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Abstract

Beneficial decision making does not just involve selecting which action to make based on
anticipated future reward but also being able to withhold responding at appropriate times.
Mesolimbic dopamine is associated with both reward processing and the activation of
reward seeking action. Yet an understanding of how phasic dopamine signals may influence
reward guided action, and how extended circuits may act in concert with dopamine when
action must be controlled, remains lacking. To probe these questions, we applied different
causal manipulations within a common behavioural paradigm — a reward-guided Go/No-Go
task —where animals must either restrain or enact action to obtain different sizes of reward.
In Chapter 3 we demonstrate that transient activation of VTA dopamine neurons can
promote action over inaction, in a manner dependent on the magnitude of activation and
its timing relative to task relevant cues. Though effects on behaviour were observed most
strongly on trials receiving stimulation, we also found stimulation influenced within-session
behavioural strategy, biasing animals towards premature action as the session progressed.
In Chapter 4, we show that the ability to successfully restrain action depends on prelimbic
and infralimbic, but not the medial orbital, subregions of the medial prefrontal cortex.
However, while pharmacological inactivation of prelimbic and infralimbic cortex both
increased premature responses on No-Go trials, analysis of the patterns of errors showed
distinct contributions of these areas to action restraint. Conversely all three subregions are
shown to be crucial for executing the correct action sequence for reward. In Chapter 5 we
determined that potentiating endocannabinoid signalling did not boost motivation as had
been observed in simpler behavioural paradigms, but rather selectively increased the
likelihood of entering into an unfocused state when needing to complete the Go trial action
sequence to gain reward. Together, this thesis demonstrates the capacity for phasic
dopamine signals to causally influence reward guided action, and highlights how medial
prefrontal circuits and the endocannabinoid system contribute to the initiation and restraint
of action, key information for progressing towards an integrated understanding of the
systems governing appropriate action control.
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1. General Introduction

This thesis aims to investigate processes underlying
appropriate control of action, with a particular focus on
mesolimbic dopamine and complementary circuits and
neurotransmitters. In this introduction, we will first discuss
theories of dopaminergic function that relate to reward
guided action, before examining two particular systems that
may regulate both aspects of action and mesolimbic
dopamine: the medial prefrontal cortices and the

endocannabinoid system.



1.1 — An introduction to reward guided action

Why do anything? — a question pondered by countless philosophers and angst-ridden
teenagers. For most biological organisms, the answer lies in maximising outcomes that are
likely to promote the success of the individual or species, such food and sex, while
minimizing those that have an opposing effect. In addition to being advantageous to
personal and collective survival, these kinds of outcomes are often reinforcing, making the
pattern of behaviour that led to their obtainment more likely to be repeated, as well as
tending to induce subjective feelings of pleasure. These positive experiences are often
referred to as ‘rewarding’ and behaviour organised by actual or potential rewards termed
‘reward guided’. The category of reward is often expanded to include any stimuli, such as
drugs of abuse or rewarding brain stimulations, which are mediated by the same
underlying neural circuity and effect the same changes in behaviour as their naturally

occurring counterparts (lkemoto & Bonci, 2014).

While the term ‘reward’ is often employed, the effects of rewards on behaviour are not a
singular entity, but rather reflect the collective properties of many components. Rewards
can induce a motivational drive, which is distinct from the hedonic ‘pleasure’ of
anticipating or consuming a reward, both psychologically and in terms of the underlying
neural circuitry. In addition to effects on moment-by-moment behaviour, rewarding
outcomes can influence future behaviour as organisms learn the value of different states
and actions — and this process may also be psychologically and biologically separable from
both motivation and pleasure (Berridge et al., 2009; Cogliati Dezza et al., 2022; lkemoto,
2010; Scholl et al., 2015). The influence of natural rewards on behaviour is therefore

multifaceted.



Reward-guided behaviour is by nature a multi-step process (Rangel et al., 2008). First,
information relating to the availability of possible rewards arising from the environmental
context and cues must be processed. Second, the value of those rewards and the costs of
obtaining them must be calculated according to factors such as the internal state of the
agent — a stale sandwich is not very valuable when sated but might be rather more
attractive when starving. Finally, a pattern of behaviour, or action, must be selected with
goal of obtaining available rewards, and finally executed. Following the execution of
reward guided behaviour, the outcome of the action is evaluated, and learning from these
outcomes updates the processes of valuation and action selection in order to optimize

future behaviour.

While reducing these processes to a schematic gives the illusion of simplicity, in reality
dissecting reward guided behaviour presents a complex problem. The identity and
probability of rewards, as well as their subjective value according to the current internal
state, can vary greatly. Actions are how organisms interact with their environment to
obtain potential rewards, and the term ‘action’ can refer to anything from the complete
pattern of motor behaviour used to achieve an outcome or a single movement component

produced by an individual muscle contraction to progress towards that goal.

As with rewards, action requirements too can differ depending on the current state of the
world. Cues and contextual information often signal which action strategy would be best
implemented under the current conditions. For example, something in the environment
that looks like reward, or smells like a reward, can often elicit simple actions such as

approach and consumption (known as Pavlovian responses).
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Figure 1. Basic stages in reward-guided behaviour. Adapted from Rangel et al 2008.

However, there are many situations where simple Pavlovian approach behaviour is not the
most optimal. For example, a predator that immediately engages in pursuit as soon as prey
is detected may miss out on the vital hunting advantage that a stealthy approach may
provide. For prey animals, sighting a predator may indicate that potential costs of
approaching a currently available reward far outweigh the benefits. Even in the absence of
predation risk, pursuing reward can involve paying time and effort costs. Sometimes
restraining from approaching a reward in the present may mean being able to take
advantage of richer rewarding opportunities in the future. Such situations potentially

generate conflict between the simple approach behaviour governed by Pavlovian systems,



and instrumental responses, where actions can be performed to cause a desired outcome.
Such situations of conflict require engagement of instrumental control to regulate
appropriate responding (Dayan et al., 2006; Dickinson, 1980; Gershman et al., 2021;

Mackintosh, 1983).

On a moment-by-moment basis, the behavioural output of reward-guided decision
processes can be defined as either action initiation or action restraint. Initiation is the
expression of motor behaviour to obtain reward. However, behavioural output can be
shaped by different processes. For example, reward-associated cues can elicit Pavlovian
approach behaviours, which can be considered as pre-specified responses to
environmental stimuli such as rewards (e.g., approach response, as outlined above). There
are then instrumental responses, which can extend from a single operant response to
complex sequences that chain many actions together. Instrumental responses can be
executed under the control of different systems. Goal-directed instrumental action
selection chooses a behavioural strategy in order to achieve a particular outcome. Habitual
behaviour, on the other hand, selects actions not with a particular result in mind, but rather
because repeated experience has shown that executing a particular action after a
particular environmental stimuli is advantageous. As such, goal directed action selection is
rapidly sensitive to changes in outcome, whether or not the desired aim was achieved or
whether internal needs have changed, while actions selected under habitual control tend
to be more reflexive in nature, but highly efficient in stable environments. Both failing to
act swiftly, or failing to act with the appropriate goal in mind, can lead to missed
opportunities, meaning these systems of action selection and initiation must be balanced

according to environmental demands (Dayan 2006).



Alternatively, in some situations the drive to emit action must be withheld, delayed or
cancelled in order obtain greater rewarding outcomes. Just as the reasons for inhibiting
action can be many and varied, such as to avoid danger or meet instrumental action
requirements, so can the underlying psychological processes. The taxonomy of inhibitory
control as proposed by Bari and Robbins (2013) distinguishes between the restraint,
postponement and cancellation of action as separable forms of response inhibition (Figure
2). For example, the process of action cancellation requires ongoing action to be arrested.
Conversely action postponement describes the ability to withhold from acting while
waiting, and action restraint is defined as the inhibition of planned responding under
certain conditions. These process are thought be subserved by different neural circuits
(Bari & Robbins, 2013; Dalley & Roiser, 2012), and can interact with the systems that
promote action initiation in complex ways. Should the ability to withhold action

misfunction, organisms may gain less reward overall or even expose themselves to danger.

Optimal control of action therefore must be situationally appropriate, using available
information to determine the best action strategy (whether making or withholding action)
within the current state. This process likely involves the interaction of many systems that
carry sensory information about rewards, that can compute the values of possible actions,
and that index motor circuits to shape behaviour. A full dissection of the neural circuits
that contribute to the appropriate utilisation of initiation and restraint is beyond the scope
of this thesis. Instead, as will be described in sections below, discussion will focus on
midbrain dopamine, which is well placed to shape reward guided action, before expanding

to other relevant systems that might interact and regulate dopamine release.
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Figure 2. Taxonomy of behavioural inhibition proposed by Bari and Robbins (2013). Components of
behavioural inhibition that involve action (response inhibition) highlighted in red. (Adapted from
Bari and Robbins, 2013)

1.2 - Anatomy and physiology of the midbrain dopamine system

The application of immunohistochemical techniques in the 1960s first defined the
localisation of dopamine cell bodies in the midbrain to three nuclei, the Ventral Tegmental
Area (A10, VTA), Substantia Nigra pars compacta (A9, SNc), and the retrorubral field (A8)
(Dahlstrom, 1964; German & Manaye, 1993). The projections of these nuclei are organised
into three major pathways. In rodents, the nigrostriatal pathway contains afferents arising
from the SNc and terminating in the dorsomedial and dorsolateral regions of the striatum.
Dopaminergic cells located in the more medial VTA instead largely innervate the more
ventral and medial portion of the striatum, also known as the nucleus accumbens (NAc).
These projections contribute to the mesolimbic pathway, which also sends afferents to
other limbic structures including the amygdala and parts of the hippocampus. The VTA also

sends a more diffuse projection throughout several regions of the cortex, thought to be



composed of a population of neurons largely separable from those targeting the striatum
(Margolis et al., 2006). These dopamine neurons form the mesocortical pathway and

innervate the entorhinal, prefrontal and anterior cingulate cortex in particular.

The striatal-projecting dopamine neurons of the VTA/SNc complex form the densest
dopaminergic projections. These pathways have been the most widely studied and have
been implicated in both movement control and reward processing. For these reasons
further discussions of dopamine circuitry, physiology and function will focus on these

subpopulations of dopaminergic neurons.
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Figure 3: Midbrain dopamine system

Dopamine neurons in the midbrain are located within three nuclei, the substantia nigra pars
compacta (SNc), the ventral tegmental area (VTA) and the retrourbal field. Axons of midbrain
dopamine neurons form three main pathways, the mesolimbic pathway, the mesocortical pathway
and the nigrostriatal pathway. NAc = Nucleus accumbens, PFC = prefrontal cortex, DLS =
dorsolateral striatum, DMS = dorsomedial striatum.




The striatum is the main nexus of input to the basal ganglia, an interconnected network of
nuclei thought to contribute to many functions including motor learning and movement
control. The striatum itself is delineated into ventral and dorsal portions according to cell
distribution and patterns of anatomical connectivity (Voorn et al., 2004) and receives
distributed input across areas of motor, sensory and associative cortex as well as the

thalamus (Bolam et al., 2000; Doig et al., 2010; Smith et al., 2004)

The majority of neurons within the striatum are spiny projection neurons (SPNs), long
range GABAergic projection neurons (Gerfen & Surmeier, 2011). Dopamine release within
the striatum can modulate excitability of SPNs to either facilitate or suppress activity via
action at dopamine receptors. Dopamine receptors are a group of G-protein coupled
receptors and can be divided into two subfamilies: D1-like receptors (D1R, D5R) and D2-
like receptors (D2R, D3R, D4R). D1-like receptors stimulate the G-proteins Gas/or, Which
boosts production of cyclic AMP (cAMP) and activates protein kinase A (PKA) (Beaulieu &
Gainetdinov, 2011) resulting in a series of events that heighten the receptivity of the
neuron to glutamatergic input. D2-like receptors are instead coupled to Gai, proteins,
which inhibit cAMP and limit activation of PKA (Beaulieu & Gainetdinov, 2011), making the
intracellular signalling cascades induced by the two sub-families of dopamine receptors

diametrically opposed.

Midbrain dopamine neurons are usually described as having two modes of activity, which
are posited to contribute to different functions and have distinct effects upon D1-like and
D2-like receptors (Grace, 1991; Grace et al., 2007). Dopamine neurons fire at a steady
‘pacemaker’ rate of 2-10Hz, providing a baseline supply of dopamine to afferent structures.

This mode of firing has been termed tonic, and tonic levels of dopamine have been



suggested to play a role in in calculations of reward rate and motivational state (Niv et al.,
2007; Ostlund et al., 2011) (though note there are debates about the relative contribution
of tonic dopamine firing to tonic dopamine levels in terminal regions in the striatum: e.g .,
Owesson-White et al., 2012). Ligand sensitivity differs between the dopamine receptor
subfamily, with D2-like receptors having greater affinity than D1-like receptors. For this
reason, it has been classically thought that the D2-like and D1-like families are better
positioned to track smaller and greater changes in dopamine concentration respectively,
though recent studies have suggested this may not be a strict functional division (Yapo et

al., 2017).

In addition to changes in baseline tonic firing rate, dopamine cells exhibit short periods of
elevated firing. These phasic ‘bursts’ induce rapid increases in dopamine concentration in
downstream regions such as the NAc (Sombers et al., 2009) and are thought to be linked
to behaviourally relevant events including salient cues and actions (Bromberg-Martin et
al., 2010; Coddington & Dudman, 2019; Schultz, 2019b; Watabe-Uchida & Uchida, 2018).
The lower affinity D1R are less likely to be occupied at baseline dopamine concentrations

and are therefore more able to track these swift increases in available dopamine.

Dopamine receptor expression is organized across striatal SPNs. D1R-expressing SPNs are
classically associated with the “direct” pathway, which, from dorsal striatum, has a
monosynaptic connection to the output nuclei of the basal ganglia, the substantia nigra
pars reticula, globus pallidus internal and VTA. D2R-expressing SPNs form the “indirect”
pathway from the dorsal striatum (Gerfen et al., 1990; Surmeier et al., 1996), which reach
these output nuclei indirectly by first projecting to the globus pallidus external and

subthalamic nuclei (Soares-Cunha, Coimbra, Sousa, et al., 2016). In the dorsal striatum
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activation of the direct pathway has been proposed to promote movement, while the
indirect pathway promotes inhibition (Albin et al., 1989; DeLong, 1990; Gerfen & Surmeier,
2011; Kravitz et al., 2010). Differential dopamine receptor expression between the two
pathways would allow the level of dopamine release to bias activation towards one
pathway over the other. However, recent work has challenged both the specified circuitry
and functional opponency laid out by the canonical direct-indirect pathway model (Cazorla
et al., 2014; Cui et al., 2013; A. Saunders et al., 2015; Soares-Cunha, Coimbra, David-
Pereira, et al., 2016; Vicente et al., 2016). In addition, this division maps less neatly to the
ventral striatum, where the indirect pathway projecting to the ventral palladium is

composed of both D1R and D2R SPNs (Kupchik et al., 2015).

Dopamine receptors are also present on cortical afferents to the striatum where they can
regulate release (Bamford et al., 2004, 2018; Wang & Pickel, 2002) as well as being
expressed on cholinergic and GABAergic interneurons (lbafez-Sandoval et al., 2010; Yan et
al., 1997). Thus, fluctuating dopamine concentrations within the striatum can shape the
responsiveness of SPNs via multiple routes. In addition to mediating moment by moment
receptiveness of striatal neurons to excitatory drive, dopamine has the capacity to aid the
formation of long-term plastic changes at cortico-striatal synapses (Bamford et al., 2018;

Reynolds et al., 2001; Yagishita et al., 2014).

In summary, dopaminergic inputs are one of many that converge in the striatum, which
receives additional input from a wide range of afferent structures. Differential receptor
expression within the striatum makes dopamine well placed to modulate the sensitivity of
subpopulations of striatal SPNs to incoming information. Additionally, the capacity of

dopaminergic transmission to both facilitate plasticity and change momentary excitability
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enable changes in both long term processes such as learning and short term online
behaviour. The potential for this neurotransmitter system to evoke an array of effects in
circuits involved in many different processes has led to the development of multiple

theories of dopamine’s function.

1.3 - Theories of mesolimbic dopamine function

Initial investigations linking dopamine and reward

The first associations between the midbrain dopamine system and reward came from
intracranial self-stimulation (ICSS) studies, where rodents would perform an instrumental
action such as lever pressing in order to obtain electrical brain stimulation (Olds & Milner,
1954). This behaviour was distinguished from the instrumental pursuit of natural
reinforcers such as food by the fact that animals did not satiate, and was the first indication

of the existence of ‘reward circuitry’.

The reinforcing effects of stimulation are by no means equally distributed across the brain,
and an early hotspot for reinforcement was found be just above the medial forebrain
bundle, a collection of axons passing from the midbrain to the forebrain that include
dopaminergic projections arising from the VTA and SNc (Olds & Olds, 1958). Further
explorations found ICSS to also be effective when targeting sites in the midbrain that held
dopaminergic nuclei (Corbett & Wise, 1980). This finding arose in conjunction with studies
demonstrating that if animals were pre-treated with dopamine receptor antagonists, they

would attenuate lever pressing or reward pursuit on a linear track over the course of a
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session (Fouriezos et al.,, 1978; Fouriezos & Wise, 1976; Wise, 1978). The decrease in
responding following dopamine receptor blockade matched how animals would behave if
the rewarding effects of a lever press were suddenly decreased or removed entirely,
indicating that dopamine transmission was necessary to maintain responding. Subsequent
studies confirmed that blocking dopamine receptors had similar effects across reward
modalities, such as in animals pressing for food rewards (Wise & Schwartz, 1981) or drugs

of abuse such as amphetamine (Yokel & Wise, 1976).

Together these results lead to the initial proposal of an anhedonia hypothesis of
dopaminergic function, suggesting that blocking or depressing dopamine transmission
prevented ‘hedonic’ or pleasurable aspect of rewards (Wise, 1982, 2008), and blunted the
ability of rewarding experiences to reinforce actions. However, subsequent studies
demonstrated that dopamine depletion with 6-OHDA does not impair pleasurable
reactions to food consumption (Berridge et al., 1989), nor does it block reward-motivated
behaviour when the effort required to obtain the reward is minimal (Salamone et al., 1997).
In addition, electrophysiological recordings demonstrated that in well trained animals that
have learnt an association between a cue and consequent reward, dopamine neurons will
respond to the cue and not to delivery of the predicted reward (Mirenowicz & Schultz,
1994; Schultz et al., 1997). Through these experiments it became understood that
dopamine could not be mediating the subjective positive experience of reward
consumption, but rather contributed in a different way to process of reward-driven
reinforcement. Despite the average lay person still attributing to dopamine the status of

the ‘feel good’ neurochemical, critical reappraisal of the anhedonia hypothesis has led the
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research community to conclude that dopamine’s function in shaping behaviour must lay

elsewhere (Wise, 2008).

Dopamine correlates with a reward prediction error signal.

The rise of one prominent theory relating the activity of dopamine neurons to reward, and
particularly reward learning, was sparked by series of seminal electrophysiological studies
in the 1980s and 90s from Wolfram Schultz’s laboratory. This group performed a number
of experiments recording firing rates of putative midbrain dopamine cells in behaving
nonhuman primates, for example in cued reaching tasks (Schultz & Romo, 1990a). Phasic
bursts recorded in these tasks in response to cue were initially posited to relate the
capacity of cues to promote behavioural reactions (Romo & Schultz, 1990; Schultz, 1986)

or motivational states (Schultz & Romo, 1990a).

However, reappraisal of these phasic dopamine bursts in the 1990s found that the activity
of dopamine neurons correlated with a reward prediction error (RPE), a key teaching signal
in reinforcement learning models (Montague et al., 1996; Schultz et al., 1997). This meant
that in early training, when rewards were still relatively unpredictable, the activity of
dopamine neurons increased when a reward was presented. As the reward became reliably
preceded by a cue, firing would instead propagate back to the time of cue presentation.
Should a cue-predicted reward be omitted, then dopamine neurons would exhibit a pause
in firing at the time of expected reward. This pattern of activity meant that dopamine

neurons tracked the difference between actual and rewarding outcomes within the task.
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Figure 4. Dopamine neuron firing correlates with a reward prediction error.

Electrophysiological recordings from putative dopamine neurons in the midbrain of non-human
primates after A) presentation of unexpected reward B) a conditioned stimulus (CS) that has been
learnt to predict upcoming reward C) reward omission. Adapted from Schultz et all (1997)

The conceptualization of RPE theory has been hugely influential. Numerous studies have
followed seeking to further define the properties of phasic dopamine signalling in a RPE
context. Dopamine neurons have been shown to encode the relative value of rewards and
cues across dimensions including reward size (Roesch et al., 2007), likelihood (Tobler et al.,
2005), and subjective preference (Lak et al., 2014). Reward predictive changes in dopamine
concentration have also been recorded in sites downstream of midbrain dopamine
neurons such as the NAc (Day et al., 2007; Gan et al., 2010; Hart et al., 2014; Papageorgiou
et al., 2016), though it remains an open and fiercely debated issue how well dopamine

release across terminal regions reports an RPE-like signal (Blanco-Pozo et al., 2023; H. Kim
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et al., 2020; Mohebi et al., 2019; Tsutsui-Kimura et al., 2020; van Elzelingen et al., 2022).
While earlier studies relied on basal firing rates and electrophysiological properties to
identify neurons as dopaminergic, more recent studies in rodents have utilised optogenetic
manipulations to confirm the dopaminergic identity of RPE encoding neurones (Cohen et

al., 2012; Eshel et al., 2016).

Reward prediction error theory positions dopamine as a teaching signal that uses
information about the present to shape future behaviour. This causal role for dopamine
transmission ties in mechanistically with the ability of dopamine to modulate synaptic
plasticity and generate long term changes in connectivity at the cortico-striatal synapse

(Reynolds et al., 2001; Yagishita et al., 2014).

The advent and more widespread utilisation of optogenetics has also enabled the link
between phasic dopamine responses and reward learning to be moved from correlative to
causal. ‘Blocking’ describes the phenomenon by which learning an association between a
cue and reward is prevented (or blocked) if the cue is presented concurrently with another
stimulus that has already been associated with reward. This effect is theorised to occur due
the lack of an RPE at the time of the fully predicted reward (Kamin, 1968; Rescorla &
Wagner, 1972; Waelti et al., 2001). Steinberg and colleagues found that transient optical
stimulation of dopamine neurons at the time of reward during compound conditioning, in
essence artificially inducing an RPE even when reward was fully predicted, was sufficient
to ‘unblock’ learning about the previously blocked cue-reward pairing (Steinberg et al.,
2013). The authors of this study also showed that by stimulating at the time of reward
omissions, when dopamine neurones should be pausing to encode a negative RPE (Schultz,

1998), they could attenuate the reduction of responding in an extinction paradigm.
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The results of this experiment suggest stimulating dopamine neurons was sufficient to
causally drive learning, providing evidence that the phasic dopamine signals recorded in
numerous previous studies could be being used to update animals’ future behaviour.
Though later studies have produced complementary and aligned results (Chang et al.,
2015; Keiflin et al., 2019), it is worth noting that when activating dopamine neurons in
these associative learning paradigms, stimulation is often applied for 1 second or more.
Given this time period exceeds the typical window of endogenous dopamine burst firing,
it raises the question of what effect more physiologically-aligned patterns of stimulation

may have had in these behavioural settings.

Dopamine motivates reward pursuit behaviour.

RPE theory is based on the often tight correlation between phasic dopamine neuron
activity and a prediction error signal. However, evidence suggests information beyond
reward expectation may be encoded in dopamine neuron firing rates. Satoh et al recorded
from midbrain dopamine neurons in a behavioural task where cues predicted upcoming
reward. In line with RPE theory, firing rates from putative dopamine neurons scaled with
the volume and likelihood of reward predicted by different cues (Satoh et al., 2003).
However, when comparing the evoked activity of cues that predict identical rewarding
outcomes, and therefore should have identical reward expectations, differences in firing
rates were observed. These discrepancies in activity were found to correlate with the
speed at which animals initiated movement following cue presentation. Correlations with
the vigour or speed of movements have also been recorded in downstream dopamine

release (Collins, Greenfield, et al., 2016; Ko & Wanat, 2016) and dopamine-dependent
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activity in striatal SPNs (Panigrahi et al., 2015). These studies present a case for dopamine
not only representing sensory information relating to reward, but also reflecting a

dimension of the motivation with which animals move to obtain those rewards.

Ideas around dopamine acting to invigorate behaviour employed to obtain reward are tied
together in theories of behavioural activation (Robbins & Everitt, 2007) and incentive
salience (Berridge, 2007). These frameworks position dopamine as mediating the
motivational effect that reward associated cues have on pursuit behaviour, and are largely
evidenced by pharmacological manipulations that chronically disrupt dopaminergic
signalling, particularly in the NAc. Presentation of a cue previously associated with reward
can invigorate instrumental responding, a process called Pavlovian instrumental transfer
(Colwill & Rescorla, 1988; Lovibond, 1983). Dopamine receptor blockade within the NAc
reduces this effect, suggesting that intact NAc dopamine transmission is required for
reward-paired cues to have a motivating effect on behaviour (Lex & Hauber, 2008). NAc
dopamine depletions or receptor blockade can also bias behaviours away from exerting
effort to obtain rewards, causing rodents to preferentially consume freely available lab
chow rather than press levers for more palatable sucrose pellets (Koch et al., 2000;

Salamone et al., 2001, 2007).

In accordance with these theories, release of dopamine in the NAc core has been shown to
‘ramp’ upward as animals approach reward, either through physical space or through ‘state
space’ as animals proceed through an action sequence (Hamid et al., 2016; Howe et al.,
2013; Syed et al., 2016; Wassum et al., 2012). This ramping signal provides a continuous
estimate of proximity to reward and has been theorised to maintain motivational drive

during prolonged reward pursuit behaviours.
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Strong evidence exists for both dopamine encoding an RPE teaching signal and motivating
behaviour. It may be possible to reconcile these two theories of dopamine function
computationally in certain situations (McClure et al., 2003). However, an alternative way
dopamine may seemingly play two different roles come from a series of experiments
recording and manipulating dopamine in rats engaged in a two-armed bandit task. Mohebi
et al found a dissociation between electrophysiological recordings of VTA cell firing and
fibre photometry recordings downstream in the NAc. VTA neurons responded to the
presentation of cues and rewards in a manner consistent with RPE (Mohebi et al., 2019).
NAc dopamine release also contained cue responses but demonstrated ramping activity
upon reward approach and modulation according to background reward rate. Both of
these features are consistent with a value signal that could be used to motivate ongoing

behaviour, and both were absent from VTA cell recordings.

This study presented the possibility for both value and RPE to be represented across the
mesolimbic dopamine system and, more generally, fits in with an abundance of evidence
that release at dopamine terminals can be locally regulated (Cachope & Cheer, 2014; Sulzer
et al., 2016; Threlfell et al., 2012). However, other studies combining electrophysiological
recordings of VTA cell bodies with photometry of dopaminergic axon calcium activity and
release in the NAc have instead argued for homogenous RPE encoding in VTA and NAc (Kim
et al., 2020). Further experiments will be required to fully describe situations in which

terminal release can disassociate from VTA cell body firing.

In addition to demonstrating that what dopamine might be encoding may differ depending
on where one records, a study using the same task featured in Mohebi et al also

demonstrated a difference in the causal influence stimulation had on behaviour depending
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on when that simulation was applied. Optogenetic activation of the VTA at the time of
choice made it more likely for that choice to be repeated, as if stimulation were acting as
teaching signal in order to reinforce the selected action (Hamid et al., 2016). However,
stimulating concurrently with the cue that signalled a trial was available resulted in faster
trial initiation, as if mediating increased motivation to work for reward - but did not change
choice behaviour on the following or subsequent trial. This study presents the possibility
that a phasic dopamine signal may be read out differently in downstream regions
depending on the behavioural state of the animal, an attractive prospect to anyone seeking

to reconcile the diverse functional roles that dopamine seems to play.

Dopamine in motor control

A considerable body of work relates dopamine transmission to the capacity for rewards to
guide behaviour. Yet from a neurological perspective, dopamine is associated strongly with
movement, as Parkinson’s disease is classically thought to affect SNc dopamine neurons
and produces a plethora of motor symptoms (Jankovic, 2008). While movement related
activity has been recorded since early electrophysiological studies (Schultz et al., 1983), the
relationship between dopamine activity and motor behaviour has appeared weaker and
more inconsistent when compared to reward related activity (Schultz, 2019b). Indeed, in
lateral parts of the VTA, the activity of nearly every identified dopamine cell was reported
to conform to an RPE (Eshel et al., 2016), making prediction error seem like an attractive

unifying theory for dopamine function.
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However, a series of recent studies recording from dopamine neurons have observed
changes in activity around the time of action initiation, even in environments devoid of
explicit rewards (Da Silva et al., 2018; Dodson et al., 2016). Dodson et al employed
juxtacellular recordings, which allow the precise recovery of the anatomical location and
molecular identity of target neurons, in head fixed mice. They found significant
modulations in activity around the timepoint that postural adjustments were initiated.
Despite differences in the patterns of movement related activity and the proportion of

responsive cells, changes in firing rates were observed in both the SNc and VTA.

