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Abstract 

 

Schizophrenia is a major neurodevelopmental disorder that affects approximately 1% of 

the population. In New Zealand this means that around 30,000-45,000 individuals are 

affected (Murray, 1996). Individuals diagnosed with schizophrenia have a mortality rate of 

2.5% higher than individuals without schizophrenia. This includes a suicide rate of 10-15% 

among individuals with schizophrenia (Masters, 1997). 

While the positive symptoms (i.e. hallucinations and delusions), and the psychoses 

brought on by these symptoms are the most prototypical of schizophrenia, the functional 

impairments produced by the cognitive and motivational deficits are more likely to impact 

the patient’s quality of life (Bowie & Harvey, 2006). One aspect of dysfunctional cognition-

motivation interaction manifests itself as an inability to change behaviour adaptively in 

response to motivationally significant cues (Gold et al., 2012). This interaction could 

contribute to the reason why current treatments of schizophrenia that are aimed at improving 

cognition alone produce no lasting recovery from behavioural deficits (Medalia & Choi, 

2009). 

While the biological basis of both cognition and motivation have been widely studied, the 

neural circuitry underlying the interaction of cognition and motivation is relatively unknown. 

One area of this interaction that could have particularly dramatic consequences if gone wrong 

is the interaction between attention and motivation. This is because attention directly relates 

to cognitive flexibility in different situations (Peltz et al., 2011). Because attention modulates 

other cognitive processes, the impairment observed in attention, particularly the motivated 

recruitment of attention in response to reward-related cues, has devastating effects on the 

cognitive processing and adaptive behaviour of individuals with schizophrenia (Cornblatt & 

Malhotra, 2001). 
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The 5-Choice Serial Reaction Time Task (5-CSRTT) was developed as a way to 

understand the nature of attention deficits shown by children with attention-deficit 

hyperactivity disorder (ADHD) (Robbins, 2002). The task tests the ability of the rat to sustain 

attention divided among a number of locations over a large number of trials (about 100). This 

capacity is measured by the accuracy of reporting the stimuli; the choice or response accuracy 

measure is simply the proportion of correct responses over total given responses. The 5-

CSRTT assesses several aspects of attention, including sustained attention and cue detection, 

and relies upon regular frontal lobe, specifically prefrontal cortex, function (Robbins, 2002). 

The task used in the current study is a modified version of 5CSRTT, created to specifically 

assay the interaction between attention and motivation. The current study uses the operant 

paradigm called the Signalled-Probability Sustained Attention (SPSA) task. The SPSA task 

was specifically design to assay the interaction between attention and modulation, and has a 

signalled probability component, where at the beginning of the trial the house light being on 

or off signifies if the trial is going to have a high or low probability of reward. The rest of the 

trial is composed of a two-lever operant discrimination task, where a cue light being 

illuminated indicates which lever the subject is required to press for a correct response. 

The current study was designed to determine the neural circuits that are involved in 

cognition-motivation interactions. It was hypothesised that signalling the probability of 

reward would result in behavioural differences in responding during trials, such that accuracy 

would be higher on high probability trials than on low probability trials. Also, these 

differences would be accompanied by the activation of, and communication between, nucleus 

accumbens-prelimbic cortex. The SPSA paradigm was used to assess the motivated 

recruitment of attention in response to reward-related cues. Simultaneous 

electrophysiological recordings from the nucleus accumbens (Nacc) and the prelimbic cortex 
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(PrL) during the acquisition of the SPSA task were used to determine activity and 

connectivity relating to motivational and attentional processes. 
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1. Introduction 

 

1.1 Attention and Motivation 

 

1.1.1. Attention 

Attention is an important executive function (Diamond, 2014). It is regarded as a 

basic neurocognitive function that is involved in some degree in all parts of cognition 

(Heinrichs & Zakanis, 1998). There is no clear definition of attention as it has many 

theoretical definitions and is semantically defined from interpretations of behavioural data 

(Pashler, 1999). The two main processes that attention can be broken down into are top-down 

attention and bottom-up attention. Bottom-up attention refers to the process where attention is 

guided by external factors to salient stimuli in the environment that ‘pop-out’ due to inherent 

properties of the stimuli relative to background stimuli (e.g. a flashing fire alarm that grabs 

attention). This is also known as exogenous attention since it is driven by external factors. 

Top-down attention, on the other hand, refers to the process where attention is guided by 

internal factors such as prior knowledge, wilful plans, and the current goal of the situation, 

and whereby stimuli are not necessarily more noticeable in comparison to background stimuli 

(e.g. finding lost keys). It is also known as endogenous attention as it is an internally induced 

process where information is wilfully sought out from the environment (Katsuki & 

Constantinidis, 2013). Bottom-up attention is a rapidly deployed process, and its occurrence 

depends entirely upon salient properties of sensory stimuli. In contrast, top-down attention is 

a slower process that requires more cognitive effort to engage (Baluch & Itti, 2011).  

While they may seem quite separable, it is important to note that top-down and 

bottom-up processes do not represent completely separate processes within the brain, but are 

overlapping organisational processes that work in conjunction to optimise attentional 

performance (Sarter et al., 2001). For example, the initial learning of an operant conditioning 
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paradigm may rely on bottom-up attentional processes for subjects to attend to the 

unconditioned stimulus, however, once it has transitioned into a conditioned stimulus, facets 

of top-down attentional processes are more heavily recruited (Sarter et al., 2001). For 

example, improvements in behavioural performance on operant paradigms are related to 

improvements in top-down processes (Baluch & Itti, 2011). These improvement are because 

because reward plays an important role in modulating attentional signals.  

Top-down processes are also involved in the cognitive process of sustained attention. 

Sustained attention can be operationally-defined as the ability to consistently maintain a 

behavioural response during a constant repetitive activity (Sarter et al., 2001). Findings from 

neuroimaging studies describe a model that supports the idea that sustained attention follows 

a top-down process that begins with a subject’s readiness to detect and discriminate 

information (Sarter et al., 2001). For example, during sustained attention performance in an 

operant paradigm, the subject knows what type of stimulus to expect, where and when to 

expect it, and how to respond in accordance with the previously defined response rules. 

Furthermore, the subject develops expectations concerning the probability for signals and the 

nature of effective strategies for responding to the target stimulus versus non-target stimuli.  

1.1.2 Motivation 

 

As with attention, motivation is a psychological concept that resists easy definition (Barch, 

2005). Motivation has a long history in both psychology and behavioural neuroscience, and 

so the definition of motivation that is used depends largely on the field of study (Barch, 

2005). Within behavioural neuroscience the concept of motivation focusses on concepts of 

homeostatic drives, suggesting that an organism is motivated to engage in behaviour to 

maintain a stable physiological state. It is also common to try and define motivation 

according to its properties, such as the fact that motivation involves both appetitive and 
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consummatory phases, with the appetitive phase referring to the signal that indicates the 

potential availability of a reward, as well as the means or behaviours used to gain the reward 

(Barch, 2005). The consummatory phase is then the phase in which the organism directly 

interacts with the motivational stimulus (Salamone & Correa, 2002). Motivation also can be 

thought of as having directional and activational aspects (Salamone & Correa, 2002). These 

aspects account for behaviour that is directed towards or away from the motivational stimulus 

(directional), and how energetic or vigorous the behaviour is (activational) (Salamone & 

Correa, 2002).  

 It is important to note that the effects of motivational state on instrumental behaviour 

depend crucially on the animal’s knowledge of how the reinforcer affects the motivational 

state i.e. the subject must know that the reward on offer is something that the subject finds 

motivating (Bouton, 2016). This dependence on motivational state is why studies that use 

animal subjects in operant paradigms either restrict subjects of food/water, offer a reward that 

is known to be preferred to their regular food (e.g. condensed milk), or some combination of 

both.  

The acquisition of this form of knowledge is dependent on the process of incentive 

salience. Incentive salience occurs when the subject ingests the reinforcer in a particularly 

motivated state, and thus learns that reinforcer is something the subject ‘wants’. From here 

the reinforcer can be combined with the knowledge about what actions bring about the 

reinforcer i.e. pressing a lever will gain subject access to condensed milk. Therefore, a 

motivated state, such as hunger, will bring about instrumental actions, such as lever pressing, 

only if the subject knows that pressing the lever will alleviate the state of hunger (Bouton, 

2016). It is thought that incentive salience is a key driver of motivationally-directed 

behaviour and instrumental conditioning (Berridge, 2009). Once the association between an 
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instrumental cue and reward has been made, the cue itself can act as a ‘motivational magnet’ 

and become ‘wanted’ (Berridge, 2009).  

1.1.3. The interaction between Attention and Motivation 

 Existing studies suggest the interaction between attention and motivation is crucial for 

the emergence of complex behaviour (Engelmann, Damaju, Padmala, & Pessoa, 2009). An 

example of this interaction is that attention can be considered key for behavioural outcomes 

that are dependent on the detection and selection of all available stimuli presented. However, 

behaviour is also shaped by motivational factors, which are usually closely tied to reward or 

punishment. Evidence that supports the idea of an interaction between attention and 

motivation can be seen in behavioural data showing that stimuli carrying motivational 

significance preferentially engage attention (Engelmann et al., 2007; Engelmann et al., 2009). 

Additionally, studies combining these behavioural techniques with electrophysiological 

techniques show that structures known to be involved in the recruitment of attention, such as 

the PrL and Nacc, are also active during motivationally salient tasks, suggesting that these 

structures may also be involved in the integration of both attentional and motivational 

information (Small et al., 2005). It is also argued by Barch (2005) that an important 

component of appetitive drives toward potentially rewarding stimuli could be the ability to 

represent and/or maintain cognitive representations of either the stimuli themselves or the 

reward value of these stimuli. Thus, attention towards a stimulus will only be maintained if 

the reinforcing/motivating properties of the reinforcer are properly represented cognitively.  

 Engelmann and Pessoa (2007) investigated the interaction of motivation and attention, 

specifically whether manipulating motivation could enhance attentional sensitivity. 

Participants were told that the aim of the task was to earn as much money as possible. Trials 

had differing levels of reward, with some trials either being high/low reward or high/low loss. 

Participants were required to correctly locate a target stimulus that 80% of the time was 
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preceded correctly by a peripheral cue. The value of the trial was indicated prior to any 

stimuli being presented. It was found that sensitivity to the target stimulus increased as the 

monetary value of the trial also increased, meaning that monetary incentives enhanced 

detection sensitivity (Engelmann & Pessoa, 2007). These data indicate that at least one way 

that motivation and attention interact involves the sharpening of attention during 

motivationally salient conditions. 

 Another study investigating the interaction between attention and motivation is Small 

et al. (2005). They also investigated whether there was an interaction between motivation and 

top-down attentional processes. Subjects were required to participate in a version of the 

Posner task of covert shifts in spatial attention. Subjects were required to fixate on a central 

diamond and to indicate when a cross appeared in one of two peripheral squares, one on the 

left and one on the right. Some trials were ‘foils’ in which instead of a cross, a plus sign was 

presented. Prior to the target stimulus being presented, half of the diamond would light up as 

a cue to which side the target was going to appear. This cue presentation was correct only 

80% of the time. There were three different sessions; one where the participants earned 

money for correct responses, one where the participants lost money for incorrect responses, 

and a neutral condition where money was neither won nor lost. Functional magnetic 

resonance imaging (fMRI) was used as a brain activity readout during the task. It was found 

that monetary incentives caused a significant improvement in trial performance, and that 

brain regions associated with top-down attentional processes, such as the medial prefrontal 

cortex, and the orbitofrontal cortex were recruited during these trials. These results indicate 

that motivational incentives can recruit top-down attentional processes (Small et al., 2005).  

