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Where is it, this present? It has melted in our grasp, fled ere we could touch it, gone in the
instant of becoming.

- William James, Principles of Psychology (1890)

My formula for greatness in a human being is amor fati: that one wants nothing to be
different, not forward, not backward, not in all eternity. Not merely bear what is necessary,
still less conceal it—all idealism is mendacity in the face of what is necessary—but love it.

- Frederick Nietzsche, Ecce Homo (1908)

When | let go of what | am, | become what | might be.

- Lao Tzu, Tao Te Ching (~400 BCE)



Abstract

This thesis focused on the role of the anterior cingulate cortex’s (ACC) interactions
with the dopaminergic neurons in the ventral tegmental area (VTA) during adaptive
behaviour. The overall question guiding this work was: how does information gained during
goal pursuit modify and motivate subsequent behaviour? This larger question was
operationalized as two projects: (i) to determine whether cortical influence over the
dopaminergic midbrain is a mechanism by which ACC signals are implemented as VTA
motivation signals; and (ii) to determine the interplay between the ACC and VTA during the
initiation and maintenance of behavioural change. In the first project, we monitored and
modelled ACC and VTA local field potentials of rats running laps of varying physical
difficulty for fixed rewards. The effortful condition required rats to climb over a 30-cm
barrier, whereas no barrier was present under the non-effortful condition. The key finding was
that ACC>VTA 4-12 Hz signalling increased in trials when the lap was easier than expected.
Importantly, this increase was significantly correlated with, but not confounded by, changes in
motivation, as measured by running speed. The findings of this first project indicated that the
ACC-VTA circuit is a plausible mechanism by which behaviour is modified. This led us to
ask whether changes in the ACC-VTA circuit are related to the initiation and persistence of

behavioural change.

To assess the interplay between the ACC and VTA during the initiation and
persistence of behavioural change, we monitored ACC single units and LFPs as well as LFPs
in VTA of rats performing a cost-benefit foraging task with changing contingencies. Through
a combination of behavioural, electrophysiological, and modelling analyses, we found that the
initiation of exploratory behaviour and the persistence of behavioural change were associated
with ACC - VTA signalling. Additionally, we characterized the content of ACC neuronal
task models, and showed that ensembles of ACC neurons encode simple actions and values.
This was important because, despite the longstanding assumption that the ACC encodes
neuronal models of the task at hand, the content of those internal representations remained
unclear. Furthermore, we demonstrated that value-coding elements of ACC neuronal task
models are particularly influenced by the VTA. This is important because it suggests that
mesocortical dopaminergic signalling is a means by which ACC models of the task at hand
could be both initiated and modified.

The thesis concludes by presenting a novel incentive-salience, task-model onset theory
of ACC function.
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Chapter 1  General Introduction

1.1 Overview of anterior cingulate cortex
The anterior cingulate cortex (ACC) is a prefrontal cortical structure which is heavily
interconnected with motor and subcortical areas. Recent theories of ACC function (e.g.
Kolling, Behrens, Wittmann, & Rushworth, 2016) suggest that the ACC monitors internal
models of environments and motivates goal-directed behaviour by modulating cognitive,
affective, and motor processes related to drive, based on those internal models (Holroyd &
Yeung, 2012). The ACC is also implicated in monitoring and updating those internal models
when behaviours do not lead to the predicted outcome, which can then adapt future behaviour
(Bryden, Johnson, Tobias, Kashtelyan, & Roesch, 2011; Kennerley, Walton, Behrens,
Buckley, & Rushworth, 2006). This chapter aims to provide an overview of the anatomy and

physiology which undergirds these core functions.

1.1.1 ACC anatomy

1.1.1.1 Definition of the ACC
The rat cingulate cortex is a large structure comprised of three subdivisions, the

anterior cingulate cortex, the mid-cingulate cortex, and the retrosplenial cortex (see Figure
2A). The anterior cingulate cortex (ACC) is a major subdivision of the prefrontal cortex and is
considered conserved across rodents, humans, and non-human primates (Vogt & Paxinos,
2014; Zilles & Wree, 1995; see Figure 1). Definitions of the structure vary widely; for
instance, Zilles and Wree (1995) divide this region into Cgl (cingulate gyrus 1), Cg2, and
Cg3 whereas Paxinos & Watson (1997) divide the ACC into Cgl and Cg2 and treat Cg3 as
part of the infralimbic (IL) cortex. However, recent work by Vogt & Paxinos (2014) indicates
that Cgl, Cg2, and Cg3/IL are all continuous portions of the ACC. This thesis will treat the
ACC according to Vogt & Paxinos (2014)’s most recent definition (see Figure 1A). Areas 24b
and 32 in Figure 2A and C correspond to the specific subregions of the ACC examined in this

thesis.



A Human

C Mouse

Figure 1. Homology of cingulate cortex areas from humans to rats to mice. From figure 6 in Paxinos and Vogt
(2014).

ACC MCC RSC
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Figure 2. Location and cytoarchitecture of the rat ACC. A. Localisation of major cingulate cortex divisions in
the rat. The salmon coloured areas 24b and 32 are the portions of the ACC studied in this thesis. B. Macrograph
of Nissl-stained sections of areas 24a, 24b, and area 33. C. Micrograph of laminae in area 24b. D.
Cytoarchitecture and lamellae of area 32. Images are from Paxinos and Vogt (2014) figures 1 and 2.