Movement signalling in the absence of explicit reward has also been observed in freely
moving mice. In animals exploring an open field, SNc dopamine neurons displayed phasic
changes before movement initiation, with the majority of recorded neurons showing an
increase in activity (Da Silva et al., 2018). This modulation of dopamine neurons was not
specific to the type of movement being initiated, although in a subpopulation of recorded
neurons the magnitude of the increase in activity did scale with the vigour of initiated
movement. Utilising optogenetics, this experiment also demonstrated that phasic
activation of dopamine neurons in the absence of rewards can induce movement, though
other studies have only replicated this effect with supraphysiological levels of stimulation
(Coddington & Dudman, 2018). Regardless, when taken together results from these
experiments make it difficult for any framework that deals solely with reward to explain

dopaminergic signalling.

Evidence of movement-related activity in the absence of reward brings forth the question
of how these two relatively distinct functional roles that dopamine is thought to play can

be reconciled. One study recording in the VTA found that dopamine neurons universally
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encoded a reward response, but also could be clustered into specialized groups according
to how they encoded a selection of secondary variables, which include movement-related
kinematics (Engelhard et al., 2019). This study presented an attractive possible avenue by
which movement activity could be accounted for in a way that enabled common reward-

based algorithm of dopamine function to be maintained (Schultz, 2019b).

However other studies have presented opposing evidence to the proposal of dopamine
neurons multiplexing movement and reward. Studies in both freely moving and head-fixed
contexts have shown that dopamine neurons responding to reward and those responding
to movement belonged to largely separable populations (Da Silva et al., 2018; Howe &
Dombeck, 2016). In the case of head-fixed example, this separation is correlated with
anatomical location, with VTA neurons more strongly responding to reward while the
activity of those in the SNc was dominated by movement signals. Though assigning
dopamine neurons a role in either movement or reward along a clean anatomical line is an
attractively simple prospect, several studies have shown spontaneous movement related
modulations in VTA neurons activity to be present (Coddington & Dudman, 2018; Dodson
et al., 2016). When combined with the fact that foundational RPE recordings took place in
primate SNc (Romo & Schultz, 1990; Schultz & Romo, 1990b), a purely anatomical
explanation for the seemingly multiple functions of dopamine neurons seems unlikely to

capture the full picture.
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1.4 - Mesolimbic dopamine and the initiation of reward guided action

While VTA neurons can be modulated by spontaneous movement, though less prominently
and consistently than those in the SNc, studies manipulating mesolimbic dopamine
transmission associate VTA dopamine particularly with movements or actions that aim to
obtain reward. Nicola and colleagues trained rats in a discriminative stimuli task, where
one cue (the DS) indicated that an operant response could be made for reward, while
another cue (the NS) was unrewarded. This paradigm provides a situation where reward

seeking action should be initiated dependent on the identity of the cue presented.

Nicola et al found that cue-evoked activity in the NAc core discriminated between reward
opportunity and likelihood of action. NAc neurons displayed a stronger increase in firing
rate for DS presentation over NS, and for cues that were followed by reward seeking
actions (Nicola et al., 2004). This cue-evoked action initiation was found to depend on
dopaminergic input, with both cue-evoked changes in firing rate and the speed to initiate
reward seeking decreasing following VTA inactivation (Yun, Wakabayashi, et al., 2004) or

NAc D1R blockade (Yun, Nicola, et al., 2004).

In a more complex version of the task, responding following a third cue (PS) was only
probabilistically rewarded (Nicola et al., 2005). Animals adjusted their behaviour
accordingly, nearly always seeking reward following a DS, occasionally following a PS, and
rarely following a NS. Boosting NAc dopamine increased the probability of reward pursuit
after PS, but not NS presentation. These results link increased mesolimbic dopamine
transmission specifically with an increase in reward-seeking actions, and not an

indiscriminate increase in movement or action more generally.
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While the DS task provides an environment where cues guide reward seeking, in other
purely instrumental tasks operant responding for reward is self-paced. One such example
is the progressive ratio task traditionally employed to assess motivation, where the
requisite number of lever presses to obtain reward increases within a session.
Chemogenetically boosting mesolimbic dopamine transmission within this task increases
the total number of lever presses animals will make to obtain reward (Boekhoudt et al.,
2018). This effect is not mediated by increasing the number of presses animals will make
in a bout, but rather the number of bouts that animals initiate within a session. Crucially
these effects were specific to activating VTA over SNc dopamine neurons, highlighting the
role for the mesolimbic projection over the nigrostriatal pathway in management of
reward directed action. Taken together, these results indicate that elevated VTA activity
increases the likelihood that reward seeking actions will be initiated. However due to
chronic nature of the manipulations utilised in these experiments, it not possible to
determine the dependence of effects mediated by the mesolimbic dopamine transmission

on the timing of external cues or internal states.

Though elevating mesolimbic dopamine transmission can promote reward directed action,
many studies have recorded increases in VTA cell activity within tasks such as Pavlovian
conditioning, where animals are not required to make an action in order to obtain reward.
These experiments frequently occur in head fixed preparations, where the assumption is
that movement is restricted, and therefore motor responses outside of reward collection
are often not recorded. However restricting movement of an animal does not necessarily
equate to no movement being attempted. Hughes et al recorded VTA dopamine neurons

whilst animals received rewards on a fixed time schedule, and simultaneously recorded the
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directional force produced by the mice (Hughes et al., 2020). In this study the activity of
dopamine neurons was tightly correlated to a seemingly prominently motor variable, the
impulse vector, or the integral of force of time. The authors of the study presented a
striking proposal that RPE encoding across the body of work already performed could

instead reflect patterns of force produced by animals in response to cues and rewards.

To investigate causality, the same study applied optogenetic manipulations of VTA
neurons. In trained animals’ stimulation produced patterns of force production consistent
with how directional force was encoded across the population. However, the production
of movement was dependent on reward expectation; stimulation prior to training when no
rewards had been received in the context did not result in the same pattern of force. In
addition, activation is often accompanied by anticipatory licking behaviour indicating some
association with reward experience or memory. This aligns with previous findings that
some degree of contextual reward experience is necessary for VTA activation to drive
motor behaviour (Coddington & Dudman, 2018), and positions mesolimbic dopamine as
operating at the intersection of reward and movement, rather than in a purely motor

space.

What the previously discussed study highlights well is the importance of measuring and
understanding the movements produced by animals in rewarded tasks (see Jenkins &
Walton, 2020). Separating out movement and reward in a non-trivial exercise; discerning
when dopamine neurons may be encoding reward information and when they may be
encoding movement is complicated by their entwined nature. Animals often make actions
in order to improve the state they are in, and the presentation of rewards often prompts

actions to obtain them. Even in Pavlovian conditioning paradigms where no action must be
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made to obtain reward, anticipatory movements such as movements towards and
interacting with a lever cue (‘sign tracking’: Flagel et al., 2010) or licking or lipping (in
primates) are observed and often used as a measure of reward anticipation to index
learning. These anticipatory movements are executed with a short latency following cue
presentation in well trained animals, complicating the interpretation of any dopaminergic
signals occurring at the same time. This is highlighted in cued instrumental tasks where,
due to slower responding on a subset of trials, the timepoint of cue and action become
disassociated. For example, in a study where a cue signalled that a lever could be pressed
for reward, animals often reacted swiftly to cue presentation, meaning NAc dopamine
could not be independently related to either cue or action. However, on slow latency trials,
cue and action signals became dissociable, and peak dopamine release was shown to

correlate best with the time of lever press, not cue presentation (Roitman et al., 2004).

Other studies have designed tasks to dissect the influence of action initiation and reward
expectation more systematically. In a symmetrically rewarded Go/No-Go task, Syed et al
recorded NAc dopamine while animals were instructed to either initiate (Go) or restrain
(No-Go) action depending on the identity of the cue presented. While phasic signals did
carry information relating to RPE, increases in dopamine were also tightly aligned to the
initiation of a correct reward-seeking action. NAc release did not elevate when animals
initiated an incorrect action on Go trials and was instead suppressed when action instead
had to be withheld for reward following No-Go cues. This study indicated that that
dopamine release in the NAc of well-trained animals may promote the selection of reward

seeking actions only when it is correct to do so. These results dovetail with findings in a
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human Go/No-Go task that show striatal BOLD responses are higher for Go trials relative

to No-Go trials, irrespective of trial valence (Guitart-Masip et al., 2011, 2014).

In line with evidence associating elevations in mesolimbic dopamine with the initiation of
reward seeking actions, manipulations that affect dopamine transmission have also been
associated with the impairment the ability of animals to inhibit action when it would be
premature or inappropriate. However, the influence of these manipulations has been
shown to depend on the nature of the behavioural inhibition. The taxonomy of inhibitory
control as proposed by Bari and Robbins (2013) distinguishes between the restraint,
postponement and cancellation of action as separable forms of response inhibition, which

are differentially influenced by mesolimbic dopamine.

For example, the process of action cancellation — or the capacity of animals to cancel an
ongoing action, appears independent of NAc dopamine receptor activation instead being
influenced by manipulations of the dorsal striatum (Eagle et al., 2011). Conversely action
postponement, or the ability to withhold from acting while waiting, is influenced by
mesolimbic dopamine transmission. The 5-choice serial reaction time task (5CSRTT) is
mostly commonly used to assess action postponement, where animals must wait animals
must wait for a light to appear briefly in one of 5 noseports. Nose poking in the illuminated
port results in reward delivery, but responses made before the light is displayed are
counted as premature. Both injections of amphetamine, which induces terminal dopamine
release and blocks re-uptake amongst other effects, and D1R agonists into the NAc increase
premature responding(Pattij, Janssen, Vanderschuren, et al., 2007; Pezze et al., 2007; Van

Gaalen et al., 2006).
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Whilst pharmacological investigation relates NAc dopamine receptor activity to successful
action postponement, investigation utilising other methodologies have produced mixed
results. Both chemogenetic and optogenetic activation of the VTA do not produce
impulsive responding in the 5CSRTT(Boekhoudt et al., 2016; Flores-Dourojeanni et al.,
2021). One possible explanation for these negative results is that opposing pro-restraint
and pro-impulsivity effects mediated by increased dopaminergic tone in different sites
downstream of the VTA result in a ‘zero-sum’ effect, a similar lack of impact follows
systemic D1R agonist administration (Winstanley et al., 2010). In line with this thinking,
projection specific activation of VTA-NAc shell, and not VTA-NAc core dopamine neurones
did increase premature responding (Flores-Dourojeanni et al., 2021). However, this effect
is conditional on stimulation being delivered at the end and not the start of the period of
waiting. It is important to note that to date no recordings of mesolimbic dopamine release
have been performed in the 5CSRTT, so it is difficult to relate effects of chronic
pharmacological manipulation, chemogenetic potentiation of phasic activation and

optogenetic induction of phasic transients to endogenous DA activity within the task.

Finally, action restraint is defined as the inhibition of planned responding on a subset of
trials and is usually assessed in Go/No-Go paradigms. As previously mentioned, it is
indicated that NAc dopamine release is suppressed when a cue instructs that action should
be withheld(Syed et al., 2016). Activating D1Rs impairs cued action restraint, both when
applied systemically and infused into the NAc core, as does intra-NAc core infusions of d-
amphetamine to potentiate dopamine levels (Grima et al., 2022; Harmson et al., 2022).

However, unlike the studies examining action postponement in 5CSRTT, experiments thus
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far are limited to tonic stimulation of receptors, and the effect of potentiating or artificially

inducing phasic transients upon action restraint remain unknown.

1.5 - Regulation of action and regulation of dopamine

A wealth of evidence suggests that dopamine dependent activity in the NAc contributes to

the initiation of reward seeking action, and the impairment of restraint when behaviour

must be inhibited. These studies align well with the classical proposal from Mogenson et al

(1980) situating the NAc as an interface between limbic and motor systems. Mogensons

proposal was based upon two strands of evidence. Firstly, the involvement of VTA afferents

arising from limbic areas such as the lateral hypothalamus in behavioural responses such

as attack. Secondly that locomotion mediated by Nac dopamine injections could be

attenuated by blocking NAc output to the globus pallidus. Since Mogensons original paper,

further theories have built upon the capacity for NAc circuits to modulate behavioural

output, positioning the NAc as mediating action selection(Khamassi & Humphries, 2012),

and shaping reward or goal directed behaviour (Mannella et al., 2013).

Of note is that in Mogensons proposal the NAc is not designated as a motor area itself, but

rather as a relay between limbic and motor systems. In line with this theory inhibiting NAc

activity does not prevent movement, and the NAc is rather thought to bias the direction or

intensity of behaviour (Floresco, 2015) - via projecting to regions that go on to shape motor

output. One proposal for how NAc activity may influence behaviour in this way is via

altering activity in PFC regions. NAc neurones project either directly, or indirectly via the

ventral pallidum, to the SNr (Humphries & Prescott, 2010). Increased activity of NAc
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neurons therefore has the capacity to bidirectionally modulate SNr firing, which in turn can

either inhibit or disinhibit portions of the thalamus that input to regions of the PFC,

including the PL, IL, and AIC(Voorn et al., 2004). Mannella et al suggest that prefrontal

circuits hold representations of situationally relevant outcomes, and via disinhibition of

thalamic subregions the NAc can bias selection between possible outcomes or goals

(Mannella et al., 2013).The PFC would then engage the relevant actions associated with

the selected outcomes via a mutlisynaptic projection to premotor cortex, via

supplementary motor cortex (Nachev et al., 2008)or parietal cortex(Fogassi et al., 2005).

Of note, this proposed mechanism could explain why the effects of some transient

manipulations of NAc dopamine depend on a particular context or timepoint within the

task — as in order for NAc activity to alter behaviour, an outcome representation would

have to be engaged in PFC circuits.

Within this model, mesolimbic dopamine would be able to shift the balance in activity

between populations of NAc MSNs that express D1 or D2R, thereby bias the selection of

actions to achieve a particular outcome. For example, phasic increases in NAc dopamine

would facilitate excitatory drive to D1 expressing MSNs — which may promote the

activation of a particular goal representation in PFC circuits. An alternative path by which

NAc activity may arrive at altering motor output involves subcortical projections. Striatal

circuits are not independent from one and other, but rather have a spiralling organisation

whereby more ventral regions able to influence dopamine cells that input to more dorsal

sections (Haber et al., 2000). As such the NAc is able to alter dopamine release, and

therefore the balance of D1R to D2R expressing MSNs activity, in dorsal regions such as

DLS that can influence sensorimotor regions of cortex(Yin & Knowlton, 2006). Both of these
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pathway’s position NAc as generally driving or invigorating behaviour — aligning with

studies that find NAc activity increases before onset of reward pursuit but does not

correlate with specific movement kinematics (McGinty et al., 2013).

Evidence associates elevations of mesolimbic dopamine transmission with an increase in
reward seeking action, even when it advantageous to exercise restraint. Modulating
activity in VTA dopamine neurons offers a route by which external structures could bias
behaviour towards or away from the initiation of reward seeking actions. The mesolimbic
dopamine pathway receives functional input from a range of limbic and cortical regions,
which may seek to influence dopamine release. It has been demonstrated that the
hippocampus (Legault et al., 2000; Luo et al., 2007) and prefrontal cortex (Jackson et al.,
2001; Overton et al., 1996; Tong et al., 1996) can modulate VTA activity and alter
downstream NAc dopamine fluctuations. Other areas such as the amygdala send
glutamatergic projections to the NAc and can mediate local dopamine release (Floresco et
al., 1998; Jones et al., 2010), demonstrating another route by which mesolimbic dopamine

output may be shaped.

In addition to long range projections altering VTA activity or NAc release, there are local
circuits and systems that act to sculpt mesolimbic dopamine under endogenous conditions.
These sources of local regulation could offer an alternate method by which dopamine
release, and the associated behaviour, could be shaped, as well as providing possible
therapeutic targets in disorders of impulsivity or amotivation. One such example of local
circuitry are striatal cholinergic interneurons, which comprise a mere 2% of the cells in the
striatum (Ookschot, 1996), but make strong and numerous synaptic connections with

dopamine terminals (Zhou et al., 2003). Activity of cholinergic interneurons can regulate
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striatal release of dopamine without activation of the midbrain cell bodies (Threlfell et al.,
2012), and activity in within this network is thought contribute to regulating cue-evoked

behaviour (Collins, Aitken, et al., 2016).

In addition to the interneuron-mediated circuits within the striatum, local regulatory
systems also shape dopamine cell activity at the level of the soma in the VTA.
Endocannabinoids are synthesised and released from VTA neurons following periods of
sustained activity (Oleson et al., 2021; Peters et al., 2020). Inputs to the VTA that express
receptors for cannabinoids are supressed following their release, allowing selective
modulation of afferent drive when dopamine neurons are highly active. This regulation is
thought to be important for shaping the dopamine release patterns that guide reward
seeking behaviour(Covey et al., 2018; Oleson et al., 2012), and can result in long term

plastic changes at terminals that synapse onto VTA neurons (Pan et al., 2008).

Though evidence points to a dopaminergic contribution to reward guided action,
appropriate action control is a complex process that likely relies on a wide network of
systems and neural structures, some which interact with mesolimbic dopamine and others
which act independently. The serotonin system is an established contributor to action
control, particularly to components of waiting or postponing action (Eagle et al., 2008).
Depletions of serotonin can increase premature responding in the 5CSRTT, and also impair
performance when animals must restrain action on a subset of trials in a go/no-go task
(Harrison et al., 1997, 1999). Though serotonin can influence striatal dopamine
release(Alex & Pehek, 2007), manipulations of serotonin receptors in a symmetric Go/No-

Go produces a distinct set of impairments to those following dopamine manipulations
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(Grima et al., 2022; Harmson et al., 2022) — suggesting the two neuromodulator systems

influence action control via different mechanisms.

In addition to neuromodulator systems there are a number of cortical and subcortical
structures that are thought to play a role in regulation of appropriate action. Amongst them
are the ventral hippocampus and medial prefrontal cortex, whose functional connectivity
is required for impulse control within the 5CSRTT (Chudasama et al., 2012). Disrupting
medial prefrontal regions can also affect appropriate responding on a range of other
behaviour tasks (Hardung et al., 2017a; Kamigaki & Dan, 2017; Narayanan et al., 2006;
Risterucci et al., 2003), and neurons in these regions display changes in activity that reflect
the execution of actions (de Haan et al., 2018; Halladay & Blair, 2015; Horst & Laubach,
2013), indicating these regions may coordinate and play an important role in general action

control.

A thorough investigation of every component in the circuits that regulate action control,
both in concert with and outside of the mesolimbic dopamine system, is outside the remit
of this thesis. Further discussion will focus on two complementary systems: the medial

prefrontal cortex and the endocannabinoid system.

1.6 - Medial prefrontal cortex, dopamine and action

The rodent medial frontal cortex (mPFC) is thought to correspond to parts of human
posterior agranular medial prefrontal cortices (Roberts, 2020; Wise, 2008), and has been
implicated in a range of cognitive and behavioural processes (Dalley et al., 2004;

Eichenbaum, 2017; Euston et al., 2012; Vertes, 2006). Of particular interest to this thesis,
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however, mPFC has been implicated in functions relevant to reward guided action selection
and inhibition. For example, mPFC function has been implicated in restraining impulsive
behaviours (Bari & Robbins, 2013; Kim & Lee, 2011) and using contextual cues to guide
behaviour flexibly (Sharpe et al., 2019; Sharpe & Killcross, 2015), both key components of
appropriate reward-guided action. The mPFC not only projects to midbrain dopamine
nuclei (Carr & Sesack, 2000; Geisler & Wise, 2008), but is also well placed to alter behaviour
via extensive connections with the striatum, thalamus and limbic system (Ferenczi et al.,
2016; Gabbott et al., 2005; Sesack et al., 1989). For the sake of brevity, the rest of this
section will consider the subsection of the mPFC literature that relates to the control of

action.

The mPFC has classically been divided into subregions along a dorso-ventral axis, including
of the prelimbic cortex (PL), the infralimbic cortex (IL), the dorsopeduncular cortex (DP)
and the medial orbital cortex (MO) (Ongiir & Price, 2000), though some suggest that these
designations may need re-evaluating (van Heukelum et al., 2020). These delineations are
based on differences in both function and anatomical connectivity. Within the mPFC,
subregions target generally non-overlapping projection targets (Vertes, 2004). For
example, anatomical tracing studies in rats have shown that the IL innervates the shell
region of the NAc most densely, while the PL instead preferentially projects to the NAc core
(Brog et al., 1993; Ongiir & Price, 2000). These differences in connectively between the IL
and PL are reflected in the effects of selective inactivation or lesion experiments, where
subregion specificinterference can result in distinct or even opponent effects on behaviour
(Capriles et al., 2003; Capuzzo & Floresco, 2020; Gourley & Taylor, 2016; Hardung et al.,

2017a; Sierra-Mercado et al., 2010).
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Appropriately selecting whether to act or whether to exercise restraint involves matching
behaviour to the situation at hand. This process involves using external information to
recognise the state of the world, so that the most advantageous strategy can be executed.
Normal function in prefrontal circuits has been shown to differentially affect the ability to
use contextual cues to shape behaviour. In an experiment by Sharpe et al, rats were
presented with two stimuli in two distinct contexts (Sharpe & Killcross, 2015). In the first
context, cue A was paired with a footshock while cue B was not. In the second context
these contingencies were reversed — such that cue B now predicted imminent danger.
Presentation of stimuli paired with footshock elicits defensive freezing behaviour in rats,
and control animals were able to use the contextual information to shape behaviour —i.e.,
they expressed defensive behaviour only to the shock-predicting cue in each context.
Inactivation of PL impaired this process and animals were no longer able to use contextual

cues to modulate responding appropriately.

While an intact PL contributes to aligning behaviour to the contextual requirement, the IL
has been suggested to have an oppositional affect, instead promoting the generalisation
of behaviour. In ABA renewal paradigms, animals first learn an association in context A and
then have it extinguished in context B. Returning animals to the acquisition context (A)
promotes a transient increase in conditioned behaviour relative to being returned to the
extinction context (B). IL lesions make animals more sensitive to the contextual cue,
increasing the renewal of condition behaviour both when the behaviour is appetitive (ie
approaching a food magazine) and aversive (eg freezing) (Rhodes & Killcross, 2007;

Zelikowsky et al., 2013). This suggests that under normal condition the IL acts to make
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behaviour less sensitive to the demands of the current environment, placing the two mPFC

subregions in opposing roles.

In addition to matching appropriate behaviour to different environments, the presentation
of sensory information in the form of cues can signal a change of state within the same
environment, and therefore a change in which action strategy may be appropriate. As
previously discussed, discriminative stimuli tasks present two cued states, one where
action results in reward (following the DS) and one where it does not (following the NS). A
series of studies have shown that inactivating dorsal regions of the mPFC, including the PL
and neighbouring anterior cingulate, reduced both the responses made during a DS and
the latency with which animals reacted to DS presentation (Ishikawa et al., 2008a, 2008b).
Conversely, inactivations targeted to the ventromedial PFC, consisting largely of the IL,
instead increased responding to the NS. These experiments again suggest opposing roles
for these two mPFC subregions, with PL activity contributing to the activation of
appropriate reward guided action, while the IL appears to be necessary in order to inhibit

responses that are inappropriate.

Historical theories of descending control position the prefrontal cortex as biasing activity
patterns in lower structures in order to produce the appropriate output for a given task or
situation (Miller & Cohen, 2003). This aligns with a role for the mPFC in selecting action
appropriate behaviours, and also ties in with studies demonstrating that disrupting mPFC
activity can cause an impulsive phenotype. When considering the process of action
postponement in the 5CSRTT, early lesion experiments indicated that damage which
spared the ventral portion of the mPFC left action restraint intact (Chudasama & Muir,

2001; Passetti et al.,, 2002a). However later studies using reversible inactivation
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demonstrated that the more dorsal PL also contributed to postponing action successfully
(Paine et al., 2011; Pezze et al., 2014), suggesting that the null effect of PL lesions may be

due to compensatory changes in downstream regions.

While the 5SCRTT provides an environment to test inhibitory control, it is also designed to
track other psychological process including attention and impulsivity. Other studies have
used more simplified reaction time (RT) tasks to test contributions of the mPFC to action
control. In RT tasks animals must make a specific action, such as release a lever, within a
specific time window signalled by a cue. Selective lesioning of PL or IL, but not the more
dorsal anterior cingulate, has been shown to increase the number of premature responses
occurring before cue presentation in a RT task (Risterucci et al., 2003). Hardung et al took
a more extensive approach, optogenetically inhibiting the mPFC and orbitofrontal cortex
in a subregion specific manner on a subset of trials. In line with previous reports, inhibiting
the PL increased early errors (Hardung et al., 2017a). However, inhibition of the IL had the
opposing effect reducing premature responses. When the more ventral MO was targeted
no effects on premature responding were detected, instead inhibition resulted in a slower

reaction time to the cue.

Approach avoidance tasks present complex situations where action must be controlled
appropriately. At times, action must be restrained to avoid aversive outcomes and at other
time it should initiated to obtain maximal reward. Verharen et al utilised a task where
during the presentation of an audio-visual cue magazine entry would be punished with a
shock, while reward could be collected freely after the terminus of the cue (2019). This

experiment found a homogenous role for mPFC subregions in the restraint of action, as
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inactivation of either the PL, IL, or MO all resulted in an increase in the number of shocks

received via inappropriate action initiation.

While the aforementioned study used a single cue to guide behaviour, Capuzzo et al
employed a more complex task where animals had to either make (active) or refrain from
making (inhibitory) a specific action in order to avoid aversive footshock, depending on the
cue presented (Capuzzo & Floresco, 2020). Here inactivation resulted in differing effects
according to the subregion targeted. PL inactivation impaired the ability of animals to make
an action to avoid shock, while inactivation of IL disrupted both active and inhibitory
avoidance. The authors of this study also tested animals in an appetitive vision of this task,
where inactivation of both regions selectively impaired inhibitory reward seeking. Results
from these studies suggest that involvement of the mPFC subregions in action control
differs between situations of pure avoidance, where the PL and IL subserve different
functions, and situations featuring appetitive reward, whereas all regions contribute to

successful restraint.

mPFC activity contributes to both restraint of premature responding and appropriately
shaping behaviour according to external cues, making it well placed to shape action
strategies. The varied patterns of connectivity between the mPFC and other structures
enable many possible routes by which the mPFC may influence reward-guided action
control. The mPFC, particularly PL and MO, projects to the dorsal striatum (Gabbott et al.,
2005) and activity in this pathway is important for postponing action in the 5CSRTT (Terra
et al., 2020). The mPFC also sends afferents to the NAc that have been shown to play a role
in the control of reward seeking behaviour, as inhibition or activation of this projection can

bidirectionally regulate reward-seeking (Kim et al., 2017). Nete-howeverthatinadditiente
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In addition to projections to the striatum, the mPFC is functionally connected to motor

cortex - providing an alternative route by which the mPFC could shape motor output and

action selection. Spiking in primary motor cortex can be decoded from mPFC activity in

reward guided tasks(Wu et al., 2022), and inactivation of the mPFC can disrupt activity in

this region (Narayanan & Laubach, 2006). Though the mPFC does not directly project to

motor cortex, multisynaptic pathways link the two regions via parietal (Fogassi et al., 2005)

and supplementary motor cortex (Nachev et al., 2008).

In addition to these diverse connections with motor regions, the mPFC could act though
the mesolimbic dopamine system to index reward guided action. Electrical stimulation of
the mPFC can elicit either excitation or inhibition (Lodge, 2011; Overton et al., 1996; Tong
et al.,, 1996) of VTA neurons, the latter presumed via increased drive to GABAergic
interneurons (Omelchenko et al., 2009). Electrical stimulation of the mPFC at physiological
frequencies can shape output of the mesolimbic pathway, reducing dopamine release in
the NAc. Jo et al have demonstrated that this functional connection regulates mesolimbic
dopamine in awake behaving animals. Reversible inactivation of the mPFC results in
elevated phasic responses to both reward-predictive cues and rewards themselves
(Ferencziet al., 2016; Jo et al., 2013; Jo & Mizumori, 2016). This body of work demonstrates

the capacity for mPFC to influence VTA firing and NAc release, and suggests that mPFC
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inputs to the mesolimbic dopamine system form part of the regulatory system shaping

release and associated behaviour according to environmental demands.

1.7 - Endocannabinoids, Dopamine and action

Physiology of the endocannabinoid system

The endocannabinoid system refers to a group of G-Protein coupled receptors that can
modulate neuronal function, their ligands (endocannabinoids) and the set of enzymes that
synthesise and degrade these ligands. There are two endocannabinoid receptors, both
associated with Gjjo G-proteins which induce inhibition of a neuron via cAMP inactivation
upon ligand binding (Howlett & Mukhopadhyay, 2000). CB1Rs are the most numerous
receptors in the mammalian brain (Burns et al., 2007; Glass et al., 1997), while expression
of CB2Rs in the CNS is mostly restricted to immune cells, with much denser expression

recorded in peripheral tissue (Atwood & MacKie, 2010).

