Part One: Between-Groups Testing of Scopolamine in Delay Radial Maze Task 

Between groups testing of scopolamine was conducted in Part One. No 

previous research of this nature exists in studies on the AV region, hence 

separate groups were used initially for the different drug doses to minimise the 

chance that multiple infusions might result in AV damage and permanent deficits 

in performance. Thus in Part One, each rat of the four groups of rats was infused 

on two different sessions, with either one of three doses of scopolamine 

(1 µg/side, 2.51 µg/side, or 6.31 µg/side) or the phosphate buffered saline vehicle 

during the IO-minute delay period between phases 1 and 2 of the task (see Table 

5). Infusions were conducted every second day; on the intervening day 

assessment of spatial working memory continued with a 20-second delay period 

between phases 1 and 2, but with no drug infusion given. Sub-groups of four 

rats were randomly allocated to one of four conditions such that the previous 

performance levels during training were equal across these four groups. 
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Table 5. Part One of Drug Testing-Design for administering either one of three 

doses of scopolarnine or phosphate buffered saline. Infusions were made in the 10-

minute delay period prior to phase 2 of the radial maze task. 

G roup D 1 ay D 2 ay D 3 D 4 ay ay 
No No 

(N) Infusion Drug Infusion Infusion Drug Infusion 

1 (4) Sl (lµg/side) Sl (lµg/side) 

2 (6) S2 (2.51µg/side) S2 (2.51µg/side) 

3 (5) S3 (6.31µg/side) S3 (6.31µg/side) 

4 (6) PBS PBS 

Abbreviations: 
S 1, S2, S3 = dose of scopolarnine, PBS = Phosphate buffered saline infused 
during the 10-mintue delay period between phase 1 and 2 of the radial maze. 
All infusions were administered at a rate of 0.15 µ1 /side over 3 minutes. 
Each group had its designated dose or vehicle infusions repeated once. 

Part Two: Within-Group Testing of the Effect of Cannula Insertion Alone in 

Delay Radial Maze Task 

Due to the clear deficits in performance following PBS infusions in Part 

One, it was decided to assess the effects of the cannulation procedure alone on 

performance. Two or three sessions of testing using a 20-second delay period 

took place prior to Part Two. Following this, all rats received two sessions using 

a 10-minute delay period between phase 1 and 2 of the task. For one session, 

during the 10-minute delay period, internal cannulae were placed in the cannula 

guides as per usual, but no drug infusion was given to the rats. For the other 

session, during the 10-minute delay period, the rat was removed from the maze 

only; not even the internal cannula was inserted into the guide. These two 

conditions were counterbalanced across all rats (see Table 6). 
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Table 6. Part Two of Testing-Design for comparison of the effects of inserting 

internal cannula alone but no infusion versus and no internal cannula during the 10-

minute delay period prior to phase 2 of the radial maze task 

G roup D 1 av D 2 ay 

Internal Cannula, No Internal Cannula, 
1 No Infusion No Infusion 

2 
No Internal Cannula, Internal Cannula, 

No Infusion No Infusion 

Abbreviations: 
Internal Cannula, No Infusion= the internal cannulae placed in the cannula 
guides but no infusion was given to rats. 
No Internal Cannula, No Infusion= removal from maze for IO-minute delay 
period only. Each column represents one session per day. 

Part Three: Within-Group Testing of Scopolamine in Delay Radial Maze Task 

Exploratory data analysis indicated that drug infusions were not causing any 

long lasting performance deficits on infusion-free sessions across time. 

Therefore, to increase the power of the main experiment, the procedure was 

changed to within-groups repeated measures testing of the effects of the 

scopolamine. 

Immediately following Part Two, all rats were infused with higher doses of 

scopolamine (6.31 µg/side, 10 µg/side and 15.85 µg/side) and one control 

infusion of phosphate buffered saline vehicle over four different sessions. The 

order of administering the drug infusions was counterbalanced across rats from 

each of the groups used in Part One. The drug infusions occurred during the 10-

minute delay period between phase 1 and 2 of the radial maze task. Infusions 

were administered on every second day; on the intervening days spatial memory 

was assessed with a 10-minute delay period imposed between phase 1 and 2, but 

no internal cannulae were inserted. Each rat received each of the four different 

infusions on one of four different test sessions; the order of infusions was 

determined by a Latin square design (see Table 7). 
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Table 7. Part Three of Drug Testing - Latin square design for administrating three 

doses of scopolamine and phosphate buffered saline during 10-minute delay period 

prior to during phase 2 of the radial maze task 

D 1 ay D 2 ay D 3 ay D 4 ay D 5 ay D 6 ay D 7 ay D 8 ay 

Drug No Drug No Drug No Drug No 
Infusion Infusion Infusion Infusion Infusion Infusion Infusion Infusion 

PBS 
S4 ss S6 
6.3 lµg/side lOµg/side 15.85µg/side 

S4 S6 ss 
6.3 lµg/side 

PBS 
15.85µg/side lOµg/side 

ss S6 S4 
lOµg/side 15.85µg/side 

PBS 
6.3 lµg/side 

S6 ss S4 
15.85µg/side lOµg/side 6.3 lµg/side 

PBS 

Abbreviations: 
S4, S5, S6 = dose of Scopolarnine, PBS= Phosphate buffered saline infused during 
the 10-mintue delay period between phase 1 and 2 of the task. 
Each column represents one session per day. 

Part Four: Within--Group Testing of PBS vs. an Optimal Scopolamine dose 

administered prior to a session in a standard radial maze task. 

In this fourth part of the Experiment 2, the procedure of the radial maze task 

and time of drug infusions were changed. The rats were tested using the standard 

version of the radial maze task, whereby all 12 arms were baited and the rat had 

free choice of any arm at the start and throughout the session, with a 5-second 

confinement period in the central platform between each choice. Testing stopped 

once the rat had retrieved all 12 chocolate rewards or had reached a maximum of 

30 arm visits or 10 minutes testing had elapsed. The aim of Part Four was to 

examine whether an optimal infusion prior to maze testing would impair the 

acquisition of spatial working memory. 

Either scopolamine (10 µg/0.15 µI/side) or phosphate buffered saline vehicle 

was infused just prior to the daily session. This infusion ended seven minutes 

before the rat was placed in the centre of the maze. The order of administration 

of scopolamine vs. PBS infusion was counterbalanced across all rats. On 
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alternating days, spatial working memory was assessed using the same standard 

radial maze task procedure, but the rats were not handled prior to testing and no 

drug infusions were given (see Table 8). 