1.1.4. How Attention and Motivation are affected in Schizophrenia 
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 As discussed above, both attention and motivation are important for various executive 

functions. They are also both aspects that impact individuals with schizophrenia (Barch, 

2005; Heinrichs & Zakanis, 1998). Deficits in sustained attention in individuals with 

schizophrenia are associated with further difficulties in social functioning, and everyday 

instrumental activities, which include shopping, taking medicine, and the managing of 

finances (Lin et al., 2018; Evens et al., 2003; Green, 1996). These deficits of sustained 

attention are also predictive of the functional outcomes of the individual, thus, making the 

understanding of such deficits crucial (Lin et al., 2018). 

 Liu et al. (2002) assessed control participants, and participants with schizophrenia on 

the Continuous Performance Test (CPT), which is a human measure of sustained attention. 

Control participants included individuals with major depressive disorder and bipolar disorder 

without psychotic symptoms and bipolar disorder with psychotic symptoms. Participants 

were assessed at both admission to inpatient treatment, and upon remission of symptoms and 

release from treatment. The CPT requires participants to identify when the target stimulus is 

presented on a screen. If a participant correctly identifies a stimulus, this is counted as a hit. 

Trials are interspersed with non-target stimuli that can lead to false alarm responses. It was 

found that participants exhibiting psychotic symptoms (participants with schizophrenia and 

bipolar disorder) performed worse upon admission to inpatient treatment than those not 

experiencing psychotic symptoms. However, upon remission of psychotic symptoms 

participants with bipolar disorder showed improved performance on the CPT, whereas 

participants with schizophrenia did not (Liu et al., 2002). This evidence shows that 

individuals with schizophrenia exhibit attentional deficits that are not psychosis-dependent, 

which is unlike other psychiatric disorders.  

 Motivational impairment is considered a core feature of the negative symptomology 

of schizophrenia, which can also produce cognitive deficits. As with sustained attention, 
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motivational impairment is closely linked to poor functional outcome, and so it is important 

to understand the nature and causes of motivational impairment to develop better treatment 

strategies (Medalia & Brekke, 2010).  

 Effort-Based Decision-Making tasks (EBDM) can be used in studies investigating 

schizophrenia to measure motivational impairments (Green et al., 2015). Barch et al. (2014) 

used an effort-expenditure for reward task to assess the degree to which individuals with 

schizophrenia were willing to exert increased effort for either larger magnitude rewards or for 

rewards that were more probable. Participants were asked to choose between a low-effort 

low-reward task and a high-effort high-reward task. The low-effort task required participants 

to make 30 button presses using their non-dominant pinkie finger in seven seconds or under. 

The high-effort task was similar, however, required 100 button presses in 21 seconds or 

under. There were also varying probabilities for the likelihood of being rewarded. On any 

given trial participants had either a 50% probability or 88% probability of being rewarded. It 

was found that participants with schizophrenia were significantly less likely to choose to 

complete the hard task than participants without schizophrenia, even when the likelihood of 

receiving a reward was high. Also, greater deficits in the allocation of effort were associated 

with worse negative symptoms, especially on the anhedonia scale (Barch et al., 2014). These 

results show that performance on EBDM tasks can be used as a measure of motivation and 

that individuals with schizophrenia are more likely to choose to low-effort activities in 

comparison to individuals without schizophrenia, which can be interpreted as indicating 

motivational deficits which is indicative of negative symptomology. 

1.2. The Nucleus Accumbens 

 

 The Nacc is a region that is considered a part of the basal ganglia and along with the 

olfactory tubercle forms the ventral striatum (Salgado & Kaplitt, 2015). It is found rostral to 
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the preoptic area of the hypothalamus (Morgenson & Swanson, 1983). The Nacc is divided 

into two further structures: the shell, and the core. These two substructures are differentiated 

in anatomy and function (Salgado & Kaplitt, 2015). The differences between the shell and the 

core are defined by various histochemical, electrophysiological, connectional, and cellular 

criteria, but are difficult to discern in gross anatomical studies (Neto et al., 2008; Mavridis & 

Boviatsis, 2011).  

 The Nacc receives projections from various areas within the brain. Dopaminergic 

afferents are received from the ventral tegmental area (VTA) and the substantia nigra 

(Mogenson et al., 1980; Salgado & Kaplitt, 2015), while glutamatergic afferents are received 

from the amygdala (Phillipson & Griffiths, 1985), hippocampus (DeFrance et al., 1985), 

thalamus (Berendse & Groenewgen, 1990), and PrL (Buchanan et al., 1994). Afferent 

projections to the Nacc also seem to differ slightly in terms of the shell versus the core. The 

core of the Nacc receives afferents mostly from regions such as the PrL, anterior agranular 

insula, anterior cingulate, and perirhinal cortices, while the shell receives afferents from 

regions such as the VTA, infralimbic, and posterior piriform cortices (Salgado & Kaplitt, 

2015).  

Figure 1.1: 

Location of the Nacc in human and rat brain. 

 

 

 

 

Note: adapted from Sokolowski and Corbin (2012). 
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Outputs from the Nacc project to areas of the brain that includes other areas of the 

basal ganglia, the ventral pallidum, the VTA, substantia nigra, and the reticular formation of 

the pons (Nauta et al., 1978; Swanson & Cowan, 1975; Heimer & Alheid, 1991; Salgado & 

Kaplitt, 2015). The outputs from the Nacc that project to the ventral pallidum then in turn 

projects to the dorsal thalamus, which in turn further projects to the prefrontal cortex. This 

forms the cortico-basal ganglia-thalamo-cortical loop, which is one of the major neural circuit 

loops in the brain (Haber et al., 2000; Alexander & Crutcher, 1990; Salgado & Kaplitt, 2015). 

These varying connections mean that the Nacc is implicated in a variety of high-level 

functions, such as motor control, learning and cognition, stress, feeding behaviour, addiction, 

emotion, and motivation (Kelley et al., 2000; Swanson, 2000; Belin et al., 2009; Salamone et 

al., 2005). 

1.2.1. Overview of Function 

 

As part of the ventral striatum, which is involved in functions such as mediating 

reward, cognition, reinforcement, and motivational salience, the Nacc is a key structure in 

mediating a number of cognitive processes. One such process is that, as the functional 

interface between the limbic and motor system, the Nacc helps mediate motivated 

locomotion, through its afferent projection from the limbic system and its efferent projections 

to the motor nuclei of the basal ganglia (Mogenson et al., 1980; Kelley et al., 1975). This 

involvement in motivated locomotion, or motivationally-directed behaviour, means that the 

Nacc is largely involved in processes especially relating to motivated behaviour such as 

conditioned place preference, avoidance learning, and other behaviours relating to biological 

drives such as feeding and sexual behaviours (Everitt et al., 1991; Wadenberg et al., 1990; 

Kelley et al., 2005; Everitt, 1990). It has also been shown that the Nacc has functions relating 

more specifically to motivation. Some examples include impulsivity, risk-taking behaviours, 

as well as incentive and reward (especially if the reward is unpredictable; Basar et al., 2010; 
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Kuhnen & Knutson, 2005; Rebec et al., 1997). It is apparent that the Nacc is heavily involved 

in the neural reward system, especially within the modulation of motivation and incentivised 

learning.  

 The shell and the core of the Nacc, while having some overlap in general function, are 

largely involved in differing functions relating to motivation (Salgato & Kaplitt, 2015). There 

is evidence to suggest that the shell of the Nacc, in particular the medial shell, mediates 

reinforcing properties of novel rewards (Parkinson et al., 1999), feeding (van der Plasse et al., 

2012), and drugs (Alderson et al., 2001). In comparison, the core seems to be more involved 

in mediating processes related to conditioned responses (Parkinson et al., 2000; Ito et al., 

2004; Hernandez et al., 2002), responses to motivational stimuli (Parkinson et al., 1999; 

Corbit et al., 2001), and impulsive choices (Cardinal & Cheung, 2005). The core may 

mediate these functions through connections with the PrL and the anterior cingulate via a 

corticostriatal circuit (Parkinson et al., 2000; Salgado & Kaplitt, 2015).  

 These differences in functions can be seen when the core and the shell of Nacc are 

lesioned separately (Di Chiara, 2002). When the core of the Nacc is lesioned, profound 

deficits can be seen in motivation-dependent behaviours such as the acquisition of drug 

seeking behaviour in response to drug-associated conditioned reinforcers (Di Chiara, 2002). 

In comparison, when the shell of the Nacc is lesioned, it fails to alter drug-seeking behaviour, 

but does produce hypoactivity, and potentiate ongoing instrumental responding in the 

presence of motivationally-significant stimuli (Di Chiara, 2002; Ito et al., 2004). Thus the 

shell of the Nacc is implicated in the control of reward- or drug-seeking behaviour by 

spatial/contextual information, and the Nacc core in the control over such behaviours by 

discrete cues, such as those used in operant conditioning (Ito & Hayen, 2011). 

1.2.2. Nucleus Accumbens Role in Motivation 
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Nacc dopamine (DA) is heavily implicated in motivational drive, and positive 

reinforcement (Ikemoto & Panksepp, 1999; Barch & Dowd, 2010; Salamone 1994). It was 

first thought that Nacc DA was involved with the “liking” aspect of reward, but the depletion 

of Nacc DA did not decrease liking (Barch & Dowd, 2010). In addition, administration of DA 

antagonists that lead to depletion of DA within the Nacc does not alter taste reactivity for 

sucrose in rodents (Salamone & Correa, 2002). The current opinion is that DA instead 

confers motivational salience. In other words, DA signals the perceived motivational 

prominence (i.e. the desirability or averseness) of an outcome, which in turn propels the 

organism’s behaviour toward or away from achieving that outcome (Ikemoto & Panksepp, 

1999; Salamone, 1994; Salamone & Correa, 2002).  

Figure 1.2: 

Motivational Salience. 

 

 

 

 

 

 

 

Note: According to incentive salience, incentive motivation can be broken into ‘liking’ and 

‘wanting.’ Depletion in Nacc DA can blunt some components of ‘wanting.’ Adapted from 

Salamone and Correa (2002). 
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Some studies investigating motivation, and specifically the role of the Nacc in 

motivation in animals, use a concurrent lever pressing/chow feeding procedure. In these 

tasks, rats can lever press to receive a preferred food reward, or can approach and consume a 

freely available less preferred food, such as lab chow (Cousins et al., 1993; Cousins & 

Salamone, 1994; Cousins et al., 1996; Salamone & Correa, 2002). This is analogous to the 

low-effort low-reward, high-effort high-reward studies used in humans to investigate 

motivational deficits. Under control conditions, subjects mainly work for the preferred 

reward, while only consuming a small amount of chow. Upon injections of DA antagonists 

into the Nacc, the same overall amount of food is consumed, however, lever pressing 

decreases, and consumption of chow increases (Cousins & Salamone, 1994; Cousins et al., 

1996; Salamone & Correa, 2002). Thus, depletion of DA in the Nacc does not generally 

impair directional aspects of food motivation (i.e. subjects are still motivated to acquire food) 

thus indicating that the suppression of lever pressing resulting from those depletions does not 

result from a loss of food motivation. Depletions of Nacc DA act on instrumental behaviour 

in a way that interacts strongly with task requirements. Rats with impairments in DA function 

remain directed towards the acquisition and consumption of food, however, they shift away 

from taxing activities such as lever pressing towards simple locomotion to, and the 

consumption of food. This suggests that the rats were less willing to expend effort to obtain a 

higher reward when there was another less rewarding option available. Thus, DA in the Nacc 

has an effect on instrumental behaviour in a way that interacts with the task requirements, and 

how motivationally directed behaviour is expressed.  