The two most prominently studied ligands for these receptors are small lipid molecules, 2-
arachidonoylglycerol (2-AG) and N-arachidonoylethanolamide (anandamide). These
endocannabinoids are synthesised by separate pathways and degraded by separate
molecules, with the monoacylglycerol lipase (MAGL) being mainly responsible for 2-AG
while fatty acid amidohydrolase (FAAH) breaks down anandamide (Parsons & Hurd, 2015).
Both molecules can activate either CB1Rs or CB2Rs (Moreira et al., 2015; Parsons & Hurd,
2015). Due to their vastly greater prominence in the CNS, the rest of this section will focus
on CB1Rs, which are primarily found on presynaptic GABAergic and glutamatergic

terminals.
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Unlike ‘classical’ neurotransmitters such as dopamine, endocannabinoids are not
synthesised and stored in synaptic vesicles ready for release. Instead, endocannabinoid
signalling is activity dependent (Alger & Kim, 2011). Persistent neuronal depolarisation
triggers the synthesis and subsequent release of endocannabinoids. Once released
endocannabinoids can diffuse and bind to presynaptic CB1R, mediating inhibition of
synaptic inputs. This process enables either depolarisation-induced suppression of
inhibition (DSI) or excitation (DSE) of the postsynaptic neuron, depending on whether CB1R
are expressed on presynaptic GABAergic or glutamatergic terminals respectively (Ohno-
Shosaku & Kano, 2014; Wilson & Nicoll, 2001). These signalling processes have been best
described for 2-AG, with the role of anandamide less certain. MAGL, responsible for 2-AG
degradation, is located on presynaptic axons and under most conditions’ high expression
levels of this enzyme ensure that the signalling effects of 2-AG are transient (S.-H. Lee et

al., 2015).

Effects of endocannabinoids on dopamine release and action control

Much evidence suggests that regulation by endocannabinoids plays a vital role in normal
functioning of the mesolimbic dopamine system and in appropriate reward seeking
behaviour (Fattore et al., 2010; Moreira et al., 2015; Oleson et al., 2021; Parsons & Hurd,
2015; Peters et al., 2020). Endocannabinoid signalling is thought to be an important
component in the endogenous regulation of VTA neuron activity. Dopaminergic cells in the
VTA express enzymes for the synthesis of 2-AG and receive input from CB1R-expressing
glutamatergic and GABAergic axons (Matyas et al., 2008). In addition, the application of

CB1R agonists can depress postsynaptic inhibitory and excitatory currents in VTA neurons
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(Melis et al., 2004; Szabo et al., 2002), making DSI or DSE mediated by retrograde
endocannabinoid signalling a likely contributor to VTA activity under normal conditions. If
expression of CB1R is more prominent on GABAergic inputs than glutamatergic, then
treatment with CB1R agonists should reduce net inhibition and increase VTA firing. This
upshift in VTA basal firing rates, due to prominence of DSI over DSE, has been observed
both in vitro (Cheer et al., 2000) and in vivo (Gessa et al., 1998). In addition to these short-
term effects of CB1R activation on VTA activity, endocannabinoids can also mediate long
term depressions of inhibitory inputs to VTA (Pan et al., 2008). Via this mechanism,
endocannabinoids are involved in long term regulation of VTA firing as they shape the

strength of synaptic inputs.

Further studies have confirmed that the CB1R-mediated increase in VTA cell firing is
reflected in NAc dopamine release in awake behaving animals. The frequency of NAc
dopamine transients recorded with FCV is markedly increased following treatment with a
CB1R agonist in freely moving animals (Cheer et al., 2004). Similar studies have
demonstrated that endogenous endocannabinoid tone contributes to phasic dopamine
release evoked by primary reinforcers. Disrupting endocannabinoid signalling with a CB1R
antagonist attenuates the phasic fluctuations in NAc dopamine release elicited by cocaine

(Cheer et al., 2007), and novel food rewards (Melis et al., 2007).

Fluctuations in NAc dopamine, such as those attenuated by CB1R blockade in the previous
discussed studies, are thought to shape reward pursuit for both food and drugs (Phillips et
al., 2003; Roitman et al., 2004). In line with this thinking, animals will respond less to obtain
both nicotine (Simonnet et al., 2013), and ethanol (Alvarez-Jaimes et al., 2009) following

CB1R antagonist infusions directly into the VTA. In addition to the frequency with which
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reward seeking actions are mediated, endocannabinoids can bidirectionally modulate the
number of lever presses animal are willing to make for food rewards (Solinas & Goldberg,
2005). Together these results present a picture where intact endocannabinoid signalling

enables VTA dopamine release to shape reward pursuit behaviour.

Further investigations employing FCV with cannabinoid pharmacology have provided
information about the relationship between cannabinoid signalling, NAc dopamine and
reward. Oleson et al recorded NAc dopamine release in rats during an ICSS paradigm,
where a cue signalled that a lever could be pressed for rewarding brain stimulation (2012).
Blocking CB1R in the VTA markedly reduced cue-evoked dopamine, an effect accompanied
by an equally dramatic increase in the latency to initiate reward seeking actions. The
suppression of cued-reward seeking with CB1R antagonism is also observed with food-
based reinforcement (Ward et al., 2007). These studies indicate that endogenous
endocannabinoid tone contributes to both normal dopamine release and the associated

reward seeking behaviour.

In addition to the contributions that endocannabinoids make to reward guided action,
some investigation has been made into their role in restraining or withholding action.
Blockade of CB1R reduces premature responding in the 5CSRTT, suggesting that
endocannabinoid tone contributes to baseline impulsivity (de Bruin et al., 2011; Pattij,
Janssen, Schepers, et al., 2007). Interestingly, a systemic CB1 agonist had no effect in the
task (Pattij, Janssen, Schepers, et al., 2007). This could possibly be mediated by maximal
occupancy of CB1R during the task, at least during the pre-cue period where animals must
restrain action. CB1Rs can regulate the release of a vast array of neurotransmitters

(Egerton et al., 2006; Schlicker & Kathmann, 2001), which presents the possibility that a
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CB1 agonist may promote pro-impulsive and anti-impulsive action via its influence distinct
systems. In line with this concept, it is difficult to ascertain if CB1R-mediated effects on
withholding action in the 5CSRTT occur via dopamine interactions. CB1R blockade does
attenuate the increased 5SCRTT impulsivity following systemic administration of the
stimulant amphetamine (Wiskerke et al., 2011), which evokes terminal dopamine release.
However the promiscuous distribution of the endocannabinoids system makes it difficult
it localise this effect. Further experiments are needed to ascertain the how
endocannabinoids may contribute to dopamine-influenced dimensions of reward-guided
action — particularly in more complex tasks where restraint must be balanced with

appropriate initiation.

1.8 - Thesis Aims

Dopamine transmission has been purported to mediate reward learning, action, and
motivation, but complete understanding of when dopamine may play a role in each of
these functions is unclear. Prior work has implicated mesolimbic dopamine in prompting
the initiation of reward-guided action, placing dopaminergic signalling in a core position
within a wider network responsible for appropriate action control. However, a critical
understanding of the role that phasic dopamine transients, such as those so often recorded
in behavioural tasks, may play in reward guided action initiation and restraint remains to
be determined. Furthermore, a wider understanding of the circuits and systems that
enable appropriate reward seeking, both independently of and in conjunction with the

mesolimbic dopamine pathway, remains elusive.
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To examine this question, the thesis will apply an established behavioural paradigm — the
Go/No-Go task first used by Syed et al. (2016) — to examine the effects of different causal
manipulations (see Experimental Chapters for specific hypotheses). This task provides a
balanced symmetric design where the influence that changing reward sizes and action

requirements have on behaviour can be dissected.

This thesis will first examine the effect of optogenetically evoked dopamine release upon
reward guided behaviour within the task to address the causal role of dopamine release at
different points in the task and in different magnitudes has on behaviour (Chapter 3). Then,
to broaden the perspective on this question, manipulations of two other systems thought
to be important for the regulation of endogenous dopamine release and flexible reward
guided behaviour, subregions of mPFC (Chapter 4) and the endocannabinoid system

(Chapter 5), will be examined.
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2. General Methods

Here the general methods used in the following
experimental chapters are described, including details of the
behavioural paradigm, surgical procedures, and statistical
analysis. The approach for optogenetic experiments (Chapter
3) and infusion experiments (Chapter 4) will also be outlined

in detail.
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2.1 - Go/No-Go Task

The Go/No-Go task utilises a four-way factorial design to enable behaviour to be tracked
in conditions with differing reward expectations and differing action requirements. This
allows the effects of manipulations on behaviour to be compared across situations where
an action had to either be made or withheld to obtain a reward, and across trials with

different amounts of reward on offer.

The task was implemented in operant chambers, arranged such that one wall was equipped
with a central noseport port flanked by two retractable levers and the opposing wall held
a food magazine (Figure 1A). A trial was initiated by a voluntary nose-poke in the central
noseport, which triggered the presentation of one of four possible auditory cues. The
identity of the presented cue conveyed information about both the amount of reward on

offer for that trial and the action required to obtain that reward.

On trials requiring an action (Go Trials) animals had to make two responses on either the
left or right extended lever, dependent on cue identity. On the other half of trials where
action had to be withheld (No-Go Trials), animals instead had to remain in the central port

for a further 1.5-1.7s. The amount of reward that could be obtained varied. On Small
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reward trials the correct action would result in delivery of one 45mg sucrose pellet.
Conversely on Large reward trials successful performance resulted in a reward of two 45mg
pellets. The combination of two different action requirements and two different reward
amounts gave a total of four possible trials, No-Go Small, No-Go Large, Go Small and Go

Large (Figure 1B), indicated by different auditory cues (see below for details).
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Figure 1. Task schematic.

A) Four-way factorial design of the Go/No-Go task. B) Operant box layout

Behavioural apparatus

Behavioural testing occurred in 30.5 x 24.1 x 29.2cm operant chambers (Med Associates
VT, USA). Each chamber was installed in a custom sound-attenuating cabinet. An infrared
beam inside the noseport enabled the detection of noseport entry and exit. The opposite
wall housed a central food magazine where 45mg sucrose pellets (Test Diet, Sandown
Scientific, UK) were delivered. Operant chambers were also equipped with a house light

and a speaker for the delivery of auditory cues.
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Behavioural training

Auditory cues were one of the following: white noise, tone, buzz or click, all delivered at
~70dB. Cues were pseudo-randomly assigned to trial types (No-Go Small, No-Go Large, Go

Small and Go Large) before training began in order to be counterbalanced across animals.

Animals were first habituated to the operant chamber for two 30 minute sessions on
consecutive days, followed by an initial session of magazine training, where a sucrose pellet
was delivered on a 90 second random interval schedule until 21 pellets had been delivered.
Upon successful collection of at least 18 pellets animals progressed to No-Go Trial training.

During habituation and magazine training the central noseport was covered.

Each training session lasted until either 100 rewards had been delivered or 60 minutes had
elapsed. Training began with No-Go trials. To successfully receive reward in No-Go
training, animals had to maintain a given nose-poke hold duration, which consisted of a
pre-cue period and a cue period. Across training, the pre-cue period was gradually
increased to 0.3-0.7s and the cue period to 1.5-1.7s, where animals had to hold for
incrementally longer duration on the current training session if they had achieved < 60%
success rate on their previous session. To account for infrared beam breaks resulting from
small postural adjustments, a 0.1s buffer period was allowed. If animals exited the
noseport and did not enter within the buffer period, then that trial was counted as
incorrect. If animals successfully completed the hold duration, then that trial was counted
as correct, and reward was delivered. Correct trials were followed by a 5s intertrial interval
(ITI) where the nose-poke was inactive. The end of the ITI was uncued. Incorrect trials
results in an error period where the houselight turned on for 5s, followed by the standard
5s ITI. During No-Go training both levers were retracted. On No-Go trials the cue was
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presented until the end of the holding period on correct trials or until premature head exit

on incorrect trials.

After animals had achieved a < 60% success rate on the full No-Go hold duration, a second
No-Go trial was introduced, with the same hold duration but a different cue, which resulted

in the delivery of two sucrose pellets (No-Go Large).

After reaching criterion for both No-Go trial types, training for Go trials commenced. The
first session of Go training consisted of a fixed ratio 1 schedule with the nosepoke blocked,
where animals progressed if they had made at least 20 presses on both levers. In the
following session, both levers were extended, and nosepoke entry that was sustained for
the pre-cue period would result in the presentation of one of two auditory cues. Animals
had to complete a single lever press on either the left or right lever dependent on cue
identity. Cue presentation lasted until the rat pressed the correct lever, the incorrect lever
or until 60s had elapsed with no lever press made. A 5s ITI followed correct Go trials and
incorrect Go trials resulted in an error period where the houselight turned on for 5s,

followed by the standard 5s ITI.

To aid error correction, following an incorrect Go trial the subsequent trial would be of the
same cue and trial type, but with the incorrect lever retracted to prevent the rat pressing
it. Achieving > 60% success rate resulted in increasing the lever press requirement to two,
and the cue duration (and therefore maximum possible response time) to be incrementally

reduced until it lasted for 5s.

Following completion of Go training, No-Go trials were reintroduced. Each of the four trial

types were interleaved and had equal probability of being selected (Figure 2). Once animals
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had > 60% on all four trial types Go correction trials ceased, and animals progressed to the

full version of the task.
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Figure 2. Trial events

A) Schematic detailing the series of events on a successful No-Go Trial. B) same as in A but
for Go Trials

Measures of performance

In addition to defining trials as ‘correct’ or ‘incorrect’ a more detailed examination of how
animals completed, or failed trials can be obtained in the Go/No-Go task. On Go trials

animals could fail by either selecting the wrong lever (Go Wrong Lever Press) or by failing
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to press any lever in the 5s response time (Go Response Omission). On No-Go trials only
one type of error could be made - premature head exit before the end of the holding
period. However, erroneous head exits could be reasoned to occur from two separable
processes, a failure to inhibit cue-driven responses or a failure to wait for sufficient time
before making a response. As the former would be expected to result in errors clustered
near cue presentation, while the latter would result in errors clustered towards the end of
the holding period(Harmson et al., 2022), we quantified No-Go errors as either being early

(>800ms) or late (<800m:s).

Additionally, there are two other methods for completing trials that could signal different
behaviours. On Go trials animals could maintain a nosepoke hold for longer than 1.7s — the
maximum hold time required to successfully complete a No-Go trial. These trials were
labelled as Invalid Go trials. Conversely on No-Go trials, after completing the hold duration
successfully, animals go then make a lever press. These trials were labelled Invalid No-Go
trials. While these trials were recorded, as animals successfully completed the
requirements of the trial type they were presented with, both types of invalid trials were

included as ‘correct’ when calculating overall success rates.

Finally, animals could leave the noseport before the precue period had been completed

and cue presentation triggered. These trials were recorded as Aborted trials.

Measures of latency

In addition to recording whether and how animals completed or failed trials, behavioural

latencies within the Go/No-Go task were also recorded. Measures of how quickly or slowly
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animals performed different action sequences within the tasks contains potential

information on action dependent features such as vigour or motivation. The latencies

monitored in the Go/No-Go task is listed below:

Time in nose-poke: Noseport exit times aligned to cue onset for both successful and failed

trials.

Travel time: on Go trials, the time taken from nose-poke exit to first lever press.
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Table 1. Summary of performance and latency measures within the Go/No-Go task
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Statistical approaches

For analysis of behaviour in Chapter 3 (optogenetic manipulation), mixed effect models
were used (see Section below for details). For data in Chapters 4 (regional mPFC
inactivation) and 5 (MAGL inhibition), repeated measures ANOVAs were used. A mixture
of within subject and mixed effects ANOVAs were employed depending on the
experimental design in question. Any significant effects were further investigated post-hoc
for significant pairwise comparison. If the assumption of sphericity was violated,
Greenhouse-Geiser corrected p-values were used. Post-hoc tests were corrected for
multiple comparisons using a Sidak correction. Effect sizes were reported alongside

significance testing.

2.2 -Optogenetics experiments

This section outlines the procedures necessary for the optogenetic activation of VTA

dopamine neurons in the Go/No-Go task, results presented in Chapter 3.

Optogenetics

Optogenetics is a technique that enables fast temporal control over neuronal activity with
cell type specificity. The technique involves expression of light activated proteins in
neurons, which enable depolarisation, hyperpolarisation, or modulation of the excitability
of the target cell depending on which construct is expressed. The use of cre-dependent
viruses that encode optogenetic tools in conjunction with transgenic animals that express
the enzyme Cre-recombinase in a specific subtype of neurons allows the activity of a select

population to be manipulated.
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For these experiments, a Channelrhodopsin (ChR2) variant was used. ChR2s are cation
channels that undergo a conformational change when exposed to blue light of ~470nm,
allowing positive ions to flow into the cell and induce depolarisation. In this experiment,
the E123T/T159C (ET/TC) variant was used, which carries two mutations relative to the wild
type ChR2 (Berndt et al., 2011). ChR2-(ET/TC) has rapid on/off kinetics and generates large
photocurrents upon activation, enabling depolarisation of neurons without requiring
excessive expression, in addition to reliably inducing depolarisation even at high
frequencies of stimulation. Th-Cre rats (SD-THem1(IRES-Cre)Sage) which express Cre-
recombinase in tyrosine hydroxylase-expressing neurons, needed to synthesise
catecholamines including dopamine, were used in these experiments. The combination of
this transgenic strain, the coordinates of viral injection, and the cre-dependence of the viral

vectors, ensured that expression was restricted to dopaminergic neurons.

Optimization of transfection

In order to tie effects of stimulation specifically to activation of the mesolimbic pathway
we aimed to engineer expression of channelrhodopsin within dopamine neurons of the
VTA, which project predominantly to ventral and medial striatum including the nucleus
accumbens, while sparing the neighbouring SNc¢, which projects more strongly to dorsal

and lateral striatum.

We initially trialled 3 different approaches: two different viral vector serotypes, AAV2 and

AAVS5, targeted to the VTA, and one of these — AAV5 — targeted directly into NAc.
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Delivering AAVS5 to the VTA gave good transfection of dopamine neurons, but expression
often spread to include both the VTA and the SNc resulting in the whole striatum being

transfected (data not shown).

One recent study reported using AAV5 to retrogradely transfect dopamine axons(B. T.
Saunders et al., 2018), so we tested whether an analogous approach could enable us to
reliably transfect NAc-projecting dopamine neurons. However, in animals that received
AAVS injections to the NAc, little to no dopamine release in NAc could be evoked through
optogenetic stimulation of VTA in anesthetised FCV recordings, and histology confirmed

highly sparse transfection of the VTA.

In contrast to AAVS delivered to VTA, we found that using an AAV2 virus to deliver the viral
construct to the VTA enabled more restricted expression that was largely localised to the
VTA. Moreover, combined optogenetic-FCV recording experiments in anaesthetised rats

suggested that dopamine could be reliably evoked in the NAc using this method.

We then proceeded to train animals in the Go/No-Go task and use AAV2 to transfect the
VTA with either ChR2 (n=10) or EYFP (n = 4). Once performance had stabilised, we applied
optogenetic stimulation and found no effect upon any behavioural measures (data not
shown). As a positive control, we treated these animals with a systemic D1R agonist. This
produced the same pattern of behavioural effects, namely a reduction in No-Go
performance, as had been previously observed in wild animals (Grima et al., 2022) —
indicating the null effect of optogenetic stimulation was not due to some behavioural

aberrance in the transgenic Th-Cre animals.
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To confirm the validity of the lack of effect in the Go/No-Go task we next investigated how
stimulation may affect behaviour in AAV2 transfected animals in an intracranial self-
stimulation paradigm. Here animals will repeat an action such as a lever press or nosepoke
to obtain optogenetic stimulation of dopamine neurons. However, stimulation failed to
maintain responding in the majority of animals tested. Moreover, in a subset of animals
that had FCV electrodes implanted (n=3) and in which reward-evoked dopamine could be
observed, optical stimulation failed to evoke reliable dopamine release. Histology
confirmed that expression in AAV2 transfected animals was often unreliable and patchy,

and also that our optic fibre implantations tended to be too ventral, particularly in females.
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Figure 3. Optimization of viral transfection strategy

A) Cumulative responses in an ICSS paradigm from an example animal transfected with an AVV2
virus (pink) compared to an example animal transfected with an AAV5 virus (blue). B) Example
histology from an animal receiving injections of an AAVS5 virus in one hemisphere and an AAV2 virus
in the other hemisphere.
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To address these issues, we performed a number of optimization experiments. First, we
adjusted coordinates so that dorso-ventral measurements were taken from the surface of
the brain, as opposed to the surface of the skull. We confirmed that these adjusted
coordinates enable consistent targeting of the optic fibre terminus to just dorsal to the VTA
in both male and female animals. Second, to resolve transfection issues, we returned to
using the AAVS serotype but adjusted the location and reduced the volume of the virus
injection to 400nl / site, aiming to achieve VTA specific transfection with targeted
injections. We found that this approach allowed for restricted transfection covering, but
largely limited to, the VTA. Moreover, optical stimulation induced consistent

reinforcement behaviour in ICSS paradigms.

Thus, for the main Go/No-Go experiments reported here, we used this last approach: an

AAVS serotype viral vector and optic fibres targeted to the VTA.

Surgical procedures

Adeno-associated virus (AAVs) were obtained from the University of North Carolina Viral
Core. Experimental animals received a cre-dependent virus encoding Channelrhodopsin
(AAV-ChR2/ AAV5-EF1a-DIO-hChR2(E123T/T159C)-EYFP) (titre: 5.2 x 102 vg/ml), while
control animals received a virus that only induced expression of EYFP (AAV-EYFP/ AAV5-
EF1a-DIO-EYFP-WPRE-pA) (titre: 4.5 x 1012 vg/ml). Viruses were delivered in saline as a 1:1

dilution.

Surgeries took place after rats had reached stable performance in the Go/No-Go task.

Anaesthesia was induced in the rats using inhaled isoflurane (4% vol/vol in 02 for
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induction, 1-1.5% delivered via facemask for maintenance). Meloxicam (Metacam, 2mg/kg,
subcutaneous), buprenorphine (Vetergesic, 0.03 mg/kg subcutaneous) and 2ml of saline
(0.9%, Aquapharm, subcutaneous) were given at the start of surgery with a further 1-2mi
of saline given during surgery dependent on the length of the procedure. A homothermic
heating blanket was used to maintain body temperature at 37 + 0.5c. Prior to surgery the

animal’s scalp was shaved and cleaned with diluted hibiscrub and 70% ethanol.

Animals were secured in a stereotactic frame (Kopf Instruments) and the scalp was treated
with local anaesthetic (bupivicaine, 2 mg/kg). Eyes were protected with a layer of eye gel
(Lacrilube, Allergan) which was reapplied midway through surgery. An incision was made
to expose the skull and the bregma and lambda were taken. The tilt of the head was then
adjusted, if necessary, such than the dorsal/ventral difference between bregma and

lambda was less than 0.1mm.

Small craniotomies were drilled for the injection of viral vectors, the implantation of optic
fibres, and the attachment of anchoring screws to ensure the headcap stayed firmly
attached to the skull. Screws were secured and a custom pulled glass pipette fitted to an
injector (Nanoject, Drummond Scientific) was filled with either AAV-ChR2 or AAV-EYFP

depending on whether the animals was assigned to the control or experimental group.

The four craniotomies for delivery of viral vectors were made at the coordinates (-5.2, -6.2
AP; + 0.75 ML) and two injections were made in each site (-7.2/-7.6 DV to surface of the
brain) for a total of eight injections across both hemispheres. All injections were of 400n|
volume and injected at a speed of 2nl/second. Following the first injection, the pipette was

raised, and the second injection made. Following the second injection in each site the
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pipette was left in place for 5 minutes before being removed to avoid pulling virus into the

pipette tract.

The craniotomies for the implantation of optic fibres (200um diameter, 0.5NA, Thorlabs)
were located at the coordinates (-5.7 AP; + 1.825 ML). After injections were completed,
fibres were implanted at a depth of -7.6mm D/V to the surface of the brain at a 10° angle.
Optic fibres and a headpost were then secured to the surface of the skull using dental

cement.

Following surgery animals were given buprenorphine and palatable food. Meloxicam was
given in an oral jelly suspension where possible, or via sub-cutaneous injection, for three
days following surgery. On average, animals had 2 weeks recovery with ad libituim access

to food and water before restarting food restriction and behavioural training.

Anaesthetised fast-scan voltametric recordings.

NAc core dopamine release was recorded using fast-scan cyclic voltammetry in
anesthetised animals while applying optogenetic stimulation of varied parameters to the
VTA. Forrecordings, craniotomies were drilled over the VTA, NAc core and posterior cortex
for the implantation of optic fibres, carbon-fibre voltammetry recording electrode and

Ag/AgCl reference electrode respectively.

Voltammetry recordings were performed as previously described (Gan et al., 2010).
Voltametric scans were performed at a frequency of 10hz. Prior to each scan the carbon

fibre voltammetry electrode was held at potential of -0.4V compared to the reference
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electrode. During a scan, the recording electrodes potential was increased to +1.3V and
then returned to — 0.4v at a speed of 400v s*. Applying this waveform to the carbon fibre
results in redox reactions in electrochemically active species, such as dopamine, which can

then be recorded over time as fluctuations in current.

Recordings were passed through a 2khz low pass filter. A described in (Flagel et al., 2010;
Wanat et al., 2010), principal component analysis was used to extract fluctuations in the
concentration of dopamine from other unrelated electrochemical changes such as
variation in pH. Recordings where the dopamine current could not be successfully
extracted on > 50% of data points were excluded. Data was smoothed using a 0.5s rolling

window and visualised using custom python scripts.

Behavioural analysis

In the optogenetic stimulation experiments, individual animals underwent many sessions
of data collection, resulting in a large number of trials collected. Analysing this data with
an ANOVA results in averaging over all trials to obtain an aggregate measure for each
individual. In this experiment, the average number of trials completed per session by each
animal varied, as did the number of sessions completed, resulting in an unequal total
number of trials completed by each animal. Obtaining an aggregate measure gives equal
weight to the data provided by each individual, meaning that animals that have completed
fewer trials, and are therefore more likely to suffer from random sampling variation,
contribute equally to the final conclusion as animals that have completed significantly
more trials. In addition, due to two animals not completing the ‘late’ stimulation condition,

this dataset is unbalanced, and due to exclusions from the ChR2 group the group sizes are
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unequal. Though ANOVAs account well for deviations in the normality of underlying

datasets, they are less able to handle missing data and unequal groups.

The large number of data points obtained for this experiment enables a regression to be
fit as an alternative measure to ANOVAs, which does not suffer from the dependence of
ANOVAs on equal group sizes. However, a key assumption of a regression is the
independence of individual data points. When individual observations, e.g., trials, can be
meaningfully grouped based on which individual completed those trials this assumption is
violated. For example, trials from an individual that has a fast average reaction time are
more likely to be similar to each other in terms of recorded action initiation latency,

compared to trials from a slower individual.

In order to account for non-independence and prevent statistically overconfident results,
mixed effects modelling was employed, utilising random intercepts and slopes to account

for individual variability.

For all variables where mixed effects models were applied, the formula was as follows:

Dependent variable
= reward * timing * magnitude * group

+ (random ef fects || subject)

Variables were coded as follows:

- Reward: 2 level ordinal catergorical variable indicating whether the trial could

result in a small or large reward. (coded as small = 1, large = -1)
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- Timing: 2 level categorical variable indicating whether the trial took place in the
early or late block. (coded as early = 1, late = -1)

- Magnitude: 3 level categorical variable indicating whether stimulation on the trial
was not present (No stimulation), consisted of 5 pulses (5p) or consisted of 10
pulses (10p). Regressor 1 (‘10p stimulation:’ coded as 10p = 1, 5p = 0, no stimulation
=-1), Regressor 2 (‘5p stimulation’: coded as 10p = 0, 5p = 1, no stimulation = -1)

- Group: 2 level categorical variable indicating whether the trial is from a control

(EYFP) or experimental (ChR2) subject, (coded as ChR2 =1, EYFP =-1).

In all cases the maximal random effect structure was initially fitted. If the maximal model
was singular, the random effect structure was simplified until the model became non-

singular (Bates et al., 2015; Matuschek et al., 2017; Singmann & Kellen, 2019).

Mixed models were implemented using the afex package in R programming language.
Orthogonal sum-to-zero contrasts and likelihood ratio tests were used to calculate p-values
and construct an ANOVA table by comparing the full model to a reduced model where the
parameters corresponding to the effect being tested are set to zero. Any interactions
including group that reached significance of p < 0.05 were investigated further by fitting
smaller models post-hoc that split the dataset by group. Any significant effects (p < 0.05)

were investigated for pairwise comparisons using estimated marginal means.

Histology

Following completion of behavioural experiments animals were terminally anesthetised

with sodium pentobarbitone (200mg/kg, i.p). Animals where then transcardially perfused
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with 0.9% saline followed with 10% formalin solution (vol/vol). Brains were kept in 10%
formalin for a minimum of 2 days before being transferred to 30% sucrose solution in
sodium azide. A vibrating blade microtome was used to cut brains into 50um coronal
sections. For immunohistochemistry, sections were washed three times in PBST (0.3%
Triton, source) before being blocked in 10% normal donkey serum for 1 hour. Primary
antibodies for GFP (chicken anti-GFP, 1:50 dilution, Aves Labs) and Tyrosine hydroxylase
(rabbit anti-TH, 1:1000 dilution, Millipore) were then applied in a 2% normal donkey serum
solution and left overnight. The next day sections were washed three times in PBST and
secondary antibodies (Alexa-488 anti-chicken, 1:1000 dilution, Jackson ImmunoRes; Cy3
anti-rabbit, 1:1000 dilution, Jackson ImmunoRes) were applied in a 1% normal donkey
serum solution and left for 4 hours. Sections were finally washed 3 times in PBST and
mounted onto 2% gelatin-coated glass slides in a DAPI-containing mounting medium

(Vectasheild) and cover slipped.