Table 8. Part Four of Drug Testing-Design for administering scopolamine and 

phosphate buffered saline, 7 minutes prior to before the daily session in the 

standard radial maze task 

D 1 ay D 2 ay ay ay D 3 D 4 

No Drug No Drug 
Infusion Infusion Infusion Infusion 

S5 (10 µg/side) PBS 

PBS S5 (lOµg/side) 

Abbreviations: 
S5 = Scopolamine at 10 µg/side; PBS = Phosphate buffered saline infused just 
prior to testing in a standard radial maze task. 
Each column represents one session per day. 

A daily session was complete for Part Four once the rat had retrieved all 12 

chocolate rewards in phase 2, or had made a total of 24 arm visits, or 10 minutes 

had elapsed. 

At the conclusion of testing in Part 4, each rat had received a total of eight 

separate infusions, in addition to two insertions of internal cannulae only into the 

cannulae guides, once during surgery and once during Part 2 of this main 

experiment. 

4.4 Histology 

After testing, all rats were euthanased following the same procedure outline 

in Experiment 1. While deeply anaesthetised, all rats received bilateral 

microinfusions of trypan blue (2%) to identify the location of the cannulae tips 

following the microinfusion procedure in Section 4.2. Cannulae tip placements 
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were verified using the stereotaxic atlas of Paxinos and Watson (1986) as a 

guide. 

4.5 Data Analysis 

Performance measures for phase 2 of the task following each different drug 

infusion were analysed using a between group ANOV A in Part One. For Parts 

Two, Three and Four, performance on infusion-free sessions was combined so 

that the average score across time was analysed along with the performance 

following each different drug infusion using repeated measures ANOV A for 

each dependent variable. These measures included Number of errors (revisits) 

made during performance and Number of correct arm visits before the first error 

(Parts One and Two), plus Correct and Incorrect Choice latencies and Duration 

(total time) in Parts Three and Four. Post hoc pair-wise comparisons were 

analysed with Newman-Keuls tests. During all experimental conditions the 

number of animals who retrieved all rewards during a session was also assessed. 

The main differences of interest concern mean differences between any pair 

of conditions. To provide an estimate of the statistical power of Experiment 2 of 

the current study, power calculations were based on an independent t-test (Part 

One) and a paired t-test (Parts Two, Three and Four). A Cohen's d effect size of 

0.8, a large effect size, was deemed appropriate for an estimation of the smallest 

difference one might regard as important to detect. Using a two-tailed alpha 

level of 0.05, Part One gave power estimations of 19% - 24% (N for PBS group 

= 6; N's for scopolamine infusions at doses of 1 µg/side, 2.51 µg/side and 6.31 

µg/side were 4, 5 and 6, respectively). These rather poor power values are 

common in the psychological literature, especially with small sample sizes 

generally used in neuroscience research. The subsequent move to a within

subjects design, having found that performance was not permanently impaired by 

the cannulation technique, provides far better estimates of power. With N 

increasing to 21 for the within-subject design, and assuming a modest correlation 

between scores of 0.5, estimates of power using paired t-tests (two-tailed alpha at 

0.05) increases to 94% for d = 0.8. This power reduces to 78% for the more 

conservative alpha of 0.01, and to 59% at alpha of 0.05 if d = 0.5 (a medium 

effect size). 
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5 Experiment 2 - Results 

Histology 

The presence of bilateral internal cannula tips located in the AV thalamic 

nucleus was set as the histological criterion for inclusion in the final data 

analysis. Twenty-one rats with appropriate bilateral internal cannulae tip 

placements satisfied this criterion. The internal cannulae tip placements for these 

21 rats are shown in Fig. 4. Two examples of the staining induced by trypan 

blue infusions are shown in Fig. 5. The guide placements accounting for the 2 

mm internal projections were successful in minimising damage to adjacent 

structures of AV thalamic nucleus, with slight additional damage occurring in 

either the posterior fimbria-fornix region or beginning ofhippocampal structures 

and the most anterior part of the laterodorsal thalamic nuclei. 

Six rats which completed Experiment 2 failed the inclusion criterion. The 

cannula tip placements for three of these rats were all located in the fimbria 

fornix and lateral ventricle. In addition, three other rats' internal cannula tip 

placements were such that only unilateral and/or partial infusions would have 

reached the AV region, with the contralateral infusions going directly into the 

fimbria-fornix and ventricles. 

Delay Radial Maze Testing: Pre-Infusion Sessions 

The mean number of errors during the final pre-infusion sessions across rats 

is shown in Figure 6. A repeated measure ANOV A revealed a significant main 

effect of Delay, F(l,20) = 9.62, p < .0056, across the final 10 pre-infusion 

sessions (five 10 minute delay sessions versus five 20 second delay sessions). 

There was also a significant main effect of Session, F(4,80) = 9.91,p < .001, and 

a significant interaction effect of Delay x Session, F(4,80) = 2.57,p < .05. 

Figure 7 shows that performance improves across sessions for both delay 

conditions. However, performance in the 20 second delay continued to improve 

relative to the longer 10 minute delay in the final pre-infusion sessions, which 

produced a significant Delay simple main effect at that point in training, 

F(l,20) = 11.84,p < .003. 
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Figure 4 Histology from the Experiment 2. Location of the camiulae tips (black circles) for all the rats 
used in the data analysis in Experiment 2. Plates are adapted from Paxinos and Watson (1986). 
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Figure 5A. Photomicrograph 1. Example oftrypan blue infusion to AV (rat# 65). 
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Figure SB. Photomicrograph 2. Example of trypan blue to AV (rat# 79). 
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Experiment 2. 
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Part One: Between-Groups Testing of Scopolamine Infusions · 

Comparison of counterbalanced pre-infusion performance 

After reaching the behavioural criterion set for Experiment 2, rats were 

divided into four separate treatment groups for testing in Part One as indicated 

earlier. Statistical analysis confirmed that, as expected, the mean performance of 

these groups during the last five training sessions did not differ before treatment 

began, F(3,17) < 1.0. 

Between Groups Infusion Effects on Performance 

During the 10-minute delay period between phases 1 and 2, separate groups 

of rats received bilateral infusions of either one of three doses of scopolamine ( 1 

µg/side, 2.51 µg/side, or 6.31 µg/side) or phosphate buffered saline vehicle into 

the AV thalamic nucleus. Rats received a separate bilateral infusion of their 

designated treatment on two separate sessions. 