1.1.1.2 Primary cell types of ACC areas 24b and 32.

Areas 24b and 32 contain a multitude of cell types, many of which, are unique to these
divisions of the ACC. Here | will address inverted pyramidal neurons, several classes of
multipolar neurons, bipolar, and bi-tufted neurons. This section will aim to highlight the
intracortical and extracortical nature of these cell types with a view to the next section, which

will review the major inputs and outputs of ACC areas 24b and 32.

Areas 24b and 32, uniquely, contain large numbers of inverted pyramidal neurons
(Vogt & Peters, 1981; see Figure 3a and 3b). These cells share many of the characteristics of
typical pyramidal cells (e.g. the somas occur in layers I1-V1, especially layers IV and V,
branch at least three times, and have apical tufts in white matter), except that their orientating
apical dendrite is towards the medial white matter, the cingulum bundle, rather than the pia
mater, which is more typical of pyramidal neurons in other cingulate areas. The axons of
inverted pyramidal neurons typically project into the cingulum bundle; thus, these neurons are
the primary extra-ACC input-output neurons of ACC areas 24b and 32.

Figure 3. Inverted pyramidal cells of area 24b, immediately rostral from the corpus callosum. A. Six inverted
pyramidal cells. B. Magnified inverted pyramidal cell. From figure 6 in Vogt & Peters (1981).

Multipolar neurons are characterized by a dendritic arbour which enshrouds the soma
and an axon which terminates within the cortex (see Figure 4). Thus, multipolar neurons,

generally, are the integrators and maintainers of local information in the ACC. Multipolar
3



neurons vary greatly in soma size, dendritic arborisation, and axonal distribution and are thus

sub-classified as being either small, medium, or large.
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Figure 4. Large (A) and medium (B) multipolar neurons with axonal and dendritic arbours rendered separately.
Figure 12 in Vogt & Peters (1981).

Bi-tufted and bipolar neurons are the final major cell types comprising areas 24b and
32 in the ACC. These cell types are characterised by their cylindrical, fusiform somata.
However, they are distinguished by the shape of their dendritic arbours and axon projections:
bi-tufted neuron arbours have an hourglass shape and contain many vertical and horizontal
axon collaterals whereas bipolar arbours and axon collaterals tend to be more vertically

oriented (see Figure 5). Neither of these cell types tend to collateralise in the cingulum



bundle, and both tend to span multiple layers of the cortex, suggesting that these cells traffic

information between cortical layers.

Figure 5. Bi-tufted and bipolar neurons from ACC areas 24b and 32. A. Bi-tufted neuron from layer 111 of area
32. B. Bi-tufted neuron from layer 111 of area 32. C. Bipolar neuron from layer 11 of area 24b. D. Bipolar neuron
from layer 111 of area 24b. E. Bipolar neuron from layer V in area 24b. Figure 15 in Vogt & Peters (1981).

To summarize, inverted pyramidal, varieties of multipolar, bi-tufted, and bipolar
neurons comprise the majority of cell types in areas 24b and 32 in the ACC. Inverted
pyramidal neurons are the primary cells which handle extra-cortical inputs and outputs
whereas multipolar neurons are more likely to process, and perhaps maintain, information
within the cortical layer in which the neuron occurs. Bi-tufted and bipolar neurons span

several cortical layers but do not project into the medial or lateral white matter, suggesting
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that these neurons traffic information between layers within the ACC. Taken together, the
constellation of cell types comprising areas 24b and 32 in the ACC suggest a cortical volume
which is specialized at loading in extracortical information via inverted pyramidal dendritic
arbours adjacent to the cingulum bundle which is then intracortically processed by multipolar,
bi-tufted, and bipolar neurons before the output of such computations is sent out by inverted

pyramidal axons projecting into the cingulum bundle.

1.1.1.3 Primary inputs and outputs of the ACC
Areas 24b and 32 of the ACC (henceforth referred to as ACC) have an extensive array

of connections, which are summarized in Table 1. It is notable that the ACC is reciprocally
connected to many neuromodulatory centres (e.g. the ventral tegmental area, locus coeruleus,
and Raphe nuclei) and the hippocampus, suggesting that the ACC might play a role in

monitoring and influencing both neuromodulatory and hippocampal states, respectively.

Table 1.
Inputs and outputs of the rat ACC
Inputs

Outputs

Structure

Reference

Structure

Reference

Basal nucleus of Meynert

Basolateral amygdala

Caudal interstitial nucleus of
the interstitial fasciculus

Dorsal raphe nucleus
Median raphe nucleus

Locus coeruleus

Lateral hypothalamic area

Mediodorsal thalamic nucleus
Zona incerta

Parabrachial pigmented
nucleus

Ventromedial thalamic
nucleus

Ventral tegmental area
Centrolateral thalamic nucleus

Laterodorsal thalamic nucleus

Perivertricular hypothalamic
nucleus

Intrinsic (within ACC)
Contralateral ACC
Agranular insula cortex
dCAL1 hippocampus

Superior colliculus

Zilles & Wree (1995)

Zilles & Wree (1995)
Zilles & Wree (1995)

Zilles & Wree (1995)
Zilles & Wree (1995)

Zilles & Wree (1995)

Zilles & Wree (1995)

Zilles & Wree (1995)
Zilles & Wree (1995)

Zilles & Wree (1995)

Zilles & Wree (1995)

Zilles & Wree (1995)
Zilles & Wree (1995)

Zilles & Wree (1995)

Zilles & Wree (1995)

Zilles & Wree (1995)
Zilles & Wree (1995)
Zilles & Wree (1995)

Rajasethupathy et al. (2015)

Comoli et al. (2012)