2.3 -Infusion experiments

This section outlines the procedures necessary for the inactivation of mPFC subregion with

baclofen/muscimol infusions in the Go/No-Go task, results presented in Chapter 4.

Surgical procedures

As with the optogenetic experiments, once animals had reached stable baseline
performance in the Go/No-Go task they underwent surgery. Surgical procedure for the
infusion experiments was identical to that for the optogenetic experiments in terms of

anaesthesia, analgesia, use of a stereotaxic frame, incision, and levelling of the skull.
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Figure 4. A) Schematic of viral injection and optic fibre placement over the VTA. B) Example coronal
section stained for TH and EFYP showing transfection with AVV5-EF1a-ChR2-EYP restricted largely
to the VTA. C) Fibre terminus in the VTA for ChR2 animals (blue) and EYFP animals (yellow).

Adapted from Paxinos and Watson (2009)
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For infusion experiments, 6 small craniotomies were made in the skull: one for each
cannula and four for the dental screws that affixed the headcap to the skull. Animals were
implanted with 22-gauge stainless steel guide cannula (Plastics One) bilaterally into the
medial prefrontal cortex at the following coordinates: prelimbic cortex (PL) : AP =+2.7 mm,
ML = £.75 mm from bregma, DV = -1.5 mm from dura; infralimbic cortex (IL) : AP = +2.7
mm, ML =+.75 mm from bregma, DV = -2.5 mm from dura; medial orbital cortex (MO): AP
= +3.9mm, ML = £.75 mm from bregma, DV = -2.0 mm from dura (Paxinos and Watson
1998), as shown in Figure 5. Dental acrylic (Associated Dental Products Ltd.) was then
applied to secure the cannula to the skull and screws and any loose skin around the
headcap was brought together with stitches. Obdurators flush with the cannula tip were

inserted to prevent clogging prior to testing, and dust caps were screwed on.

Post surgery recovery occurred in an identical manner to the optogenetic surgeries.

Infusion procedures

Following stable post-operative performance on the Go/No-Go task, infusions began.
Infusions were delivered via two 10 ul glass Hamilton syringes loaded onto an infusion
pump (Cole Parmer). The syringes were connected to the intracranial injectors with
polyethylene tubing filled with sterile saline. Initially rats received two mock infusions, in
which the dust caps and obdurators were removed, and injectors were lowered bilaterally
into the cannula. During these sessions no infusions were performed, but instead were

carried out to habituate rats to the experience of being handled prior to testing.
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The mPFC was inactivated by a mixture of the GABAg agonist baclofen and the GABAa
agonist muscimol (Sigma—Aldrich), prepared separately at 0.5 pg/uL in 0.9% saline, and
mixed together in equal volumes to form a 0.25 pg/uL solution. A stock solution of this
GABA agonist cocktail was prepared and frozen. Individual aliquots for each rat were
thawed at least one hour prior to infusion. Infusions adhered to a 3-day cycle, starting with
a baseline session, followed by drug or saline infusion session, and ending with a washout
day. On infusions days, dust caps and obdurators were removed, and 28-gauge injectors
were lowered into the cannula. 0.5 pL per hemisphere injections of saline or
baclofen/muscimol were administered bilaterally at a rate of 0.4 uL/min, and injectors
were left in place for an additional minute to allow diffusion. Once completed, injectors
were removed, obdurators replaced, and animals were returned to their home cages for

10 minutes before being placed in the operant chambers and starting the task.

Histology

Once data collection had been completed, animals were deeply anesthetised and
transcardially perfused. Extracted brains were submerged in 10% formalin and later 10%
sucrose before sectioning. 50 um coronal sections using a vibratome (Leica) and stained
with cresyl violet. The projected locations of the injector tips protruding from the guide

cannula were mapped onto coronal section images (Paxinos and Watson, 1998).
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Figure 5. Cannulae placement in mPFC for the PL (pink) Il, (yellow) and MO (blue) groups.

Adapted from Paxinos and Watson (2009)

2.4 - Video tracking

For experiments presented in Chapters 4 and 5, video tracking was applied using
DeeplabCut (Nath et al.,, 2019). DeeplLabCut is an open-source toolbox that adapts an
algorithm designed for human pose-estimation to track the position of animals in

laboratory experiment settings. By annotating a relatively small number of video frames,
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the experimenter can train a network to label a number of videos with near-human

accuracy.

The model was trained on a subset of 12 videos that gave equal representation to
behavioural boxes used and different levels of the experimental manipulation being made.
All videos were captured at 25fps. Key body parts of the animals, including the nose, head,
shoulders, and tail were labelled — in addition to features of the box such as the four
corners of the floor, the levers, and the food magazine (Figure 6A). 15 frames from each
video were initially labelled, and a further 5 frames from each video were labelled after the
initial output from the model was examined. The model was trained for over 1,030,000
iterations until the average error between test results containing labels from the model,

and the training data containing labels from the experimenter was less than 5 pixels.

The model produces estimations for the x and y coordinates of each tracked body-part for
each frame in every video to which tracking was applied. The coordinates are supplied
along with a confidence score corresponding how certain the model was that tracked body-
part in question occupied those coordinates in that frame. Any data points that had a
confidence score below a threshold of 0.9 were discarded. Coordinates for a tracked body-
part were also discarded if they jumped a distance greater than 20 standard deviations of
the frame-by-frame change for that body part, or if they were short sections of valid data
(< 5 consecutive points) isolated between unconfident coordinates. All discarded data was
interpolated across. Only files with more that 75% of points meeting these criteria were

included in analysis.

After an error was made in the Go/No-Go task — the houselight turned on for 5s. The

average brightness of each frame of each video was calculated, and the onset of the sharp
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Figure 6. Video Tracking

A) Example labelled frame. Labelled points of the animal (coloured purple through to blue) were as
follows: nose, head, shoulders, tail base, mid tail, tail tip. Labelled points of the operant box
(coloured green through to red) were as follows: nosepoke, left lever, right lever, left food
magazine, right food magazine, box top left, box top right, box bottom left, box bottom right.
Crosses indicate the labelling assigned by the experimenter and circles indicate model predictions.
B) schematic displaying division of the operant box into zones. C) Example trajectory on a successful
Go trial (green, right) and No-Go trial (red, left)
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increases of brightness as the house light turned on following an error were used to align
the videos with the behavioural data. Any video where the onsets of houselight
illumination could not be clearly extracted was discarded. Any file where the range of
timestamp differences between behavioural and video error onsets greater than 500ms
were discarded. Only animals with video data passing inclusion criteria in every
experimental condition were included in analysis (Chapter 4: n= 31 out of 32 total; Chapter

5: n=10 out of 15 total).

Trajectories were split into trials starting from cue onset. On successful trials trajectories
were tracked until 0.75s after entry into a region defined around the food magazine, or 5s
after cue presentation, whichever came first. On failed Go trials, tracking lasted from cue
onset until 5s after cue presentation and on failed No-Go trials tracking lasted from error
onset until 5s after error onset. Trajectories were normalised by subtracting the median
value of the nose-poke from all other coordinates. For analysis of zone visitation, the
behavioural box was divided into a 3x3 grid, consisting of two lever zones, one food
magazine zone, one nosepoke zone and 5 neutral zones that did not contain any task

relevant box features (Figure 6B).
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3. How do ©phasic dopamine
transients influence action initiation

and restraint?

Mesolimbic dopamine is thought to be involved in both learning
about rewarding outcomes and activating reward guided behaviour.
However, the causal influence that phasic dopamine transients exert
on reward guided action is uncertain. In this chapter we
optogenetically activated VTA dopamine neurons while animals
made or withheld action for reward. We found that VTA dopamine
stimulation can promote transitions to action in a manner that
depends on the magnitude and timing of stimulation. Moreover,
effects on behaviour were not only restricted to the trial on which
stimulation was applied, but also caused sustained modifications to

behavioural strategy.

Contributions

For the experiments presented in this chapter, George Jenkins, Hironori Ishii, Emilie Werlen
and Mark Walton designed and planned the experiments, Emilie Werlen collected
anesthetised FCV data, George Jenkins and Lauren Burgeno conducted surgeries, George
Jenkins collected all the behavioural data, and George Jenkins analysed and presented all
data with input from Mark Walton.
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3.1 - Introduction

An extensive body of work describes how dopamine neuron activity and release in regions
of the striatum correlates with a reward prediction error signal (Schultz et al., 1997). RPEs
have been reported to be encoded in changes in dopamine neuron firing rates across
reward dimensions including reward size (Roesch et al., 2007), likelihood (Tobler et al.,
2005), and subjective preference (Lak et al., 2014), making RPE theory a prominent
framework that proposes to capture the role of dopamine neurones in reward-guided

behaviour.

However, dopamine is also closely associated with movement. From a neurological
perspective, a myriad of motor symptoms are presented following the death of
dopaminergic neurones in Parkinson’s disease (Jankovic, 2008). While Parkinsonian
pathology has been largely ascribed to SNc neurons, recent studies have demonstrated
that dopamine neurons in the SNc and VTA are modulated by movement in the absence of
explicit rewards (Coddington & Dudman, 2018; Dodson et al., 2016), challenging the

proposition that prediction error may provide a unifying theory of dopamine function.

Mesolimbic dopamine in particular is associated with promoting or invigorating
movements that aim to obtain rewards, such as the actions taken following the
presentation of a reward-associated cue (Robbins & Everitt, 2007). Disrupting dopamine
within the NAc can reduce the likelihood that reward seeking actions are initiated (Lex &
Hauber, 2008; Yun, Nicola, et al., 2004), while pharmacological elevation of NAc dopamine
transmission can drive cued-reward seeking (du Hoffmann & Nicola, 2014), even when it is
inappropriate to do so (Grima et al., 2022). Moreover, fluctuations in mesolimbic dopamine

have been shown to closely track the initiation of reward seeking actions (Phillips et al.,
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2003; Roitman et al., 2004; Syed et al., 2016), with NAc dopamine being suppressed if a

cue instructs that action must instead be withheld to obtain reward (Syed et al., 2016).

However, it remains unclear how to integrate these different conceptions of dopamine
function and predict what causal role transient phasic dopamine signals may exert over
reward driven action initiation and restraint. If transient increases in dopamine are used
to update the estimated value of associated states and actions to optimize future
behaviour (Schultz, 2019a) or as a moment-to-moment estimate of current value (Hamid
et al., 2016), stimulating dopamine should act to improve ongoing behaviour and motivate
responding required to obtain reward as the value of the current state will have been
boosted. If this mimics an RPE signal, then stimulation should also have an effect on
performance on future trials. Alternatively, should the relationship between dopamine
release and cued-promoted reward seeking action be causal, then dopamine transients

should primarily act to promote action over inaction.

Moreover, there is increasing evidence that the effect of dopamine neuron stimulation on
motor output depends on a number of factors, including an animal’s experience within a
rewarding context (Hughes et al., 2020), the behavioural state of the animal at the time of
stimulation (Da Silva et al., 2018), and when within the framework of a behavioural task
stimulation is applied (Hamid et al., 2016). Moreover, while movement can be elicited by
driving dopamine release in ‘resting’ animals, this is only consistently observed with levels
of stimulation outside of physiological ranges (Coddington & Dudman, 2018). Together,
these results suggest that the effects of dopamine neuron stimulation on reward-driven
action may depend on the magnitude and timing of the stimulation with respect to internal

states or external cues.
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Aims

Therefore, this study aimed to resolve questions regarding the capacity of phasic dopamine
events to causally promote action over inaction. In order to separate action requirements
from the reward for performing them correctly, we tested animals in a cued Go/No-Go
task. Here the cue presented at trial initiation both instructed animals whether to make or
withhold action, and informed whether the reward contingent on successful performance

would be small or large.

In order to transiently activate dopamine neurons, an optogenetic approach was
employed, using light-activated cation channels selectively expressed in VTA dopamine
cells. Dopamine neurons can be depolarised with pulses of light, enabling a tight temporal
control of activity that mimics endogenous release events more closely than manipulations
such as chronic pharmacology. To determine how the effect of dopamine neuron
stimulation depends on A) proximity to task-relevant cues B) magnitude of stimulation
applied, the timepoint during a trial when stimulation is applied, as well as the number of

light pulses delivered in a stimulation train, were manipulated.

Based on the effects of stimulating D1 receptors in the NAc we observed in a previous study
(Grima et al., 2022), we predicted that contrary to a pure RPE perspective, activation of
dopamine neurons following a No-Go cue when dopamine release is suppressed
endogenously should increase the likelihood that inappropriate action is initiated, and
impair performance on No-Go trials. In line with these results, we also predicted that

stimulation should impair No-Go performance to a greater extent when it is delivered
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shortly following cue presentation. Moreover, if dopamine is promoting action over
inaction, we also hypothesised that boosting dopamine release should speed action

execution on Go trials.

3.2 - Methods

All procedures were performed in line with the UK Animal (Scientific Procedure) Act 1986
and in accordance with the University of Oxford animal use guidelines and were approved
by the local ethical review panel at the Department of Experimental Psychology, University

of Oxford.

For the Go/No-Go experiments, male and female adult heterozygous TH-Cre rats (SD-
THem1(IRES-Cre)Sage, n=16), approximately 8 weeks old at the start of training, were
trained in the Go/No-Go task as described in Chapter 2. Following initial training, these
were divided into an experimental group receiving a Cre-dependent virus expressing ChR2
(n=8) and a control group receiving a Cre-dependent virus expressing just a fluorescent
EYFP (n=8). Two animals were excluded from the experimental group either for lack of
expression of ChR2 or for expression not being restricted to VTA but also transfecting the
neighbouring SNc. This resulting in final group sizes of n=6 for the ChR2 group and n=8 for
the EYFP group. For the anesthetised voltammetry experiments male and female adult
heterozygous TH-Cre rats (SD-THem1(IRES-Cre)Sage, n =5) received a Cre-dependent virus
expressing ChR2. A minimum of 5 weeks was allowed between viral injection surgery and
either behavioural testing or anesthetised recording to allow for sufficient transfection of

dopamine neurons with ChR2.
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Animals were maintained on a twelve-hour light/dark cycle. All testing occurred in the light

phase. Animals were singly housed post-surgery to prevent damage to optic fibre canula.

Food was restricted such that animal bodyweights were kept between 85%-90% of their

free feeding weight. Water was available ad libitum.

Details of the behavioural task, training and apparatus are described in Chapter 2

(Methods).

Behavioural measures

Measures of performance and latency are outlined in Chapter 2 (Methods) but briefly

reiterated in the table below.

PERFORMANCE

GO RESPONSE % INCORRECT x@
ERRORS | OMISSION @ PRESS

PREMATURE
NOGO HEAD EXIT ‘))) l
— T
ERRORS 0s ———>»1.7-1.9s
A Q x Early Late

LATENCY MEASURES

GO  |REACTION g
TRIALS | LATENCY 7Q"‘/

TRAVEL j
LATENCY QD/

Table 1. Summary of performance and latency measures within the Go/No-Go task
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Surgical procedures

Adeno-associated virus (AAVs) were obtained from the University of North Carolina Viral
Core. Experimental animals received a cre-dependent virus encoding Channelrhodopsin
along with a fluorescent tag (AAV-ChR2/ AAV5-EF1a-DIO-hChR2(E123T/T159C)-EYFP),
while control animals received a virus that only induced expression of EYFP (AAV-EYFP/

AAV5-EF1a-DIO-EYFP-WPRE-pA).

Details of the surgical procedures are outlined in Chapter 2 (Methods) but to briefly
reiterate, eight injections of AAV-ChR2 or AAV- EYFP were targeted to the VTA, and optic

fibres were then implanted over the VTA at a 10° angle.

Anaesthetised fast-scan voltametric recordings.

Details of the methods for recording and analysing FCV data are outlined in Chapter 2
(General Methods). To give a brief overview, in anesthetised animals carbon fibre
electrodes were lowered into the NAc core. While optical stimulation was applied, a
triangular waveform was applied at 10Hz, driving the potential from -0.4V to +1.3V and

back to -0.4V against an Ag/AgCl reference.

Optogenetic manipulations.

Optogenetic stimulation during the Go/No-Go task was delivered bilaterally to VTA
dopamine neurons using two 465 nm LEDs (Plexon, Plexbright) connected to two 200um

0.5NA patch cords, with a light power of 8-11mWs at the fibre stimulation. Based on the
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anaesthetised recordings, altering the number of pulses in a stimulation train allowed for
the cleanest titration of dopamine release downstream in the NAc. Therefore, frequency
and pulse width were fixed (20hz, 5ms pulse width), while the number of pulses was varied

across sessions.

To examine the effect of two different magnitudes of stimulation: 5-pulse (5p, ‘short’) or
10-pulse stimulation (10p, ‘long’) were used. To examine the effect of stimulation timing
relative to salient events such as cues, stimulation was delivered at two timepoints on a
trial either 50ms (‘early’) or 800ms (‘late’) after cue presentation (corresponding to the

early or late half of the No-Go holding period: see Hirmson et al., 2022).

In each behavioural session, animals only received one type of stimulation, i.e., one
combination of 5p or 10p pulse either 50ms (‘early’) or 800ms (‘late’) after the cue.
Stimulation was delivered pseudorandomly on 33% of all trials in a session. Animals first
underwent testing in the early stimulation block, and 5 pulse and 10 pulse sessions were
pseudo randomly interleaved across sessions. Following completion of the early block
animals then underwent a late stimulation block (Figure 1A). Animals had one session per
day, which ended when either 300 rewards had been obtained or one hour had elapsed,
whichever came first. Two animals only contributed data to the early block due to being

culled due to illness.

On average animals completed 219 + 51 trials per session, and underwent 7-16 sessions in
the early block and 4-10 sessions in the late block for a total of 57,854 trials across all

animals and conditions.
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Figure 1. Experimental design

A) Stimulation schematic showing placement of 5-pulse and 10-pulse stimulations relative to task
events on Go and No-Go trials when delivered either early (50ms after cue presentation) or late
(800ms after cue presentation). B) Timing block schematic. Animals completed 5-pulse and 10-
pulses session in a pseudorandom order until they had completed the early block before moving
onto the late block.
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Statistical analysis of behaviour

A full discussion of the statistical approaches used in the analysis of data from the

optogenetics experiments can be found in Chapter 2 (Methods).

To briefly reiterate mixed effect modelling was employed, utilising random intercepts and

slopes to account for individual variability.

For all variables where mixed effects models were applied, the formula was as follows:

Dependent variable
= reward * timing * magnitude * group

+ (random ef fects || subject)

Variables were coded as follows:

- Reward: 2 level ordinal catergorical variable indicating whether the trial could
result in a small or large reward. (coded as small = 1, large = -1)

- Timing: 2 level categorical variable indicating whether the trial took place in the
early or late block. (coded as early = 1, late = -1)

- Magnitude: 3 level categorical variable indicating whether stimulation on the trial
was not present (No stimulation), consisted of 5 pulses (5p) or consisted of 10
pulses (10p). Regressor 1 (“10p stimulation:’ coded as 10p =1, 5p = 0, no stimulation
=-1), Regressor 2 (‘5p stimulation’: coded as 10p = 0, 5p = 1, no stimulation = -1)

- Group: 2 level categorical variable indicating whether trial is from a control (EYFP)

or experimental (ChR2) subject, (coded as ChR2 =1, EYFP =-1).
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3.3 - Results

Before applying optogenetics in a behavioural setting, anesthetised recordings were
performed in order to understand the relationship between different stimulation
parameters applied to the VTA and downstream NAc dopamine release. The parameters
varied included the number of pulses in a simulation train (5, 10, 20), the power of the laser
(ImW 5mW, 10mW, 20mW), the frequency with which light pulses were delivered (4Hz,
20Hz, 50Hz), and the width of individual pulses of light (0.5ms, 2ms 5ms 10ms, 20ms). For

each stimulation only one parameter was varied, and all others were kept fixed.

Varying different parameters produced different effects upon downstream dopamine
release. Changing the frequency of the stimulation did not give a clear gradation of
dopamine release, as the low frequency 4hz stimulation did not reliably evoke dopamine
and stimulating at 50hz produced traces that were highly variable (Figure 2C). Increasing
the laser power initially increased evoked dopamine, but this effect quickly saturated at
higher values. Varying either pulse width or the number of pulses enabled titrated levels
of evoked dopamine, however increasing pulse number gave a cleaner and more linear
gradation of peak dopamine at the values tested. On this basis, for use in behavioural
experiments two different stimulations were selected that differed in the number of pulses

but were of consistent frequency, power, and pulse width.

82



A B

/

\.

i = =
4nA / NS 04 1
SN Applied voltage (V)
AlDopamine] ./ ““ g
S -0.4 - . 7nA
v
o
o]
X
[<]
>
©
0
2
tical
< -45nA stimopulaﬁon R
Optical = >
stinqulation 15s 15s
Pulse Number Power Frequency Pulse Width
140 — 5 1 — 1 mV - — 4 HZ b = 0.5 ms
— 10 — 5 mV m— 20 Hz —2 MS
S 1201 . i
> O —_ 20 — 10 mV —— 50 Hz — 5ms
€ ® 1004 4 —20mv | — 10ms
ﬂ S - 20 ms
7] g 80 E _
= +
I 0
OD- [é, 60 : E
N 204 4 4
N
o8
]S R 20 1 e 1
0+ _ .
T T T T
Optical Stimulation Optical Stimulation Optical Stimulation Optical Stimulation
7s 7s 7s

—_—_—s —_— s — s —

Figure 2. Optically evoked NAc dopamine can be titrated.

A Representative example of dopamine release in the nucleus accumbens after optical stimulation
of the VTA. Color plot shows the background-subtracted current as a function of the applied-
voltage over time; inset example cyclic voltammogram identifying the detected current as
dopamine. B) Repeated stimulation using the same parameters elicits stable dopamine release over
many minutes. C) Average dopamine traces for each level of varied stimulation parameter,
expressed as percentage of average dopamine evoked by a 20hz 20 pulse stimulation at 5mW with
5ms pulses (black trace in each subplot).

VTA stimulation conditionally impairs action restraint.

We first examined the effect of optical activation of dopamine neurons on No-Go trials. To
determine the effect of the stimulation on No-Go performance we employed logistic mixed
effects modelling, initially fit to data from both groups (EYFP, ChR2). The model included
information on the magnitude of stimulation applied on each trial (i.e., unstimulated, 5p,

10p), the timepoint within the trial at which the stimulation was applied (early or late) and
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the size of the reward on offer (small, large). In particular, we wanted to determine if there
was a significant effect of applying either a 5p or a 10p stimulation relative to the
unstimulated condition on No-Go performance in the ChR2 group, and if so whether that

effect interacted with other factors such as the timing at which stimulation was applied.

As can be seen in Figure 3, optical stimulation of VTA dopamine neurons selectively
changed No-Go success rates in the ChR2 group, but in a way that depended on the timing
and magnitude of the stimulation. This was reflected in a stimulation magnitude *
stimulation timing * group effect (p=0.011), indicating the effect of stimulation differed
depending on both stimulation features (magnitude/timing) and experimental group, as

well as a reward * group interaction (p=0.046).

To understand what was driving these effects, separate mixed effect logistic regressions
were then fit to data from the ChR2 and EYFP groups. This showed that the effect of
optogenetic stimulation was modulated both by stimulation timing and stimulation
magnitude in the ChR2 group [significant stimulation magnitude * timing block interaction,
p <0.001]. In the early block both the 5p and the 10p stimulation impaired No-Go
performance, inducing a significant increase in the probability of premature responses
[pairwise comparisons: early stimulation block, no stimulation vs 5 pulses p < 0.0001; no
stimulation vs 10 pulses p < 0.0001, Figure3A]. When stimulation was delivered late in the
No-Go period, the 10p stimulation again impaired performance [late stimulation block, no
stimulation vs 10 pulses p = 0.0002]. By contrast, when the 5p stimulation was delivered at
the late time point, it had an opposing effect on behaviour, increasing the likelihood
animals would successfully restrain action [late stimulation block, no stimulation vs 5

pulses p = 0.0001]. These effects were specific to dopamine neuron activation as there
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Figure 3. The effect of stimulation on No-Go performance depends on magnitude and the timepoint
of delivery.

A) Probability of No-Go Success across conditions. Left panel, ChR2 animals; right panel EYFP
animals. Left sub-panels with orange data from early blocks. Right sub-panels with purple data from
late blocks. Filled points represent success probability over all trials. Faded points represent success
probability for individual animals, data from the same individuals joined by a faded line. B) Mixed-
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effects logistic regression on data from the ChR2 group (left) or the EYFP group predicting
probability of success based upon stimulation, time of delivery, size of reward and their
interactions. Three-way interaction coefficients not shown. # p < 0.1, * p < 0.05, **p<0.001,
***n<0.0001.

were no analogous effects in the control EYFP group. However, the EYFP group, but not
the ChR2 group, had an increased probability of success when a large reward was on offer
[significant pairwise comparisons in the EYFP group: small reward vs large reward p =

0.0002].

In summary, the effect of activating VTA neurons on action restraint depends on the
magnitude of stimulation and the timepoint of its delivery. The longer 10p stimulation
consistently promoted premature action, while the effect of the shorter 5p stimulation had
either a disruptive or beneficial effect on restraint depending on whether it is delivered

early or late respectively.

Effects of VTA stimulation extend past a single trial

Stimulation of VTA dopamine neurons modulated No-Go performance on trials receiving
stimulation. However, as can be seen in Figure 3, differences between ChR2 and EYFP
groups appeared not just restricted to trials where stimulation was applied, as the ChR2
group also were less successful at withholding action even on unstimulated trials
[stimulation magnitude * timing block * group interaction, p = 0.0011; pairwise
comparisons, unstimulated trials, early and late stimulation blocks: ChR2 vs EYFP, all p <

0.0022].
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If VTA activation merely perturbed online behaviour, then any impairments of No-Go
performance would be restricted to trials where stimulation was applied. The fact that the
ChR2 and EYFP groups differ in No-Go performance even on unstimulated trials presents
one of two possibilities. First, it could be that animals selected for the experimental group
were generally less able to restrain action as required to successfully complete No-Go
trials. To examine for pre-existing differences in baseline No-Go performance we analysed
the last session of training for each animal, where performance was stable, but no
stimulation was applied. ChR2 animals were not found to differ significantly on baseline

No-Go performance relative to EYFP animals [t(12) =1.028, p = 0.325].

Alternatively, VTA activation may not only influence online action restraint, but could also
have a sustained effect that reduces the probability of successful action. If this effect were
persistent and cumulative, we may expect No-Go performance to be similar between
groups early in testing, but for ChR2 animals to deteriorate across behavioural sessions

when compared to EYFP animals, as more simulations are received.

To investigate whether impairment on No-Go trials accumulated as more days of testing
were experienced, we took unstimulated trials from across the first sessions animals
underwent. As animals experienced the early stimulation block first, stimulation in these
sessions was always delivered 50ms after cue presentation, which impaired performance
in ChR2 animals irrespective of the stimulation magnitude applied. The minimum number
of early block sessions completed by an individual animal was 8, so for all animals we
examined the first 8 sessions. Unstimulated trials from these sessions were pooled
regardless of whether the stimulation for that session was 5 or 10 pulses in magnitude. As

can be seen in Figure 4A, performance of the ChR2 group is lower relative to EYFP
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[significant main effect of group Fi14 = 6.689, np?= 0.357, p = 0.023, Figure 4A], but
importantly, neither group display changes across testing days [no significant main effect
of session number or interaction, all Fs < 0.73 all ps > 0.64]. To understand whether there
was a general change in motivation, the same analysis was run on Go trials from the same
block of sessions. Here both groups remain at a stable performance and this time overlay

each other [Figure 4A, no main effects or interactions, all Fs < 1 all ps > 0.44].

While performance remained stable across sessions, a sustained effect of stimulation may
still accumulate and effect No-Go performance in ChR2 animals to an increasing extent
within a session. To investigate whether ChR2 performance degraded within a session
relative to EYFP controls, performance on all unstimulated No-Go trials from sessions with
the same stimulation timing and magnitude were grouped, and then binned into quartiles.
To account for differences in individual baseline performance, the success rate for the first
quartile was subtracted from every subsequent quartile for each animal. This revealed No-
Go performance on unstimulated trials within a session was significantly influenced by both
group and stimulation timing [significant timing block * quartile * group interaction F3 3=

3.191, ny2= 0.242, p = 0.038].

To further understand this effect, separate ANOVAs were run on the data from the early
block and the late block. In the early timing block, we detected a quartile by group
interaction [Fs30 = 5.424, ny>= 0.311, p = 0.003]. ChR2 animals’ performance degraded
within a session, such that they were significantly worse in quartile 3 and 4 when compared
to the control group [Figure 4B, quartile 2, ChR2 vs EYFP p = 0.054, quartile 3, ChR2 vs EYFP
p = 0.014, quartile 4 ChR2 vs EYFP p = 0.018]. This was specific to the group receiving

dopamine activation as EYFP animals’ performance improved between the 15t and 2"
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quartiles and then remained stable for the rest of the session [pairwise comparisons, EYFP,

quartile 1 vs quartile 2 p = 0.037, all other ps > 0.299].