The numbers of errors made between the four different infusion groups are 

shown in Figure 7A. There was no significant effect of Group, F(3,17) < 1.0. 

As Figure 7 A shows it was clear that all infusions impaired performance relative 

to the infusion-free condition but there were no carry-over drug effects. There 

was also no significant main effect of Group, F(3,17) < 1.0, for mean number of 

arm visits before an error (see Fig.7B). Again, the performance was clearly more 

accurate in the infusion-free days, whereas all infusions disrupted performance 

temporarily. Thus both measures confirmed that repeated infusions were not 

having any permanent effects on behaviour. 
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Figure 7 A. Experiment 2: Part One. Mean number of errors made across first 
and second infusions (filled columns) administered during the 10 minute delay 
prior to phase 2 for four different groups. Unfilled columns represent 
performance for mean number of errors made on the two alternate sessions with 
a 20 second delay and no cannulae inserted. 
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Figure 7B. Experiment 2: Part One. Mean number of arms visited before an 
error across first and second infusions (filled columns) administered during the 
10 minute delay prior to phase 2 for four different groups. Unfilled columns 
represent mean number of arms visited bdore an error on the two alternate 
sessions with a 20 second delay and no cannulae inserted. 

PBS = Phosphate buffered saline vehicle, n = 4; Scopol 1 = 1 µg/side dose of scopolamine, n = 6; 
Scopol 2.51 = 2.51 µg/side dose of scopolamine, n = 5; Scopol 6.31 = 6.31 µg/side dose of 
scopolamine, n = 6. 
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Part Two: Within-Group Testing of the Effect of Cannula Insertion Alone in 

Delay Radial Maze Task 

During the 10-minute delay period between phases 1 and 2, rats received 

two counterbalanced conditions, either internal cannulae inserted into the 

cannula guide but no infusion, or only a 10-minute delay, on two separate 

sessions. The mean number of errors made during phase 2 of testing is shown in 

Figure 8. A repeated measure ANOV A revealed a significant main effect of 

Condition, F(l,20) = 13.25,p < .002. Inspection of means indicated that the 

cannulation procedure condition caused far more errors than only the 10 minute 

delay condition (means: 10 min delay only= 2.28; and internal cannulae inserted 

alone= 5.57). There was no significant effect of the order of testing, 

F(l,19) = 2.13,p < .16, and no Order by Condition interaction, F < 1.0. 
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Figure 8. Experiment 2: Part Two. Mean number of errors made by all 
rats for two separate conditions - 10 minute delay only, and internal 
cannulae inserted but no drug infusion. All sessions were run with a 10 
minute delay prior to phase 2. 
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Part Three: Within-Group Testing of Scopolamine Infusions in Delay Radial 

Maze Task 

There was evidence from Part One and Two that infusions had no carry-over 

negative effects yet the cannulation procedure itself impaired performance. Part 

Three examined the potential effects of higher scopolamine doses, plus used a 

within-groups design (i.e. with repeat infusions) to markedly improve the 

statistical power of the study, in terms of identifying potential effects of 

scopolamine over and above the effects of PBS infusions and cannulation. 

During the 10-minute delay period between phases 1 and 2, all rats received 

bilateral infusions of scopolamine at three different doses (6.31 µg/side, 10 

µg/side and 15;85 µg/side) and phosphate buffered saline vehicle into the AV 

thalamic nucleus, across four separate sessions. 

The mean number of revisits made during phase 2 across the four different 

drug infusions is shown in Figure 9A. There was a significant main effect of 

Type of Treatment, F(4,80) = 7.22, p < .001. Newman-Keuls tests indicate that 

all four infusion treatments, (means: = 4.29, 5.00, 6.33, and 5.24 for PBS, and 

Scopolamine at doses of 6.31 µg/side, 10 µg/side a.11d 15.85 µg/side, 

respectively) produced significantly more errors than the "no cannulae" 

, condition (mean= 1.99). However, the Newman-Keuls post hoc tests failed to 

confirm a clear difference (p < .08) between scopolamine infusions at 10 µg/side 

and PBS. 

Arm visits before an error revealed a significant effect of Treatment, 

F(4,80) = 9.63, p < .001 (see Fig. 9B). Newman-Keuls post hoc tests indicated 

that during No cannulae treatment sessions rats visited significantly more arms 

before an error (mean= 3.96) than across all infusion treatments (means: 2.00, 

1.38, 1.38 and 1.33 for PBS, and Scopolamine at doses of 6.31 µg/side, 10 

µg/side and 15.85 µg/side, respectively). 

In Part Three, mean choice latencies for arms not previously visited ( correct 

choices) were also recorded; this measure is shown in Figure 9C. There was a 

significant main effect of Treatment, F(4,80) = 15.54,p < .01. Post hoc tests 

indicated that infusions of scopolamine at 15.85 µg/side significantly increased 

the latency to choose a correct arm relative to No Cannulae, PBS, and 
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Scopolamine at 6.31 µg/side (p's< .03) and Scopolamine at 10 µg/side (p < .06). 

Figure 9D shows the mean choice latencies for arms previously visited (incorrect 

choices) across all treatments. There was no significant difference of Treatment, 

F( 4,80) = 1.23, p > .10, in the mean choice latencies for arms previously visited. 

The total time taken to complete phase 2 of the maze task is shown in Figure 

9E. There was a significant main effect of Treatment, F(4,80) = 16.02,p < .001. 

Newman-Keuls post hoc tests revealed that infusions of scopolamine at 10 µg/side 

and 15.85 µg/side significantly increased the duration of phase 2 relative to No 

Cannulae and PBS (p's< .001). Infusions of scopolamine at 6.31 µg/side 

significantly increased duration relative to No Cannulae (p < .01) but failed to 

reach significance compared to PBS infusions (p > .10). 

The number of rats who failed to retrieve the remaining six rewards in phase 

2 are shown in Figure 9F. As indicated, PBS infusions did not impair the 

performance of rats, but as the doses of scopolamine increased the number of rats 

who were unable to complete the task also increased. 