Caudal interstitial nucleus of
the medial longitudinal
fasciculus

Intralaminar thalamic nuclei

Laternal habenular nucleus

Pontine nuclei

Anterior pretectal nucleus
Mediodorsal thalamalic
nucleus

Periventricular hypothalamic
nucleus

Median raphe nucleus
Superior colliculus

Agranular insular cortex

Entorhinal cortex

Ventral tegmental area
Presubiculum

Nucleus accumbens core

Nucleus accumbens shell

Contralateral ACC
dCAL1 hippocampus
Basolateral amygdala
Orbitofrontal cortex

Zilles & Wree (1995)

Zilles & Wree (1995)
Zilles & Wree (1995)

Zilles & Wree (1995)
Zilles & Wree (1995)

Zilles & Wree (1995)

Zilles & Wree (1995)

Zilles & Wree (1995)
Zilles & Wree (1995)

Zilles & Wree (1995)

Zilles & Wree (1995)

Carr & Sesack (2000)
Zilles & Wree (1995)

Brog, Salyapongse, Deutch,

& Zahm (1993)
Brog et al., (1993)

Zilles & Wree (1995)

Rajasethupathy et al. (2015)

Zilles & Wree (1995)
Zilles & Wree (1995)




1.1.2 ACC function

The ACC is strongly implicated in many key functions, such as pain (Ballantine,
Cassidy, Flanagan, & Marino, 1967; Bliss, Collingridge, Kaang, & Zhuo, 2016; Foltz &
White, 1962), affect (George et al., 1993; Meyer, McElhaney, Martin, & McGraw, 1973;
Vogt, 2005), the subjective effects of the psychedelic drug d-lysergic acid diethylmide (LSD;
Gresch, Barret, Sanders-Bush, & Smith, 2006), detections of errors of when outcomes do not
match predictions (Bryden et al., 2011; Kawai, Yamada, Sato, Takada, & Matsumoto, 2015;
Kennerly, Behrens, & Wallis, 2011), and the subsequent adaptation of behaviour following an
error (Bryden et al., 2011; Cavanagh, Frank, Klein, & Allen, 2010; B. Y. Hayden,
Heilbronner, Pearson, & Platt, 2011). Grand theories attempting to account for all of the
activities of the ACC are, understandably, general. This section will review two prominent
theories of ACC function, the theories of cognitive control and internal model monitoring and

updating.

1.1.2.1 The cognitive control theory of ACC function

Until recently, the prevailing notion regarding ACC function was cognitive control
(culminated in Shenhav, Botvinick, & Cohen, 2013), which suggests that the ACC is
continuously monitoring task performance and performing a moment-by-moment cost-benefit
analysis calculation, the outcome (and magnitude) of which corresponds to the magnitude of
control the ACC exerts via its efferent outputs to direct behaviour. The most convincing
experiments supporting this notion centre around the Stroop task, which is thought to examine
cognitive control. Participants performing a classic Stroop task are timed while they name the
printed colour of stimuli of three different types of stimuli (a) colour patches, (b) non-colour
words, and (c) words that name a colour but are printed in a conflicting colour (Stroop, 1935;
see Figure 6). Stroop (1935) found that participants were considerably slower at naming the
ink colour of a word when the stimuli were colour words incongruent with the ink colour (e.g.
C in Figure 6), which led Stroop (1935) to conclude that participants cannot help but to read
the word and that this automatic reading process conflicts with the controlled process of
naming the ink colour. Thus, reaction times and neural responses in the Stroop task are
thought to represent the degree of cognitive control the participant must employ in order to

resolve the conflict engendered in the task.

A B Cc
I I TRUCK BLUE

Figure 6. Examples of Stroop task stimuli which require escalating degrees of cognitive control to correctly
name. A. A patch of colour. B. A non-colour word printed in blue. C. A word which names a colour but is
printed in a conflicted colour.




Numerous reports implicate the ACC in facilitating Stroop-task performance (Barch et
al., 2001; Sheth et al., 2012; Swick & Jovanovic, 2002). The most convincing of these
recorded ACC single-units of human patients undergoing stereotactic cingulatomy for
treatment-resistant obsessive-compulsive disorder as they performed a Stroop-like task (Sheth
etal., 2012). Sheth et al. (2012) found positive correlations between the difficulty (e.g. the
amount of cognitive control required) on a given trial and participant reaction time (Figure
7A). Strikingly, the firing rate of individual ACC neurons also corresponded to the degree of
cognitive control required to complete a given trial (Figure 7B). Subsequent functional
magnetic resonance imaging (fMRI) revealed that the ACC is the primary brain area active
during the task (Figure 7C). Taken together, these experiments provide compelling evidence

of the role of the ACC in cognitive control.
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Figure 7. Data implicating the ACC in cognitive control. A. In a Stroop-like task, participant reaction times
increase as task difficulty increases. 0 = naming a coloured block, 1 = naming a coloured, non-colou word, and 2
=naming a colour word printed in an incongruent ink colour. B. Firing rates of human ACC neurons responsive
to the Stroop-task increase as task difficulty increases. C. Blood-oxygen-level-dependent (BOLD) signalling
from fMRI experiments indicating that the ACC is the brain area primarily activated by the Stroop task. Adapted

from Sheth et al. (2012).