In the late timing block, changes in unstimulated No-Go performance within a session did
not differ between the ChR2 and EYFP groups [Figure 4C, no significant main effect of group
or interaction, all Fs < 1.565, all ps > 0.218]. Animals did show greater improvement in No-
Go performance in 5p sessions compared to 10p sessions, but this effect did not depend
on group [significant stimulation magnitude * quartile interaction F330=3.857, ny>= 0.278,
p = 0.019: pairwise comparison: quartile 2, 5 pulse session vs 10 pulse session, p = 0.025;
quartile 3, 5 pulse session vs 10 pulse session p = 0.008; quartile , 5 pulse session vs 10
pulse session p = 0.1]. As the frequency at which stimulation occurs does not differ
between the early and late block, the total concentration of optically evoked dopamine
should be similar. The lack of accumulating impairment in the late block suggests that the

effect is not due to rising extracellular dopamine.

In summary, the difference in No-Go performance between the ChR2 and EYFP control
group on unstimulated trials is not caused by baseline differences between the groups or
an accumulated deterioration in performance across sessions. Instead, it primarily reflects
a within-session increase in premature responding on No-Go trials such that optical
stimulation of dopamine release has effects that last beyond the stimulated trial itself. This

effect was only significantly detected in early block sessions, and not late block sessions.
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Figure 4. Unstimulated No-Go performance degraded within but not across early block sessions.

A) Left panel, average No-Go performance on unstimulated trials in the ChR2 group (blue) and the
EYFP group (gold) in the last session of training (session -1) and across the first 8 sessions in the
early block (sessions 1-8). Right panel same as in left panel but for unstimulated Go performance.
B) Average change in unstimulated No-Go performance within a session relative to performance
on the 1st quartile of a session for the ChR2 group (left) and the EYFP group (right) in session in the
early block (5p sessions: light orange, 10p sessions: dark orange). C) same as in B but for the light

90



block. (5p sessions: light purple, 10p sessions: dark purple). Filled points represent means. Bars
show standard error.

VTA activation alters aspects of action execution

We next investigated how VTA dopamine stimulation affects action selection on Go trials.
We employed the same analytical approach as on No-Go trials, and fit a logistic mixed
regression to the data. As observed previously (Grima et al., 2022), performance on Go
trials was modulated overall by the size of reward, with better performance on high reward
trials [main effect of reward p < 0.001]. In addition, there was a main effect of timing, with
Go success being higher in the late stimulation block (which also occurred later in the
testing schedule) [Main effect of timing, p = 0.01, early block vs late block). Importantly,
however, there was no reliable change following optical stimulation [Figure 5A, No main
effect of stimulation or any interactions, all ps > 0.19], nor did performance differ between
control and experimental groups [No main effect of group or any interactions, all ps >

0.147].

On Go trials, errors can occur either if an animal responds on the wrong lever (Incorrect
Press error) or if they fail to complete a sequence of two lever presses within a 5s time
limit after cue presentation (Response Omission error). In order to determine whether
stimulation might have induced a specifc type of error, without signifcantly altering overall
Go performance, logistic regressions were also used to assess changes in the probability of

each type of error occuring.
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Figure 5. Stimulation does not significantly impair Go performance.

A) Probability of Go Success across conditions. Left panel, ChR2 animals; right panel EYFP animals.
Left sub-panels with orange data from early blocks. Right sub-panels with purple data from late
blocks. Filled points represent success probability over all trials. Faded points represent success
probability for individual animals, data from the same individuals joined by a faded line. # p <0.1,
* p <0.05, **p<0.001, ***p<0.0001.

We first examined effects on the probability of making a Response Omission error. Fitting
a model to all of the data revealed a stimulation magnitude * timing block * reward
interaction [p = 0.041]. This is effect was driven by an increase in omissions on large trials
receiving a 5p stimulation in the 800ms block relative to unstimulated trials [pairwise

comparisons: no stimulation vs 5p p = 0.0172], but as it was observed across animals in
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Figure 6. Stimulation does not significantly influence Go Response Omission errors.

A) Probability of making a response omission across conditions. Left panel, ChR2 animals; right
panel EYFP animals. Left sub-panels with orange data from early blocks. Right sub-panels with
purple data from late blocks. Filled points represent omission probability over all trials. Faded
points represent omission probability for individual animals, data from the same individuals joined
by a faded line. #p <0.1, * p<0.05, **p<0.001, ***p<0.0001.

both the EYFP and ChR2 groups, is likely attributable to a non-specific distracting effect of

stimulation.

We next investigated the probability of selecting the wrong lever on a Go trial via logistic
mixed-effect regression model fit using all the trials. This analysis demonstrated a timing *
group interaction [p =0.003]. To examine this effect in more detail, models were seperately

fit to data from the ChR2 group and data from the EYFP group. This showed that the ChR2
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animals were more likely to select to wrong lever in the early stimulation block [Figure 7A,
significant main effect of timing block p <0.001], and when a 10p stimulation was applied
[significant main effect of stimulation magnitude p =0.001; pairwise comparisons: no
stimulation vs 10 pulses p =0.004], and although this effect appeared most prominent in
the early block, these effects did not significantly interact [stimulation magnitude * timing
block interaction p = 0.143]. No significant effects related to stimulation were detected in
the EFYP model, though EFYP animals did generally make fewer errors in the late
stimulation block when the reward on offer was small [reward * timing block interaction,

p = 0.023: pairwise comparisons when reward is small, early block vs late block p < 0.001].

VTA stimulation selectively slows travel latencies.

Prior experiments have found that activiating D1Rs could have complex effects on trial
latencies, tending to speed how quickly animals reacted to a Go cue and exited the nose
poke, but also, when administered systemically, slowing travel times(Grima et al., 2022).
To examine whether optogenetic stimulation recapitualted these effects, linear mixed

effect models were used to predict the effects of stimulation on action latencies.

Unlike following NAc D1R activation, animals reacted no faster to the Go cue after receiving
stimulation of either magnitude [no main effect of stimulation magnitude or any
interactions all ps > 0.104]. A larger reward being on offer speeded latencies [Main effect
of reward, p = 0.037], consitent with vigour or motivation scaling with value of reward on

offer, and in general the ChR2 group were faster to iniatiate action than the EYFP controls
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Figure 7. The higher magnitude stimulation and early timing block increase probability of an
Incorrect Press error

A) Probability of incorrect press error across conditions. Left panel, ChR2 animals; right panel EYFP
animals. Left sub-panels with orange data from early blocks. Right sub-panels with purple data from
late blocks. Filled points represent incorrect press probability over all trials. Faded points represent
incorrect press probability for individual animals, data from the same individuals joined by a faded
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line. B) Mixed-effects logistic regression on data from the ChR2 group (left) or the EYFP group
predicting probability of incorrect press based upon stimulation, time of delivery, size of reward
and their interactions. Three-way interactions coefficients not shown. # p < 0.1, * p < 0.05,
**p<0.001, ***p<0.0001.

[Main effect of group, p = 0.041]. There was also a trend for reaction times across all trials

to be faster in the late stimulation block [Main effect of stimulation timing block p = 0.07].

After exiting the nosepoke, animals must then move to the lever on Go trials. The effects
of stimulation on the latency to travel to the lever were found to be significantly modulated
by all three other factors, and the 4-way interaction between all factors also trended
towards significance [stimulation magnitude * timing block interaction p < 0.001;
stimulation magnitude * reward interaction, p = 0.04, stimulation magnitude * group
interaction p = 0.011; stimulation magnitude * timing block * reward * group interaction,
p = 0.095]. To fully parse which effects were contributing to these interactions two models
were fit to the dataset divided by group. In ChR2 animals, stimulation did not speed but
slowed the latency at which animals moved from the nosepoke to the lever. This occurred
in @a manner that depended on the timepoint of stimulation delivery, with both the 5p and
10p stimulation only slowing latencies when applied early [Figure 9. Stimulation magnitude
* timing block interaction; pairwise comparisons: early stimulation block, Op vs 5p p <0.001,
Op vs 10p p< 0.001]. The effect of stimulation in ChR2 animals was not significantly
modulated by the reward size on offer [all ps > 0.091] and in the model fit to just EYFP data

no significant effects were detected [all ps > 0.094].

In summary, though stimulation did not affect the overall performance of ChR2 animals on

Go trials, disruptions in efficient action execution were detected. These came in the form
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Figure 8. Stimulation does not significantly alter Reaction latency.

A) Reaction latency across conditions. Left panel, ChR2 animals; right panel EYFP animals. Left sub-
panels with orange data from early blocks. Right sub-panels with purple data from late blocks. Filled
points represent mean latency over all trials. Faded points represent mean latency for individual
animals, data from the same individuals joined by a faded line. # p < 0.1, * p < 0.05, **p<0.001,
**%¥p<0.0001.

of an increased likelihood to select the wrong lever, particularly when stimulation occurred
early in the trial and when the 10 pulse stimulation was applied, and slower travel latencies

to the lever following either stimulation early in the trial.
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Figure 9. Stimulation slows Travel latency independent of magnitude.

A) Average Travel latency across conditions. Left panel, ChR2 animals; right panel EYFP animals.
Left sub-panels with orange data from early blocks. Right sub-panels with purple data from late
blocks. Filled points represent mean latency over all trials. Faded points represent mean latency for
individual animals, data from the same individuals joined by a faded line. B) Mixed-effects logistic
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regression on data from the ChR2 group (left) or the EYFP group predicting travel latency based
upon stimulation, time of delivery, size of reward and their interactions. Three-way interactions
coefficients not shown. #p < 0.1, * p <0.05, **p<0.001, ***p<0.0001.

3.4 - Discussion

Understanding the extent to which different facets of dopaminergic signalling may
contribute to reward processing, movement initiation, or both, has proven to be a difficult
challenge. As a paradigm that dissects action requirements and differing reward predictive
cues the Go/No-Go task is a useful tool in progressing towards a comprehensive

understanding of dopamine function in reward guided action.

Here we demonstrate that optogenetically evoked dopamine transients promote action
over inaction, in a manner that depends both on the timing of these release events in
relation to task relevant cues, and upon the effective dopamine concentration that is
evoked downstream. These effects were felt most strongly on, but were not restricted to,
trials receiving stimulation Optogenetic activation of VTA neurons proximal to cue
presentation also affected Go trials. However, rather than acting to augment the effects
of reward, which consistently improve and speed performance, stimulation actually
disrupted action selection and vigour. Together, these results indicate that phasic
dopamine transients do not act in a manner consistent with RPE theory, which would
predict little effect on ongoing behaviour - but rather can causally promotion action
initiation. These results align with previous studies demonstrating that NAc release is

supressed following a cue instructing that action must be withheld (Syed et al., 2016).
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Phasic dopamine transients causally promote transitions to action in a manner

conditional on features of stimulation.

Chronic stimulation of dopamine transmission at D1Rs has been observed to promote
impulsive action, both when testing cued action restraint (Grima et al., 2022) and in
paradigms that measure action postponement such as the 5CSRTT (Pezze et al., 2007).
However, the role that cue-evoked dopamine transients play in reward guided action has
remained the subject of much debate. Here we demonstrate that in well trained animals,
optogenetic activation of the VTA dopamine neurons can promote transitions to action
even in the presence of a cue instructing restraint — but, crucially, this occurs in a

conditional manner.

The shorter 5 pulse stimulation train used in these experiments is likely to evoke dopamine
release closer to levels that might be encountered endogenously, with both the duration
of stimulation and number of pulses being within the range of physiological burst firing
patterns(Grace & Bunney, 1984; Hyland et al., 2002). Conversely, the longer 10 pulse
stimulation is more likely to elicit supraphysiological release, and we know that in
anesthetised animals the peak NAc dopamine release evoked by the 10 pulse stimulation
is around double that evoked by the 5 pulse stimulation. However, when delivered shortly
following No-Go cue presentation, there is no difference between the effect of the two
stimulations — both promote inappropriate action initiation. This result maps to that of
previous studies showing that NAc D1R activation mostly increases erroneous head exits

following cue presentation, rather than later in the holding period(Grima et al., 2022).

Alternatively, when stimulation is delayed relative to cue presentation, and delivered when

animals are already engaged in restraining action, the two stimulation trains now have
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opposing effects. The 10-pulse stimulation again prompts inappropriate action, while the
shorter 5-pulse stimulation now effects behaviour in the opposite direction — making

successful restraint more likely.

Previous studies have found that activating SNc dopamine neurons in mice not engaged in
a behavioural task produced movement only when a high magnitude stimulation was
applied; stimulation titrated to within physiological ranges akin to unsignalled reward
delivery had no effect (Coddington & Dudman, 2018). Taken together with our study, these
results indicate that stimulation of dopamine neurons can be qualitatively different
depending on magnitude. High magnitude stimulation appears to have a generally
disruptive pro-movement effect. Conversely low magnitude stimulation appears to be
sensitive to the state of the animal, in our study only promoting a switch to action initiation

only when animals are primed to make a decision about whether or not act.

However, it is important to note that even supraphysiological stimulation of the VTA in
mice in the Coddington and Dudman study was unable to promote movement, even at the
highest magnitude. This highlights the relationship of VTA dopamine and reward-
associated movement in particular. Indeed, other studies that have recorded movement
effects following VTA activation have only observed them after animals have learnt to
perform actions to obtain or consume rewards — and only at timepoints where initiating
reward seeking action is a valid behavioural strategy. Hamid et al found that stimulation
concurrent with a cue signalling trial availability decreased latencies to initiate reward
seeking (Hamid et al., 2016). The authors propose a value-based account for this effect,
suggesting that VTA stimulation evokes an increase in reward expectation that mediates

an increased motivation to work. On the other hand, Yin et al posit a largely motor based
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mechanism for movement effects resulting from VTA activation (Hughes R et al., 2020). In
their task stimulation following (though not prior to) training on a self-initiated timing task
results in the production of forward force, arguably a predictable effect given that the
majority of VTA neurons they recorded had firing rates tightly correlated with forward

force exertion.

Neither the data in the Hughes et al., nor Hamid et al., studies straightforwardly align with
the effect of phasic VTA dopamine stimulation reported here. An increase in motivation
would be expected to improve and speed, not impair performance. Equally, net forward
force produced by VTA activation would be oppositional to the increase in backwards
movement out of the nosepoke that we observe on failed trials. Instead, our results suggest
that phasic dopamine stimulation may promote the initiation of reward seeking actions in
a context dependent manner, which could enable a reinterpretation of these two
experiments. The higher likelihood to begin reward seeking observed by Hamid et al could
just as justifiably be mediated by an increase in the value of acting, rather than the value
of the state itself. Equally, forward force is not the only behavioural effect recorded by
Hughes et al, who also report an increase in anticipatory licking following stimulation; it is
therefore possible that a more generalised reward approach action strategy involves both
licking and forward movement as components, and is detected as forward force production
in within the head fixed recording setup. Notably, the forward force producing effects of
stimulation in this task are only observed after animals have experienced rewards within

the context.
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Effects of phasic dopamine stimulation on action restraint are not restricted to

online behaviour.

Reports exist for activation of dopamine neurons either mediating effects upon behaviour
immediately following stimulation or acting to change behaviour on future trials. Though
clear effects are observed in this study for dopamine shaping online decisions about when
to act, alterations in behaviour were also seen to extend to and accumulate on

unstimulated trials.

Generally, without manipulation of dopamine neurons, error rates on No-Go trials are
stable or even reduce slightly across a behavioural session (possibly as satiety acts to
reduce the incentive drive to retrieve reward). By contrast, we observed in the ChR2 group
that the number of inappropriate No-Go responses increased relative to the start of each
session, as the number of stimulations an animal receives accumulates. As drugs that boost
dopamine transmission have been shown to impair action restraint both in the current task
(Grima et al., 2022), and related paradigms such as 5CSRTT (Pattij, Janssen, Vanderschuren,
et al.,, 2007), this result could be tied to extracellular concentrations of dopamine
increasing across the course of a session. However, impairment on unstimulated trials is
only observed during the early block. Optogenetic activation should evoke similar release

in both timing blocks — making a concentration-based explanation unlikely.

Many previous studies stimulating dopamine neurons observe reinforcement, with the
option or action occurring concurrently with the stimulation more likely to be selected
again (Hamid et al., 2016; Saddoris et al., 2015). Stimulation in this task could be reinforcing
the behavioural strategy at the time of stimulation, in addition to changing online

behaviour. In the early block, both the 5 pulse and 10 pulse stimulation have a pro-action
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initiation effect — and therefore any reinforcing effects may be expected to also promote
premature action. Though beyond the scope of this thesis, a more extensive analytic
approach may involve employing logistic regressions to predict behaviour on the current
trial according to features of preceding trials, such as action requirement, success and
presence or absence of stimulation. This method would enable a more nuanced
understanding of how previous experience that may influence successful restraint. For
example, should the effect on unstimulated No-Go performance be due to reinforcement
of premature action, then recently experiencing many stimulated No-Go trials that resulted
in erroneous head exits, rather than successful restraint, may be expected to increase the

probability of error on upcoming trials.

An accumulating impairment of unstimulated No-Go performance is not observed in the
late block, when simulations are no longer delivered proximal to cue presentation.
Previous studies have demonstrated that the potency or nature of the behavioural effects
of dopamine neuron activation can differ when delivered at different timepoints within
behavioural tasks. Lee et al demonstrated that while inhibiting dopamine neurons can
disrupt anticipatory licking on future trials, this effect was timing dependent — being most
efficacious when applied in a select window after reward delivery (2020). Hamid et al found
that dopamine neuron stimulation would only reinforce future behaviour if delivered after
a choice had been made, stimulation at the start of trial would instead promote action

(2016).

This body of work suggests that phasic dopamine signals may be interpreted differently
depending on timing, or proximity to different behavioural or environmental events. It has

been posited that interneuron populations, in particular cholinergic interneurons, within
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the striatum may define periods when dopamine can affect learning and periods when it
can drive ongoing behaviour (Berke, 2018). It is possible for the differences observed
between the early and late block could be attributed to differences in striatal receptivity
to dopamine. Further studies would be needed to determine when patterns of cholinergic
interneuron activity that have been proposed to regulate windows of plasticity (Morris et
al., 2004; Yamanaka et al., 2018) occurred relative to task events and the timepoints of

stimulation to confirm this hypothesis.

VTA stimulation disrupts aspects of correct action execution when delivered

proximal to cue presentation.

Even in light of the impairment of No-Go performance following VTA dopamine activation
- stimulation could still be hypothesised to boost performance on Go trials, where NAc
dopamine release strongly reflects upcoming reward size(Syed et al., 2016). The larger
reward offered on Go Large trials consistently results in better performance and faster
movement latencies within this task (Grima et al., 2022). Should VTA activation act in a

similar way to increasing reward size, we may expect a similar effect upon behaviour.

However, in no case did stimulating dopamine neurons result in improved performance on
Go trials or more efficient reward pursuit in the form of faster action latencies. To the

contrary, some small but significant disruptions to action execution were observed.

When the high magnitude stimulation was delivered, ChR2 animals were more likely to
execute the wrong action and select the incorrect lever. This effect appears to be driven

by timing of stimulation, with a numerically greater increase in these errors in the early
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block. Note, however, that as these effects do not interact, and as animals encountered
the early block first, it cannot be ruled out that incorrect action selection following a 10
pulse stimulation is compensated for as animals gain greater experience within the task

rather than depending on being delivered concurrently with the cue.

A similar pattern of behavioural effects has been observed with systemic, but not intra-
NAc D1 agonist delivery(Grima et al., 2022), indicating that these effects may arise from
mesolimbic dopamine release in sites outside of the NAc. It has been demonstrated that
driving dopamine neurons in the SNc can bias the selection of competing actions (Howard
et al., 2017). Should stimulation of the VTA produce a similar effect this could explain an
increase in incorrect errors, alongside the slowing of travel latencies that we also observe
- as beginning to initiate alternative actions could comprise swift movement to the correct

lever.

Summary

Here we have found that phasic activation of VTA dopamine neurons can promote action
over inaction in a conditional manner. Applying a high magnitude stimulation promoted
movement, while a low magnitude stimulation thought to be closer to physiological activity
patterns promoted action when delivered after cue presentation, but strengthened
restraint if delivered while animals were already engaged in withholding action. While
these effects where felt most strongly on the trial receiving stimulation, we also found a
concomitant effect for activation to bias toward premature action on future trials, and

slight disruption to ongoing action performance.
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4. Do mPFC subregions make
separable contributions to reward

guided action control?

The mPFC is implicated in executing and inhibiting action
appropriately, and is functionally connected to the striatum,
motor cortex and VTA - suggesting a key role in reward
guided action control. However, subregions within the mPFC
may make separable contributions to these functions. To
determine the importance of the mPFC to reward guided
action control, and to dissect regional differences in function,
we inactivated the PL, IL and MO subregions while animals
either made or withheld actions for reward. We found that
while only the PL and IL are necessary for cued action
restraint, all three subregions make a crucial contribution to

action execution in a complex task space.

Contributions

For the experiments presented in this chapter, Mason Silveira and Mark Walton designed
and planned the experiments, Mason Silveira conducted surgeries and collected
behavioural data and George Jenkins analysed and presented the data with input from
Mark Walton.
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4.1 - Introduction

This thesis demonstrates that phasic dopamine transients can causally influence reward
guided action. Prior work has shown that phasic transients are supressed when a cue
instructs that action must be withheld (Syed et al., 2016), suggesting the involvement of
regulatory mechanisms in shaping both mesolimbic dopamine and associated reward

guided action.

One potential region of interest is medial frontal cortex (mPFC). Rodent mPFC has been
implicated in a range of functions relevant to appropriate action control, including
restraining impulsivity (Bari & Robbins, 2013; Kim & Lee, 2011) and using contextual cues
to guide behaviour flexibly (Sharpe et al., 2019; Sharpe & Killcross, 2015). Rodent mPFC
projects to both medial striatum, including NAc (Ongiir & Price, 2000; Vertes, 2004), and
to the VTA (Carr & Sesack, 2000; Geisler & Wise, 2008), and can alter both VTA dopamine
neurone firing (Jo & Mizumori, 2016; Lodge, 2011; Tong et al., 1996) and downstream
dopamine release (Jackson et al., 2001), making this region a potential source of regulatory

afferent input to shape reward-guided action selection and inhibition.

The mPFC can be divided into subregions along a dorsoventral axis based on anatomical
connectivity and cytoarchitecture, including the prelimbic cortex (PL), infralimbic cortex
(IL) and medial orbital cortex (MO) (Ongiir & Price, 2000), and disrupting the function of
each has been shown to have distinct effects on behaviour (Capriles et al., 2003; Gourley
& Taylor, 2016; Hardung et al., 2017b; Sierra-Mercado et al., 2010). A strong understanding
of how the mPFC may regulate action control, and to what degree different subregions

may exert separable influence on this process, remains unknown.
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However, the mPFC is functionally connected to several other movement-related circuits,
including dorsal striatum (Terra et al., 2020) and motor cortex (Narayanan & Laubach,

2006), giving this region multiple routes by which motor behaviour maybe shaped.

Appropriate action control involves using information, such as that provided by context or
cues, to select the action strategy that best matches the current environmental state.
Disrupting activity within the PL subregion in particular can impair the activation of
appropriate behavioural responses, to both context and cue-associated information
(Ishikawa et al., 2008b, 2008a; Sharpe & Killcross, 2015). Conversely, the more ventral IL
subregion has been more strongly implicated in inhibiting inappropriate responding, as IL
inactivation in discriminative stimuli tasks increases operant responding to cues that do
not signal reward availability (Ishikawa et al., 2008a). These results map onto a more
general proposition of the PL and IL promoting ‘going’ and ‘stopping’(Gourley & Taylor,
2016), or the activation and inhibition of behaviour — placing the two subregions in

opponent roles.

However, a number of studies specifically investigating the ability to withhold from action
suggests there may be more nuance to the roles of mPFC subregions in action control. In
the 5CSRTT task, which tests the capacity to postpone from acting while waiting for a
stimulus, initial lesion studies found a role for ventral mPFC (mostly IL) in the inhibition of
action while lesions that only encompassed more dorsal mPFC (including the PL) left
inhibition intact (Chudasama & Muir, 2001; Passetti et al., 2002b). However later studies
employed more refined reversible inactivations confirmed that the PL makes a contribution
to action restraint (Paine et al., 2011; Pezze et al., 2014), and disruptions of PL in more

simple reaction time tasks increase premature responding (Narayanan et al., 2006;
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Risterucci et al., 2003). This body of work suggests that both the PL and IL are required for
successful action postponement, consistent with connectivity of more dorsal regions of
mPFC (including PL) to several other movement-related circuits, including dorsal striatum
(Terra et al., 2020) and motor cortex (Narayanan & Laubach, 2006). Moreover,in a recent
study optogenetic inhibition suggested that transient inhibition of IL effected a reduction
in premature actions (Hardung et al., 2017). This study also selectively inhibited the MO,
a subregion that has not been as intensely studied, and found no effect on premature

responding but rather a slowing of reaction latencies.

Tasks that require animals to initiate and restrain action present a more complex
environment where the appropriate action strategy must be matched to the current task
state. Under these conditions, the mPFC has been shown to contribute to the restraint of
action, independent of the subregion manipulated. Inactivating the mPFC in a subregion
specific manner found that disrupting the PL, IL, or MO all result in a reduction in the ability
of animals to restrain reward seeking action to avoid punishment (J. Verharen et al., 2019).
A recent study using a task where cues indicated whether animals must either make, or
refrain from making, a specific action to obtain reward found PL or IL inactivations to
selectively disrupt restraint, while sparing reward seeking that required an operant

response to be made (Capuzzo & Floresco, 2020).

While the aforementioned studies require appropriate action control, they only require
one specific action, such as a lever press or magazine entry to be withheld. This allows
compensatory mechanisms to take place (J. Verharen et al., 2019) and may not measure
true restraint of all action. In addition, in light of the evidence implicating the mPFCin value

based decision making (Orsini et al., 2018; Sul et al., 2010), many of the aforementioned
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studies use paradigms with rewarding or aversive outcomes of a single magnitude.
Therefore, understanding of how mPFC subregions contribute to regulation of action in a
space where different action requirements must be balanced in the face of differing reward

expectations is unknown.

Testing the effect of region-specific inactivations within the Go/No-Go task enables their
contributions to cue guided action control to be examined. The paradigm provides an
environment where multiple cues are used to guide behaviour, and action must be both
restrained and initiated — functions that are associated with an intact mPFC. In addition,
the mPFC is anatomically and functionally connected to the mesolimbic dopamine system
and can shape activity and release in this pathway (Jackson et al., 2001; Jo et al., 2013; Jo
& Mizumori, 2016; Lodge, 2011). Our comprehensive understanding of the effect of
dopaminergic manipulations in this task will enable any effects of mPFC inactivation to be

placed in the context of disrupting descending control of the mesolimbic dopamine system.

Aims

This experiment aims to determine the causal role of mPFC subregions by examining the
effects of inactivating PL, IL and MO during reward guided action and restraint. In addition,
any effects on performance will be compared to previous studies manipulating dopamine
transmission within the task to ascertain the likelihood that mPFC regulation of action may
involve interactions within the mesolimbic dopamine system. To address these questions
animals well trained in the Go/No-Go task were implanted bilaterally with cannulae

targeted to either the PL, IL or MO and task performance was recorded following infusions
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of a mixture of the GABA; agonist baclofen and the GABA, agonist muscimol to reversibly

inactivate the targeted region.

If the PL and IL are involved in the activation and inhibition of behaviour respectively, we
would expect inactivation of PL to selectively impair Go performance while inactivation of
IL would selectively impair No-Go performance. Alternatively, if we base predictions on
recent tasks where action must be inhibited and executed within the same task, we may
expect targeted inactivation of both regions to impair No-Go performance while sparing
Go trials. While there is less evidence outlining how the MO may contribute to reward
guided action initiation and restraint, based on approach-avoidance tasks where the MO is
shown to contribute to restraint (J. Verharen et al., 2019), we would expect No-Go

performance to be impaired following MO inactivation.

4.2 - Methods

All procedures were carried out in accordance with the UK Animals (Scientific Procedures)
Act (1986). Animal (n=32) were trained in the Go/No-Go task and were maintained on a
twelve-hour light/dark cycle. Animals housed in groups of three. All testing occurred in the
light phase. During training and testing, access to food was restricted such that animal
bodyweights were kept between 85%-90% of their free feeding weight. Water was
available ad libitum. Animals were trained in two cohorts, both consisting of 16 animals.
Prior to surgery for cannulae implantation for this study, animals in the first cohort had
received systemic injections of the norepinephrine transporter (NET) inhibitor atomoxetine
(saline, 0.1 mg/kg, 0.3 mg/kg, 1.0 mg/kg) in a counterbalanced Latin square design (data
not presented here). Animals in the second cohort had received the MAGL inhibitor ABD-

1970 by oral gavage (vehicle, 1mg/kg, 10mg/kg) (Data presented in Chapter 5).
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Behavioural Task

Details of the behavioural task, training and apparatus are described in Chapter 2
(Methods). To summarise, animals were trained in the Go/No-Go task and tested when
performance across trial types was stable. For these experiments each session lasted until
100 rewards had been received or 60 minutes had elapsed, whichever came first. Once
animals had completed testing on the full task, they were retrained for one week on a
simplified version of the task with only No-Go trials present (simplified Just-No-Go) and
retested. Following testing in the simplified Just-No-Go task, animal underwent a week of
retraining and testing in a version of the task with only Go trials present (simplified Just-

Go).

Behavioural measures

Measures of performance and latency are outlined in Chapter 2 (Methods) but briefly

reiterated in the table below.