In summary, at the completion of testing in Part 3 of Experiment 2, the 

effects in terms of mean number of errors made suggests that an optimal dose of 

scopolamine is approximately 10 µg/side (see Fig. 9A). This conclusion is 

reinforced by the fact that 10 µg/side does not affect choice latencies whereas 

these are increased are increased by a higher dose (Fig. 9C). Thus Part Four used 

infusions of 10 µg/side of scopolamine, compared with infusions of PBS, this 

time with infusions made prior to a standard (no delay) radial maze session. 
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Figure 9A. Experiment 2: Part Three. Mean number of errors made by all rats 
following different types of treatment, including no cannulae and four different 
infusions. All sessions were run with a 10 minute delay prior to phase 2. 
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Figure 9B. Experiment 2: Part Three. Mean number of arms visited before an 
. error by all rats following different treatment, including no cannulae and four 
different infusions. All sessions were run with a 10 minute delay prior to phase 2. 

No Cannulae = no cannulae inserted; PBS = phosphate buffered saline vehicle; Scopol 6.31 = 
6.3lµg dose ofscopolamine; Scopol 10 = 10 µg dose ofscopolamine; Scopol 15.85 = 15.85 µg dose 
of scopolamine. 
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Figure 9C. Experiment 2: Part Three. Mean number of errors during first six 
arm visits by all rats following different types of treatment, including no 
cannulae and four different infusions. All sessions were run with a 10 minute 
delay prior to phase 2. 

No Cannulae = no cannulae inserted; PBS = phosphate buffered saline vehicle; Scopel 6.31 = 

6.31µg dose ofscopolamine; Scopol 10 = 10 µg dose ofscopolamine; Scopol 15.85 = 15.85 µg dose 
of scopolamine. 
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Figure 9D. Experiment 2: Part Three. Mean choice latencies for correct arm 
visits by all rats following different types of treatment, including no cannulae 
and four different infusions. All sessions were run with a 10 minute delay 
prior to phase 2. 
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Figure 9E. Experiment 2: Part Three. Mean choice latencies for incorrect arm 
visits by all rats following different types of treatment, including no cannulae 
and four different infusions. All sessions were run with a 10 minute delay 
prior to phase 2. 

No Cannulae = no cannulae inserted; PBS = phosphate buffered saline vehicle; Scopol 6.31 = 

6.31µg dose of scopolamine; Scopol 10 = 10 µg dose of scopolamine; Scopol 15.85 = 15.85 µg 
dose of scopolamine 
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Figure 9F. Experiment 2: Part Three. Total time (in minutes) to complete 
phase 2 of the task for all rats following different treatments, including no 
cannulae or four different infusions. All sessions were run with a 10 minute 
delay prior to phase 2. 

No Cannulae = no cannulae inserted; PBS = phosphate buffered saline vehicle; Scopol 6.31 = 

6.31µg dose ofscopolamine; Scopol 10 = 10 µg dose ofscopolamine; Scopol 15.85 = 15.85 µg 
dose of scopolamine 
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Figure 9G. Experiment 2: Part Three. Total number of rewards retrieved across all 
rats following the four different infusions. All sessions were run with a 10 
minute delay prior to phase 2. Phosphate buffered saline vehicle (top), 
Scopolamine 6.31 µg/side (second), Scopolamine 10 µg/side (third), 
Scopolamine 15.85 µg/side (bottom). 
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Part Four: Within-Group Testing of PBS vs. An Optimal Scopolamine Dose 

Administered Prior to a Daily Session in a Standard Radial Maze Task. 

Just prior to the daily sessions in the standard radial maze task, rats received 

bilateral infusions of scopolamine (10 µg/side) or phosphate buffered saline 

vehicle into the AV thalamic nucleus. Rats received infusions of scopolamine 

and saline vehicle on two separate sessions. 

The mean number of errors made across treatments ( see Fig. 1 0A.) revealed 

a significant main effect of Treatment (F(2,40) = 13.92, p < .0001. Newma_n

Keuls post hoc comparisons showed that infusion of Scopolamine at 10 µg/side 

significantly increased the number of errors relative to both No cannulae and 

PBS conditions. There was no effect of the order of testing condition, F(l, 19) < 

1.0. Two rats failed to run in the task after they had retrieved only 4 rewards (rat 

# 57) and 5 rewards (rat # 102; see Fig. 1 OG) following infusions of 

scopolamine. When the data for the number of errors made by these two rats 

was excluded from analysis a significant main effect of Treatment (p < .0002) 

remained. 

Arm visits before an error also revealed a significant Treatment effect, 

F(2,40) = 23.46,p < .001 (see Fig. IOB). Post hoc comparison using Newman

Keuls indicated specific deficits following different treatments. During the No 

cannulae condition, the number of arm visits made before an error was 

significantly higher (p < .0 I) than the number visited following PBS infusions, 

and significantly higher (p < .001) than the number visited following infusions of 

Scopolamine at 10 µg/side. 

The mean number of errors made in the first six visits is shown in Figure 

I0C. Analysis revealed a significant Treatment effect, F(2,40) = 11.21,p < .001. 

Newman-Keuls post hoc comparisons showed that infusions of Scopolamine at 

10 µg/side resulted in significantly more errors within the first six arm visits than 

either No cannulae or PBS conditions (p < .001). 

In Part Four, the total time taken to complete the standard radial maze task is 

shown in Figure l0D. There was a significant main effect of Treatment, F(2,40) 

= 34.11,p < .001. Post hoc comparisons using Newman-Keuls indicated that 
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infusions of Scopolamine 10 µg/side (p < .001), and PBS (p < .01) both 

significantly increased the duration relative to the No cannulae condition. 

As indicated the total time taken to complete the standard task increased 

significantly with the infusions conditions but the choice latencies for both 

correct and incorrect arm choices were not different to the No cannulae 

condition, as shown in Figure l0E and lOF. Analysis of the mean choice 

latencies for correct arm visits across the three treatments indicated no difference 

of Treatment, F(2,40) < 1.0 (Fig. 1 OE). Figure 1 OF shows the mean choice 

latencies for incorrect arm visits across the three treatments, again there was no 

difference of Treatment, F(2,40) < 1.0. 

Figure 1 0G shows the number of rats that retrieved all 12 rewards in the 

standard task. As indicated, infusions of PBS slightly impaired the performance 

of the rats, although the rats that failed to retrieve the 12 rewards did all succeed 

at retrieving 11 of them. By contrast the infusions of Scopolamine at 10 µg/side 

caused a greater number of rats to fail to retrieve all 12 rewards. 