Another aspect that should be taken into consideration is the connectivity between the 

Nacc and the rest of the limbic and motor systems. This connectivity facilitates the influence 

of emotional and motivational systems on motor output. Several researchers have emphasised 

that Nacc DA is involved in various aspects of behavioural activation. It has been suggested 
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that accumbal DA may be particularly important for mediating the activating effects of 

conditioned stimuli that elicit and sustain instrumental behaviour in the absence of primary 

reinforcement. DA systems, particularly in the Nacc, are important for enabling animals to 

overcome the response procurement costs that separate them from significant stimuli such as 

food.  

 Activity in the Nacc has been observed during tasks that require motivationally 

directed behaviour such as operant paradigms. Neural processes, such as those involved in 

the modulation of motivation, display varying rhythmic oscillations in local field potentials 

(LFPs; Masimore et al., 2004), with different frequencies of the oscillations being associated 

with different cognitive processes (van Aerde et al., 2008). For example, theta frequency 

oscillations (4-12 Hz) have been associated with differential learning and memory functions 

(Fernandez-Lamo et al., 2016) whereas gamma frequency oscillations (30-80 Hz) have been 

associated with cognitive processing and working memory in both humans and animals (van 

Aerde et al., 2008). More specifically, gamma oscillations in the ventral striatum, of which 

includes the Nacc, are modulated by reward and choice points when rats are deciding which 

route to take to obtain a reward (Donnally et al., 2014).  

 Donnelly et al. (2014) investigated the LFP activity present in the Nacc during the 5-

CSRTT. Rats were implanted with LFP electrodes in the Nacc and then trained on the 

5CSRTT. Rats were presented with five nose-poke holes. Once a trial had been triggered, 

there was a delay before one of the nose-poke holes was illuminated with a cue light. A nose-

poke in the illuminated nose-poke hole was considered a correct trial, and a reward was 

received. If the outcome of the trial was incorrect, then a time-out period was triggered, in 

which a new trial was unable to be triggered. It was found that there were significant 

increases in the power of LFP recordings in both the theta and gamma frequency bands as the 

subjects acquired the task. Donnelly et al. (2014) argue that this increase in gamma 
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oscillations during the waiting period at the beginning of a trial could correspond to a 

representation of the potential reward that could be obtained by engaging in the trial. Thus, 

this could be considered to represent the motivational state of the animal, as they begin to 

acquire the task and learn to associate the waiting prior to the cue to the potential reward. 

While electrophysiological studies have shown that the Nacc is active during tasks 

that require motivationally directed behaviour, it is not completely certain if that activity is 

necessary for the accurate performance of those tasks. Lesion studies, such as that completed 

by Parkinson et al. (1999) offer a procedure where it is possible to investigate this. Parkinson 

et al. (1999) investigated the functions of the Nacc shell and core during a Pavlovian 

conditioning task. This was done by selectively lesioning either the Nacc shell or core of 

rodents. Prior to surgery, the subjects were trained on a Pavlovian Conditioned 

Reinforcement task, in which subjects were taught to associate the illumination of a cue light 

with limited-time access to sucrose water. It was found that animals with lesions in the Nacc 

core exhibited a reduced level of discriminated approach, meaning the rats approached the 

food hopper even when the cue was not illuminated, relative to shell- and sham-lesioned 

animals. These results indicate that lesions to the core of the Nacc impair discriminated 

approach behaviours to a Pavlovian-conditioned stimulus. This suggests that conditioned 

responses generated by the presentation of incentive stimuli depend on the integrity of the 

Nacc core. Thus, the Nacc core plays a key role in motivation (Parkinson et al., 1999). Other 

lesion studies that use instrumental conditioning show similar results to Parkinson et al. 

(1999; e.g. Balleine & Killcross, 1994). As instrumental learning and goal-directed behaviour 

are highly reliant on motivation (Mulder et al., 2003) these results further provide evidence 

for the Nacc playing a key role in motivation. 

1.3. The Prelimbic cortex 
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 The prefrontal cortex of a rat can be split into three functionally different areas; the 

medial, lateral, and orbital prefrontal cortices (mPFC, lPFC, and oPFC respectively; Öngür & 

Price, 2000). Within the rat brain, the mPFC can be further broken into anatomically and 

functionally distinct subregions; the infralimbic, the prelimbic, dorsal and ventral regions of 

the anterior cingulate (Öngür & Price, 2000). While the prefrontal region can vary 

considerably across species, there are enough similarities in positioning and the connections 

that can be observed in the medial prefrontal areas, particularly the ventral area, that indicate 

that these areas are comparable across species (Öngür & Price, 2000).  

The PrL in rats is analogous to Brodman Area 32 in humans (Room et al., 1985). It 

has been found to have dense connections with various brain regions including the limbic 

system, composed of the amygdala, thalamus, hypothalamus, and hippocampus, and others 

such as the ventral tegmental area (VTA), the olfactory system, and basal forebrain (Gabbott 

et al., 2005; Vertes, 2004).  

Figure 1.3: 

Location of the PrL in human and rat brain. 

 

 

 

 

 

 

Note: Adapted from Bicks et al. (2015). 
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1.3.1 Overview of Function 

 

The PrL is part of the ventral mPFC and is involved in cognitive and viceromotor 

processes (Au-Young et al., 1999; Buchanan et al., 1994; Ding et al., 2001; Vertes, 2004). 

The cognitive processes that involve the ventral mPFC include: working memory (Barker et 

al., 2007; Petrides, 2000), attention (Demeter et al., 2011; Kuo et al., 2014), decision-making 

(Zeeb et al., 2015), and goal-directed behaviour (Hok et al., 2005; Tran-Tu-Yen et al., 2009). 

Many of these functions are involved in processes that are needed for instrumental learning 

and operant behaviour (Sharpe & Killcross, 2015). These functions relate to the ability of an 

animal to respond adaptively to changing circumstances, exhibit instrumental responses that 

are reflective of the current value of the goal, switching between response strategy sets, the 

use of contextual cues to resolve response conflict, and a change in the degree of attention 

directed toward a stimulus based on how well it predicts a motivationally significant outcome 

(Sharpe & Killcross, 2015).  

As stated above, the mPFC is made up of various functional related subregions. When 

investigating the functions of the PrL, some studies treat both the infralimbic and the PrL as a 

single area, despite there being clear functional differences, while other studies describe them 

as different areas with differing functions (Vertes, 2004). For example, Delatour & Gisquet-

Verrier (2000) found that both the PrL and the infralimbic cortex are involved in 

informational processing during attentional processes and spatial memory. Further inspection 

finds that the infralimbic cortex is more involved in functions relating to essential bodily 

functions such as gastrointestinal motility, respiration, blood pressure, and heart rate (Hardy 

& Holmes, 1988; Hoover & Vertes, 2007) and the PrL is more involved with cognitive 

processes relating to attention spatial memory, and recognising positive emotional stimuli and 

perceptions and experience of emotion (Floresco et al., 1997; Ragozzino et al., 1999; Vidal-

Gonzalez et al., 2006; Barch & Dowd, 2010). Thus, the PrL seems to have a greater role in 
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the attentional processes involved in operant behaviour, and therefore, more involved in the 

interaction of attention and motivation. 

1.3.2. Prelimbic Role in Attention  

 

 The PrL has been found to play a significant role in the cognitive process of attention. 

Specifically, the PrL mediates attention during the learning process through its connections 

with the basal forebrain (Dalley et al., 2004; Resstel et al., 2006; Sarter et al., 2001; 

Zmarowski et al., 2007). It has also been suggested that through connections with the basal 

ganglia and the hippocampus, the PrL is involved in implementing memory-related activities 

(Fujisawa & Buzsaki, 2011). Furthermore, the PrL has been shown to have roles in the 

processing of sensory information related to emotional behaviour, such as working memories 

of sensory and motor activities, such as those exhibited during operant paradigms (Jurado-

Parras et al., 2012). It has been shown that when the PrL is lesioned it can cause disruptions 

in attentional processes which leads to further cognitive impairment, such as in working 

memory, cue detection, and retrieval of action-outcome impairments (Dalley et al., 2004; 

Granon et al., 2000; Williams et al., 1999).  

 As with the Nacc, electrophysiological studies have been completed to investigate 

brain activity in the PrL during various activities. Donnelly et al. (2014) stated that recorded 

LFP activity in the PrL seem to encode information relevant to waiting, future rewards and 

previous trial outcomes on various appetitive tasks. Fujisawa and Buzsaki (2011) recorded 

LFP activity in the PrL during an operant odour discrimination task. The presentation of a 

certain odour would indicate which arm a reward would be presented in a figure-of-eight 

maze. In comparison to a control, non-working memory task, there was significant power 

observed in the theta (4-12 Hz) and gamma (30-80 Hz) frequency bands in the PrL during the 

odour discrimination task. From this, it was concluded that the activity observed in the PrL 
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provided evidence for the idea that the PrL is involved in the orienting of goal-directed 

behaviour by integrating reward-related spatial and memory information, and that these 

actions require cognitive processes related to attention (Fujisawa & Buzsaki, 2011).  Thus, 

the PrL is active during operant paradigms, which typically involve attention and motivation 

processes, and with other evidence showing that the PrL is involved in attention, it can be 

inferred that activity in the PrL during these activities is related to attentional processes. 

However, the evidence is still equivocal whether activity in the PrL is necessary for the 

acquisition of these tasks, or the interaction between attentional processes and motivationally 

directed behaviour.  

 Kahn et al (2012) investigated the effect of lesioning the PrL on cognitive functions 

such as sustained attention and working memory maintenance. Rodents were lesioned 

bilaterally in the PrL and trained in a two-choice visual discrimination sustained attention 

task. Once rats acquired the task, variations of the task were tested. To assess sustained 

attention, cue duration was varied across trials, ranging from cue presentation lasting 10 

seconds to lasting only 0.1 seconds. When compared to sham-lesioned subjects, subjects with 

lesioned PrL showed decreased accuracy as cue length also decreased. The second variation 

of the task, to assay working memory, was that instead of the cue duration being varied, the 

delay between cue presentation and extension of the levers (the choice point) was varied.  It 

was found that as the delay increased, performance for both lesioned and control mice 

decreased, but there was no difference between groups. These data indicated that subjects 

with lesioned PrL had intact working memory maintenance, but impaired sustained attention 

when compared to the sham-lesion subjects. This and other similar studies (Muir, 1996; 

Chudasama & Muir, 2001; Passetti et al., 2002) show that the PrL plays a significant role in 

sustained attention (Kahn et al., 2012). 
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 Guillem et al. (2011) investigated the role of acetylcholine (ACh) in the PrL and how 

it affects attention. ACh was investigated as the release of ACh in the PrL is associated with 

attentional effort and cue detection. Knockout mice missing the β2 subunits of nicotinic 

A4B2 Ach receptors, and control mice were trained on the 5-CSRTT, a well-established test 

known to measure attention. As with Kahn et al. (2012) across sessions, the cue duration in 

the test was decreased down until cue duration was only one second. Subjects were then 

tested on this cue duration for 10 sessions. It was found that the knockout mice exhibited 

significantly more omissions than control subjects. However, on trials that knockout subjects 

did respond, accuracy was not affected. Next, they selectively reactivated ACh receptors in 

the PrL by gene therapy. It was shown that subjects performed significantly better on the 5-

CSRTT than prior to the reactivation. This provides evidence for the mPFC, specifically the 

PrL playing a key role in cue detection and attention (Guillem et al., 2011). 