Pharmacological manipulations

Details of surgical and infusion procedures are described in Chapter 2 (Methods), but to
briefly reiterate animals were implanted with stainless steel guide cannula bilaterally into
the medial prefrontal cortex to allow targeting of MO and IL (Cohort 1) and MO and PL

(Cohort 2). Animals in cohort 1 were implanted with cannula that enabled the infusions in
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Table 1. Summary of performance and latency measures within the GoNoGo task

two sites, one more dorsal and one more ventral, with the aim to inactivate both the PL
and the IL. However, cannulae were implanted consistently too ventral, so only data from
the more dorsal infusions (IL/MQO) and not the more ventral (dorsal peduncular
cortex/unretrievable) were used in the final analysis. Animals in cohort 2 were implanted
with cannulae that only targeted one site (PL/MO). Final cohort numbers were as follows,
PL: n = 14, IL: n = 11, MO: n = 11. After achieving stable post-operative performance,
animals received bilateral infusions with either saline or a mixture of the GABAg agonist
baclofen and the GABAA agonist muscimol (Sigma—Aldrich), prepared separately at 0.5
ug/uL in 0.9% saline, and mixed together in equal volumes to form a 0.25 pg/uL solution.

The baclofen/muscimol cocktail was injected bilaterally at a rate of 0.4 puL/min after which
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injectors were left in place for a further minute. Testing then commenced 10 mins after
completion. Infusions occurred on a 3-day cycle, with a baseline session, infusion day and
washout day. Infusions occurred in a counterbalanced order and, to minimize carryover
effects, at least one week separated every infusion round. In cohort 1, each animal
received one infusion of vehicle and one infusion of baclofen/muscimol in the full task
condition at each of the two cannulae sites - for a total of four infusions per animal. In
cohort 2, animals receive one vehicle and one baclofen/muscimol infusion in the full task
condition, and an additional vehicle infusion and baclofen/muscimol in both the simplified
just-No-Go condition and the simplified Just-Go condition for a total of 6 infusions per
animal. Further details of the infusion procedure, including histological recovery of

projected locations of the injector tips can be found in Chapter 2 (Methods).

Statistical approaches

As outlined in Chapter 2 (Methods), a repeated measures ANOVA was used for analysis of
data collected in these experiments. This included the effect of treatment as a two-level
within-subjects factor (vehicle, inactivation) that of reward size as a two-level factor within-
subjects (small reward, large reward) and that of region as a three-level between subjects’
factor (PL, IL, MO). For analysis of the different experimental conditions, the effect of task
type was also included as a two-level within subjects’ factor (full task, simplified Just-Go or
simplified Just-No-Go) For skewed latency distributions, a log-transformation was applied

in order to meet the normality assumptions of statistical tests.

115



Video Tracking

The DeeplabCut toolbox (Nath et al., 2019) was used to track the position of the animal
during each trial, as outlined in Chapter 2. Briefly, a network was trained to track body
parts of the animal and features of the operant box. This enables trajectories of the
animal’s position on each trial to be obtained. On successful trials trajectories were tracked
until 0.75s after entry into a region defined around the food magazine, or 5s after cue
presentation — whichever came first. On failed Go trials, tracking lasted from cue onset
until 5s after cue presentation and on failed No-Go trials tracking lasted from error onset
until 5s after error onset. Files where trajectories could not be confidently recovered or
where video and behavioural files could not be aligned were discarded. Only animals with
video data passing inclusion criteria in every experimental condition were included in

analysis (n =31/32).

To analyse the order in which rats visited different zones of the operant chamber, the
behavioural box was divided into a 3x3 grid, consisting of a left and right lever zone and a
nosepoke zone on one side of the chamber, a food magazine zone on the other side of the

chamber, and 5 neutral zones that did not contain any task relevant box features.

4.3 - Results

To determine whether there were pre-existing differences between animals with cannula
implanted in different regions, we examined baseline performance. We looked at the last
session of training, after animals had undergone surgery but before infusions had begun.

There were no differences in Go performance between animals with cannula implanted in
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different regions [No significant main effect of region or region * reward interaction all Fs
< 1.1, all ps > 0.34]. When examining pre-infusion No-Go performance, we did find a reward
size * region interaction [F233 = 5.55 np?= 0.264, p= 0.009; no significant main effect of
region F133 = 1.093, ny?= 0.053, p= 0.348]; however, there were no significant differences
between groups with cannula implanted in different regions at either level of reward
[pairwise comparisons: all comparisons at small or large reward p > 0.091]. Analysis
revealed that the interaction was instead driven by the PL group in particular performing
significantly better on No-Go trials when a large reward was on offer [pairwise

comparisons: PL, small vs large p < 0.001].

First, to examine whether inactivation of mPFC subregions affected overall task
engagement, we examined whether inactivation would alter the number of trials animals
completed in a session. We found no effect of inactivation on the total number of trials
completed [No significant main effect of treatment or treatment * region interaction, all
Fs < 1.92, all ps > 0.174]. However, there were 2 animals from the PL group whose total
number of trials after inactivation were > 3 standard deviations from the mean (4 and 5
trials), and so were labelled as outliers and excluded from subsequent analyses of

performance and latency.

Distinct effects of inactivation of the mPFC subregions on action restraint.

Before investigating effects of inactivation on cued action restraint on No-Go trials, we first
examined the frequency of aborted trials, where animals made a nosepoke to initiate a

trial but exited the port before the pre-cue period elapsed. In none of the groups did
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inactivation change the propensity of aborted trials [no significant main effect of treatment
or treatment *region interaction all Fs < 0.49 all ps > 0.59], suggesting that inactivation of

mPFC subregions did not induce a general increase in premature responding.

By contrast, inactivation impaired performance on No-Go trials in manner that depended
on the region being targeted and reward size on offer [significant treatment * region *
reward interaction: F231 = 4.878, ny?= 0.239, p = .0014; no significant treatment * region
interaction F»31 = 1.875, p =0.17, Figure 1]. Following PL infusions, No-Go performance
was similarly impaired on both large and small reward trials [pairwise comparisons: PL
group, both small reward trials and larger reward trials, vehicle vs inactivation p < 0.001].
When IL was inactivated, there was only a consistent impairment on small reward No-Go
trials [pairwise comparisons: IL group, small reward trials, vehicle vs inactivation p < 0.001;
large reward trials, vehicle vs inactivation p = 0.091]. In contrast, although there was a
trend towards worse performance on large reward trials, overall No-Go performance was
not significantly altered on either trial type when the MO was inactivated [pairwise
comparisons: MO group, small reward trials, vehicle vs inactivation p =0.613, large reward

trials, vehicle vs inactivation p = 0.071].

Previous work has shown that there appear to be different processes involved in successful
action restraint just after No-Go cue presentation or near the end of the No-Go period.
Therefore, to determine how mPFC subregion inactivation altered when NoGo errors were
occurring, the distribution of erroneous head exits in NoGo trials were plotted as a

proportion of all NoGo head exits.

As can be observed in Figure 2, inactivation appeared to increase the likelihood of head

exits at different timepoints depending on which region was perturbed. Specifically, PL
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Figure 1. Inactivation impairs NoGo performance in a subregion specific manner.

Effect of inactivation upon NoGo performance. Vehicle sessions in grey. Inactivation sessions in
pink (PL), red (IL) and orange (MO). Bars show mean, points show data from individual animals. #
p<0.1, * p<0.05, **p<0.001, ***p<0.0001.

inactivation resulted in an increased likelihood to exit the nosepoke on both small and large
reward trials, with a higher in the latter portion of the holding period for large trials in
particular. While animals in the IL group displayed the greatest elevation in premature exits

on small reward trials (Figure 2A). In agreement with examination of overall success rates,
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nosepoke exits distributions from animals in the MO group were similar across inactivation

and control sessions.

In order to investigate the apparent regional differences in the probability of head exit
during NoGo trials, the holding period was divided into an ‘early’ (<800ms) portion and
‘late” (>800ms) portion (Figure 2B). A four-way ANOVA revealed a significant four-way
interaction [significant treatment * region * reward * error period interaction F31 = 3.649
ne= 0.191, p = .0038; three way interactions including treatment and region: all Fs > 3.78,

all ps <0.034].

To understand what was driving differences across the three regions, we broke down this
effect by examining performance separately on small and large reward trials. When the
reward on offer was small, inactivation increased the overall proportion of head exits in
the PL and IL group, but not the MO group [significant treatment * region interaction: F231
=5.309 np?= 0.255, p = 0.01, pairwise comparisons: PL, vehicle vs inactivation p < 0.001; IL,
vehicle vs inactivation p < 0.001; MO, p = 0.613] consistent with a decrease in No-Go
success rate. While head exits were more likely in the late period [significant main effect
of error period: F1,31 = 16.422, np?= 0.346, p < 0.001] this was not altered by inactivation
[no treatment * error period interaction: F2,31 = 0.533, ny?= 0.017, p =0.471]. Conversely,
on large reward trials inactivation promoted head exits in the PL group only, and this
increase was selective for the late period [significant treatment * region * error period
interaction: F231 = 5.209 np?= 0.252, p = 0.011, pairwise comparisons: PL, early period,
vehicle vs inactivation p = 0.684; late period, vehicle vs inactivation p < 0.001; IL and MO,

all p>0.76]. Together, this shows errors where increased differentially following
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Figure 2. Inactivation differentially impairs erroneous head exit probability.

A) Average probability histograms of head exit times on Failed NoGo trials for Small Reward (left)
or Large Reward (right) trials in vehicle sessions (grey), or inactivation sessions for PL (pink, top), IL
(red, middle), MO (orange, bottom) calculated as probability over all trials, both successful and
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failed. 0.1s bin. B) The NoGo holding time was divided into early exits (>800s) and late exits
(<800ms). C) Mean proportions of nosepoke exits that were early or late dependent on treatment
(grey: vehicle, pink (PL)/red, (IL) /orange (MO)): inactivation.# p < 0.1, * p < 0.05,
**p<0.001,***p<0.0001.

inactivation of the three regions. PL inactivation increased errors in both periods on small
reward trials, but only late errors on large reward trials. IL inactivation increased errors
only on small reward trials, independent of error period, and MO inactivation had no effect

on error proportions.

To examine whether inactivation altered behaviour after a No-Go error has been made, we
next used video tracking to examine the first destination animals moved to after exiting
the nosepoke early on NoGo trials. We focused on whether animals, in the 5s after
prematurely exiting the nosepoke, would first move to the magazine or to one of the levers.
Though generally animals more often moved first to a lever than the magazine on small
reward trials, this effect did not interact with inactivation [significant reward * outcome
interaction F12s = 16.853 ny?= 0.376, p < 0.001: pairwise comparisons: on small reward
trials, lever vs magazine p <0.001], indicating that inactivation did not alter the pattern of
zone visitation on erroneous NoGo trials [Figure 3B, no significant treatment * outcome or

treatment * reward * outcome interaction F12s < 0.56 p > 0.465].

In summary, the effect of inactivation upon performance in NoGo trials depended on the
region targeted, impairing action restraint when targeted to the PL or IL, but largely sparing
performance when targeted to the MO. However, the nature of impairment also differed

between PL and IL inactivations. Animals receiving IL inactivations were selectively
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Figure 3. Inactivation does not alter visitation patterns on NoGo Fail trials.

A) Left, the operant box was divided into a 9x9 grid with one square for each lever (pink), one for
the magazine (yellow) and 5 neutral zones. Middle example trajectory where animal moved a lever
first after exiting the nosepoke. Right, example trajectory where animals moved to the magazine
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first. B) Top, number of NoGo Fail trials where animals where animals first visited a lever (pink) or
food magazine (yellow) in vehicle sessions. Data displayed from left to right for PL, IL MO groups.
Bottom, same as Top but for inactivations sessions. Bars show mean, points show data from
individual animals. # p < 0.1, * p < 0.05, **p<0.001, ***p<0.0001.

impaired on small reward trials, while those receiving PL inactivations were impaired on
both small and large reward trials, with elevations in premature responses clustering
particularly in the latter portion of the holding period when the reward on offer was large.
However, infusions did not influence the first destination animals moved to after making
an error, indicating that impairments in action restraint after inactivation could not be
linked to a selective increase in drive to attempt reward collection or make an operant

response.

Impairments of Go performance are uniform across regions

In contrast to the differential effects on NoGo performance, inactivation of all regions
resulted in a consistent and substantial impairment of performance on Go trials [significant
main effect of treatment: F131 = 128.373, np?= 0.80, p < 0.001; no treatment * region

interaction: F»31 =0.544, p = 0.586, Figure 4]. To understand the nature of this impairment,
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Figure 4. Inactivation impairs Go performance across subregions.

Effect of inactivation upon Go performance. Vehicle sessions in grey. Inactivation sessions in dark
green (PL) mid green, (IL) and light green (MO). Bars show mean, points show data from individual
animals. # p<0.1, * p<0.05, **p<0.001, ***p<0.0001.

the types of errors that animals made were analysed. When making a Go error, animals
could either respond on the wrong lever (Go Incorrect Press) or fail to complete the
required two lever presses on the correct lever within a 5s response window (Go Response
Omission). Inactivation resulted in a large increase in the proportion of omitted trials,
independent of region or reward on offer [Figure 5, Significant main effect of

treatment:F1,31 = 99.727, ny?= 0.763, p < 0.001; interactions between treatment * region:
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Figure 5. Inactivation increases Go errors across subregions.

126



A) Effect of inactivation upon Response Omission errors. Vehicle sessions in grey. Inactivation
sessions in dark green (PL) mid green, (IL) and light green (MO). Bars show mean, points show data
from individual animals. # p < 0.1, * p < 0.05, **p<0.001, ***p<0.0001. B) same as in A but for
Incorrect press errors

all F <1.523, p > 0.24]. Conversely, lever selection errors were only increased significantly
on small reward trials [Figure 5, Significant treatment * reward interaction: F,31 = 9.024,
ne= 0.225, p = 0.005; significant pairwise comparisons on small reward trials: vehicle vs
inactivation p < 0.001], but again this effect was equivalent across the subregions

inactivated [treatment * region * reward interaction: F231=1.102, p = 0.345].

To understand what might be driving the substantial increase in Omissions, we next
examined response latencies as animals initiated and executed action on successful Go
trials, to determine if behaviour was also impaired when animals completed trial

requirements.

Inactivation may have affected the time it took animals to react to the Go cue and exit the

nosepoke, with reaction times on large reward trials in particular displaying a trend to be

slower in inactivation sessions [significant treatment * reward interaction: F1,16 = 4.829,

n 2= 0.232, p = 0.043, pairwise comparisons: large reward, vehicle vs inactivation p =

0.002]. Again, this possible effect occurred across all groups regardless of the region

targeted [no significant treatment * region *reward interaction, all F2,16 =1.226, p =0.32].

The effect upon latency to travel from the nosepoke to the lever was slowed in a manner

that did depend on the region being perturbed [significant treatment *region interaction

F1,16 = 6.011, n 2= 0.429, p = 0.011].Fhe time it tookanimalstoreact tothe Gocyeand




Specifically, while inactivation of either PL or IL slowed travel times, inactivation of MO had

no reliable effect [pairwise comparisons: IL, vehicle vs inactivation p < 0.001; PL, vehicle vs

inactivation p = 0.019, MO, vehicle vs inactivation p =

REACTION LATENCY (S)

PL
IL
MO

Small reward
Large reward
Small reward
Large reward
Small reward
Large reward

Vehicle Inactivation

0.82 +0.06 0.90+0.10

0.73 +0.09 1.35+0.14 *
0.89 +0.07 1.15+0.13

0.77 +0.12 1.25+0.19 %
0.93+0.1 1.07 +0.13

0.84+0.1 1.31+0.17 %

Table 2. Reaction latencies following inactivation. Presented as mean + SEM.

TRAVEL LATENCY (S)

PL
IL

Small reward
Large reward
Small reward
Large reward

Small reward

Vehicle Inactivation
1.36+0.13 1.6+0.23 *
1.1+0.14 1.28+0.1 *
1.04 +0.14 1.59 + 0.14 ok
0.77+0.11 1.7+0.28 Kok
1.05 + 0.08 1.02 +0.17
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MO Large reward 1.1+0.17 1.11+0.1

Table 3. Travel latencies following inactivation. Presented as mean + SEM.

0.744]. Note, however, that latency measures could only be obtained from animals that
completed Go trials of both reward sizes successfully in both vehicle and inactivation

condition, meaning that the group sizes were reduced to; PL: n =9, IL: n=6, MO: n=4.

Inactivation induces changes in underlying behaviour on Omission trials.

Inactivation induced a strong and significant impairment of Go trial performance across all
subregions targeted that was largely mediated by an increase in Response Omission errors.
While on successful Go trials or Incorrect Press trials animals must perform a stereotyped
action sequence, behaviour on Response Omission trials can be more variable. To
understand whether a change in behavioural strategy may underlie the increased Omission
error rate, and whether changes may differ dependent on the subregion inactivated, video

tracking again was employed.

We first examined the trajectories animals made on Go trials. The box was divided into a

9x9 grid, and for each trial individual squares were scored as 1 if the animal passed through

that square during the trial and O if not. These were averaged to give proportional

occupancy maps for each animal. A score of 0.5 for a square would indicate that square

was occupied during 50% of trials. These proportional occupancy maps were then averaged

across rats to give a single map for each trial type and condition.

Representing trajectories this way demonstrates that when animals successfully complete

Go trials following inactivation, their stereotyped movements are similar to those made in
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vehicle sessions (Figure 6). However, on Omission trials trajectories seem to change, with

animals appearing to occupy a path through the box from the nosepoke to the lever less

often in inactivation sessions (Figure 7).

To determine if this was the case, we first examined the initial action made on Omission

trials. An Omission trial could result from an animal attempting the right sequence of
actions, moving first to the correct lever as they would on a successful trial, but failing to
complete the action sequence correctly. Alternatively, animals could begin to execute a

different action, or no action at all.

Patterns of initial zone visitation were altered following inactivation [Figure 8B, significant
treatment* zone interaction Fa,56 = 10.092, ny?= 0.265, p <0.001]. In the vehicle condition
animals often initiated the correct action sequence, most frequently moving directly to the
lever indicated by the cue rather than the wrong lever or the magazine [pairwise
comparisons, vehicle, correct lever vs magazine p < 0.001; correct lever vs wrong lever p <
0.001]. Inactivation altered the strategies animals employed on Omission trials, as
following infusion of baclofen/muscimol animals no longer overwhelming move more
towards the correct lever, but now just as frequently move directly to the magazine

[pairwise comparison: inactivation, correct lever vs magazine p = 0.88]. This effect occurred
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independent of region targeted, though a three-way interaction trended toward
significance [treatment *region * zone interaction: Fs36 = 2.419, p = 0.077]. Inactivation
also increased the overall frequency of erroneous visits to each of the three zones [pairwise
comparison: all outcomes, vehicle vs inactivation all ps < 0.005], consistent with an overall

increase in Omission rates.

In addition to examining the first destination animals moved to, we also investigated the
cumulative likelihood that animals would visit task-relevant zones in the 5s following cue
presentation. In line with less frequent direct correct lever visits relative to other areas in
the box following inactivation, the probability of entering the correct lever square within
the 5s animals had to respond was also reduced [Figure 8, Significant main effect of
treatment: F128 = 20.317, np?= 0.42, p <0.001]. Again, this effect did not depend on the
region targeted [no significant treatment * region interaction F;2s = 0.049, p = 0.952]. The
decrease in correct lever visitation was not driven by animals spending more time near the
magazine, as animals were no more or less likely to visit the magazine zone within the same
time period [no significant main effect of treatment or interactions, all Fs < 1.471, all ps >

0.23].
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Figure 6. Proportional occupancy on Successful Go trials

Heat maps displaying the average proportion of trials in each condition where each square in a 9x9
grid of the box floor was occupied eg a value of 0.5 means animals moved through that square on
half of trials. A) Small reward Successful Go trials in vehicle sessions (top) and inactivation session
(bottom) for the PL (left), IL (middle) and MO (right) groups. B) same as in A but for Large reward
Successful Go trials.
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Figure 7. Proportional occupancy on Omission trials

Heat maps displaying the average proportion of trials in each condition where each square in a 9x9
grid of the box floor was occupied eg a value of 0.5 means animals moved through that square on
half of trials. A) Small reward Omission trials in vehicle sessions (top) and inactivation sessions
(bottom) for the PL (left), IL (middle) and MO (right) groups. B) same as in A but for Large reward
Omission trials.
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Figure 8. Inactivation alters visitation patterns on Response Omission trials

A) Left, the operant box was divided into a 9x9 grid with one square fir the nosepoke, one for each
lever (correct: blue, wrong: pink), one for the magazine (yellow) and 5 neutral zones. Middle
example trajectory where animal moved the correct lever first. Right, example trajectory where
animals moved the magazine first. B) Top, number of Omission trials animals first visited the correct
lever (blue) in correct lever (pink) or food magazine (yellow) in vehicle sessions. Data displayed
from left to right for PL, IL MO groups. Bottom, same as Top but for inactivations sessions. Bars
show mean, points show data from individual animals. # p < 0.1, * p < 0.05, **p<0.001,
***p<0.0001.

To understand how inactivation may alter general locomotion we also examined general

immobility across the course of a session - with an immobile bout defined as animals

remaining in the same zone for more than 5s. To account for the fact that sessions with an

increased error rate would take longer to complete, and therefore present more

opportunities for immobile bouts, the normalized rate of immobile events per min was
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examined. Animals were no more likely to enter into immobile bouts over the course of

the inactivation sessions compared to control sessions [Figure 9, no significant main effect

of treatment or treatment * region interaction all Fs < 0.61, all ps > 0.5]. However, there

was a small but significant increase in the average duration of immobile periods [significant

main effect of treatment F2,28 = 7.334, p = 0.011], which also not depend on region [no

significant region * treatment interaction F < 0.264, p > 0.26].

In summary, inactivation targeted to either the PL, IL or MO results in an equivalent

behavioural effect on Go trials. Animals display significant impairments in Go performance,

Figure 9. Immobility analysis

A) Effect of inactivation upon the rate of immobile bouts per minute. Vehicle sessions in grey.
Inactivation sessions in dark green (PL) mid green, (IL) and light green (MO). Bars show mean, points
show data from individual animals. # p < 0.1, * p < 0.05, **p<0.001, ***p<0.0001. B) same as in A
but for average immobile bout duration.
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mediated by an increase in small reward Incorrect press errors and a dramatic increase in
Response Omission errors. Video tracking demonstrated that this increase in Omissions in
all cases was mediated by a reduction in the likelihood of initiating the correct action and
moving towards the correct lever following cue presentation.

Inactivation induced impairments are not rescued by reducing task complexity.

Inactivation of mPFC subregions results in profound impairments on Go trial performance,
as well as subregion specific impairments in No-Go performance. One possible mechanism
by which mPFC inactivation may impair performance is through disrupting animals’ ability
to differentiate or switch between Go and No-Go trials. Attempting to perform the
incorrect action requirement would likely result in a failed trial in either case, as moving
before the end of the holding period is a No-Go error, and waiting too long on Go trials
increases the likelihood of timing out and omitting the trial. To examine this, following

completion of Go/No-Go testing, animals in the second cohort (PL: n=10; MO n=7) were
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retrained on two simplified versions of the task — first, a version with just NoGo trials
(simplified Just-No-Go) and then a version with only Go trials (simplified Just-Go) — before

being tested following infusions as before.

In an analysis including NoGo trials from both the standard task condition and the modified
just NoGo condition, inactivation impaired NoGo performance [Figure 11, Significant main
effect of treatment: F1,15 = 12.66, np?= 0.458, p = 0.003; trend treatment * reward * region
interaction: F1,15 = 3.385 np?= 0.18, p = 0.086]. Importantly, no treatment by task version
interaction was detected [all treatment * task version interactions, Fs < 1.521, p > 0.236],
indicating that reducing the complexity of that task did not change the effect of
inactivation. Similarly, although overall Go performance was improved by removing No-Go
trials [Figure 12, Main effect of task version F1,15 =8.037, ny>= 0.349, p = 0.013], Go success
rates were still dramatically compromised in the simplified “Just Go” condition following
inactivation of either PL or MO [Main effect of treatment F1,15 = 85.142, n,?= 0.85, p < 0.001;

task * treatment interactions: all Fs < 1.19, all ps>0.291].
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Figure 10. Inactivation reduces the probability to visit the correct lever.

Cumulative probability to visit the correct lever square in the 5s following Go cue presentation for
vehicle sessions (grey) and inactivation session for the PL (dark green, left), IL (mid green, middle),
MO (light green, right). Bars show mean, points show data from individual animals. #p < 0.1, * p<

0.05, **p<0.001, ***

p<0.0001
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Figure 11. Reducing task complexity does not rescue effect of inactivation on NoGo performance

Left, Effect of inactivation upon NoGo performance in the full task condition, vehicle sessions in
grey. Inactivation sessions in pink (PL) and orange (MO). Right, same as in top but in a reduced
version of the task including only NoGo trials. Bars show mean, points show data from individual
animals. #p <0.1, * p<0.05, **p<0.001, ***p<0.0001.

While inactivation impaired Go performance in both task versions, the patterns of Go
errors underlying this impairment could differ between the full task and simplified
versions. To determine if this was the case, we compared how inactivation changed
Response Omission rates and Incorrect Press rates across both versions of the task. In line
with an overall improvement in Go performance in the simplified Just-Go condition,
animals made fewer Omission errors when only Go cues were present. However,

inactivation of either PL or MO uniformly increased Response Omission errors [Figure 13,
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Figure 12. Reducing task complexity improves Go performance but does not rescue effect of
inactivation.

Left, Effect of inactivation upon Go performance in the full task condition, vehicle sessions in grey.
Inactivation sessions in dark green (PL) and light green (MO). Right, same as in top but in a reduced
version of the task including only Go trials. Bars show mean, points show data from individual
animals. #p <0.1, * p<0.05, **p<0.001, ***p<0.0001.

Main effect of treatment F1,15s = 75.0.82, npy?= 0.833, p < 0.001], again in manner that did
not interact with task version [no significant treatment * task version interactions all F <
1.372 p > 0.26]. Incorrect press error rates were equivalent across task versions [Figure 13,
no significant main effect of task version F1,15=2.399, p = 0.14], and in line with the previous
analysis incorrect press errors were only reliably increased on small reward trials
[significant treatment * reward interaction: F1,15 = 16.087, ny?= 0.517, p =0.001]. However,

interactions between treatment and task version trended towards significance [trend
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treatment * region * task version interaction: Fy,15 = 4.289, ny?= 0.222, p =0.056; trend
treatment * task version interaction: Fi,15 = 3.825, ny?=0.203, p =0.06], driven by MO
animals in particular making more incorrect press errors in the simplified Just-Go condition
[pairwise comparisons: MO, inactivation session, Just-Go vs full task p = 0.007; PL,

inactivation session, Just-Go vs full task p = 0.627]

In summary, even on simplified versions of the task, inactivation still produced
impairments in performance. This indicates that reduced performance following
inactivation is not caused by an inability to switch between competing action

requirements.
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Figure 13. Reducing task complexity reduces Go Response Omissions but does not rescue effect of
inactivation on either type of error.

A) Left, Effect of inactivation upon Response omission performance in the full task condition,
vehicle sessions in grey. Inactivation sessions in dark green (PL) and light green (MO). Right, same
as in left but in a reduced version of the task including only Go trials B) same as in A but for Incorrect
Press trials Bars show mean, points show data from individual animals. # p < 0.1, * p < 0.05,
**p<0.001, ***p<0.0001.

4.4 - Discussion

The mPFC has been implicated in numerous components of reward guided action. To
determine how subregions of the mPFC may contribute in a differential or unified manner,
we selectively inactivated either PL, IL or MO subregions as they performed a Go/No-Go
task that taxes animals’ ability to make and withhold responses, and to switch between
these different strategies. Inactivation impaired No-Go performance, but not
homogeneously. Rather, impairment on No-Go trials was organised on a dorsoventral axis:
PL inactivation disrupted action restraint on both small and large reward trials, with
premature responses predominantly occurring later in the holding period, IL inactivation
only affected on small reward trials, while MO inactivation did not produce any reliable
impairment. On Go trials however, impairment occurred profoundly and indiscriminately
of the region inactivated. These effects on behaviour will be discussed in more detail

below.

Subregion specific inactivation of the mPFC produces a gradient of impairment

on a dorsoventral axis.
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While it has been argued that IL plays a particularly important role in the inhibition of
behaviour (Chudasama & Muir, 2001; Passetti et al., 2002b), others have found the PL to
also meaningfully contribute to the restraint or postponement of actions(Capuzzo &
Floresco, 2020; Paine et al., 2011; Pezze et al., 2014, J. Verharen et al., 2019). Our results
align better with the latter group of studies, as inactivation of both PL and IL caused a
significant impairment on No-Go trials. However, while disruptions in both the PL and IL
affected success rates in the same direction, there are some clear differences between the

two regions in how that impairment on behaviour is expressed.

Infusions targeted to IL only reliably disrupted action restraint on trials where a small
reward is on offer. This may seem surprising given that IL is classically prominently
associated with the inhibition of actions, across both aversive and appetitive domains
(Capuzzo & Floresco, 2020; Moscarello & LeDoux, 2013). Our results demonstrates that the
contribution that IL makes to suppressing behaviour needs to be refined to consider the
context in which behaviour is to be inhibited. On No-Go Large trials there is a greater
reward for successful restraint and a greater cost of premature action. A component of
action inhibition that scales with the current gains/losses for acting inappropriately must
be mediated by circuits external to the IL, as IL inactivated animals are more likely to

withhold action successfully with the promise of a large reward.