Figure 1 OH shows the pattern of responses made by rats during Part Four of 

Experiment 2. Choices were analysed across the first 12 choices on the basis of 

distance of the new choice from the arm just exited ( clockwise or counter

clockwise). If a rat chose the same arm on a subsequent choice, the score= 0. If 

the rat chose the adjacent arm, the score= 1. If the rat chose the opposite arm 

the score= 6. Rats that failed to make12 choices were excluded from these 

analyses. Clearly the rats did not adopt a simple response strategy, such as 

choosing the adjacent arms as is found in radial maze tasks that do not use 

confinement by doors between choices ( e.g. Higashida & Ogawa, 1987). 

Instead, the choices made by rats in the current study were more evenly 

distributed across choices 2 through 5 away from the arm just exited whereas 

choices 1 or 6 were seldom chosen, F(S,85) = 4.69;p < .001 (choice 0 not 

included in the analysis). Importantly, these choice distributions did not change 

markedly across No cannulae, PBS infusion and 10 µg Scopolamine infusion 

conditions. There was no overall effect of Condition for choice, F(2,34) = 2.53, 

p <. l 0 (with no significant Newman-Keuls differences) or a Condition by 

Choice interaction, F(l 0, 170) < 1.0. 
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Figure 1 OA. Experiment 2: Part Four. Mean number of errors made by all rats 
following different types of treatment, including no cannulae and two different 
infusions administered prior to the daily session. All sessions were run in a 
standard radial maze task. 

No Cannulae PBS Scopol 10 

Type of Treatment 

Figure lOB. Experiment 2: Part Four. Mean number of arms visited before an 
error by all rats following different types of treatment, including no cannulae 
and two different infusions administered prior to the daily session. All sessions 
were run in a standard radial maze task. 

No Cannulae = no cannulae inserted; PBS = phosphate buffered saline vehicle; Scopol 10 = 10 µg 
dose of scopolamine. 
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Figure lOC. Experiment 2: Part Four. Mean number of errors during the 
first six arm visits by all rats following different types of treatment, 
including no cannulae and two different infusions administered prior to 
the daily session. All sessions were run in a standard radial maze task. 
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Figure 10D. Experiment 2: Part Four. Total time (in minutes) to complete 
the task by all rats following different types of treatment, including no 
cannulae and two different infusions administered prior to the daily session. 
All sessions were run in a standard radial maze. 

No Cannulae = no cannulae inserted; PBS = phosphate buffered saline vehicle; Scopol 10 = 10 µg dose 
of scopolamine. 
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Figure lOE. Experiment 2: Part Four. Mean choice latencies for correct 
arm visits by all rats following different types of treatment, including no 
cannulae and two different infusions administered prior to a daily session. 
All sessions were run in a standard radial maze task. 
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Figure lOF. Experiment 2: Part Four. Mean choice latencies for incorrect 
arm visits by all rats following different types of treatment, including no 
cannulae and two different infusions administered prior to a daily session. 
All sessions were run in a standard radial maze task. 

No cannulae = no cannulae inserted; PBS= phosphate buffered saline; Scopol 10 = 10 µg/side 
dose of scopolamine. 
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Figure lOG. Experiment 2: Part Four. Total number of rewards retrieved across all 
rats following the two different infusions administered prior to the daily session. All 
sessions were run in a standard radial maze task. Phosphate buffered saline vehicle 
(top), Scopolamine 10 µg/side (bottom). 
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6.0 Discussion 

The present study examined the effects on spatial working memory in a radial 

maze task of infusions of scopolamine, a non-specific muscarinic receptor 

antagonist, to the AV thalamic nucleus. The present study is the first one of its 

kind to examine the influences the ascending brainstem cholinergic projections to 

the anterior thalan1ic nuclei on a memory task. Direct infusions ofrelatively small 

amounts ofscopolamine are likely to cause a restricted temporary blockade of the 

brainstem cholinergic innervation to the AV region. Evidence of a relatively 

restricted infusion was apparent from histological analyses of the trypan blue 

infusions. In this respect, the main findings were that infusion of scopolamine 

during the delay in the two-phase task produced an indication of impairments in 

performance and that a clear impairment was evident when scopolamine was 

infused prior to a standard non-delay maze task. 

6.1 Involvement of AV Thalamic Nucleus in Learning and Memory as part 

of the 'Extended Hippocampal System' 

The finding that temporary blockade of normal neuronal functioning in the 

AV by scopolamine infusions impaired radial maze performance provides new 

pharmacological evidence of the importance of the AV region in learning and 

memory processes. These results reinforce previous reports that describe 

impairments in allocentric radial maze tasks following specific damage to AV and 

AM thalamic nuclei (Aggleton et al, 1996; Byatt & Dalrymple-Alford, 1996) and 

indicate that the radial maze task continues to be sensitive to manipulations in the 

AV. The findings also reinforce the proposal of Aggleton and Brown (1999) that 

the anterior thalamic nuclei (of which the AV thalamic nucleus is one of the three 

nuclei) are involved in spatial and context-dependent (episodic) memory 

processes. The proposal of Aggleton and Brown (1999) receives unique support 

from the present findings, because the blockade of cholinergic processes in the AV 

thalamic nuclei caused only temporary (and reversible) impairments in working 

memory for the radial maze task during the drug infusion session only. On 

infusion-free sessions impairment of performance was minimal, i.e. the 
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performance of spatial working memory had returned to pre-infusion session 

levels. 

Aggleton and Brown ( 1999) also suggest that the A TN represents a nodal 

structure within the 'extended hippo cam pal system', due to the neural circuits that 

interconnect the A TN with all other structures within the system. In light of these 

interconnections to and from the A TN region, it is impossible to conclude 

conclusively that the diffusion of scopolamine did not spread to other adjacent 

areas which in tum would also influence performance. In one sense, any spread of 

the scopolamine infusions to other parts of an 'extended hippocampal system' 

would still support the proposal of Aggleton and Brown (1999) per se, that 

manipulations to structures within the system will result in deficits in spatial and 

episodic memory. However, as the aim of the present research was to indicate the 

effects on performance following infusions specifically to the AV thalamic 

nucleus, it is important to discuss the likelihood of any such confounds. Given the 

extremely small volumes of scopolamine infused into the AV thalamic nucleus, it 

may be suggested that an influence on the AV region primarily can be considered 

to be responsible for the observed impairments. In addition, the rats included in 

the analyses were restricted to those that had internal cannulae tips located 

bilaterally in the AV thalamic region. An assessment of the dispersion of the drug 

volume was not made, but analyses of the rat brain histologies following trypan 

blue infusions indicated that the spread of trypan blue had stayed within the 

anterior thalamus region; it certainly had not diffused into the hippocampal 

formation. Therefore it is reasonable to conclude that drug infusions to the AV 

thalamic nucleus, primarily, but perhaps also the anteromedial (AM), were 

responsible for impairments on spatial working memory tasks in the radial maze, 

and that other non-A TN brain regions had only a minimal involvement also. In 

'future research it would be advantageous to conduct an assessment that estimates 

more directly the functional ( e.g. electrophysiological, neurochemical and 

immuno-histochemical) spread of the drug infusions. This is especially so in view 

of the fact that Aggleton and Brown (1999) talk of the A TN as a nodal structure 

within an 'extended hippocampal system', with multiple interconnecting neural 

circuits. Functional changes in related pathways, but not in unrelated pathways 

might be expected after AV scopolamine infusions. 
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6.2 Intracranial Infusions of Scopolamine - Cholinergic Systems and 