Findings from rodent and non-human primate electrophysiology experiments can also
be interpreted as additional evidence for ACC’s role in cognitive control. Ma, Hyman,
Phillips, & Seamans (2014) recorded ACC neurons of rats trained to press levers in a
sequence and found that ACC neurons increased their firing rates in a step-wise manner as
rats completed each element of a given sequence (Figure 8A). That ACC neurons increased
their firing rates as rats progressed towards a goal suggests that ACC neurons might either
track progress towards a goal or, alternatively, provide a signal indicating persistence or
commitment to a goal. Blanchard, Strait, & Hayden (2015)’s recordings of non-human
primate ACC neurons while subjects persisted in a commitment to a decision offer some
clarity. Blanchard et al. (2015) required non-human primates to make a choice by depressing
a lever and continue holding that lever for a specific amount of time until a reward was

delivered. They found that ACC unit ensembles ramped up during the course of commitment
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to a decision (Figure 8B and C). The ramping shape indicates that ACC unit ensemble states
gradually came to resemble the goal state while persisting in a decision. Together, the
findings of both Ma et al. (2014) and Blanchard et al. (2015) suggest that ACC neurons in
these tasks, respectively, correspond to an organism’s cognitive commitment and behavioural
persistence towards a goal. Thus, these findings can be construed as instances of cognitive
control if one considers that committed pursuit of one goal excludes the pursuit of other goals
and that the active exclusion of alternative-goal-related-information is an example of the ACC

controlling the strength and effect of internal representations.

Additional support for ACC having a role in cognitive control comes from Hillman &
Bilkey (2010)’s recordings of rodent ACC neurons as the rodents completed a cost-benefit
decision making T-maze task. The task required rats to turn left or right, taking into
consideration the amount of reward they would receive and the physical effort required to
attain that reward. For example, in the baseline configuration of their experiment, “2:6B,” rats
could turn left to pursue a reward of two chocolate cereal pellets with no additional physical
effort (low cost, low reward; LCLR) or turn right to overcome a 30cm barrier to attain a

reward of 6 chocolate cereal pellets (high cost, high reward; HCHR).
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Figure 8. ACC unit activity corresponds to progress towards and, perhaps, commitment to a choice. A. Rat ACC
unit activity increases in a stepwise manner as a rat completes each step in a sequence of lever presses. B. Non-
human primate ACC unit activity is modulated by the initiation of a choice trial and begins to ramp up as the
temporal proximity to reward increases. C. Correlations of non-human primate ACC unit principal component
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vector states at various temporal windows with the vector state during the time of reward delivery. A is from Ma
et al. (2014); B is from Blanchard et al. (2015).

Hillman & Bilkey (2010) found that the majority of their animals (7/10) preferred the
HCHR option whereas three animals did not exhibit a significant preference for one choice
over the other. Despite the differences in choice behaviour, ACC neurons in all 10 animals
fired significantly more in HCHR-associated regions of the maze as compared to matched
LCLR regions (Figure 9).
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Figure 9. Example rat ACC neurons responding to HCHR trajectories more than LCLR trajectories. For each
cell, firing rate data are pseudo-colour mapped onto position in the maze. Firing rate scale values are beneath
each plot. A. Rat ACC neuron which maximally responds to the maze region immediately after the decision. B.
Rat ACC neuron which maximally responds to the pre-reward region of the maze. Adapted from Hillman &
Bilkey (2010).

Since difference were not detected between either the ACC neuron firing profiles or number
of cells biased towards HCHR trajectories contained within HCHR-preferring rats and no-
preference rats, Hillman & Bilkey (2012) suggested that these neurons encode the anticipation
of some future feature of the rats’ current path, such as physical effort. Alternatively, it may
be that ACC neuron activity prospectively encodes the integrated value of anticipated benefit
discounted by anticipated cost. Importantly, Hillman & Bilkey (2010) demonstrated that ACC
neurons rapidly adapted to changes in the maze configuration which altered the spatial
arrangement of the barriers and reward magnitudes (Figure 10 A,B). Taken together, these
data suggest that the ACC dynamically integrates cost and benefit information and may bias
an organism towards the most economically advantageous actions and is thus another instance

of ACC’s role in cognitive control.
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Figure 10. ACC neurons dynamically and relatively encode value. 10 ACC neurons from four rats were recorded
across three maze configurations over three days. A. Schematic of different maze configurations across days. On
day one, the standard 2:6B configuration, described earlier. On day two, the same reward, two cereal pellets, was
available as a consequence of turning either left or right; however, a physical barrier was added to right turns. On
day three, the standard 2:6B configuration was reinstated except that the path of the rats was reversed. B. Firing
rate maps for an example neuron which was stably recorded across the three configurations. For all 10 cells,
firing rates were significantly higher for the more economical trajectory and, in the case of the reversed
trajectory, remapped to a spatially-proportional position in the maze as the non-reversed configuration. Adapted
from Hillman & Bilkey (2010).

1.1.2.2 The internal state monitoring and updating theory of ACC function

An alternative recent theory of ACC function suggests that the ACC constructs and
tunes internal models of the environment that are relevant for future behaviour and biases
behaviour based on those models (Kolling et al., 2016; O’Reilly et al., 2013). Such a notion is
supported by reports of large, transient bursts of ACC neuron activity, in both rodents and
non-human primates, when an outcome is different than expected (Bryden et al., 2011;
Gemba, Sasaki, & Brooks, 1986; Kawai et al., 2015; Kennerly et al., 2011). Although such
prediction errors are now regularly reported in dopaminergic and other brain areas (e.g. Eshel
et al., 2015), they were first detected in the ACC (Gemba et al., 1986; Figure 11) Strikingly,
the magnitude of the activity increase correlates with the magnitude of the prediction error.
The most important finding across these studies is that ACC activity on error trials strongly
predicted a change in behavioural strategy on the next trial, a finding which has been
replicated in human electroencephalographic (EEG) and single unit investigations of the
adaptive role of ACC signalling (Cavanagh et al., 2010; Debener et al., 2005; Sheth et al.,
2012). Collectively, these data suggest that the ACC plays a fundamental role in adaptive
behaviour, perhaps by motivating extended behaviours based on dynamic internal models of

environments and task requirements (Holroyd & Yeung, 2012; Kolling et al., 2016).