 Corbit and Balleine (2003) specifically investigated the role of the PrL in instrumental 

conditioning. Previous studies had shown that the PrL had a role in working memory 

components of goal-directed actions, and it had been argued both that this could be due to the 

PrL being critical for the encoding of action-outcome association, and the PrL being involved 

in the retrieval and maintenance of the action-outcome association. Corbit and Balleine 

(2003) set up a series of paradigms to test whether the PrL was involved in either the 

encoding or retrieval of action-outcome associations. The first experiment compared rats with 

PrL lesions to control rats on a concurrent lever press task where one lever delivered food 

pellets and the other delivered sucrose solution. After the subjects were trained, they were 

then exposed to one of the rewards prior to the operant session, which was either an 

extinction or a reward session. It was found that when one of the rewards was devalued, in 

PrL lesioned rats, responding for both rewards decreased, whereas controls rats exhibited 

clear reward devaluation effects. This finding is consistent with the idea that the PrL in 



20 
 

involved in either the encoding or the retrieval of action-outcome association. For the second 

experiment, following the devaluation tests of the first experiment, subjects were retrained on 

the initial concurrent contingencies. Once the subjects were retrained, one of the rewards was 

changed to be delivered non-contingently (i.e. even if a response was not given). For 

experiment 2, it was found that control rats reduced responding for the rewards given non-

contingently. This is in contrast to the PrL subjects who increased responding for the reward 

that was given non-contingently. This data support the idea that the PrL is specifically 

involved in the retrieval of action-outcome associations (Corbit & Balleine, 2003), which is 

when a behavioural action is associated with a relevant outcome. Action-outcome 

associations are important for instrumental learning as it contributes to incentive salience, 

which in of itself is one of the main components of motivated behaviour. However, retrieval 

of action-outcome associations can be considered more of an attentional process as for 

retrieval of the association to occur, the anticipation of the action-outcome occurs, which in 

operant conditioning is signalled by cue presentation and detection, which requires attention 

(Gozli & Ansorge, 2016). 

 From the past literature, it has been shown that the PrL plays a major role in cognitive 

processes and facilitates behavioural flexibility. The PrL is significantly involved in sustained 

attention, and consequently behavioural tasks that require sustained attention. With the 

significant projections that exist between the PrL and the Nacc, which is heavily involved in 

motivation, there remains the question of how the two processes of attention and motivation 

interact in a behavioural task that requires both processes. 

1.4. Nucleus Accumbens Circuitry with Prelimbic Cortex, and involvement in 

Motivation and Attention 

As discussed above there are several lines of evidence that support the idea of there 

being an interaction between attention and motivation, and that this interaction is important to 
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maintain optimal cognitive and behavioural performance in challenging conditions. The 

interaction between attention and motivation maintains behavioural performance by 

improving ongoing performance, preserving goal representations, and regulating the 

relevant/irrelevant stimuli processing (Christakou et al., 2004; Daniel & Pollmann, 2010; 

Engelmann & Pessoa, 2007; Gruber et al., 2009; Pezze et al., 2007; Sabatinelli et al., 2007; 

Sarter et al., 2006; Savine & Braver, 2010).  

The PrL and Nacc are functionally related through multisynaptic neural loop circuits 

(Montaron et al., 1996; Vertes, 1988; Vertes, 2004). Both the Nacc shell and core receive 

projections from the PrL (Chiba et al., 2001). However, denser afferents from the PrL can be 

found in the core of the Nacc, in comparison to the shell of the Nacc (Montaron et al., 1996). 

Electrophysiological studies have found that when the PrL is stimulated, there is an excitatory 

response that can be observed in the Nacc (Montaron et al., 1996), suggesting that there is 

functional connection between these two areas. Other studies have shown task-related 

changes in gamma and theta frequencies in the PrL and Nacc in operant conditioning 

(Fujisawa & Buzsaki, 2011; Donnelly et al., 2014; Jurado-Parras et al., 2012). 

Fernandez-Lamo et al. (2016) recorded LFP power in various brain areas, including 

the Prl and the Nacc during an operant task. The subjects were first trained on ‘predictable’ 

sessions, where subjects were required to press a single lever to obtain a reward. Following 3 

predictable sessions, subjects underwent one unpredictable session. The unpredictable session 

was comprised of seven three minute blocks. On odd numbered blocks the lever the subjects 

had to press to obtain reward was always available (Type A trial). The even numbered blocks 

were randomly chosen to consist of either Type A trials, or Type B trials, where the lever was 

retracted before it could be pressed. It was observed that in both the PrL and the Nacc theta 

power were significantly increased on Type A than on Type B. No significant differences 

were found between the trial types for any other frequency band. However other studies have 
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shown increased gamma activity in both the PrL and Nacc during operant tasks (Donnelly et 

al., 2014; Hernandez & Cheer, 2012; Fujisawa & Buzsaki, 2011). While brain activity in 

these areas during these types of operant tasks suggests that the PrL and the Nacc are 

involved in the interaction of attention and motivation, without coherence data it is unclear if 

these two areas are bound by brain oscillations in a task-dependent manner. 

Spectral coherence provides an indication on the extent of covariation of ongoing 

activity between two brain areas. There is little data on the coherence between the PrL and 

Nacc. Hernandez-Gonzalez et al. (2017) created an operant paradigm with a brain-machine 

interface. To start a trial rats had to exhibit a certain pattern of activity in the PrL. This 

pattern of activity was characterised mainly by increased theta power, but also with some 

increase in gamma power. Across sessions, incidents of this pattern in the PrL increased, as 

the rats learned how to initiate trials. However, even though increases of activity in the PrL 

correlates with increases of activity in the Nacc (Montaron et al., 1996), no significant 

coherence was observed between the PrL and Nacc, except for in the high gamma (146-150 

Hz) frequency range. Gruber et al. (2009) did observe coherence between the PrL and Nacc 

during an operant task within the theta frequency band. However, this was observed during 

the period of time when the rat was pressing the lever. This is noteworthy because, in general, 

analysis LFP recordings are taken prior to the subject responding as it is customary to assign 

neural activities such as LFPs occurring just prior to the action to reflect underlying 

constructs. This suggests that neural activity when pressing the lever may be associated with 

collecting the reward. However, this also means that any analysis of coherence between the 

PrL and Nacc prior to the lever press will not show any significant power levels. 

Another brain structure that is important in the interaction of attention and motivation 

is the basal forebrain (Sarter et al., 2001). The basal forebrain, and its cholinergic projection 

plays a large role in the activation of top-down processes and therefore, the mediation of 
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sustained attention. Selective lesions of basal forebrain corticopetal cholinergic projections 

produce significant impairments in sustained attention and overall performance on tasks that 

rely on this process such as the 5-CSRTT (Sarter et al., 2001). As discussed above, PrL 

neurons are engaged in multiple aspects of sustained attention (such as response and reward 

rate). Baseline level of spontaneous activity of neurons in the PrL increases when a visual 

distractor is present during behavioural performance that requires sustained attention. Due to 

glutamatergic projections from the PrL to the basal forebrain, this increase in activity 

contributes to the activation of basal forebrain corticopetal projections. Thus, this prefrontal-

basal forebrain-cortex circuit represents a component of the PFC controlled top-down 

attentional process. This circuit can then bias the subject towards specific attentional 

demands at hand (e.g. operant task; Sarter et al., 2001).  

The basal forebrain also receives afferent projections from the Nacc (Sarter et al., 

2001). These afferent projections provide information about the behavioural significance of 

stimuli based on previous experience, motivation, and behavioural context. This information 

is integrated at the basal forebrain with the converging input from the prefrontal cortex that, 

as discussed above, recruits basal forebrain corticopetal projections as a component of the 

top-down regulation of neuronal systems mediating attentional performance (Sarter et al., 

2001).  

The ventral striatum has long been considered an interface between the PrL and motor 

response to stimuli (Haber et al., 1995). This suggests that there is an interaction between the 

functions of these two regions to then result in the motor response necessary to elicit a reward 

(Haber & Knutson, 2009). The orbitofrontal cortex, which is associated with learning in 

reinforcement contexts (Rolls, 2004), also has efferent projections to the Nacc core, meaning 

that the Nacc core has afferent projections both from the orbitofrontal cortex and the PrL 

(Haber et al., 1995). The OFC is involved in the representation of reward. This is shown by 
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its involvement in value-based decision-making (Ward et al., 2015b). The OFC is not 

involved in encoding value, but more involved in making choices that require information 

about the value of the available outcomes. Due to this, information about the outcomes must 

be continuously updated so that it can be used to guide behaviour to reach those outcomes 

(Ward et al. 2015b). Thus, the Nacc must integrate information on reward outcomes provided 

by the OFC, and information on cue and distraction detection, and action-outcome 

associations provided by the PrL, to then determine incentive salience.  

1.5. Current Study 

 

 The principal aim of the current study was to investigate the role of the Nacc and the 

PrL in the interaction of attention and motivation. Deficits in these cognitive processes are 

common in a number of psychiatric diseases such as schizophrenia (Barch & Dowd, 2010) 

and the severity of these deficits are often a predictor of functional outcomes and quality of 

life (Bowie & Harvey, 2006). There is also evidence that motivational deficits, in particular, 

can interact with or even exacerbate cognitive impairments (Barch, 2005). While both 

motivation and attention have both been extensively investigated individually, the specific 

functional neurocircuitry by which motivation impacts attention has not been widely studied 

and remains poorly understood. It is important that this interaction is comprehended as 

understanding the neurocircuitry of such interaction will provide key insight to how it goes 

awry in diseases such as schizophrenia.  

 The current study uses a similar method of combining the SPSA task with 

electrophysiological techniques to that of previous studies (Bates et al., 2018; Hall-McMaster 

et al., 2017; Tashakori-Sabzevar & Ward, 2018; Ward et al., 2015a; Ward et al., 2015b). The 

task used is a SPSA task. It requires rats to sustain visual attention to identify when one of 

two lever cues are being presented but also has a memory component with the signalled 
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probability of reward. The probability of reward is signalled at the beginning of the trial, by 

the main house light of the operant box being either on or off. Once this has been signalled 

the cue is presented over one of the levers. The rat must pick the correct lever to be rewarded, 

however when the house light is off, the probability of being rewarded even given a correct 

response is only 0.1. This task was developed using the five-choice serial reaction time task 

(Robbins, 2002; Ward et al., 2015a).  

 The SPSA task used in the current study was developed by Ward et al. (2015a) and 

was done by modifying the prefrontal-dependent visual-discrimination task used in past 

studies such as Kahn et al. (2012). The SPSA task is similar to other visual discrimination 

lever press operant tasks where subjects are required to detect one of two cue signals, and 

then press the correct lever for a reward (Ward, 2015a). There is also an added element of 

signalled probability. If the house light of the operant chamber is on during the trial, the 

probability of reward given a correct response is 1, whereas if the house light is off, the 

probability of reward given a correct response is only 0.1. This signalled probability aspect 

allows for the measurement of the impact motivation has on sustained attention.   

 Combining this SPSA task with electrophysiological techniques will allow for the 

determination of the nature of any interactions between the Nacc and the PrL during 

motivationally-modulated attention. Local field potential electrodes were stereotaxically 

implanted into the target areas. Subjects were then trained on the SPSA task, and neural 

activity was recorded during these sessions. Behavioural performance, such as accuracy on 

both high- and low-probability trials, latency to respond, and omissions were also recorded. It 

is predicted that signalling the probability of reward will enhance the accuracy of attention 

and that during the acquisition of the task, power levels within the PrL and Nacc will increase 

for high-probability trials, more than for low-probability trials. The same is predicted for 

coherence levels between the PrL and Nacc, 
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2. Method 

 

2.1. Subjects 

 

 Subjects were eight male Long-Evans rats acquired from the Hercus Taieri Resource 

Unit, Dunedin, New Zealand. Each subject was housed one to three per home cage in a 

temperature-controlled room, set to keep a 12-hour light-dark cycle. Subjects were kept at 80-

90% of their free-feeding weight, as so to ensure motivation during experimental sessions. 