Learning and Memory 

As indicated by the findings of the current study, impairments in spatial 

working memory occurred following infusions of scopolamine into the AV 

thalamic nucleus. At a more general level, these findings reinforce previous 

reports that have indicated that central cholinergic systems are involved in learning 

and memory processes (Everitt & Robbins, 1997). These current findings, 

however, are the first to implicate directly involvement of the brainstem 

cholinergic system with its afferent pathways to the AV thalamic nucleus in 

learning and memory processes. 

Across the four different parts of Experiment 2, the effects of drugs were 

tested using delay and standard radial maze tasks. Intraperitoneal studies have 

previously indicated that a delay between choices 4 and 5 was necessary to impair 

performance in an 8-arm radial maze task (Bolhuis et al, 1988; Buresova and 

Bures, 1982). Therefore in Experiment 2 of the current study delay periods were 

imposed between phases 1 and 2 in Parts One, Two and Three. However, in Part 

One of Experiment 2 the results of administering the drugs at the start of the 

imposed delay were inconclusive, but a picture began to emerge during Part Three 

that scopolamine may produce impairments, although the results were only 

suggestive. Experiment 2 indicated that in Parts One and Three, most of the 

effects of the scopolamine infusions were confounded by some non-specific effects 

resulting from the PBS infusions. The unexpected impairments in performance 

following PBS infusions were explained by an additional manipulation in Part 

Two, which tested the effects of the cannulation procedure alone, by only inserting 

the internal cannulae. These results in Part Two indicated that the cannulation 

procedure by itself caused disruptions in performance during phase 2 of the testing 

in Parts One and Three. Therefore although scopolamine infusions were probably 

causing some deficit in performance, a deficit after PBS infusions continued to 

confound the drug effects until the standard task was introduced in Part Four. In 

Part Four during testing in the standard radial maze task the results indicated a 

clear and significant difference in performance between infusions of scopolamine 

and either infusions of PBS or No cannulae sessions. Explanations for the 

significant differences in Part Four may include the extra degree of task difficulty 
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during the standard task. In the standard task the rat has to retrieve all 12 rewards 

themselves rather than remember the whereabouts of the remaining six rewards as 

is the case in phase 2 of the delay task for the current experiments. In addition, it 

could be concluded that the rats had habituated to the cannulation procedure and 

infusion itself by Part Four, resulting in the slight decrease in impairments of 

performance following PBS infusions. In future research these issues of a delay 

period between 6th and ih arm in a 12-arm radial maze aiid the cannulation 

procedure in general will need to be addressed. 

Interestingly, and not withstanding the caveats mentioned above, the present 

study also supported previous research that has indicated a dose-dependent 

impairment caused by scopolamine in spatial working memory errors (Ennaceur & 

Meliani, 1992; Inagawa, 1993; Peele & Baron, 1988; Ragozzino & Kesner, 1998; 

Sessions, et al, 1998). Of particular importance are results from the present study 

that indicated a dose-dependent bell-shaped curve. Measures of spatial working 

memory taken in Experiment 2 of the current study indicated impairments 

increased relative to the increase in the concentration of the doses being infused 

bilaterally to the AV thalamic nucleus, until the dose of 15.85 µglj.A of 

scopolamine. At this highest dose of 15 .85 µg/ JA of scopolamine in Experiment 2 

the numbers of errors made to retrieve the rewards decreased while the correct arm 

choice latency increased following bilateral infusions. An explanation for the 

outcome of this bell-shaped dose-dependent curve is that there may be an optimal 

dose of scopolamine to impair memory processes without disrupting behavioural 

performance levels in spatial working memory tasks. In the present paradigm 

then, it may be concluded that an optimal dose of scopolamine between 6.31 and 

10 µgl JA infused to the AV thalamic nucleus results in impairments of spatial 

working memory without disrupting other behavioural performance levels. The 

current findings showed no significant difference in behavioural performance 

measures, like choice latencies and pattern of responses between the No cannulae, 

PBS and 1 µgl µl - 10 µg/ µl doses of Scopolamine infusion conditions. 

The importance of infusions of scopolamine to the AV thalamic nucleus that 

result in impairments on spatial working memory gains greater validity when 

considered alongside other research available that involves intracranial infusions of 

scopolamine (see Section 1.4). Ragozzino and Kesner (1998) found that 

cholinergic infusions disrupted normal neuronal functions of prelimbic and 
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infralimbic cortices, but not anterior cingulate cortex functions, resulting in 

impairments in 12-arm radial maze tasks. They had hypothesised that they would 

not expect to find disruptions in spatial working memory following cholinergic 

infusions to the anterior cingulate cortex as normal permanent lesions to the same 

region had not caused impairments in radial maze tasks (Ragozzino, Adams, & 

Kesner, 1998). For that reason, the findings of the current study suggest similar 

conclusions about the role of the AV thalamic nucleus in spatial working memory. 

That is, permanent AV lesions have been shown to disrupt performance on spatial 

working memory tasks while the current findings indicate that temporary blockade 

to the cholinergic system within the AV thalamic nucleus similarly impairs 

performance. 

Interestingly, other research has also indicated that impairments in spatial 

working memory per se do not occur following direct intracranial infusions of 

scopolamine to brain structures unrelated to spatial working memory function. For 

example McIntyre, Ragozzino and Gold (1998) reported that intra-amygdala 

infusions of scopolamine at a volume of 0.5 ug/0.5ul did not produce deficits on 

spatial working memory tasks. Their conclusions suggest that manipulations to 

brain structures by infusions of scopolamine do not cause general behavioural 

performance impairments, instead rather the effects of scopolamine are specific to 

the function of that individual brain structure. 