A human functional magnetic resonance imaging (fMRI) study by O’Reilly et al.
(2013) provides compelling evidence that the ACC does indeed dynamically encode internal

models of task requirements and most strongly responds when that model requires updating.
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In the study, human participants were initially instructed to fixate on a point at the centre of a
circle. A coloured target dot then appeared somewhere on the perimeter of the circle and
participants were directed to shift their gaze such that they came to fixate on the target dot.
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Figure 11. Examples of prediction error in the ACC of the rat and non-human primate. A. The first reported
example of prediction error. When non-human primates committed an error, which did not yield reinforcement
when it was expected, the local field potential, the aggregate electrical signal of the neurons which comprise a
brain area, strongly deflected. This deflection pattern is associated with more neurons firing in a synchronized
manner (Buzsaki, 2006). B. ACC neurons contained in rats increase their firing rate after the animal committed
an error and reward was omitted when it had been expected. C. ACC neurons of non-human primates respond
most when reward is omitted after a reward-associated action. A is adapted from Gemba et al. (1986); B is
adapted from Bryden et al. (2011); C is adapted from Kawai et al. (2015).

Dots of a specific colour, red, for instance, indicated a characteristic location the dots would
appear in the subsequent 10-20 trials (Figure 12A,B). After a block of trials of a given colour
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and spatial distribution, a new dot colour would appear in a new location on the circle,
updating the location of the next distribution of dots. Occasionally, a grey dot in a surprising
location that was inconsistent with the prior spatial distribution of the coloured dots (Figure
12B). These types of trials were one-off in nature and were not predictive of future dot-

location occurrences and, thus, should not induce updates in the participants’ internal task

models.
A c
430
360y '
[ . ) ¢ 420
a "!“.‘ "":"“ r hr ‘ )
L [RWARSWA'RVA L - Ea0
B ° | E
g . . A A ., 400
0 10 20 30 40, ._150
trial 390
B -1 0 1 2 3 4 5
D
450 * [Jexpected
[ one-off
[ update
pl™Nwod) [ ool *
+~ £
g *
@ 350
p(a)~U(0,2n)
300 . mm
onset arrival dwell
p<0.05
g p<0.01

Figure 12. Task schematic and behavioural performance in a study demonstrating ACC responds to internal
task-model updating. A. Plot of target dot locations as portrayed as angles (a)) from vertical as a function of trial
number. B. Example of dot-position distributions for red dots, which were associated with fixation changes to
the upper-right quadrant of the circle. One-off dot targets are shown in grey. C. Reaction times for gaze to arrive
at the target dot one-off and update trials, respectively. Zero indicates the instance of a one-off or update trial.
The dotted line indicates the mean reaction time across all trials. D. Saccadic reaction times from onset of cue,
how long it took for gaze to arrive at the dot target, and the duration of fixation upon the target dot as a function
of trial type. Adapted from O’Reilly et al. (2013).

Participants made speeded saccades (rapid eye movements) to the expected location
of a dot significantly faster than one-off, ‘surprise’ trials. On ‘update’ trials, however,
participants spent more time gazing at the target dot than other trial types (Figure 12C,D).
This suggests that participants formed internal models of the task-requirement by estimating
the underlying spatial distribution of target dots within a given trial-block. Interestingly,
blood-oxygen-level-dependent (BOLD) signalling measured in the fMRI detected the greatest
ACC response to the ‘update’ trials as compared to both the ‘expected’ and ‘surprise’ trial
types (Figure 13A,B). The lack of ACC response to one-off trials is unexpected given
literature implicating ACC in prediction error. Since the ACC responded almost exclusively
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to “update’ trials, perhaps prior studies of prediction errors detected in the ACC ought to be
reinterpreted as the output of a process of updating more fundamental network processing
states in the ACC. However, as the signals observed by O’Reilly et al. appeared to occur in
the “middle” portion of the ACC and not its most anterior subregions, questions remain as to
whether different sub-regions of the ACC do different things.

The internal-state monitoring and updating theory of ACC function accounts for the
phenomenon implicating cognitive control as a core function of ACC and reconciles the
literature implicating the ACC in error-minimizing adaptive behaviour. This model reconciles
the previous ‘cognitive control’ theory because it is more fundamental, suggesting that
cognitive control is the output of the internal model shifts. Thus, the evidence suggests that
ACC likely encodes a dynamic model of the task at hand and allocates cognitive control based
on that model. This theory is prescriptive in that it suggests guidelines and heuristics for both
the design and interpretation of future experiments. For example, the internal-state monitoring
and updating theory suggests that ACC ought to respond most when task-requirements are
different than expected, which requires subsequent adaptive behaviour. It also suggests that
ACC computations integrate the expected benefit of adapting behaviour as well as the relative
costs of such behavioural change and is not likely to respond as much when competing action
plans with different value-valences do not need to be compared, a notion explicitly validated
by Shenhav, Straccia, Cohen, & Botvinick (2014).
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Figure 13. ACC responses to update and one-off trials. A. Whole-brain fMRI results showing colour-mapped
responses on update trials. The yellow shape indicates the region defined as ACC in the analyses. B. Raw ACC
activity detected across trials, where zero indicates the occurrence of either an update trial or a one-off trial. The
dashed line indicates the mean across all trials.