Food deprivation began once subjects reached 90 days of age. Water was available ad 

libitum. Animals were aged 90 days when surgeries occurred. All experimental procedures 

were approved by the Animal Ethics Committee at the University of Otago (Protocol number 

19/36). 

2.2. Apparatus 

 

2.2.1. Operant Boxes 

 For initial lever press and single-cue single-lever training (see below) sessions were 

conducted in 10 Med Associate operant boxes. Internal dimensions of the operant boxes were 

30.5 length x 24.1 width x 21 height cm. Walls consisted of clear plastic, with two levers and 

a food hopper along one wall, and the floor of the box was a wire rack made up of rods 

placed 1.6 cm apart along the entire box. The food hopper was centrally located and used to 

deliver food pellets when a correct response was given. The food hopper was illuminated 

when the dipper delivered a reward, and the entry of the subjects’ head was detected by a 

photocell beam. A five cm long lever on either side of the hopper was placed 7.5 cm up off 

the wire rack floor, and 16 cm apart from each other. Three cue lights were located 4 cm 

above each lever, each a different colour (red, yellow, and green). Each chamber was located 

in a light and sound attenuating cabinet equipped with an exhaust fan which also masked 
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back-ground noise. MedPC interfacing equipment and software (Version IV Fairfax, VT) 

installed on a PC computer controlled and recorded these sessions. 

Figure 2.1: 

MedPC Operant Box 

 

 

 

 

 

Note: Picture of the experimental behaviour Med-Associates operant chamber.  

Figure 2.2: 

Custom built operant box 

 

 

 

 

 

 

Note: Picture of the custom-built Arduino controlled operant box. 
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Once LFP recordings began during choice training, a single custom-built operant box 

was used. This custom-built chamber had internal dimensions of 24.5 length x 24.5 width x 

23.0 height cm. It was controlled through an Arduino (LLC, Somerville, MA) 

microcontroller. The grid floor, ceiling, walls, and waste pan were constructed of stainless 

steel while the hinged door was made from clear plastic. The operant chamber was equipped 

with two levers situated under cue lights, a house light, and a sipper. A fixed reward of 0.5 

mL of 2:1 water to condensed milk mixture was delivered through the sipper tube. The 

delivery procedure was controlled by a custom-built peristaltic pump (Adafruit, New York, 

NY) which was placed outside of the chamber to reduce noise and interference during the 

recording. A sipper tube was used to deliver reward and was flanked by a nose-poke feeder 

door, which was activated when the rats placed their head in the feeder hole. The chamber 

was placed in a light and sound attenuating cabinet. The holes on the top of the chamber and 

the external cabinet allowed us to attach the cable through which electrophysiology signals 

were passed to connect to the rat’s head and did not impede the rat’s movement. All 

experimental procedures were controlled and recorded using a dedicated computer running 

the dacqUSB multichannel recording system (Axona Ltd.). 

Although both apparatuses were very similar, upon first introduction subjects needed 

to become acclimatised to the differences in the custom box (smaller box, different room etc) 

and head plug connection circumstances. Other accommodations had to be made in the new 

box such as the levers remaining extended the entire session to reduce electrical noise during 

the recording procedure.  

2.2.2. Electrodes 

A custom-built electrode was used for local field potential recordings. Each implanted 

electrode consisted of a ground, a reference, and two LFP wires. The tip of the LFP 
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electrodes were cut freshly before implantation. LFP electrodes are soldered to gold plated 

pins (Fine Science Tools, Inc.) and connected with the acquisition system’s headstage 

through a connector. The reference electrode was directly soldered onto a stainless steel 

screw implanted over the right cerebellum, and the ground electrode was also directly 

soldered to a stainless steel screw implanted over the target area. Wires led to a nine pin 

connector that was fastened to the rat’s skull. 

Figure 2.3: 

Diagram of custom-built electrode. 

 

C= Nacc LFP electrode 
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2.2.3. LFP Recordings 

For the headstage component in the custom operant box the dacqUSB multichannel 

recording system (DacqUSB; Axona, Ltd.) was used for the LFP recordings. This recording 

system consisted of two main components: the pre-amplifier (preamp/ADC), and the system 

unit. The analogue neural signals were digitised within the pre-amplifier unit at 48 kHz 

sampling rate, 24 kHz anti-aliasing lowpass filter. The digital signal processing, audio 

amplification, and communication with the PC were handled within the system unit. The 

DacqUSB system communicated with a PC running windows (64 bit) via a USB 2.0. The 

acquisition system settings such as references, gains, filters, and spike thresholds were 

controlled by the PC which ran DacqUSB software. LFPs of the target areas were collected 

through a lowpass filter (Chebyshev, 0.1 dB, 500 Hz cut-off) with a 50 Hz notch filter. Key 

events such as trial initiation, high and low probability by state of the house light, cue light 

presentations, lever pressing and reward delivery were timestamped by inputs from the 

Arduino microcontroller that monitored the chamber and that was connected to the digital 

port of the dacqUSB system. For removal of common noise, for example, mechanical 

movement noise from chewing hard material and from the masseter muscle, LFP electrode 

activity were subtracted from a reference electrode which was located over the right 

cerebellum.  

2.3. Procedure 

 

2.3.1. Surgery  

Subjects underwent stereotaxic surgery for electrode implantation. A custom-built 

electrode was used for local field potential recording. Each implanted electrode group 

consisted of a ground, a reference, and two LFP wires. Electrodes were implanted into the 

areas of the PrL and the Nacc during stereotaxic surgery under aseptic conditions and 
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conducted in accordance with animal care guidelines. Rats were anaesthetised using 

isoflurane (5% induction, 2-3% maintenance), and then placed onto a stereotaxic surgical 

frame. Flat skull coordinates relative to bregma were used to locate the appropriate brain 

areas. Coordinates A/P +1.68, M/L +2.0, and D/V -6.5 from the dura were used to locate the 

Nacc, and coordinates A/P +3.0, M/L +0.8, and D/V -3.0 from the dura were used to locate 

the PrL. The LFP electrodes were grounded by soldering a reference electrode to a screw 

implanted over the right cerebellum. Eight stainless steel screws were placed into the rats’ 

skull in holes drilled into the skull. Wires were led to a 9-pin connector that was fastened to 

the rats’ skull with screws and acrylic dental cement.  

Figure 2.4: 

Location of electrodes, holding, ground and reference screws. 

 

 

 

 

 

 

 

 

Note: The red dots illustrate LFP placement. The black dots illustrate the holding screws. The 

orange triangle is the reference screw and the blue triangle the ground screw. Adapted from 

Ferry et al. (2014) 
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Subjects were monitored and underwent post-surgery care for at least three days post-

surgery. Post-surgery care included subjects being housed individually for at least 3 days, 

daily monitoring of weight, water intake, and daily administration of oral Carprieve 

(Carprofen, 1/8 of 20 mg tablet) for up to three days after surgery for analgesia. Subjects 

were given one-week recovery time with ad libitum access to food and water. After a week 

subjects were moved to normal, single cages and food deprivation was reintroduced. 

Behavioural training commenced once 80-90% of free-feeding weight was reached again.  

2.3.2. Behavioural training  

 

 Reward exposure. Subjects underwent two sessions of reward training. Subjects 

were exposed to small amounts of diluted (2:1 water to milk) condensed milk that would be 

used as reward during experimental sessions while in their home cage.  

 Dipper training. Once subjects had been sufficiently exposed to the reward, they 

were then acclimatised to the MedPC operant boxes. Subjects first underwent dipper training, 

in which the dipper would be delivered 60 times during a session for the subjects to access. 

Subjects were trained on this level until they were retrieving 80% of the available rewards 

(48 retrievals). Two of the rats needed supplementary overnight trainings to reach this 

criterion. 

 Lever press training. During this section of training rats were taught to press the 

levers in the operant box under a continuous reinforcement schedule (CRF). During these 

trials, levers were extended for ten seconds. Levers were then retracted, the dipper was raised 

to the food hopper for five seconds. If the lever was pressed, this would also cause the dipper 

to be raised, and an inter-trial interval (ITI) would be triggered (mean duration =30s). Each 

session consisted of 30 of left lever- and 30 of right lever-trials, which were presented 

pseudo-randomly, making up a total of 60 trials. This ensured no more than four consecutive 
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presentations of the same trial type. Training on CRF continued until rats responded 50 times 

out of 60 trials. This took five subjects eight sessions, with three subjects needing two 

additional sessions where the delivery of reward was made contingent upon pressing the 

lever. 

 Single cue-single lever training. During these sessions, trials would begin with the 

presentation of a cue light. The cue light above either the left or the right lever would be 

illuminated for 10 seconds. One second after the cue was terminated the correct lever was 

extended for ten seconds. If a response in the form of a lever press was made, a reward was 

delivered to the food hopper. If no response was made, the trial ended, and a new trial began 

with an ITI. This required subjects to sustain attention to the stimulus arrays to detect 

illumination of the cue light. Sessions lasted for 68 trials. Subjects received three sessions of 

this procedure. The first session only presented the right cue/lever, the second session only 

presented the left cue/lever, and the third session consisted of 50% right and 50% left 

cue/lever presentations. By the third sessions all rats pressed on at least 80% of the trials. 

 Choice training. For this procedure a percentage of the trials consisted of single cue-

single lever trials as described above, and the rest consisted of choice trials. During choice 

trials the cue light was illuminated for 5 seconds, and then both levers were presented for 10 

seconds. Subjects were trained with 50% choice trials for two sessions, two sessions with 

75%, and two sessions with 100% choice trials. During this training phase, incorrect 

responses initiated a correction procedure, in which the trial was repeated with the same cue 

location until it was completed correctly. Next, seven 100% choice trial sessions occurred, 

this time with the correction procedure removed. The cue duration was then gradually 

decreased from five seconds to one second over the course of six sessions. Once all the 

subjects were responding at 95% accuracy they were moved from the MedPC operant boxes 

to a custom built operant box for the final SPSA training sessions. Upon introduction to the 
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new box, subjects’ performance dropped. They were retrained from single-cue single lever 

training stage until they got used to the new chamber, head plug connection and responded 

correctly to the training procedures. This took on average seven sessions for right-lever only 

single-cue single-lever, seven sessions for left-lever only single-cue single-lever, and 12 

choice training sessions. During this process one subject removed the head plug, and two 

subjects failed to acclimatise to the custom chamber, meaning only five subjects moved on to 

the next stage. 

Figure 2.5: 

Schematic of SPSA task 

 

 

 

 

 

 

 

 

 

 

Note: Adapted from Ward et al. (2015a). 
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SPSA training. This phase of the experiment was conducted the same as the 100% 

choice trial sessions, however, the probability of reward for a correct response was 

manipulated (1.0 or 0.1). This was signalled by the house light being turned on or off during 

the ITI. Rats received an equal number of high and low probability trials presented with the 

constraint that no more than four trials of the same type could be presented in a row. Mean 

ITI was reduced from 45s to 20s, and number of trials was decreased to 36 to minimise 

distraction factors such as playing with the head stage and cord, or the sipper tube. Local field 

potentials were recorded from the Nacc and PrL target areas during these sessions. There was 

the intention to complete 20 sessions at this stage, however with disruptions caused by the 

covid-19 Level 4 lockdown only 17 sessions were completed. During the lockdown period 

one of the subjects went into respiratory distress and so was deemed to be at humane 

endpoint and was euthanized. Histology was unable to be collected, so this subject’s data has 

been removed from the data analysis. 