6.3 Brainstem Cholinergic ~ystems in Learning and Memory 

It has been proposed that progress in understanding the function ofbrainstem 

cholinergic cells will depend on assessment of the effects on behavioural 

performance following intracranial infusions of cholinergic drugs (Everitt & 

Robbins, 1997). The drug infusions should focus on sites where these brainstem 

projections terminate, for example in the anterior thalamic nuclei. 

As indicated previously the major cholinergic input to the AV thalamic 

nucleus is from the brainstem LDTg (Hallanger, et al, 1987). The intracranial 

infusions of scopolamine would be disrupting normal cholinergic functions in the 

AV region. Sikes & Vogt (1987) have identified that the cholinergic innervation 

in the AV is present on the afferent terminal site receptors of the 

mammillothalamic projection. The dominant hypothesis of the current literature 
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about cholinergic functioning in the AV thalamic nucleus suggests a facilitatory 

response in the AV region following LDTg innervation that acts via 

mammillothalamic tract terminals (Pare & Steriade, 1990). Therefore cholinergic 

infusions to the AV thalamic nucleus may block the actions of the LDTg 

innervation and in particular its regulation of the AV via the mammillothalamic 

axis AV/ AM terminals through a decrease in the release of acetylcholine in this 

thalamic region. 

In the present study, brainstem cholinergic cell terminal sites in the AV 

thalamic nucleus were disrupted by infusions of the cholinergic antagonist 

scopolamine, which resulted in spatial working memory impairments in radial 

maze tasks. Thus the brainstem cholinergic system, like the septo-hippocampal 

cholinergic projections, may now be considered a candidate neural system that 

subserves short-term spatial memory function. This conclusion has implications 

for the drug treatment of neurodegenerative disorders, like Alzheimer's disease. 

6.4 Relevance of the Present Study - Technical Issues and Other 

Contributions 

Several contributions to research that focuses on intracranial infusions of 

scopolamine have been highlighted from the findings of the current research. 

One of these major contributions to the research literature is that this study has 

been successful by producing localised infusions of scopolamine (0.15 µI/side) into 

the AV thalamic nucleus which have impaired performance temporarily in spatial 

working memory tasks. This is a first step at defining the possibility of memory 

functions related to brainstem cholinergic systems and has shown that infusions of 

small volumes of scopolamine to the AV thalamic nucleus produced a clear deficit 

in performance for spatial working memory. 

Another major contribution indicative from the findings of the present 

study is that a critical concentration of drug dose may produce the optimal 

impairments in spatial working memory while not affecting other behavioural 

performance levels. The present findings are indicative that a curvilinear 

relationship exists between the degree of impairments in performance and drug. 

doses, with an inverse relationship occurring between doses at IO µg/side and 15 
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µg/side. One explanation for these findings is that a critical window may exist 

whereby higher concentrations of scopolamine may be influencing different 

behaviours during performance. In light of this explanation, previous research 

reporting that the effects of scopolamine impair attention and motivation factors in 

animals rather than memory processes per se might be caused by too high doses of 

the injections and infusions (see the review ofBlokland, 1996). Considering the 

fact mentioned above that it appears the rats needed time to adapt to the 

cannulation procedure before clear deficits emerged between PBS and 

Scopolamine infusions, of particular importance now is the need to reassess the 

effects on performance of the smaller doses (below 10 µg/side) of scopolamine 

after periods of such adaptation. 

Clearly, there are a number of difficult technical issues in studies examining 

the effects of drug infusions in the thalamus. The current study has identified a 

number of these issues that are of value to the pharmacological field of research 

involving intracranial infusions. 

The present study indicated that infusions of phosphate buffered saline were 

initially impairing performance to a similar extent as infusions of scopolamine. 

One explanation for the effects of PBS on spatial working memory is that infusions 

per se to the AV thalamic nucleus cause disruptions in performance during radial 

maze tasks. Fortunately, the results from Part Two of Experiment 2 indicated that 

initially rats were having a problem with insertion of internal cannulae alone. 

Therefore an alternative explanation for the initial affects of PBS alone during Part 

One and Three of Experiment 2 may be due to the disruptions caused by inserting 

the internal cannulae alone and handling the rats during the cannulation procedure 

at the start of the delay between phases 1 and 2. Similar disruptions in rats' 

performance following handling were observed in the work of Bolhuis et al. 

(1988). Across the whole of Experiment 2, the results indicate that scopolamine 

produced impairments across conditions. By Part Four the disruptions caused by 

infusions of PBS began to show a decrease, particularly in terms of the total errors 

made. The decrease in cannula-insertion disruptions could be due to overtraining 

occurring in the task but this explanation does not account for the lack of change in 

the deficits caused by the drug infusions. Therefore it is suggested that the 

cannulation process prior to testing in the radial maze task is not as disruptive to 
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the rats in general as is the cannulation procedure introduced half way through a 

delayed radial maze procedure. 

In an attempt to clarify the lack of significant deficits found following 

infusions during Part One, we may suggest that if delays are included in future 

research then further training and habituation to the cannulation procedure is 

needed with PBS infusions (for both the rats and the experimenter) if more clear 

cut impairments are to be found after any drug infusions. In addition, across 

testing for Experiment 2 the errors of rats during infusion-free days always 

returned to normal pre-infusion session levels. There was a slight increase in 

errors during the standard task on infusion-free sessions, however this increase 

may be attributed to the increased difficulty in retrieving all 12 rewards from the 

start, instead of having six forced choices imposed as was the case in the delay 

radial maze tasks. From these observations it may be concluded that up to eight 

repeated infusions do not cause permanent damage in the AV thalamic nucleus. 

Other researchers using repeat infusions to other brain regions have also noted a 

similar return to good performance on infusion-free sessions (Pang & Nocera, 

1999; Ragozzin6 & Kesner, 1998). Therefore future researchers may possibly 

allow for a few habituation sessions to the cannulation procedure before data 

collection for major results of drug infusions begins. 

In addition, analysing the cannula tip placements to the AV thalamic nucleus 

suggested that the guideline criterion used to determine the AP coordinates during 

the surgeries for Experiment 1 and 2 was very reliable. The vast majority of 

placements were located bilaterally in the AV thalamic nucleus, which can be a 

difficult subcortical target to reach due to its relatively small size in comparison to 

the size of the internal cannulae (28 gauge). At least in terms of baseline 

performance, it was also shown that bilateral angled cannulae, set above the lateral 

ventricle at the level of the posterior fimbria-fornix, were well-suited to studying 

the effects of subsequent infusions in the AV. By contrast, unilateral AV lesions 

were not suitable when combined with a unilateral cannula, because this 

combination produced probably lasting impairments in radial maze performance 

even during baseline training. 
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6.5 Further Issues and Future Directions 

The current study also has indicated some future directions for further 

research in the areas of intracranial infusion studies and the functions of AV 

thalamic nucleus in learning and memory processes. 