1.1.3 Summary of the ACC

In summary, the ACC is a medial prefrontal cortical area which integrates intra-and-
extra cortical information. Assessments of ACC activity in rodents, non-human primates, and
humans suggest that the ACC is a critical for adaptive behaviour. The most convincing
unifying theory of ACC function suggests that the ACC constructs and tunes internal models
of the environment that are relevant for future behaviour and adapts behaviour based on those
models. Nevertheless, it is mechanistically unclear how changes in ACC activity translate into
behavioural change. The ACC might enact such adaptive changes in behaviour by modulating
its extensive connections with motor areas and could influence motivation via its contacts
with subcortical areas such as the ventral tegmental area (VTA), a dopamine-producing brain
area widely implicated in adaptive behaviour and motivation (Hamid et al., 2016; Schultz,
2016; Schultz, Dayan, & Montague, 1997). The experiments contained within this thesis aim

to explore such a possibility.
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1.2 Overview of ventral tegmental area
The ventral tegmental area (VTA) is a midbrain structure characterized by the
presence of prefrontal-and-limbic-projecting dopamine-synthesizing neurons (Oades &
Halliday, 1987). The VTA is often studied for its implication in a wide variety of functions
such as reinforcement learning, motivation, aversion, natural or drug-related reward, mood,
decision making, and related pathologies (Berridge, 2004; Morales & Margolis, 2017). This
section aims to provide an overview of the anatomy and physiology which undergirds these

core functions with a specific emphasis on motivation and decision-making.

1.2.1 VTA anatomy

First described by Tsai (1925), the VTA consists of glutamatergic, and gamma-amino-
butric-acid (GABA)-containing, and dopaminergic (DA) neurons located in the midbrain,
adjacent to the substantia nigra and the red nucleus (Oades & Halliday, 1987). The VTA
consists of several nuclei and is typically defined by neurons expressing the DA-producing
enzyme tyrosine hydroxlase (TH) and is conserved across mammals, including rats and
humans (Fu et al., 2012; Hrabovszky et al., 2013; Figure 14A-D). The defining
cytoarchitectural feature of VTA DA neurons is that their axons can originate from dendrites,
rather than the soma, as is typical in most other neuron formations (Lapish, Kroener,
Durstewitz, Lavin, & Seamans, 2007; Figure 14E). VTA DA neurons are also known to co-
produce-and-release glutamate and GABA (Morales & Margolis, 2017; Seal & Edwards,
2006; Trudeau, 2004), suggesting broad heterogeneity of VTA structure and function.

The VTA exhibits a functional anterior-posterior (AP) gradient which was initially
detected because local infusion of muscimol, a GABAAa agonist, into the posterior VTA
(pVTA) increased rodent locomotion activity whereas muscimol infusion into the anterior
VTA (aVTA) did not (Arnt & Scheel-Kruger, 1979). Similar distinctions in behavioural
outcomes have been reported for many other compounds infused into and manipulations of
the aVTA and pVTA, respectively (see Table 1 in Sanchez-Catalan, Kaufling, Georges,
Veinante, & Barrot, 2014). Consistent with the essential DAergic characterization of the
VTA, DA-synthesising cell locations display a similar gradient, with an anteriorly skewed
distribution within the VTA (Fu et al., 2012; see Figure 15). One prominent account of the
VTA’s AP gradient is that the posterior portion of the VTA is an inhibitory DA control
centre; while this theory is robustly supported, many reports conflict regarding the functional
specialisation and projection patterns of other areas within the VTA (see Ikemoto, 2007 for an

excellent and thorough review). Thus, although the AP gradient in the VTA is functionally
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and cytoarchitectonically characterised, it is unclear how the distinct microcircuitries within

the VTA are functionally inter-related.

100 ym

Figure 14. Tyrosine hydroxylase (TH) staining reveals dopamine neurons which define the VTA in the human
and rat. A. Human brain section stained for TH with inset boxes showing the location of the VTA and substantia
nigra. B. Magnified image of the box in A showing a relatively diffuse concentration of TH-positive neurons in
the human VTA. C. Rat brain section stained for TH with inset showing the location of the VTA. D. Magnified
image of the box in C showing that TH-positive neurons are densely arranged in the rat VTA. E. A mouse VTA
neuron with green fluorescent protein under control of the TH promoter. This cell was injected with a red dye,
resulting in a yellow colour. The insert is a magnified view of the boxed area in the main image. The arrow
indicates the branching of an axon from a distally-located dendrite. A-D adapted from Hrabovszky et al. (2013);
E adapted from Lapish, Kroener, Durstewitz, Lavin, & Seamans (2007).
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Figure 15. Anterior-posterior distribution gradient of dopamine synthesizing neurons in the mouse VTA. A-H.
Sections of mouse brain stained for cell bodies (Nissl method; blue signal) and TH (brown signal) spanning most
of the VTA, sections showing -4.00 to -4.60mm are omitted because almost no TH+ neurons in the VTA were
detected. Coordinates are relative to bregma. Note maximal TH+ neurons from -2.92 to -3.42mm, panels B
through E, which is slightly anterior compared to the whole length of the VTA. Adapted from Fu et al. (2012).
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1.2.2 VTA inputs and outputs