Previous experiments in this thesis have confirmed that phasic dopamine transients can
promote action over inaction, and prior studies have shown that mPFC inactivation can
increase VTA burst firing evoked by reward predictive cues (Jo et al., 2013; Jo & Mizumori,
2016), indicating that the mPFC may act endogenously to regulate dopamine release.

Therefore, one mechanism by which mPFC inactivation may impair NoGo performance
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would be dysregulation of mesolimbic dopamine. While IL inactivation did not selectively
increase errors within the first 800ms of the holding period, examining the distributions
themselves indicates that IL errors are more prominent closer to cue presentation. As
dopaminergic manipulations within the task are restricted to, or most strongly promote,
earlier errors proximal to cue presentation (Grima et al., 2022), the effects of IL disruption

on No-Go trials could conceivably in part be mediated by dopamine dysregulation.

In line with previous studies where action initiation and restraint must be balanced
(Capuzzo & Floresco, 2020; J. Verharen et al., 2019), inactivation of the PL in the Go/No-Go
task impaired the ability of animals to withhold action. Unlike IL infusions, this effect
occurred independent of the reward size on offer; both No-Go Small and No-Go Large trials
were affected. Moreover, PL inactivation produced a different distribution of No-Go errors,
with erroneous head exits clustered toward the end of the holding period. An increase in
errors towards the end of a No-Go trial indicates that there is likely an extra-dopaminergic
component to PL contributions to restraint; NAc D1R infusions mostly increased error
probability in the early half of the holding period. As reversible inactivations of the PL has
been demonstrated to impair processes such as attention (Pezze et al., 2014), and interval
timing (J. Kim et al., 2013), it is possible that impairment may result from inability to remain

in a focused state and maintain restraint until the end of the holding period.

Unlike the PL and IL, the MO has not been the focus of such intense study in the domain of
reward guided action. Some previous studies position the MO as contributing to successful
action restraint in the same manner as the IL and PL(J. Verharen et al., 2019). However,
within the Go/No-Go task we do not observe significant impairment of No-Go performance

following MO inactivation. This effect may not be that surprising, given that disruption of
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the MO has been shown to affect vigour in instrumental tasks (Minster & Hauber, 2018)
but not following the presentation of reward predictive cues (Jenni et al., 2023), and it is
the latter that appears to interfere with successful restraint in No-Go trials in our task
design. Therefore, our results may align better with findings indicating that the MO makes
a separable contribution to action restraint when compared to more dorsal mPFC

subregions (Hardung et al., 2017a).

Effects of mPFC inactivation on action execution are uniform across regions.

Unlike No-Go trials, the effect of sub-region specific inactivations on Go trials resulted in a
comparable impairment in animals’ ability to execute the correct action on Go trials.
Though disrupting function caused animals to be more likely to press the large reward
associated lever on Go small trials, the most prominent impairment was driven by a

dramatic increase in Omissions.

Further analysis demonstrated that this increase in Omissions was mediated by a shift in
underlying behaviour. When animals made an Omission error in vehicle sessions, they
often still initiated the appropriate action and moved to the correct lever. However,
inactivation of any mPFC subregion decreased the likelihood of correct action initiation —
animals were less likely to even begin the correct action sequence, not just less likely to
complete it. This effect contrasts with other manipulations such as NAc DI1R
blockade(Grima et al., 2022), which increased the frequency of Omission errors without
altering behaviour on Omission trials, indicating the prefrontal inactivation may not just
render animals in an ‘unfocused state’ but rather interfere with the process of correct

action selection.
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The profound disruption on Go trials contrasts with previous findings, where inactivation
of either the PL or IL selectively impaired restraint but left the ability of animals to execute
lever pressing for reward intact (Capuzzo & Floresco, 2020). One possible explanation for
these differences is the more complex task space that the Go/No-Go paradigm presents,
requiring greater prefrontal engagement to successfully navigate action selection and
execution. Though previous reports have found that mPFC inactivation does not disrupt
the ability to discriminate between cues (van Holstein & Floresco, 2019), these
experiments occurred in simpler settings where there was no requirement to initiate a trial
by sustaining a nose poke response and only two cues were used to guide conditional
discrimination between 2 levers. Within the Go/No-Go task there are three possible action
strategies that lead to reward (go to the left lever, go to the right lever, remain in
nosepoke), and four different cues guide appropriate action. The greater number of cues
used could make selecting the appropriate action more difficult, while the more complex
action space could contribute to the general disruption of action processes, such that

animals are more likely to fail to complete the correct action in the allotted time.

To test the possibility that cue complexity contributed to the disruption of performance in
the current experiment, we retrained and tested animals from the second cohort (PL and
MO only) in a reduced versions of the task. This consisted of simplified Just-Go and
simplified Just-No-Go variants, where only two cues were present throughout the
behavioural session. However, in these reduced versions of the task, the same patterns of
impairment were still present, suggesting that impairments did not arise from difficulty
mapping the appropriate action to the presented cue. However, one caveat to this

conclusion is that the animals had a relatively short period on the reduced task versions (3
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days) relative to the extensive training they had on the full version of the task. Animals do
display an improvement in performance on Go trials in the simplified version of the task,
indicating that their behaviour is sensitive to simplified task requirements, but further
experiments where animals only ever experience a Just-Go version of the task would be
needed in order to exclude cue complexity as a factor in the impairment of Go
performance. Additional experiments may also benefit from modifying the task such that
four cues are present, but both Small and Large Go trials require presses to made on the
same lever. In this variant only one action would ever be associated with reward, while
maintaining the conflict between action initiation and restraint. Testing effects of regional
mPFC inactivation in this version of the task would resolve whether the effects observed in

the present study dependent on the presence of multiple rewarded actions.

When examining general immobility, inactivation did not make animals more likely to enter

into immobile bouts when compared to vehicle session. This observation is in line with the

fact that only the probability of lever approach, and not magazine approach, is decreased

on Go Omission trials following inactivation — suggesting that the impairment on Go trials

is not a result of generalized impairment of movement. Animals do show an increase in the

average length of immobile bouts following inactivation, but the greatly increased error

rates on inactivation sessions make it difficult to ascribe this effect specifically to disruption

of prefrontal activity. The generally lower reward rate that animals experience on

inactivation sessions could result in extended pauses in between trials as other ‘immobile’

behaviors such as grooming or resting become more valuable to engage in.
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Summary

By selectively inactivating the mPFC in a targeted manner we found that inactivation of the
PL and IL, but not the MO, resulted in separable impairments in action restraint.
Conversely, on Go trials, inactivation severely impaired performance irrespective of the
region targeted. This effect contrasts with previous studies that found action restraint to
be impaired, but initiation spared, following PL or IL inactivation (Capuzzo & Floresco,
2020). The relative increase in complexity in the Go/No-Go task may play a role in the more
profound impairment we observed, though simplifying the number of cues and action

requirements did not rescue effects of inactivation.
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5. How does potentiated
endocannabinoid signalling effect

action initiation and restraint?

Endocannabinoids endogenously regulate mesolimbic
dopamine in an activity dependent manner, and compounds
that potentiate endocannabinoid signalling are of interest
from a therapeutic perspective. To determine how
endocannabinoid signalling may affect action initiation and
restraint, we dosed animals with a novel compound that
inhibits the breakdown of the endocannabinoid 2-AG. We
found that boosting endocannabinoid signalling selectively
impaired action execution by increasing the likelihood of

being in an unfocused state.

Contributions

For the experiments presented in this chapter, George Jenkins, Mason Silveira and Mark
Walton designed and planned the experiments with collaborators at A/S Lundbeck
(Francois Gastembide, Benjamin Hall, Gunnar Sorensen), George Jenkins and Mason
Silveira collected behavioural data, and George Jenkins analysed and presented the data
with input from Mark Walton.
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5.1 - Introduction

Endocannabinoid signalling acts on a local scale to shape afferent input, and thereby
regulate endogenous activity, in a multitude of circuits across the brain. The
endocannabinoid system has been demonstrated to make important contributions to
regulation of mesolimbic dopamine release under natural conditions (Cheer et al., 2007;
Oleson et al., 2012). During periods of sustained activity, endocannabinoids are
synthesised and released from dopamine neurons and are thought to inhibit afferent
GABAergic input to the VTA, increasing the firing rate of VTA dopamine neurons and thus
potentiating dopamine release (Matyas et al., 2008; M. Melis et al., 2004; Ohno-Shosaku

& Kano, 2014).

This endocannabinoid-mediated boost to VTA activity is important for the expression of
natural reward seeking behaviour. Disruption of endocannabinoid signalling, both
systemically and local to the VTA, can reduce both evoked dopamine release and the
latency and vigour with which reward seeking behaviour is executed (Alvarez-Jaimes et al.,
2009; Cheer et al., 2007; Feja et al., 2020; Oleson et al., 2012). The endocannabinoid system
thereby forms a key component of the regulatory systems that ensure mesolimbic
dopamine release, and associated dopamine dependent behaviours, are situationally

appropriate (Oleson et al., 2021; Peters et al., 2020).

Pharmacological intervention targeting the release or breakdown of endocannabinoids has
the potential to amplify signalling when dopamine neurons are endogenously active, while
making little difference at times when dopamine neurons are quiescent. These compounds
have generated increasing therapeutic interest in recent years (Bedse et al., 2018; Gil-

Ordoiiez et al., 2018; Petrosino & Di Marzo, 2010) as modulations of endocannabinoid
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availability avoid the of side effects produced by direct cannabinoid receptor agonists (Tai

& Fantegrossi, 2014; Wiley et al., n.d.).

Endogenous endocannabinoids are active only transiently before being broken down by
enzymes. The endocannabinoid 2-arachidonylglycerol (2-AG), which is thought to mediate
activity-induced disinhibition of the VTA (Covey et al., 2017), is metabolised by the enzyme
monoacylglycerol lipase (MAGL) (Parsons & Hurd, 2015). Compounds that inhibit this
enzyme extend the duration of 2-AG signalling, and have been demonstrated both to
increase phasic NAc dopamine release evoked by reward-predictive cues and reduce the
latency with which reward seeking actions are initiated (Covey et al., 2018; Oleson et al.,
2012; Wenzel et al., 2018). In line with the literature that situates dopaminergic
transmission as motivating reward-directed behaviour (Berridge, 2007; Bromberg-Martin
et al., 2010; Salamone & Correa, 2012), MAGL inhibition has promise in the treatment of
disorders characterised by an amotivational state. Indeed, a recent study demonstrated
that MAGL inhibition rescued deficits in dopaminergic signalling and motivated behaviour

presented in a mouse model of Huntington’s disease (Covey et al., 2018).

However, a thorough understanding of how the endocannabinoid system may work in
concert with dopaminergic circuits to regulate reward guided action is lacking. The majority
of experiments investigating the effects of endocannabinoid manipulations occur in simple
instrumental (Alvarez-Jaimes et al., 2009; Covey et al., 2018; Simonnet et al., 2013; Solinas
& Goldberg, 2005) or cued reward seeking tasks (Feja et al., 2020; Oleson et al., 2012).
Dopaminergic contributions to these behavioural paradigms are well understood, making
it easier to relate effects to the dopaminergic system, but the complexity of the behavioural

effects that can be examined are limited.
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Testing the effect of endocannabinoid manipulations in the Go/No-Go task enables effects
upon a wide range of action related behavioural variables to be tracked and to be
examined. In addition, we now possess a strong understanding of both dopamine signalling
and the effects of dopaminergic manipulations within the task, enabling effects of

endocannabinoids to be compared and related the dopamine system.

Aims

This experiment aims to determine the effect of boosting endocannabinoid signalling upon
reward guided action and restraint and determine whether changes in behaviour are
consistent with endocannabinoids acting via the mesolimbic dopamine system, and acting
in an activity dependent manner. To answer these questions well trained animals were

dosed with ABD-1970, an MAGL inhibitor and tested in the Go/No-Go task.

Should ABD-1970 result in a 2-AG mediated boost to dopaminergic release that is activity
dependent, we may expect elevated cue-evoked dopamine — resulting in amplified vigour
and hastened latencies on Go trials. In this case we would predict these effects on Go trials
to occur with little impact on No-Go trials — where dopamine release following No-Go cue

presentation is suppressed.

Conversely, should the inhibition of MAGL via ABD-1970 result in an augmented dopamine
release that is not constrained to period of elevated dopamine neurone activity, we may
expect to see changes to vigour on Go trials accompanied by impaired performance on No-

Go trials.
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Finally, if treatment with ABD-1970 significantly alters endocannabinoid signalling in brain
regions other than the VTA — we may record a different pattern of effects that does not

align with dopaminergic manipulations.

5.2 - Methods

All procedures were performed in line with the UK Animal (Scientific Procedure) Act 1986
and in accordance with the University of Oxford animal use guidelines and were approved
by the local ethical review panel at the Department of Experimental Psychology, University
of Oxford. Male adult Sprague Dawley rats (n=15) approximately 8 weeks old at the
beginning of training, were trained in the Go/No-Go task and were maintained on a twelve-
hour light/dark cycle. All testing occurred in the light phase. Animals were housed in groups
of three. Food was restricted such that animal bodyweights were kept between 85%-90%
of their free feeding weight. Water was available ad libitum. Details of the behavioural

task, training and apparatus are described in Chapter 2 (Methods).

Behavioural measures

Measures of performance and latency are outlined in Chapter 2 (Methods) but briefly

reiterated in the table below.
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Table 1. Summary of performance and latency measures within the GoNoGo task

Pharmacological compounds and preparation

ABD-1970 (Lundbeck) was dissolved in 0.5% methylcellulose solution (Sigma-Aldrich).
Animals underwent two treatment sessions, one with a low dose (1mg/kg) and another
with a high dose (10mg/kg), in addition to a vehicle session. The order of treatment was
counterbalanced across animals, and the experimenter was blinded to the treatment
identity on each dosing day. All solutions were delivered orally via gavage and 30 minutes
was allowed after dosing before animals were transferred to the experimental context and

subsequently tested.
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Statistical approaches

As outlined in Chapter 2 (Methods), a repeated measures ANOVA was used for analysis of
data collected in these experiments. This included the effect of dose as a three-level factor
(vehicle, low dose, high dose) and that of reward size as a two-level factor (small reward,
large reward). For skewed latency distributions, a log-transformation was applied in order

to meet the normality assumptions of statistical tests.

Video Tracking

The DeeplabCut toolbox (Nath et al., 2019) was used to track the position of the animal
during each trial, as outlined in Chapter 2. Briefly, a network was trained to track body
parts of the animal and features of the operant box. This enables trajectories of the
animal’s position on each trial to be obtained. Trajectories were analysed from cue onset
until either: 0.75s after entry into the food magazine on successful trials or 5s after cue
presentation on failed trials. To analyse the order in which rats visited different zones of
the operant chamber, the behavioural box was divided into a 3x3 grid, consisting of a left
and right lever zone and a nosepoke zone on one side of the chamber, a food magazine
zone on the other side of the chamber, and 5 neutral zones that did not contain any task

relevant box features.
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5.3 - Results

We wanted to examine how extending the duration of endogenous endocannabinoid
signalling may affect reward guided action restraint and initiation within the Go/No-Go
task. Specifically, we wanted to observe how a low and high dose of the MAGL inhibitor
ABD-1970 may affect performance on Go and No-Go trials as animals make or withhold

action to obtain reward.

MAGL inhibition does not affect No-Go performance.

Treatment with the MAGL inhibitor ABD-1970 did not alter performance on No-Go trials
relative to the vehicle condition [No significant main effect of drug or drug * reward

interaction, all Fs < 0.82, all ps > 0.45, Figure 1].

While neither dose of ABD-1970 resulted in a significant change in the frequency that No-
Go errors were made, we also examined No-Go trials in more detail to determine if any
effect upon when errors were occurring was evident with MAGL inhibition. In order to do
so, the distribution of erroneous head exits in No-Go trials were plotted as a proportion of
all No-Go head exits (Figure 2A). However, again neither the low nor the high dose effected
a noticeable change in these distributions. To quantify this, the No-Go holding period was
divided into an ‘early’ (<800ms) portion and ‘late’ (>800ms) portion (Figure 2B). Animals
were more likely to make an error in the late period, but this was not effected by drug
[Significant main effect of error period: F1,14 = 10.494, ny?= 0.428, p = 0.006; no significant

main effect of dose or interactions: all Fs < 0.82, all ps > 0.45, Figure 2C]
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Figure 1. ABD-1970 does not affect No-Go Performance.

Effect of ABD-1970 upon No-Go performance. Vehicle sessions in grey, low and high dose drug
sessions in light and dark red respectively. Bars show mean, points show data from individual
animals. #p <0.1, * p<0.05, **p<0.001, ***p<0.0001.

MAGL inhibition selectively impairs Go performance at the highest dose.

While ABD-1970 did not alter performance on No-Go trials, the same was not true for Go
trials, with the highest dose producing a significant impairment of Go performance relative
to the low dose or vehicle condition. [Figure 3, significant main effect of drug: Fy,14 = 4.72,
ne’= 0.252, p = .0017; pairwise comparisons: vehicle vs high dose p = 0.011, low dose vs

high dose p = 0.048]. Unlike No-Go trials, performance on Go trials was also demonstrated
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Figure 2. ABD does not affect No-Go errors.

A) Average probability histograms of head exit times on Failed No-Go trials for Small Reward (left)
or Large Reward (right) trials in sessions receiving vehicle (grey, top and bottom), low dose of ABD-
1970 (light red, top) or high dose of ABD (dark red, bottom) calculated as probability over all trials,
both successful and failed. 0.1s bins. B) The No-Go holding time was divided into early exits (>800s)
and late exits (<800ms). C) Mean proportions of nosepoke exits that were early or late dependent
on dose of drug (grey: vehicle, light red: low dos, dark red: high dose)

to be sensitive to the quantity of reward on offer, though this effect was not modulated by
drug treatment [Main effect of reward: F1,14 = 18.827, ny?= 0.574, p < 0.001; No significant

drug * reward interaction, F1,14 = 0.003, p = 0.996].
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Figure 3. ABD selectively impairs Go performance at the highest dose only.

Effect of ABD upon Go performance. Vehicle sessions in grey, low and high dose drug sessions in
light and dark green respectively. Bars show mean, points show data from individual animals. # p
< 0.1, * p<0.05, **p<0.001, ***p<0.0001.

In order to examine the effects of the dose-dependent impairment of Go performance in
more detail, the proportions of Omission and Incorrect press errors were examined.
Examining Omission errors demonstrated that animals had significantly higher omission
rates after receiving the high, but not the low dose of ABD-1970 [Significant main effect of
drug: F228 = 3.65, np?= 0.207, p = 0.038; significant pairwise comparisons: Vehicle vs high

dose p =0.022, Figure 4]. In line with the effect upon Go performance overall, animals were
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more likely to fail to respond on small reward Go trials relative to large reward Go large
trials, but this effect did not interact with the drug [Significant main effect of reward: F1,14
= 17.84, ny?= 0.56, p < 0.001; drug * reward interaction p = 0.96, F = 0.035]. While there
was a numeric increase in the rate of Incorrect press errors following treatment with the
high dose of ABD-1970, this did not reach significance [No significant main effect of drug

or drug *reward interaction, all Fs < 2.67, ps > 0.087, Figure 4].

MAGL inhibition does not speed latencies.

While-While we have previously showed that the high dose impaired Go performance, we

examined the latencies at which animals initiated and executed action to determine if

MAGL inhibition may still promote fast and vigorous action. There was no reliable change

in latencies to exit the nosepoke following a Go cue after ABD-1970 treatment [No main

effect of drug: F2,26 = 1.92, p > 0.16; drug * reward interaction F2,26 = 2.12, p = 0.093,

Fisure 5]. The latency to move from the nosepoke to the lever was also not hastened, if

anything there was a small trend suggesting that travel latencies might be slower at the

highest dose of the drug [Significant main effect of drug: F2,26 =3.77,n 2=0.225, p =.0036;

pairwise comparisons: Vehicle vs high dose p = 0.043, Figure 5]. Travel latencies, were on

average shorter when a larger reward was on offer [Significant main effect of reward: F2,26

=5.718, n 2= 0.305, p = .0033] but again this reward sensitivity did not interact with drug

[No significant dose * reward interaction: F = 0.4, p = 0.674]we-have-previously-showed
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Figure 4. ABD selectively increases Response Omission errors at the highest dose only.

Left Effect of ABD upon Go Response Omission Error Rate. Vehicle sessions in grey, low and high
dose drug sessions in light and dark red respectively. Bars show mean, points show data from
individual animals. Right, same as in Left but for Incorrect Press Error. # p < 0.1, * p < 0.05,
**p<0.001, ***p<0.0001.

MAGL inhibition does not change behavioural strategy on omission trials.

Our initial analysis demonstrated that the highest dose of ABD-1970 impaired action
execution on Go trials, increasing the likelihood that animals would fail to complete
therequired action within the allotted time. To understand this effect, we went on to
examine behaviour on Go trials in more detail by applying video tracking. On Successful Go
trials animals made largely similar trajectories, independent of receiving either vehicle or
ABD-1970, first visiting the lever and then the magazine (Figure 6A). While on Successful
Go trials animals most often perform a stereotyped action sequence in order to complete

lever
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Figure 5. ABD slows travel latencies.

Left Effect of ABD upon Go Response Omission Error Rate. Vehicle sessions in grey, low and high
dose drug sessions in light and dark red respectively. Bars show mean, points show data from
individual animals. Right, same as in Left but for Incorrect Press Error. # p < 0.1, * p < 0.05,
**p<0.001, ***p<0.0001

press requirements within the allotted time, behaviour on Response Omission trials can be
more variable. However, despite the high dose of ABD-1970 increasing the frequency of
Response Omission errors, the trajectories animals made on Omission trials after receiving

ABD-1970 are also largely similar to those in vehicle sessions (Figure 6B).
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Figure 6. Proportional occupancy on Successful Go trials and Omission trials

Heat maps displaying the average proportion of trials in each condition where each square in a 9x9
grid of the box floor was occupied eg a value of 0.5 means animals moved through that square on
half of trials. A) Successful Go trials in vehicle sessions (left) on small (top) and large(bottom) reward
right. Right same as in left for abd-1970 high dose sessions. B) same as in A but for Omission trials.
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To quantify the degree to which behaviour on Omission trials may or may not differ after
treatment with ABD-1970 we first examined the initial action made on Omission trials. In
order to examine the frequency with which different initial actions were occurring, we
recorded the numbers of Omission trials where animals moved first to one of three task
relevant box zones: the correct lever zone, the wrong zone or the food magazine zone

(Figure, 7A).

The high dose of ABD-1970 did not alter initial visitation patterns on omission trials, as
there was no selective increase in visits to a particular zone [No significant dose * zone
interaction: F2,14 =2.334, p = 0.135]. Independent of receiving vehicle or ABD, animals were
most likely to initiate the correct action and move towards the lever indicated by the cue,
rather than the wrong lever or the magazine [Figure 7B, significant main effect of zone F1,14
= 12.13, ny?= 0.464, p = <0.001, pairwise comparisons, correct lever vs wrong lever p <
0.001; correct lever vs food magazine p = 0.002]. However, ABD did increase the total
number of omission trials where animals moved to one of the three task-relevant zones
[Figure 7B. Significant main effect of dose: F1,14 = 6.225, ny?= 0.308, p = .0026], consistent

with an overall increase in omission rate.

While ABD-1970 did not affect the initial action animals made, it may have disrupted the
sequence of selected actions. Therefore, we also examined visitation patterns in the box
over the 5s following Go cue presentation, to determine if patterns of movement during
Omission trials were altered. However, there was no change in the cumulative probability
of visiting the food magazine after receiving the high dose of ABD-1970 [No significant main
effect of dose, or dose * reward interaction, all Fs < 0.48, all ps > 0.51, Figure 8], nor were

animals
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Figure 7. ABD-1970 does not alter visitation patterns on omission trials.

A) Left, the operant box was divided into a 9x9 grid with one square for each lever (correct: blue,
wrong: pink), one for the magazine (yellow) and 5 neutral zones. Middle example trajectory where
animal moved the correct lever first. Right, example trajectory where animals moved the magazine
first. B) Left number of omission trials where animals first visited the correct lever (blue) in correct
lever (pink) or food magazine (yellow) in vehicle sessions. Right, same as Left but for high dose of
ABD-1970 sessions. Bars show mean, points show data from individual animals. #p < 0.1, * p<0.05,
**p<0.001, ***p<0.0001.
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Figure 8. MAGL inhibition does not alter correct lever or food magazine visit probability

Cumulative probability to visit the correct lever square in the 5s following Go cue presentation for
vehicle sessions (grey) and high dose sessions (dark green. Bars show mean, points show data from
individual animals. # p < 0.1, * p < 0.05, **p<0.001, ***p<0.0001

more or less likely to visit the correct lever zone across the duration of Omission trials [No

significant main effect of dose, or dose * reward interaction, all Fs < 0.58, all ps > 0.47]

Finally, while the high dose of ABD-1970 did not alter the likelihood of initiating the correct

action on Go trials, we also examined general immobility to assess whether the drug might

alter locomotion outside of Go trials. Analysis found no difference in either the normalized
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rate of immobile epochs [Figure 9, No significant main effect of dose, Fs = 0.201, p > 0.66],

nor the average duration of an immobile bout No significant main effect of dose, Fs =1.387,

p > 0.27] between sessions receiving vehicle or the high dose of ABD-1970.

In summary, by tracking animals’” movements across a trial demonstrated that while the
high dose of ABD-1970 increased the frequency of Omission trials, animals’ behaviour
when making an omission was comparable between vehicle and high-dose sessions.
Animals did not alter their initial actions and were equally likely to visit key areas within
the box such as the correct lever and the food magazine. This finding aligns with the visual
similarities between the average trajectories on Omission trials after receiving either

vehicle or ABD-1970.
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Figure 9. Immobility analysis

A) Effect of ABD upon the rate of immobile bouts per minute. Vehicle sessions in grey. High dose

drug sessions in dark green. Bars show mean, points show data from individual animals. # p < 0.1,
* p <0.05, **p<0.001, ***p<0.0001. B) same as in A but for average immobile bout duration.

5.4 - Discussion

The endocannabinoid system provides crucial regulatory tone that sculpts dopamine
release and shapes appropriate behaviour under physiological conditions. We wanted to
determine whether boosting signalling of the endocannabinoid 2-AG by inhibiting MAGL
could selectively improve motivation, without impacting impulse control, potentially via
actions within the mesolimbic dopamine system. To investigate this, we tested the effect
of the novel MAGL inhibitor ABD-1970 in the Go/No-Go task, where we possess an
extensive understanding of dopaminergic manipulations. In line with predictions that
extended endocannabinoid signalling should not affect action restraint if any modulation
of dopamine release is activity dependent, we saw no difference in No-Go performance
following treatment with either dose of the MAGL inhibitor ABD-1970. However, instead
of boosting motivation and improving Go trial performance, we instead observed a
selective impairment on Go trials, driven by an increase in omission errors. These effects

on behaviour will be discussed in more detail below.

Potentiated endocannabinoid signalling does not impair cued action restraint.

Unlike classical neurotransmitters, endocannabinoids are synthesised and released in an
activity-dependent manner (Alger & Kim, 2011). Therefore, potentiating endocannabinoid

signalling should only effect dopamine release in situations where VTA neurons are highly
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active — and prior work has shown MAGL inhibitors boost NAc dopamine to phasic events

such as reward predictive cues(Covey et al., 2018).

Our previous studies indicate that suppressed mesolimbic dopamine levels following cue
presentation on No-Go trials are critical for action restraint (Grima et al., 2022; Syed et al.,
2016). As shown in the previous chapter, optogenetically stimulating the VTA at this
timepoint consistently promotes inappropriate action, and NAc D1R agonism produces an

increased probability of impulsive action in the time window following the cue.

Elevating levels of 2-AG with the MAGL inhibitor did not affect No-Go performance within
the Go/No-Go task — indicating that the drug does not likely boost cue-driven dopamine
release. This result could be due to ABD-1970 not mediating an increase in mesolimbic
dopamine at any timepoint. Alternatively, this could also be consistent with a model
whereby the endocannabinoid system modulates dopamine release within reward guided
action in an activity dependent manner. As there are no period of elevated activity in
dopamine neurons whilst animals withhold action in the Go\No-Go task, there is no

elevated dopamine release for endocannabinoid signalling to potentiate.

Previous studies have investigated the contributions of endocannabinoid signalling to
action restraint using pharmacological manipulations, though the experiments have largely
been confined to the 5-choice serial reaction time task (5CSRTT). Within the 5CSRTT,
activating the endocannabinoid system has no effect on premature action, even when
using CB1R agonists (Pattij, Janssen, Schepers, et al., 2007). Unlike MAGL inhibition, this
manipulation should induce sustained activation of CB1R receptors independent from the
activity of neuronal populations such as VTA dopamine neurons. Conversely CB1R

antagonism reduces premature action (de Bruin et al., 2011; Pattij, Janssen, Schepers, et
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al., 2007). These findings have been suggested to be mediated by endocannabinoid actions
on the mesolimbic dopamine system. The pro-restraint effects of CB1R blockade have been
speculated to occur via the disinhibition of CB1R expressing GABAergic inputs to the VTA —
which would increase inhibition onto the VTA and prevent activity that maintains baseline
levels of premature responding (Wiskerke & Pattij, 2015). The null effect of CB1R agonism
have been posited to occur from near-maximal endogenous endocannabinoid tone within
the 5CSRTT, though further experiments measuring endocannabinoid release will be

needed to determine this.