2.3.3. Histology 

 

 Once the experiment had been concluded, subjects underwent perfusion, in 

accordance with the current AUP. Subjects were deeply anaesthetised using isoflurane. Then 

subjects were transcardially perfused with 300 mL of 0.9% saline solution, followed by 300 

mL of 4% paraformaldehyde (PFA) in saline. The LFP electrodes were carefully removed, 

and the brain extracted from the subjects’ skull. The brains were soaked in PFA for at least 24 

hours, and then further soaked in a 30% sucrose solution with PBS for cryoprotection. Once 

the brains had sunk to the bottom of the container with sucrose solution, they were then 

mounted on a cryostat (Lecia CM1950) and frozen for slicing. Coronal slices were cut at a 60 

µm thick and mounted on a gelatine treated slide. The slides then underwent staining with 

thionine acetate (Santa Cruz Bioltechnology, Inc.) and dried for at least 24 hours. A digital 

microscope was used to verify electrode placements under low power (1.5x). 
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2.3.4. Data Analysis 

 

 All of the current data was analysed within-subjects. Custom MATLAB R2019a 

scripts were used to extract the behavioural and electrophysiological data and ordered based 

on digital inputs and timestamps for each event. Behavioural data that was acquired included 

proportion of correct responses, proportion of incorrect responses, and proportion of 

omissions for both high- and low-probability trials for all sessions. Once extracted the data 

was analysed using repeated measures ANOVAs with post hoc comparisons carried out with 

Bonferonni corrections in IBM SPSS. 

 For the electrophysiological data the custom script unwrapped chamber events and the 

EEG recordings, which included mean power spectrum for each LFP electrode, and 

coherence between the two LFPs for correct responses for both high- and low-probability 

trials for all sessions. Power ranging from 4-80 Hz was recorded, and mean power was 

calculated for three frequency bands (theta 4-12 Hz, beta 15-30 Hz, and gamma 30-80 Hz). 

The distribution of power for each frequency band was examined using a fine tune window. 

The window was set for the one second prior to cue presentation. This temporal window 

allows for the analysis of correlations in the temporal character of fast oscillations between 

PrL and Nacc. Data was processed to generate coherograms and spectrograms across the 4-80 

Hz range.  

 Mean power and coherence was analysed for all frequency bands using repeated 

measures ANOVAs with post hoc comparisons carried out with Bonferonni corrections in 

IBM SPSS. Figures were made of the behavioural and electrophysiological data using 

GraphPad Prism Software (Version 6, Inc.). 
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3. Results 

 

3.1 Histology and electrode site verification 

 

 Unilateral LFP activity was recorded in five rats during the acquisition of the SPSA 

paradigm. To confirm electrode placement coronal slices of the subjects’ brains were stained 

with thionine and then examined under a low power (1.5x) digital microscope (Leica 

Biosystems, LLC).  

 Schematics showing electrode placement for the PrL can be seen in Figure 3.1 and 

Nacc can be seen in Figure 3.2. The evaluation of electrode placement was based on the 

placement of the electrode tip, which was identified under the microscope. 

Figure 3.1  

Electrode placements for the PrL 

 

  

 

 

 

 

 

 

Note: Schematic of coronal slices showing the electrode location in the PrL, as shown by the 

red dots, for all subjects. 
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Figure 3.2 

 

Electrode placement for the Nacc 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Note: Schematic of coronal slices showing the electrode location in the Nacc, as shown by 

the red dots, for all subjects. 

3.2 Attention is modulated by signalled-reward probability 

 

 To begin analysis, three blocks of trials were defined. The initial block is comprised 

of the first three sessions, the middle block is comprised of the middle three sessions, and the 

final block is comprised of the final three sessions. Figure 3.3 shows the mean proportion of 

correct trials for each block, as a function of trial probability. On average subjects were more 

accurate on high probability trials than low probability trials. It can be seen that over time the 

difference between the proportion of accurate trials on high probability and low probability 

gets larger, with the final block showing the largest difference. 
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 A repeated measures ANOVA was conducted with training block (initial, middle, and 

final) x trial probability (high and low) as within-subjects factors. There was a significant 

main effect of probability (F(1,1) = 42.049; p = 0.003), but no significant effect of block 

(F(1,2) = 0.703; p = 0.523) or interaction between block and probability (F(1,2) = 0.007; p = 

0.293). This shows that on average the subjects were able to discriminate between high 

probability trials and low probability trials. 

 Post hoc comparison showed a significant difference in mean accuracy on high and 

low probability trials on the final block (t(4) = 5.396; p = 0.006), but not for the initial 

training block (t(4) = 1.597; p = 0.186) or the middle training block (t(4) = 1.999; p = 0.116). 

This shows that subjects were not able to significantly discriminate between high probability 

trials and low probability trials at the beginning of training sessions, but were by the end of 

the training period.  

 To estimate motivation and learning progress, interaction of number of omissions 

(trials where subjects did not respond) during task block (initial, middle, and final) was also 

tested by a repeated measures ANOVA. There was a significant main effect of block (F(1,2) 

= 7.823; p = 0.013) and interaction between block and trial probability (F(1,2) = 5.479; p = 

0.032), but no significant main effect of probability (F(1,1) = 3.138; p = 0.151). This shows 

that as training progresses, the number of omissions on high probability trials is significantly 

different to the number of omissions on low probability trials. 

 Post hoc comparisons for mean omission proportion showed a significant difference 

between high and low probability trials on the final training block (t(4) = -3.025; p = 0.039), 

but not on the initial training block (t(4) = -0.344; p = 0.748) or the middle training block 

(t(4) = 0.244; p = 0.819). These data, along with Figure 3.3, show that number of omissions 

did not significantly differ according to trial probability for the initial training block, but by 
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the final training block subjects were making more omissions on low probability trials than 

high probability trials. 

Figure 3.3:  

Proportion of responses during the SPSA task during the initial, middle, and final training 

block for high and low probability trials. 

(A)                                                                                   (B) 

 

 

 

 

Note: (A) Proportion of correct responses. (B) Proportion of omission responses. N = 5. 

*p<0.05, **p<0.01 
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3.3 Comparison of the mean power spectrum of Nucleus Accumbens and Prelimbic 

Cortex 

 

Figure 3.4: 

Example of LFP traces from one trial in the Nacc and the PrL areas on the initial and final 

SPSA training sessions. 

 

 

 

 

 

 

 

 

 

 

 

Note: (A) LFP recording from Nacc in initial training session. (B) LFP recording from PrL in 

initial training session. (C) LFP recording from Nacc in final training session. (D) LFP 

recording in final training session. Blue vertical line represents cue presentation. X-axis spans 

one second of activity. 

(A) 

 

 

(B) 

 

 

 

 

 

(C) 

 

 

 

(D) 
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 As with the behavioural data, the EEG data was analysed at three different time 

points. The initial, middle, and final sessions, rather than blocks, were analysed.  Figure 3.5 

shows the mean theta power level (4-12 Hz) in the PrL and Nac. Figure 3.6 shows the mean 

beta power level (5-30 Hz) in the PrL and Nacc, and Figure 3.7 shows the mean gamma 

power level (30-80 Hz) in the PrL and Nacc. Each frequency band follows a different pattern, 

with the mean levels for theta power on the final session being lower than that of the initial 

session, in comparison to the mean levels for gamma power on the final session being greater 

than that of the initial session. However, it can be seen that on average, mean power levels in 

the PrL and Nacc for all frequency bands is greater on high probability trials than low 

probability trials. To examine the relationship between activity in the target brain regions 

during the SPSA task, repeated measures ANOVAs were completed.  

For mean power in the theta frequency band (4-12 Hz) in the PrL, a repeated 

measures ANOVA comparing training session (initial, middle, and final) x trial probability 

(high and low). The ANOVA showed a significant effect of probability (F(1,1) = 8.407; p = 

0.044), but no significant effect of session (F(1,2) = 0.607; p = 0.568) or interaction between 

training session and probability (F(1,2) = 1.472; p = 0.285). For the theta frequency band in 

the Nacc, no significant effects were found (session F(1,2) = 2.536; p = 0.140; probability 

F(1,1) = 2.696; p = 0.176; session x probability F(1,2) = 0.509; p = 0.619). These data show 

that mean power in the theta frequency band of the prefrontal cortex differed significantly on 

high probability trials to low probability trials.  

Post hoc analyses found no significant differences in the mean power in the theta 

frequency band in the PrL between high and low probability trials on the initial training 

session (t(4) = 1.770; p = 0.151) or the final training session (t(4) = -1.73; p = 0.871). There 

were also no significant differences between the first and last training sessions for high 

probability trials (t(4) = 0.441; p = 0.682) or low probability trials (t(4) = -0.676; p = 0.536). 
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Post hoc analyses found no significant differences in the mean power of the Nacc in the theta 

frequency band between high and low probability trials on the initial training session (t(4) = 

1.452; p = 0.220) or the final training session (t(4) = 1.066; p = 0.346). Similarly no 

significant difference was found in the mean power of the Nacc in the theta frequency band 

between the first and last training sessions on high probability trials (t(4) = 0.570; p = 0.599) 

or low probability trials (t(4) = -0.030; p = 0.978).  

Figure 3.5: 

Mean theta power of the PrL and Nacc (mean ± SEM). 

 

 

 

 

 

Note: (A) Mean power within the theta frequency band in the PrL. (B) Mean power within 

the theta frequency band in the Nacc. 

 

 

 

 

 

(A) (B) 
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For mean power in the beta frequency band (5-30 Hz) in the PrL, a repeated measures 

ANOVA was also completed comparing training session x trial probability. No significant 

effects were found (session F(1,2) = 0.462; p = 0.646; probability F(1,1) = 5.760; p = 0.074; 

session x probability F(1,2) = 0.567; p = 0.588). There was also no significant effects found 

for the beta frequency band in the Nacc (session F(1,2) = 1.272; p = 0.331; probability F(1,1) 

= 1.395; p = 0.303; session x probability F(1,2) = 1.410; p = 0.299). 

Post hoc analyses were completed to compare the mean power in the PrL in the beta 

frequency band between high and low probability trials on the first and last training sessions, 

and between the first and last training sessions for high and low probability trials. No 

significant differences were found (all ps>0.05). The same post hoc analyses were completed 

for mean power in the beta frequency band for the Nacc. These also showed no significant 

differences (all ps>0.05).  

Figure 3.6: 

Mean beta power in the PrL and Nacc (mean ± SEM). 

 

 

 

 

 

Note: (A) Mean Power within the beta frequency band in the PrL. (B) Mean power within the 

beta frequency band in the Nacc. 

(A) (B) 
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For mean power in the gamma frequency band (30-80 Hz) in the PrL, another 

repeated measures ANOVA was completed, comparing training session x trial probability. 

Significant main effects for training session (F(1,2) = 18.107; p = 0.001) and trial probability 

(F(1,1) = 17.151; p = 0.014) were found, but no significant interaction of training block and 

trial probability (F(1,2) = 1.165; p = 0.360) was found. The same analysis was completed for 

the mean power of the Nacc. A significant main effect of trial probability (F(1,1) = 8.053; p = 

0.012) was found, but no other significant effects were found (ps > 0.05). These data show 

that mean power within the gamma frequency band in the PrL differed significantly in the 

first session versus the last session, and also for high probability trials when compared to low 

probability trials. It also shows that mean power in the gamma frequency band of the Nacc 

differed significantly for high probability trials when compared to low probability trials.  