The inputs and outputs of the VTA are, perhaps, some of the best characterised in the
brain because their dysfunctions are implicated in numerous pathologies such as addiction,
schizophrenia, obsessive-compulsive disorder, and depression (Dichter, Damiano, & Allen,
2012; Morales & Margolis, 2017; Narita et al., 2010; Navailles, Guillem, Vouillac-Mendoza,
& Ahmed, 2015; Seeman & Seeman, 2014; Winton-Brown, Fusar-Poli, Ungless, & Howes,
2014; Yamaguchi, Wang, Li, Ng, & Morales, 2011). Morales & Margolis (2017) provide an
excellent review of the inputs and outputs of the VTA (Figure 16).
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Figure 16. Confirmed inputs and outputs of the VTA. A. Glutamatergic inputs to VTA DA neurons include the
medial prefrontal cortex (mPFC), including the ACC, pedunculopontine tegmentum (PPTg), laterodorsal
tegmentum nucleus (LDTQ), lateral habenula (LHb), periaqueductal grey (PAG), bed nucleus of the stria
terminalis (BNST), and dorsal Raphe nucleus (DRN). GABAergic inputs to VTA DA neurons include the
rostromedial mesopontine tegmental nucleus (RMTg; also known as the pVTA), PAG, DRN, lateral
hypothalamus (LHT), and ventral pallidum (\VVP). Local intra-VTA glutamate and GABAergic circuits also exist.
B. GABAergic VTA neurons receive glutamatergic input from LHT, PAG, LHb, mPFC, BNST, and DRN. The
nucleus accumbens (nAcc) is the only documented structure with a purely GABAergic input to the VTA
GABAergic neurons; LHT, PAG, BNST, and DRN projections arise from both GABAergic and glutamatergic
neurons. C-D. Both VTA GABAergic and glutamatergic outputs project to nAcc and LHb, albeit with different
targets. E. VTA DA neurons project to nAcc and mPFC, including the ACC. Image from (Morales & Margolis,
2017).
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1.2.3 VTA functions

VTA neurons integrate complex inputs to encode multiple signals which influence
motivation, cognition, reinforcement, and associated pathologies (Berridge, 2004; Morales &
Margolis, 2017; Schultz, 2016; Schultz, 2007). This section will review key data implicating
the VTA in motivation, prediction error, and task-state monitoring and will build to a position
that the VTA dynamically encodes the value of engaging in or switching from a task with

respect to past reinforcement history.

1.2.3.1 Motivation in the VTA

VTA neurons are strongly implicated in the motivation to obtain a reward in that they
respond to reward cues and elevate their activity prior to the initiating a goal-directed
behaviour (Fiorillo, Tobler, & Schultz, 2003; Ljungberg, Apicella, & Schultz, 1992; Schultz,
1998). Interestingly, VTA DA neurons transfer their response to the earliest reward-predicting
stimulus over the course of learning (Figure 17). Inhibition of VTA DA neurons by
optogenetic activation of pVTA GABAergic neurons during reward consumption disrupts
reward consumption (van Zessen, Phillips, Budygin, & Stuber, 2012) and optogenetic
activation of VTA DA neurons during reward consumption enhances generalization learning
(Steinberg et al., 2013). Together, these findings suggest that neurons in the VTA are
critically involved in the establishment and maintenance of goal-directed behaviour.

In a classic and seminal study, Olds & Milner, (1954) trained rats to press a lever to
stimulate electrodes implanted in various locations in their brains (intracranial self-
stimulation; ICSS). They found that rats would press at very high rates for a large proportion
of the time animals were monitored when the electrodes were placed in the septal area, the
medial geniculate nucleus, and the VTA (Figure 18A). Subsequent rodent studies (reviewed
in Olds, 1958) found that VTA ICSS was so reinforcing for the animals that their lever press
rates would exceed 7,000 presses per minute and that animals would elect to engage in VTA
ICSS rather than eat, drink, or mate with a female rat in heat. VTA ICSS was so reinforcing
that the animals frequently needed be removed from the testing apparatus to prevent their
death by exhaustion. These data clearly indicate that the VTA in a critical component in the

initiation and maintenance of goal-directed behaviour.
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Figure 17. VTA DA neurons respond to the earliest stimulus predictive of reward. Data shown are peri-event
histograms of normalized DA single-units contained within the VTA of Rhesus Macaque monkeys. A. VTA DA
neurons respond do not respond to the illumination of a lamp when the lamp is not predictive of reward but do
transiently respond to the delivery of reward. B. VTA DA neurons respond to a reward-triggering stimulus in a
2-choice spatial reaching task. These same cells do not respond to the reward itself. C. VTA DA neurons
respond to an instruction cue preceding the onset of a reward-predicting trigger stimulus, as in B; VTA DA
neurons respond to neither the trigger stimulus nor the reward itself. Adapted from Schultz (1998).

Studies of substance abuse and addiction also suggest that motivation is a core
function of the VTA, specifically, its afferents to the nAcc and the mPFC, including the ACC
(Narita et al., 2010; Nestler, 2005; Wanat, Willuhn, Clark, & Phillips, 2009; Wise, 2008). For
example, DA concentrations measured in the nAcc, the output of VTA DA neurons, mediate
the reinforcing effects and pursuit of psychostimulants, such as cocaine, and opiates, like
heroin. Cocaine administration to VTA-ICSS trained rats dramatically increases the press rate
and elevates simultaneously-recorded nAcc DA concentrations while the drug is in effect
(Figure 18B,C; Phillips, Blaha, & Fibiger, 1989). Interestingly, intra-nAcc infusion of a
dopaminergic antagonist causes mice trained to optogenetically self-stimulate their VTA to
cease self-stimulation (Figure 19A, B). Taken together, these findings strongly suggest that
the VTA and its received dopaminergic output are critically involved in reinforcement and