Comparing results across these two behavioural paradigms is a difficult task. The 5CSRTT
has some fundamental differences to the Go/No-Go task presented in this thesis, in that
animals must refrain making a response while they wait for a stimulus to be presented
(which, in key blocks, is often delayed), rather than being instructed to withhold an action
by a cue signalling a future reward. In addition - unlike the Go/No-Go task, an
understanding of how mesolimbic dopamine release fluctuates within the 5CSRTT is
lacking. The effects of phasic dopamine manipulation indicates that key differences exist
between the two paradigms, as optogenetically activating the VTA in the Go/No-Go task,
but not the 5CSRTT, promotes premature action (Flores-Dourojeanni et al., 2021). This
aligns with suggestions that the psychological constructs underlying postponing action
until a stimulus arrives and cued action restraint may differ (Bari & Robbins, 2013; Hirmson
et al., 2022), along with the role mesolimbic dopamine plays in both processes. In theory,
activating endocannabinoid signalling could mediate changes in dopamine, and
subsequent changes in behaviour, in one task and not the other. Testing the effects of CB1R

agonism within the Go/No-Go task would determine whether the lack of impact on No-Go
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trials in this study is owed to the either a lack of any boost to dopamine release whatsoever,
the activity-dependence of the manipulation, or a ceiling effect of endogenous cannabinoid
signalling in cued action restraint, as is proposed for action postponement within the

5CSRTT.

MAGL inhibition increases the propensity to be in an unfocused state on Go

trials

Previous studies have related elevated 2-AG signalling following MAGL inhibition to

increased motivation and a faster latency to initiate reward seeking following presentation

of a cue signalling reward availability (Covey et al., 2018; Feja et al., 2020; Oleson et al.,

2012). Translating these behavioural effects into the Go/No-Go task, we may expect a

speeding of the latencies at which animal initiate action or travel from the lever to the

nosepoke. However, the results we observe are not consistent with a boost in motivation,

as following the highest dose animals are no faster to react to a Go cue nor to travel to the

lever - with travel times in particular possibly being slower at the high dose. These effects

are combined with an increase in omissions, where animals fail to complete the required

action sequence, an effect also contrary to a more motivated reward pursuit state.

Hastened reaction times, as predicted following MAGL inhibition, is an effect observed in

prior studies activating NAc core D1Rs or boosting NAc core dopamine tone with

amphetamine in the Go/No-Go task (Grima et al., 2022; Hirmson et al., 2022). However,

endocannabinoid signalling is activity dependent, and thereby might be thought to align

more closely with manipulations of VTA activity at the timepoint of cue presentation when
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the dopamine release is endogenously elevated, rather than chronic but anatomically

specific pharmacological manipulations. When optically activating the VTA proximal to cue

presentation, we did also observe a slowing of travel times. However, stimulation was not

seen to affect omissions, and did not result in an overall impairment of Go performance,

even at the highest magnitude. As such the effects of MAGL inhibition do not

straightforwardly align with a boost in dopamine neurone activity at cue




Conversely, the effects of systemic D1R activation demonstrate more overlap with the

effects of ABD-1970, as a systemic D1R agonist slows travel times and impairs Go
performance(Grima et al., 2022). However, in the case of systemic D1 manipulation the
increase in Go errors is largely driven by animal selecting the incorrect lever. This is a
fundamentally different impairment to the elevated omissions observed with ABD-1970,
and unlike ABD-1970 the systemic D1R agonist also impairs No-Go performance. The
difference between these patterns of effect indicates that MAGL inhibition is also unlikely

to mediate a prolonged and distributed increase in dopamine release.

An increased likelihood to make an Omission error could be due to number of different
causes - such as decreased motivation to act following a Go cue, or disruption to the
process of selecting the correct action according to the presented cue. In both these cases
behaviour on omission trials would be expected to change — with animals moving less often
to the correct lever. However, when ABD-1970 treated animals omit responding, the
pattern of behaviour is strikingly similar to when omission errors occur in vehicle sessions.
Animals still move directly towards the correct lever most frequently under MAGL
inhibition, and trajectories are similar both on and off the drug. The highest dose of ABD-

1970 appears to increase the likelihood animals are in an unfocused state, and attempt the
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correct action but fail to complete it, rather than producing a new behavioural drive that

interferes with trial completion.

This effect shares some features with that of NAc D1R blockade, where the propensity of
animals to omit trials was increased without changing the underlying behaviour on
erroneous trials (Grima et al., 2022). MAGL inhibition has been demonstrated to boost VTA
dopamine release, making the correlation of these effects appear initially unlikely.
However, activation of CB1R within the NAc can also reduce dopamine release via
suppression of excitatory afferents to the NAc (Covey et al., 2017; Mateo et al., 2017). Prior
studies have suggested that the observed increase in both dopamine and motivational
drive following MAGL inhibition results from preferential enhancement of disinhibitory 2-
AG signalling within VTA (Covey et al., 2018). Therefore, one possible explanation for the
opposing effects observed in this study is that the differential task requirements in the
Go/No-Go task result in differential endogenous endocannabinoid signalling patterns
within the mesolimbic dopamine pathway, such that boosting 2-AG transmission favours

inhibition within the NAc over disinhibition of the VTA.

In line with this theory, the aforementioned studies that observe pro-motivational effects
of MAGL inhibition occur in relatively simple tasks such as cued-reward seeking and
progressive ratio (Covey et al.,, 2018; Feja et al., 2020; Oleson et al., 2012). In these
paradigms only one action has positive valence. The Go/No-Go task presents a more
complex action space, where a single action such a pressing a particular lever is only
advantageous on a subset of trials. The more complex environment of the Go/No-Go task

may recruit a more distributed network of brain structures, including circuits outside of the
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mesolimbic dopamine pathway that may also be influenced by endocannabinoid signalling

in a manner sufficient to disrupt behaviour.

Understanding how endocannabinoid signalling may vary on a moment-by-moment basis
within behavioural tasks will be advantageous in any future studies aiming to relate
endocannabinoids, mesolimbic dopamine and reward guided action. The recent advent of
the fluorescent endocannabinoid sensor GRABecs20 (Dong et al., 2022) will enable
endocannabinoid signalling dynamics to be related to dopamine release with a sharper
temporal resolution than methods such as microdialysis, and allow changes in
endocannabinoid signalling in response to different behavioural requirements of

pharmacological interventions to be tracked in vivo.

6. General Discussion

Here, the findings of this thesis are summarised. Technical
limitations of the techniques utilising the preceding chapters
are considered, and suitable future directions for research

are suggested.
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6.1 - Introduction

Selecting the appropriate behavioural strategy for a given situation is key to obtaining
rewarding outcomes, and therefore for survival. Reward guided action control is a complex,
multistep process requiring computations about reward value, the optimal strategy to
choose and when best to execute it (Rangel et al., 2008). A crucial component of this
process is deciding when best to initiate reward seeking action, and when instead action
should be withheld. The midbrain dopamine system stands at the intersection of two rich
fields of study, being implicated in both movement and reward and is therefore well
positioned to contribute to the control of reward guided action. This thesis aimed to
understand the role that mesolimbic dopamine in particular may play in reward guided
action initiation and restraint, alongside complementary circuits and systems that may act

in concert with dopamine to shape behavioural control.
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Throughout this thesis a common behavioural paradigm has been used to investigate
effects of manipulations across three systems: the mesolimbic dopamine pathway, the
endogenous endocannabinoid systems, and the medial prefrontal cortex. The Go/No-Go
task employed in this thesis enables the impact of said manipulations on performance
under both differing conditions of action requirements and differing reward expectations
to be explored and compared against previous findings (Grima et al., 2022; Harmson et al.

2022).

Utilising optogenetics allowed us to determine the capacity for phasic activation of VTA
dopamine neurons to promote action over inaction, and the dependence of this effect
upon concurrent cue presentation at low stimulation magnitudes. These experiments also
found a concomitant effect for activation to bias toward premature action on future trials,
as well as a small disruption to action selection and invigoration. Through targeted
pharmacological inactivation of parts of mPFC in a subregion specific manner, it has been
discerned that the PL and IL subregions, but not the MO, make distinct contributions to
successful action restraint when a cue signals future reward. This result contrasts with the
other finding from this experiment, that all three regions are critically necessary for
successful action execution in a complex task space. Finally, investigations into the
contributions of endocannabinoid regulation have determined that inhibiting the
breakdown of the endocannabinoid 2-AG, which has been shown to augment reward-cue
evoked dopamine release in previous studies (Covey et al., 2018), did not boost motivation
or change impulse control as has been previously described in simpler behavioural tasks.
Rather, potentiated endocannabinoid signalling increased the likelihood of animals being

in an unfocused state and failing to execute action successfully.
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Together, this work elucidates the causal role for mesolimbic dopamine in reward guided
action, and highlights which contributing circuits may act in conjunction to shape reward

guided action more generally.

6.2 - Summary and implications of key findings

Chapter 3 — Phasic dopamine transients conditionally promote action over

inaction

Historically, dopamine has long been linked to reward and reinforcement (Olds & Olds,
1958). More recent studies lead to the formulation and definition of the reward prediction
error hypothesis, proposing that phasic activity in the midbrain dopamine system signals
the difference between expected and actual rewarding outcomes, and drives learning to
shape future behaviour (Schultz et al., 1997). However, recent studies have demonstrated
modulations of dopamine neurons in the absence of explicit rewards (Coddington &
Dudman, 2018; Dodson et al., 2016), and others have aligned phasic elevations in
mesolimbic dopamine release with the initiation of reward seeking actions (Roitman et al.,
2004; Syed et al., 2016). Therefore, a key open question has been how to link together
these separate conceptions of dopamine as a reinforcement signal and dopamine as an

action / activation signal.

To determine whether phasic dopamine stimulation could causally influence the likelihood
of action initiation, In Chapter 3 we employed optogenetics to activate VTA dopamine on
fast timescales akin to those observed endogenously upon presentation of reward-

predicting cues. We found that optogenetically evoked dopamine transients can promote
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action over inaction, but in alignment with previous studies this pro-movement effect was
only observed conditionally (Da Silva et al., 2018; Hamid et al., 2016; Hughes et al., 2020).
Within the current study, this dependence was linked to both the magnitude of the
stimulation applied and its timing relative to instructive cues. Applying a high magnitude
stimulation either early or late during a No-Go cue while animals were refraining from
moving generally promoted movement to be initiated, while a lower magnitude
stimulation, arguably closer to physiological activity patterns, promoted action when
delivered after cue presentation, but strengthened restraint if delivered while animals

were already engaged in withholding action.

Though these effects were most prominent on the trial on which optical stimulation was
delivered, we also found stimulation induced a bias towards premature action. This effect
accumulated within a session, such that animals expressing ChR2 became increasingly

likely to act prematurely compared to EYFP controls, but did not persist across testing days.

We also observed a slight disruption to efficient action execution following stimulation,
resulting in ChR2 animals being more likely to press the incorrect lever and slower to move
from the nosepoke to the lever following stimulation. Similar results have been observed
with systemic, but not intra-NAc D1 agonist delivery (Grima et al., 2022), suggesting that

these effects may arise from mesolimbic dopamine release in sites outside of the NAc.

Contrary to a purely RPE perspective, this study does not suggest that phasic dopamine
transients do not induce an improvement in ongoing or future performance consistent with
boosting value or motivation. Rather these results indicate that phasic dopamine
transients can causally influence the likelihood of action on a moment by moment basis,

and that the effects of VTA activation are modulated according to the time window when
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activation occurs, and the effective window of downstream dopamine concentration that
follows activation. In addition to effects on online performance, we also observe extended
changes in behaviour that accumulate across an hour long session - but do not persist to
the next day. That we observe effects on future behaviour, but not enduringly - or as
strongly as those on moment-by-moment behaviour, may indicate that the presence and
potency of alterations to behavioural strategy following dopamine neuron stimulation are
not universal. Rather they may depend on the timing of stimulation relative to internal and
external states (Hamid et al., 2016; K. Lee et al., 2020) — and potentially how dopamine

release aligns with period of differential striatal receptivity (Berke, 2018).

With a role confirmed for elevated mesolimbic dopamine in promoting action, we next
moved to investigate the contributions of other circuits within the brain that may act to
shape to appropriate action control, and could possibly mediate a restraint induced

suppression of dopamine release.

Chapter 4 — inactivation of mPFC subregions differentially impacts action

restraint but produces similar impairments in action execution.

The medial prefrontal cortex is implicated in ensuring appropriate behavioural responses
to cues (Ishikawa et al., 2008a, 2008b) and the inhibition of action responding (Capuzzo &
Floresco, 2020; Paine et al., 2011; Pezze et al., 2014), suggesting that this structure
contributes to action control, though different subregions of the mPFC may make
separable contributions to this function (Hardung et al., 2017b). The mPFC is functionally

connected to a range of motor circuits throughout the brain, in addition to mesolimbic

183



dopamine system, and mPFC activity can modulate release of dopamine in downstream
regions such as the NAc (Jackson et al., 2001). To dissect the contributions of mPFC
subregions to reward guided action initiation and restraint, the subregions of the mPFC
were independently inactivated with a mixture of the GABA agonists muscimol and

baclofen.

Effects on action restraint showed subregion specificity. Targeting the most rostral region,
MO, had no effect on No-Go performance. After inactivation of IL, performance on small
reward trials was affected, while PL inactivation disrupted performance on all No-Go trials,
mediated by a selective increase in head exits occurring towards the end of the holding
period. These differences in behavioural effect may indicate that the two regions perform
different functions in situations requiring action restraint. The IL may provide a general
inhibition, separable from the drive to that makes restraint more important when greater
costs/benefits are at stake — while the PL may contribute to restraint by enabling focus to
be maintained for the duration of the holding period. The involvement of both the PL and
IL, but not the MO, is largely consistent with studies showing that the two more dorsal
regions are required for cued action restraint (Capuzzo & Floresco, 2020; J. Verharen et al.,

2019), and indicates that the MO may perform a separate functional role.

Conversely it was found that inactivations sharply impaired performance on Go trials
independent of the region targeted. This drop in performance was mediated in an
increased likelihood to press the preferred lever, and a dramatic increase in the proportion
of trials where animals failed to complete the correct response. This was accompanied by
a reduction in the probability of animals to initiate and sustain the correct sequence of

actions. This dramatic impairment contrasts with the preservation of responding on
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simpler tasks (Capuzzo & Floresco, 2020), and ability of animals to track stimulus-reward
associations following mPFC inactivation when only two cues are used to guide behaviour
(van Holstein & Floresco, 2019). Impairments were not rescued by reducing trial
complexity, indicating that disruption to performance cannot simply due to an inability to
switch in the same session between differing action requirements. Nor did animals display
a reduction in motivation, as similar number of trials were completed overall following
infusions of baclofen/muscimol or vehicle. Further experiments will be need to determine

the nature of behavioural disruption following inactivation of mPFC sub regions.

These results indicate the critical involvement of the mPFC in reward guided behaviour in
a complex task space, and highlight the subregion specific role of the PL and IL in cued

action restraint.

Inactivation of mPFC subregions has effects that could include, but extend beyond a role
purely in modulating dopamine release in situations where action must be controlled
appropriately, and further experiments will be required to closely understand how medial
prefrontal regions may cooperate with mesolimbic dopamine to shape behaviour. In order
to expand knowledge of how other regulatory systems, known to sculpt endogenous
dopamine release, may contribute to successful action control in Chapter 5 we examined

the effect of manipulating endocannabinoid signalling the Go/No-Go task.

Chapter 5 — MAGL inhibition promotes an unfocused states where omission

errors are more likely.
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Endocannabinoids form a key component of the systems that endogenously regulate
activity in the mesolimbic dopamine pathway, elevating VTA firing in an activity dependent
manner. Regulation by the endocannabinoid system has been demonstrated to shape both
evoked dopamine release and associated reward seeking behaviour (Covey et al., 2018;
Oleson et al., 2012). Compounds that potentiate endocannabinoid signalling by inhibiting
their breakdown have been demonstrated to boost motivation and hasten reward seeking

action in simple paradigms, and are of increasing therapeutic interest.

In Chapter 5 we employed a novel compound, the MAGL inhibitor ABD-1970, within the
Go/No-Go task. We found that extending endocannabinoid signalling did not affect No-Go
performance. However, unlike previous reports in simpler tasks, ABD-1970 did not produce
effects consistent with an increase in motivation, but rather impaired performance at the
highest dose. This impairment was not mediated by a change in underlying behaviour, but
rather an increased likelihood to be in an unfocused state and fail to complete the trials
action requirements. This finding aligned better with the previously reported effects of
NAC D1R blockade (Grima et al., 2022), and therefore align more closely to a parallel strand
of previous work indicating that endocannabinoid action can also suppress NAc dopamine
release (Covey et al.,, 2017; Mateo et al., 2017), in addition to elevating VTA dopamine
neuron activity. These results indicate that the endocannabinoid signalling may differ
between simple and complex tasks, and call for more close examination of the relationship

between dynamic changes in endocannabinoid and dopamine release.
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6.3 - Limitations, technical considerations, and future directions

Further consideration of action restraint tasks

A number of tasks, including the Go\No-Go tasks utilised in this thesis, have been employed

to assesses the capacity of animals to inhibit behaviour. Behavioural inhibition paradigms

involve different aspects of behavioural control, including action cancellation, action

restraint and action postponement (Bari & Robbins, 2013). The inhibitory component of

the Go\No-Go task contains aspects of both action restraint and action postponement, and

thus vields similarities to classical go/nogo tasks and the 5CSRTT. In these paradigms

animals must withhold from responding until the presentation or offset of a cue — with any

operant response made during the waiting time considered impulsive.

This process is similar to the restraint animals must exercise on No-Go trials, but with some

key differences. In the Go\No-Go task the maximum nosepoke hold, including both the

precue and No-Go holding periods, is 2.4s. This is relatively brief when compared to

alternative paradigms, in 5CSRTT the usual period of restraint is often 5-9s, while in other

inhibitory tasks action can be required to be withheld for up to 15s (Capuzzo & Floresco,

2020; Verharen et al., 2019). Thus, we are likely unable to determine the effect of

experimental manipulations upon mechanisms contributing to extended restraint when

using the Go\No-Go task. However, via the effect of a shorter optogenetic VTA stimulation,

we are still able to differentiate between the earlier and later halves of the holding period.

This finding dovetails with previous studies demonstrating the selective impact of

dopaminergic or serotonergic manipulations on early or late errors respectively .(Grima et

al., 2022; Harmson et al., 2022).Together these results suggest the ~2.4s holding period on
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No-Go trials is still able to capture separable mechanisms underlying restraint in the face

of early cue driven and later anticipatory drivers to move.

In the Go\No-Go task, animals must first make a nosepoke hold for the pre-cue period in

order to initiate a trial, then on No-Go trials the hold must be maintained for further 1.7-

1.9s. This is in contrast to other paradigms such as the 5CSRTT, where animals may need

to make a sustained nosepoke in order to begin a trial, but no further hold is required. This

difference in behavioural state provides an additional dimension along which Go and No-

Go trials could be said to be oppositional. On No-Go trials animals must remain in the same

state, while on Go trials animals must switch.

As a result of having to make a sustained hold for the duration of a No-Go trial, the nature

of action restraint itself in the Go\No-Go task differs from more classical paradigms. In

classical go/nogo tasks or the 5CSRTT animals are restricted from making one specific

movement — often interacting with a nosepoke, while all other actions are unpunished.

This allows the expression of other behaviours, such general locomotion or approach to a

reward-associated food magazine, that could be said to aid animals in withholding from

nose poking. In one approach-avoidance task, where entry to a food magazine had to be

withheld while a cue was presented, animals demonstrated ‘attract repel’ behaviour —

effectively initiating and curtailing reward approach several times over the course of the

waiting period (Verharen et al., 2019). In the Go\No-Go task animals must remain in the

poke for the duration of the trial, preventing the ambulation or reward approach that

animals can perform in other paradigms. While No-Go trials restrict movement to a greater

degree that other paradigms, animals are not required to cease all action completely.

Rotational or forward movement in the nosepoke is not punished, and animals can even
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briefly exit and re-enter during the holding period. As such, findings from this thesis cannot

be generalised to the true restraint of all action or movement. Despite this, the extended

nosepoke hold required by the Go\No-Go task ensure that the pavlovian drive to approach

reward must be inhibited in order to succeed on No-Go trials, animals are still able to make

movements, just not movements that bring them closer to reward.

Specificity of optogenetic approach.

The optogenetic approach employed in Chapter 3 of this thesis allowed for fine temporal
control of VTA dopamine neurons, enabling the time dependence of stimulation-induced
effects on action to be determined. While other methods such as electrical stimulation
offer a similar time course of activation, optogenetics has the added advantage of
restricting manipulations to genetically identified population of neurons, in this case VTA

dopamine neurons.

However, dopaminergic afferents from the VTA innervate a range of cortico-limbic
structures. The approach employed in the current study would therefore evoke dopamine
release in a range of downstream structures, and prevents the localisation of effects to any
one region, such the NAc core. In addition, we are unable to tightly link the effects of this
study to VTA dopamine, as VTA neurons are known to co-release glutamate (Stuber et al.,
2010). As well as co-release, light delivery itself has the potential to be the source of non-
specific effects. lllumination can heat surrounding tissue and activate neurons
indiscriminately (Owen et al., 2019). However, this effect is a much greater concern when
applying continuous illumination, with the pulsed stimulation trains used in these

experiments far less likely to generate heating related effects.
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Finally, we have an understanding of dopamine release dynamics within the task from
previous studies, and an understanding of effects of the optogenetic stimulation on
dopamine release in anesthetised animals. However, we were not consistently able to
combine stimulation, recording and behaviour in same behaving animals (the successful
recordings unfortunately coincided with the less successful targeting / transfection
approaches: see Chapter 2 Methods). This approach would have allowed us to make
confident statements about how dopamine evoked by our high and low stimulation

compared to natural events, such as unexpected rewards and reward-predictive cues.

Considerations towards satiety induced changes

Unlike the pharmacological manipulations, the optogenetic experiments detailed in

Chapter 3 allowed individual animals to be tested in repeated sessions. This made the

collection of greater number of trials possible, which in turn enabled us to leverage more

powerful analytical approaches including mixed effects modelling — which were crucial in

effectively analysing the complex dataset.

To facilitate the collection of a large volume of data we increased the maximum number of

rewards that could be obtained per session from 100 to 300. Though increasing the vield

of trials per session, one drawback of this approach is the near-certain inducement of

satiety, which is likely to result in within session changes in behaviour as motivation

decreases. Animals move faster and are less likely to omit on Go trials when a large reward

is on offer, thus as reward value decreases with satiety we might expect to see slower

movement latencies and greater omission rates towards the end of behavioural session.
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Conversely, the decreased incentive drive to pursue reward as animal satiate may be

advantageous when restraining action on No-Go trials.

In addition to within session changes in baseline behaviour, it is also possible

that the effects of optogenetic VTA stimulation may change with satiety.

Dopamine release in the NAc has been shown to differ depending on satiated

state(Ahn & Phillips, 1999; Papageorgiou et al., 2016) and though beyond the

scope of this thesis it is possible that effects of VTA stimulation upon action may

differ in magnitude or effectiveness in a sated versus hunqry state. Even in the

face of these caveats, the effective collection of a large dataset and the

analytical approaches enabled remain valuable.

Considerations regarding pharmacological manipulations

Unlike the precise temporal control afforded by optogenetic stimulation, the
muscimol/baclofen infusions employed in Chapter 4 and the MAGL inhibitors used in
Chapter 5 induce chronic effects that extend across the entirety of a behavioural session,
and both are accompanied by specific additional considerations that will be discussed

below.

Unlike lesions, inactivations using GABA agonists are reversible, and avoid the
development of compensatory activity between surgery and behavioural testing that can
be present following lesions. However, we aimed to specifically inactivate subregions of
the mPFC, a task complicated by the distribution of PL, IL and MO on a dorsoventral axis.
Cannulae implantation into more ventral regions would necessitate some damage to

subregions located more dorsally. Though the dramatic difference between performance

191



in inactivation and vehicle sessions indicates that effects are largely mediated by the
baclofen/muscimol infusions, the contributions that implantation damage may make

should be taken into account when interpreting results from this chapter.

In addition, in these experiments it is not possible to determine the extent of the spread of
baclofen/muscimol from the infusion site. Though different patterns of behavioural effects
indicate that infusions did not result in inactivation of a large homogenous area, regardless
of targeting, it is important to bear in mind that we can only state where infusions were

made, and not where in the mPFC was inactivated.

In Chapter 5, we employed a MAGL inhibitor, that extends signalling of the
endocannabinoid 2-AG, via oral gavage. Both the mechanism or drug action and the
method of delivery align with growing interest in these compounds from a therapeutic
perspective. However, endocannabinoid signalling occurs in a local manner within
numerous circuits in the brain, and the systemic nature of our approach forgoes localising
any effect of our manipulation. This is of particular importance when considering that
within the context of the mesolimbic dopamine system, endocannabinoid actions at VTA
cell bodies and within the NAc are thought to have opposing effects on dopamine release
(Covey et al., 2017, 2018; Mateo et al., 2017; Oleson et al., 2012). In addition, cannabinoid
receptors are widely distributed throughout the central nervous system, with systemic
manipulations likely to affect activity in other regions important for behavioural control
such as the hippocampus or prefrontal cortex (Busquets-Garcia et al., 2015; Tsou et al.,
1998). Though less advantageous in terms of discerning potential therapeutic viability,

local infusions of drugs that act via the endocannabinoid system would enable the
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contributions of local endocannabinoid regulation to dopamine release in situations of

action control to be determined more thoroughly.

Finally, an additional consideration regards animal reuse, as the cohort receiving the MAGL

inhibitor ABD-1970 in Chapter 5 went on to receive prefrontal inactivations in Chapter 4.

CB1R are expressed widely across the brain (Tsou et al., 1998), including within the mPFC,

so it is likely that increased levels of 2-AG following MAGL inhibition would have induced

some change in activity within mPFC circuits. However, any effects on levels of the MAGL

enzyme itself are likely to be transient, as MAGL function is near completely restored 72

hours following ABD-1970 treatment (Clapper et al., 2018). As the experiments in Chapters

4 and 5 were separated by a span of over five weeks it is highly unlikely for 2-AG breakdown

to remain impaired by the time animals received mPFC inactivations. On the other hand,

despite  the MAGL-treated cohorts baseline behaviour seeming unaltered,

endocannabinoid signalling can induce plasticity (Pan et al., 2008) — meaning that it is

possible for there to be some lasting effects of ABD-1970 dosage. Despite this potential

drawback, animal reuse does have the advantage of reducing the total number of

experimental animals used —in line with the ‘reduction’ principle of animal research.

6.4 - Future directions

Defining effects of mesolimbic dopamine on action with pathway specific

precision

As previously discussed, despite prior research specifically implicating NAc dopamine

transmission in reward guided action, the experiments in Chapter 3 involve activation of

193



the VTA as a whole. A clear first step would be to definitively localise effects recorded in
Chapter 3 to the VTA-NAc projection. This could be achieved, either by retrogradely
transfecting this pathway, via targeting optical fibres to the NAC, or by repeating the
experiment in Chapter 3 in conjunction with intra-NAc dopamine antagonist infusion. The
latter option has the advantage of tying any behavioural effect occluded by antagonists

specifically to NAc dopamine, rather than glutamate transmission.

Prefrontal -mesolimbic interactions in reward quided restraint

The experiments recounted in Chapter 3 of this thesis provide evidence for the causal
relationship between phasic mesolimbic dopamine and the initiation of reward guided
action. In Chapter 4 we demonstrated the particular contributions of the PL and IL
subregions to successful action restraint. Yet these experiments occurred in separate
animals, and the question of to what extent prefrontal circuits are acting in concert with,

or external to, the mesolimbic dopamine pathway remains unanswered.

Selective transfection of projections between the mPFC subregions and afferent targets,
such as the NAc or amygdala, with chemogenetic constructs would enable facets of the
disruption recorded in Chapter 4 to be defined with greater anatomical precision.
Following the identification of specific pathways that contribute functionally to action
control, the use of inhibitory opsins such as GtACR (Mohammad et al., 2017) would enable
prefrontal projections to be disrupted on a trial-by-trial basis. Combining this approach
with a method of recording such as FCV or fibre photometry would determine whether

silencing this component of the circuit would occlude the pattern of dopamine suppression
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observed on No-Go trials, in addition to any effects upon action restraint. These
experiments would allow for a more nuanced understanding of how projection specific
circuits within the mPFC may shape dopamine release in situations of action control, and
determine to what degree the impairments of action restraint observed in Chapter 4 may
be owed to dysregulated dopamine. Following the identification of the functional
components in these circuits, employing recording techniques such as electrophysiology

would enable understanding of how information may flow through the circuit.

Concluding Remarks

| have demonstrated the capacity for phasic dopamine signals to causally promote action
over inaction, and determined the dependence of this effect upon proximity to external
cues and magnitude of the phasic signal. | have also demonstrated crucial involvement of
mPFC in reward guided action control, and distinct involvement of PL and IL in action
restraint. | report that potentiating endocannabinoid signalling can impair focus, rather
than boost motivation, in complex behavioural task. | outline the importance of mesolimbic
dopamine to reward guided action and highlight how external circuits and systems may

interact with mesolimbic dopamine to guide action appropriately.
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