Perhaps the major issue concerning future research involves replication of the 

current study. Due to the originality of the present study it would be of interest to 

learn of replications of similar deficits in perfonnance following scopolamine 

infusions on delay and standard radial maze tasks. It will also be necessary to 

assess the effects of infusions of scopolamine to the AV thalamic nucleus across a 

variety of different spatial working and reference memory tasks to assess the 

genera~ity and limitations of the current findings. 

It would also be interesting in future research to directly compare the effects 

on perfonnance of small infusions of scopolamine centred in the laterodorsal (LD) 

and dorsomedial (DM) thalamic nuclei, versus those made with AV thalamic 

nucleus. Studies have indicated that the DM thalamic nuclei are not impaired in 

spatial working memory tasks following pennanent lesions (see Section 1.2). 

However, just recently, Mishima et al. (2000) have indicated that scopolamine 

infusions to the DM thalamic nuclei, a brain structure located nearby the AV 

thalamic nucleus caused disruptions in perfonnance during an 8-arm radial maze 

task. The DM also receives weak cholinergic input from the brainstem cholinergic 

system (Hallanger, et al. 1987). Unfortunately Mishima et al (2000) did not 

provide details of the histological analyses for clarification of the infusion sites in 

the DM. Therefore in an attempt to explain the impairrnents in perfonnance 

related to the DM thalamic nuclei, it may be that the volume of scopolamine that 

they infused was too high (2 µg/in 1.0 µ1 at a rate of 1.0 µl /min). If the high 

volume had caused dispersion into the lateral ventricle at this dose the scopolamine 

may have influenced cholinergic systems within the hippocampal fonnation, which 

is most routinely implicated in spatial working memory processes (Eichenbaum, 

Otto, & Cohen, 1994; Liu & Bilkey, 2001; Olton, Becker & Handelmann, 1979). 

Their large volume may also have affect the A TN particularly the adjacent AV 

region. In view of the findings ofMishima et al (2000) it would be interesting to 

assess whether the volume used in the current study (0.15 µlat a rate of 0.05 µl 

/min) would also produce temporary impainnents in perfonnance if infused to the 
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DM thalamic nucleus. In addition, it would be of interest also to assess the effects 

on performance following scopolamine infusions using small volumes into the LD 

thalamic nucleus. The LD thalamic nuclei are considered a part of the broader 

region of the anterior thalamus and have been implicated in spatial working 

memory also (Warburton et al, 1997). The LD also receives weak projections 

from the brainstem cholinergic system (Hallanger et al., 1987). In addition, 

previous research using animal models to assess spatial working memory has 

indicated that infusions to the LD thalamic nuclei using tetracaine (a drug that 

works as a temporary anaesthetic in the region of infusion) caused disruptions 

when rats were tested in radial maze tasks (Mizumori, 1994). Put simply, future 

research involving scopolamine infusions to DM and LD thalamic regions is 

essential. 

Given the findings of the current study, it is also tempting to ask whether there 

is a critical stage at which the AV thalamic nucleus contributes to spatial working 

memory. Research conducted by Gabriel (1993) has assessed training-induced 

neural activity in individual neurons of the anterior thalamic nucleus using 

avoidance conditioning and training paradigms. Gabriel (1993) indicated that in 

these learning conditions the neurons in the AV region are most responsive when 

the animal's performance of the task has reached a first significant discrimination 

of the behavioural criterion and this responsivity continued throughout the training 

until over-training occurred. The temporary impairments caused by the 

scopolamine in the AV thalamic nucleus may be an effective tool to assess the 

influence of the AV region across different stages of training, as per the theories of 

Gabriel (1993), though in relation to the spatial working memory tasks as well. 

Abundant evidence indicates that injections of scopolamine cause temporary 

scopolamine-induced memory impairment. This temporary induced amnesic state 

has been a useful model to assess further the affects of drugs that may reverse such 

impairments, especially acetylcholinesterase inhibitors (see reviews ofBlokland, 

1996; Everitt & Robbins, 1997). In light of these facts and the results of the 

present study, it would also be advantageous to assess additional effects of 

different cholinergic agonists and antagonists infused concomitantly in future 

studies. These drugs may include nicotinic receptor antagonists, for example, 

mecamylamine (Levin, Kaplan, & Boardman, 1997), and nootropic drugs, which 

are cognitive enhancers, like oxiracetam (Magnani, Pozzi, Biagetti, Banfi, & 
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Dorigotti, 1992) and muscarinic agonists, like oxotremorine (Ragozzino & Kesner, 

1998). 

All of these suggestions for future studies would add valuable additional 

evidence and which are stimulated by the generally positive findings evident from 

the present study. 

6.6 Concluding Remarks 

The results from the present study are important for several reasons. They 

have shown that infusions of a relatively small volume of scopolamine to the AV 

thalamic nucleus caused clear impairment in radial maze performance that is 

reversible on infusion-free days across eight different infusions. These findings 

clearly indicate the involvement of AV thalamic nucleus in spatial working 

memory tasks. In addition, these findings are suggestive that drug infusions 

promoting temporary phannacological blockade of cholinergic muscarinic 

receptors may be considered an effective tool in assessing whether there exists a 

critical period of time during which the anterior thalamic nuclei contribute to 

learning and memory processes. 

The current study also suggests that brainstem cholinergic innervation within 

the AV thalamic nucleus are possibly involved in learning and memory processes, 

and that future research will need to assess this central cholinergic system with 

greater interest. 
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Appendix One 

Eight Schedules of the Six Psuedo-Randomised Forced Arm 
Presentations for phase 1 of the radial maze task used in Parts 

One, Two and Three of Experiment 2. 

i) 10, 3, 12, 4, 11, 7 

ii) 6, 12, 7, 10, 5, 2 

iii) 5, 10, 8, 2, 6, 9 

iv) 2, 4, 11, 3, 10, 8 

v) 11, 1, 9, 5, 12, 4 

vi) 4, 7, 2, 8, 1, 11 

vii) 8, 9, 6, 1, 3, 12 

viii) 1, 6, 3, 7, 9, 5 
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