Post hoc analyses were completed to test the mean power in the gamma frequency 

band in the PrL. Comparisons were made between high and low probability trials, however 

no significant differences were found for the initial training session (t(4) = 1.117; p = 0.327) 

or the last training session (t(4) = 2.359; p = 0.078). Comparisons were also made between 

the first and last training sessions, and significant differences were found for high probability 

trials (t(4) = -3.764; p = 0.020) and for low probability trials (t(4) = -4.380; p = 0.012). The 

same analyses were done for mean power in the gamma frequency band in the Nacc, however 

no significant differences were found (all ps>0.05).  

 

 

 

 

 



46 
 

Figure 3.7: 

Mean gamma power in the PrL and the Nacc (mean ± SEM).  

 

 

 

 

 

Note: (A) Mean power within the gamma frequency band in the PrL. (B) Mean power within 

the gamma band in the Nacc. 

3.4. Coherence between the PrL and Nacc 

 

 The level of coherence between the PrL and Nacc was also measured. Coherence 

across high and low-probability trials was measured during the training of the SPSA task. As 

with the previous procedures data from the first, middle and last training days was analysed. 

Coherogram plots were calculated via multi-taper spectrograms in a one-second reading 

window, and the spectral power of the target areas was analysed across all frequency bands. 

The Coherograms for high and low probability trials on the first and last training sessions for 

each rat were compared (see Figure 3.8 for example). As seen in Figure 3.8, coherence 

between the PrL and Nacc for high and low probability trials for the first training session was 

very similar. On day seventeen the coherence between PrL-Nacc on high and low probability 

trials was still very similar, however it has visually increased for both high and low 

probability trials. In the example given, the increase in coherence that can be seen is mostly 

within the gamma frequency band (30-80 Hz), and this is consistent across all subjects.  

(A) 
(B) 
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Figure 3.8:  

Example of power and LFP Coherence heat mapped onto high and low reward probability 

trials for the PrL and Nacc (from Rat 3) on day 1 and day 17. 

Note: X-axis shows 1 second recording window prior to cue presentation. Y-axis shows 

frequency (Hz). Z-axis shows the power of coherence between two areas. (A) Coherence 

between PrL-Nacc on high probability trials on day 1. (B) Coherence between PrL-Nacc on 

low probability trials on day 1. (C) Coherence between PrL-Nacc on high probability trials on 

day 17. (D) Coherence between PrL-Nacc on low probability trials on day 17. 

Analysis on coherence between the Nacc and the PrL was also completed. Repeated 

measures ANOVAs were completed for each of the frequency bands, comparing correct 

responses on high probability versus low probability trials on the first, middle, and final 
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training sessions. There were no significant effects for the theta frequency bands (session 

F(1,2) = 0.503; p = 0.623, probability F(1,1) = 2.037; p = 0.227, and session x probability 

F(1,2) = 0.072; p = 0.931). For the beta frequency band, there were also no significant effects 

(session F(1,2) = 4.249; p = 0.055, probability F(1,1) = 1.157; p = 0.343, session x 

probability F(1,2) = 0.113; p = 0.895). There were also no significant effects found within the 

gamma frequency band (session F(1,2) = 3.786; p = 0.070, probability F(1,1) = 0.410; p = 

0.557, session x probability F(1,2) = 1.446; p = 0.291).  

Figure 3.9: 

Mean coherence between PrL-Nacc (mean power) during the SPSA task (mean ± SEM). 

(A)                                                  (B)                                            (C) 

 

 

 

 

 

Note: (A) Coherence between PrL-Nacc in the Theta frequency band (4-12 Hz). (B) 

Coherence between PrL-Nacc in the beta frequency band (15-30 Hz). (C) Coherence between 

the PrL-Nacc in the gamma frequency band (30-80 Hz). N = 5. 
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4.0 Discussion 

 

 In the current study, a Signalled Probability-Sustained Attention task was used to 

assay the interaction between attention and motivation. The probability of being rewarded on 

each trial was signalled by the house light being on or off. If the house light was on, the 

probability of being rewarded was 1.0, whereas if the house light was off the probability of 

being rewarded was 0.1 (counterbalanced across rats). The rest of the task consisted of a two-

lever operant task, where a cue light being illuminated signalled the correct lever for the 

subject to press. During the SPSA procedure, LFP recordings of the PrL and Nacc were taken 

during the acquisition sessions of the task. The LFP activity from the implanted areas on the 

initial, middle, and final sessions were analysed to understand how brain oscillation power of 

the target areas changed as a function of learning. It was hypothesised that the acquisition of 

the SPSA would correspond with activity in and communication between the PrL and Nacc.  

 The current study was able to show that the rats were able to discriminate between 

high and low probability reward trials by the end of training. These results suggest that 

subjects were able to discriminate between high and low probability trials enough to produce 

a higher accuracy proportion on the high-probability trials by the final training block in 

comparison to the initial training block. Also, a higher omission proportion on low 

probability trials than high probability trials on the final training block than the initial training 

block. These behavioural differences for high and low probability trials are consistent with 

previous studies that have used the SPSA task (Ward et al., 2015a; Ward et al., 2015b; Hall-

McMaster et al., 2017; Bates et al., 2018; Tashakori-Sabzevar & Ward, 2018). This 

discrimination shows that by signalling the probability of reward for a certain trial changed 

the likelihood of how a subject was going to respond. Thus, the behavioural data suggest that 

on high probability trials subjects were more motivated to respond in the first place, and more 

likely to sustain attention to be able to respond correctly. These results confirm that signalling 
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the probability of reward for attending to discriminative cues impacted not only the 

motivation to respond (rats responded more on trials with a higher reward probability), but 

also led to greater attentional effort on high reward-probability trials. 

A significant difference between high and low probability trials was also seen in the 

power in the gamma frequency band for both the Nacc and the PrL. On top of this, in the PrL 

there was a significant difference in gamma power between the first and last sessions for both 

high and low probability trials. There was also a significant difference between high and low 

probability trials for theta power in the PrL. Although the difference between high and low 

probability trials for theta power for the Nacc was not significant, the data for theta power in 

the Nacc suggest a similar pattern across days as that power in the PrL (Figures 3.5 and 3.6), 

that decreased during the middle block in comparison to the initial block, and then increased 

again moving to the final block. This is opposite to what can be seen in the gamma frequency 

band in both target areas, where power increases in the middle block, and then decreases 

again in the final block in the PrL and the data suggest a similar pattern of power in the Nacc.  

 This pattern of theta and gamma power fluctuations is consistent with results from 

past research, particularly within the PrL. Fernandez-Lamo et al. (2016) found that in trials 

that subjects were able to complete (Type A trials) the PrL elicited higher theta power than on 

trials where the lever was retracted before the subject could complete responding (Type B 

trials). In fact, theta power decreased over the entire theta band frequency range (4-12 Hz) for 

Type B trials than Type A trials. Fujisawa and Buzsaki (2011) also found an increase in theta 

power within the PrL as rodents acquired an operant conditioning task based on odour 

discrimination. Activity within the theta band has been shown to correlate with various 

learning and memory functions (Fernandez-Lamo et al., 2016), such as memory encoding 

(Summerfield & Mangels, 2005), memory recall (Sato & Yamaguchi, 2007), and the tagging 

of reward predicting activity for subsequent memory encoding, where events that eventuate 
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in reward are ‘tagged’ as such and so encoded as relating to reward (Benchenane et al., 

2010). It has also been shown that LFP oscillations in the PrL correlate with the encoding of 

waiting during tasks, future reward outcomes, and previous trial outcomes in appetitive 

operant tasks (Donnelly et al., 2014). Further, in humans, EEG oscillations recorded in the 

theta band from the prefrontal area correlates with working memory performance during 

attention tasks (Fujisawa & Buzsaki, 2011). Fujisawa and Buzsaki (2011) also found that the 

increase in theta band power was phase coupled with a significant increase in the gamma 

power during their working memory task. These past studies show that there are increases in 

power in the theta and gamma frequency bands in the PrL during various operant tasks. These 

results are consistent with the current results which also showed power increases in those 

frequency bands in the PrL. Further, the current results add to previous findings as they 

indicate that the increase in theta and gamma power is dependent on reward probability, as 

the increase in power was only seen on high probability trials. By the final session, subjects 

were able to discriminate between high and low probability trials, which suggests that high 

probability trials were more motivationally salient. Because increased theta and gamma 

power was only observed during high probability trials, this suggests that this increase is 

linked to the motivational salience of the trial.   

Donnelly et al. (2014) measured LFP oscillations specifically during the 5CSRTT and 

found that gamma activity increased in the PrL during the period of time after the trial had 

started but prior to cue presentation (wait-start time). This wait-start time is similar to the 

time period prior to cue presentation in the current study, which is the point in time where the 

LFP recordings were analysed. These sorts of high-frequency oscillations within the gamma 

band are linked to cognitive processing and working memory in humans and animals (van 

Aerde et al., 2008). The increased gamma power in the PrL on high probability trials could be 

due to the greater attentional effort the subjects used during those trials. The subjects are 
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paying more attention to the stimulus array during high probability trials so that they can 

detect the upcoming cue.  

Past literature has linked gamma increases in the PrL to acetylcholine release during 

cue detection (Howe et al., 2017). Howe et al. (2017) trained subjects on an operant task 

where illumination of the house light for a short period of time signalled the availability of a 

reward. Cue detection was measured by reward retrieval: a detected cue was if the subject 

retrieved the reward, whereas an undetected cue was if the subject failed to retrieve the 

reward. It was found that cue detection evoked ACh release and that this ACh release was 

associated with increased power within the gamma frequency band (Howe et a., 2017). It was 

also observed that the increase in gamma power was modulated by cue-evoked increases in 

theta power. This increase in theta and gamma power was sustained for several seconds 

following the onset of the detected cue. Acetylcholine release in the PrL is potentially due to 

activation of the basal forebrain during cue detection. The basal forebrain has dense 

cholinergic projections to the PrL that are active during cue detection (Tashakori-Sabzevar & 

Ward, 2018) which suggests that activation in the basal forebrain during cue detection (after 

the illumination of the house light in the current study) leads to ACh release in the PrL, which 

then gives rise to increased theta and gamma power related to cue detection and the greater 

attentional effort that detection elicits.  

 The significant effect of trial probability on the power of gamma band oscillations 

within the Nacc present in the current data is also consistent with past research. Donnelly et 

al. (2014) found that as well as being increased in the PrL, gamma power was also increased 

during the wait-start time of the 5CSRTT within the Nacc. It is argued by Donnelly et al., 

(2014) that neurons in the ventral striatum, specifically in the Nacc, is are activated by reward 

and at choice-points where rats must decide how to obtain the reward. Thus, transient 

increases in gamma power at the initiation of waiting could represent the potential reward 
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that could be obtained by engaging in the trial. The current study found increased gamma 

power in the Nacc on high probability trials when compared to low probability trials during 

the one second prior to cue presentation. This one second window, while prior to cue 

presentation, was during the signalled probability portion of the trial. This is relevant as this 

is analogous to Donnelly et al. (2014) study, as the time of analysis in the current study 

would occur during the ‘choice-point’ of the trial, where the subject is essentially deciding 

whether or not to respond, and if so, how to respond. For a high probability trial, once the rat 

notices the house light is on, it makes a decision if the trial is worth the effort of responding, 

and if it is, then the decision that must be made is which lever to press. The increased power 

during the high probability is consistent with this idea, as these are the trials that the subjects 

were more likely to respond on (omission rate on low probability trials were higher than on 

high probability trials), and so on high probability trials the subjects are potentially engaging 

in more decision-making about how to respond on the trial.  

 One aspect of our results that is not consistent with prior studies is that during operant 

paradigms, increases in theta activity are also observed within the Nacc. The current study 

found no significant effects of the SPSA task on theta activity in the Nacc. In contrast, 

Fernandez-Lamo et al. (2016) found an increase in theta band activity in the Nacc for Type A 

trials. A significant decrease of theta power was associated with Type B trials. A similar 

pattern of activity was also observed by Donnelly et al. (2014). It was found that theta 

activity increased during the wait-start time of the 5CSRTT. Interestingly, however, this 

association was heavily moderated by the outcome of the prior trial. Theta power was 

significantly increased following trials that resulted in an error in comparison to when the 

prior trial resulted in a reward (Donnelly et al., 2014). The result of the previous trial was not 

something that was analysed in the current study, as the analyses were focussed on responses 

to the current trial. Because the outcome of the current triasl is not necessarily correlated to 
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prior trial outcome, any pattern similar to Donnelly et al. (2014) would not be replicated as 

power levels may have been averaged, resulting in no increases being seen. Further analysis 

of the current data that includes analysis of theta power in relation to prior trial outcome may 

corroborate results reported in Donnelley et al. (2014). If this would be the case, then this 

suggests that increases in theta power in the Nacc is more closely related to prior trial 

outcome, than the outcome of the upcoming trial, providing an explanation to why the current 

study did not find significant increases in theta power in the Nacc. 

 An increase in coherence between the two target areas can be used as an indicator of 

increased functional communication between the two areas. When comparing coherograms, 

which are visual representations of coherence over time, on high probability trials and low 

probability trials on the initial and final session of the SPSA task, an increase in coherence 

can be seen between 40-50 Hz, which is in the gamma frequency band. However, further 

analysis of this increase showed that it was not a significant change.   

 While significant neural connections between the PrL and Nacc have been found 

(Montaron et al., 1996; Vertes, 1988; Vertes, 2004), there has not been much investigation 

into the coherence between the two brain areas. Hernandez-Gonzalez et al. (2017) found that 

there was limited coherence between the PrL and Nacc, with coherence values for the 4-80 

Hz frequency range ranging from 0.06-0.37 during an operant task. Rats were connected to a 

brain-machine interface, and conditioned to produce a specific theta band pattern in the PrL 

to initiate a new trial. Coherence was measured during the production of the specific theta 

pattern in the PrL. However, a significant level of coherence was reached for a narrow band 

range in the high-gamma range between 146-150 Hz. These oscillation frequencies were not 

analysed in the current study, so the current data cannot test for this. It has also been found 

that, although stimulation of the Nacc increases overall power in the PrL, especially within 
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the theta frequency band, coherence between the two areas did not increase (Ewing & Grace, 

2013). 

There is also the possibility that the PrL and the Nacc communicate through other 

brain regions. Past literature using this same SPSA task has already confirmed the 

involvement of structures such as the basal forebrain (Tashakori-Sabzevar & Ward, 2018) 

and the OFC (Ward et al., 2015b), and both of these regions have connections to both the PrL 

and the Nacc. Both the PrL and Nacc have significant connections to the VTA (Chang et al., 

2000). The PrL has efferent projections to the VTA, and the Nacc receives some afferent 

projections from the VTA. Past research has also shown that during operant paradigms with 

signalled motivationally salient cues, such as the 5CSRTT, there is significant coherence 

between the PrL and the VTA, especially within the gamma frequency band (Fujisama & 

Buzsaki, 2011). This suggests that gamma coherence between these structures was 

significantly high, indicating activity in the PrL and VTA are synchronised during short 

timescales in a behaviourally dependent manner. Stimulation of the PrL elicits a release of 

dopamine in the Nacc as a result of activation of VTA dopaminergic neurons which project to 

the Nacc (Chang et al., 2000). Other studies show that in the presence of motivationally 

significant stimuli, coherence between the Nacc and the VTA also increases. Reakkamnuan et 

al. (2017) found that after rats had been injected with morphine, which is highly rewarding, 

coherence between the Nacc and the VTA increased, however, this same increase was not 

seen after subjects had been injected with saline, showing that circuit between the Nacc and 

the VTA is active during manipulations that are motivationally salient (Reakkamnuan et al., 

2017). This provides evidence for the argument that during tasks that require an interaction 

between attention and motivation, such as the SPSA task, communication between the PrL 

and the Nacc occurs via a pathway with the VTA. This would explain why little coherence 

was found between the PrL and the Nacc in the current study. It would also account for past 
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literature that has shown that stimulation in the PrL leads to increased activity in the Nacc 

(Montaron et al., 1996, Ewing & Grace, 2013). A way to confirm this would be to replicate 

the current study, while also measuring LFP activity from the VTA.  

4.1 Limitations 

 

 Originally the current study was meant to run for 20 sessions of the full SPSA task 

with EEG recording, as this was found by previous studies to allow the most amount of time 

for the subjects to fully learn the task. In the current study four subjects completed 17 

sessions, and the other subject completed 13 sessions. However, due to the COVID-19 

lockdown, the running of sessions was interrupted. As it is best for rodents to be tested every 

day for consistent learning to take place, it was decided to halt data collection early, as it 

would have required retraining the subjects on the SPSA paradigm, which may have further 

interfered with the acquisition of the task, and EEG recordings. Other studies that have used 

the SPSA task have all gone for 20 days or longer, and the lack of completion in the current 

project may have resulted in some effects not being prominent enough to be detected, such as 

increased theta power in the Nacc, making the current results inconsistent with past research. 

 Another limitation to be aware of is the interpretation of LFP activity. While it is 

generally assumed that LFP electrodes are recoding locally, this is not always the case 

(Herreras, 2016). For many brain areas, much of the activity that is recorded by LFP 

electrodes actually is generated from remote sites, as activity from the local generators where 

the electrode is implanted can be much more subtle and weak (Herreras, 2016), especially in 

terms of low-frequency oscillations in the theta band (Meyer et al., 2018). Further, in most 

cases of LFP recordings, the proportion of activity that comes from remote and local sites 

cannot be determined at a single recording point (Herreras, 2016). And so, while LFP activity 

is interpreted as activity of the area it is implanted in, that may not be the case. However, LFP 
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activity does reflect the flow of information across neural networks (Herreras, 2016), and the 

rhythmic oscillations produced by neural processes that are picked up from LFP do correlate 

with single cell recordings (Anderson et al., 2004). 

4.2 Main findings and Clinical Significance 

 

 In summary, the main findings of this thesis have elucidated the role of the PrL in the 

recruitment of cognitive effort in response to reward-related cues. Our findings show that PrL 

neurons increased theta and gamma power during a time point in the SPSA task that requires 

high attentional effort, and that this activity increased more over task acquisition for high 

probability trials than low probability trials. Theta and gamma power changes in the PrL in 

high reward probability trials have been shown to have a role in learning and memory 

functions, and cognitive processing and working memory respectively. Past literature has 

shown that the PrL is involved in mediating attentional processes (Dalley et al., 2004) and 

cue detection (Howe et al., 2017). These past results, along with the current data suggest that 

attentional performance is mediated by the PrL, and that this attentional performance is 

dependent on the presence of motivationally salient information. This is because the increases 

in power were only seen on high probability trials, which were more motivationally salient 

for the subjects than the low probability trials  

The current data also found significant levels of gamma activity in the Nacc during 

high probability trials when compared to low probability trials. As mentioned above, gamma 

activity has been associated with cognitive processing and working memory. Past literature 

has shown that activity in the Nacc is associated with the signalling of motivational 

prominence (i.e. desirability or averseness) of an outcome (Ikemoto & Panksepp, 1999), and 

motivationally-directed behaviour (Salamone & Correa, 2002). The current results are 

consistent with past findings investigating the activity of the Nacc during operant tasks, and 
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so provide support that the Nacc is involved in motivational aspects of operant behaviour. 

This is further reinforced by the fact the increases in gamma power was only seen on high 

probability reward trials, as this would have been the points in time during the session that 

had the most motivational salience.   

 The current results support previous literature and suggest that the PrL and the Nacc 

are involved in attention and motivation respectively. However, the current study did not find 

any significant increases in coherence between these two areas, and so whether or not these 

areas are involved in the interaction of attention and motivation remains unclear. It is possible 

that the PrL and the Nacc are involved in the interaction of attention and motivation, and the 

interaction between the two areas is mediated by another brain area, such as the basal 

forebrain or OFC, which have also been shown to be involved in the performance of the 

SPSA task used in the current study (Tashakori-Sabzevar & Ward, 2018; Ward et al., 2015b). 

There is also the possibility that this interaction is mediated by the VTA, as this region 

receives projections from the PrL and projects to the Nacc and has also been shown to be 

active during operant tasks. 

 Many things we do in daily life require the coordinated functioning of motivation and 

cognition. In line with this, impairments in these areas produce severe difficulties in 

functioning and quality of life. Deficits in both motivation and attention are symptomatic of a 

number of psychiatric diseases, such as schizophrenia, and the severity of these impairments 

is a significant predictor of functional outcomes, In addition, there is some evidence that 

motivational impairments could interact with or exacerbate cognitive and functional 

impairments in patients. In the current study, the results indicate the PrL activity is involved 

in the dynamic modulation of cognitive processing in response to motivationally salient 

environmental cues. 
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4.3. Future Directions 

 

 The current study has observed results that have uncovered neural correlates that are 

active during a task that assays the interaction between attention and motivation. However, 

further research is needed to fully elucidate their roles in this interaction. One such direction 

would be to silence the neurons in either of these areas and investigate the impact that this 

has on the behavioural performance on the SPSA task. This can be done by using the 

Designer Receptor Exclusively Activated by Designer Drug (DREADD) technique. 

Combining the use of the DREADD technique with the SPSA task has been used previously 

to determine the role of basal forebrain and OFC neurons in the SPSA task (Tashakori-

Sabzevar & Ward, 2018; Ward et al., 2015b). While the present data suggests that the PrL 

and Nacc are active during the modulation of attention and motivation, the current data 

cannot provide insight into whether or not this activity is necessary for the acquisition of the 

SPSA task. Thus, by silencing the neurons in this area, it would allow for the determination 

as to whether or not the brain activity observed in the current study is required. As the PrL 

and Nacc are functionally connected to other areas that are known to play a role in the 

interaction between attention and motivation, such as the basal forebrain and OFC (Gabbot et 

al., 2005; Tashakori-Sabzevar & Ward, 2018; Haber et al., 1995), and evidence that shows 

that the PrL is involved in novelty detection, the generation of newly adapted behaviours, and 

the organisation of behavioural actions in the time domain (Fernandez-Lamo et al., 2016; 

Jurado-Parras et al., 2012) it would be interesting to investigate the exact role of this area in 

the integration of motivationally significant stimuli with the cognitive processes required for 

sustained attention. 

 Another direction that could prove to be insightful would be to further investigate the 

nature of coherence between the PrL and the Nacc. While no significant increase in 

coherence was found in the current study, there is evidence to suggest that there is a coherent 
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relationship between the PrL and Nacc in the high gamma frequency band (Hernandez-

Gonzalez et al., 2017), which was not measured in the current study. It would be interesting 

to determine whether the lack of coherence seen in the current study is simply due to the fact 

that high frequency oscillations were not measured, or if the coherence seen in Hernandez-

Gonzalez et al. (2017) is not present during the acquisition of the SPSA task. Once the 

existence of coherence is determined, it would then be interesting to investigate the 

directionality of the communication between the PrL and the Nacc. 
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