motivation.
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Figure 18. Intracranial self-stimulation of the VTA. A. Rats spent varying proportions of experimental sessions
self-stimulating depending on where an implanted electrode was placed. SA, septal area; CC, corpus callosum;
Caud, caudate nucleus; CG, cingulate gyrus; HPC, hippocampus; ML, medial lemniscus; MT, mammilothalamic
tract; MG, medial geniculate nucleus; VTA, ventral tegmental area. B. Lever presses rate for VTA ICSS and C.
simultaneously voltammetically recorded dopamine concentrations in the nucleus accumbens are elevated
following cocaine administration. Arrows indicate time point of systemic cocaine administration via
intraperitoneal (IP) injection. A. adapted from Olds & Milner (1954); B and C adapted from Phillips et al.
(1989).
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Figure 19. Mouse optogenetic self-stimulation of anterior-cortical input to the VTA is dose-dependently reduced
by DA blockade in the nucleus accumbens. A. Mice expressing channel rhodopsin (ChR2) choose to self-
stimulate excitatory inputs to the VTA at the largest available stimulation magnitude (20 Hz). B. Intra-
accumbens infusion of flupenthixol, a general dopaminergic antagonist, dose-dependently reduces optogenetic
self-stimulation of excitatory projections to the VTA.
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1.2.4 Prediction error in the VTA

Dopamine neurons in the VTA are thought to signal predictions of future outcomes
and discrepancies between such predictions and actual outcomes (Figure 20; Eshel, Tian,
Bukwich, & Uchida, 2016; Schultz et al., 1997). Eshel et al. (2016) conducted a series of
experiments which elegantly demonstrated the response properties of VTA DA neurons in the
context of prediction error. The experimenters trained mice with electrodes implanted in their
VTAEs to associate different odors with different probabilities of receiving a reward (Figure
20A). After classifying which recorded cells were DA neurons, Eshel et al. (2016) found that
VTA DA neurons respond most strongly to odor cues indicating a high probability of reward
and that these same cells responded minimally to odor cues indicating a low probability of
reward (Figure 20B). However, when an unexpected outcome occurred, such as a low-
probability trial resulting in a reward, VTA DA neurons exhibited a transient burst of activity
(Figure 20B). This pattern of firing activity - when the animal’s prediction that it would not
be rewarded on a trial was violated — is what is termed a prediction error. Interestingly, VTA
DA neurons appear to scale the magnitude of the prediction error response with the magnitude
of the reward which might be attained. VTA DA neurons also exhibit prediction error
responses to trial outcomes which are not reward related. For example, Eshel et al. (2016)
trained another set of mice to associate a given set of odors with the chances of receiving
rewards; however, on some high-probability trials, instead of delivering a reward, an aversive
puff of air was delivered. VTA DA neurons exhibited a similar prediction error-like response
to these aversive outcomes (Figure 20D). Considering VTA DA’s role in motivation,
prediction errors are often interpreted as enabling an organism to learn what is rewarding and
what is aversive and to pursue those rewards and avoid those aversive outcomes (Pan,
Schmidt, Wickens, & Hyland, 2008; Bromberg-Martin, Matsumoto, & Hikosaka, 2010;
Schultz, 2016; Wise, 2004).
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Figure 20. Examples and properties of prediction error in VTA DA neurons. A. Schematic of task indicating the
different reward probabilities associated with each odor. This panel also indicates that trial outcomes (e.g.
reward) occurred one second after the end of the one second odor presentation. B. VTA DA firing patterns with
respect to the odor-reward probabilities and trial outcomes. C. Summarization of VTA DA response properties
with respect to the magnitude of reward, and likelihood of receiving that reward. D. VTA DA neurons strongly
respond to the onset of an aversive trial outcome. Adapted from Eshel et al. (2016).

1.25 Ramping dopaminergic output from the VTA to the nAcc

Several recent studies report ‘ramping’ patterns of DAergic output from the VTA to
the nAcc as an animal approaches a goal (Howe, Tierney, Sandberg, Phillips, & Graybiel,
2013) and that this ramping is modulated by whether or not a given trial will or will not be
rewarded (Hamid et al., 2016). In the first of these studies, Howe et al. (2013) recorded nAcc
dopamine concentrations ([DA]; Figure 21A), the output of the VTA, via fast-scan cyclic
voltammetry (FSCV) in rats trained to complete a cue-guided T-maze. When the rats reached
the vertex of the maze, an auditory cue indicated whether to turn left or right. Howe et al.
(2013) anticipated to detect a transient increase in [DA] concomitant with the onset of the cue;
although they did detect this, more interestingly, they found that [DA] ‘ramped up’ as animals
approached the goal and that the transient response to the cue was superimposed onto that
‘ramp’ (Figure 21B). The authors suggested that the ramping [DA] might indicate either
spatial proximity to a goal or, perhaps, the time-elapsed since beginning the trial. Several
findings suggest that this signal indicates the spatial proximity rather than time-elapsed.
Firstly, the authors exploited the trial-to-trial variability in the time rats took to complete the
task and compared fast, short trials to slow, long trials. They found that the peak [DA] in the
goal location was generally the same, regardless of the time the animal took to complete the
trial, suggesting that this signal is more indicative of spatial proximity than time-elapsed
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(Figure 21B). Additional compelling evidence that these ramps are spatially modulated comes
from trials where the rat stopped and groomed itself (Figure 21C). When the animal halted
progress towards the goal, [DA] concentrations also plateaued; when the animal resumed its
course towards the goal, [DA] similarly resumed increasing (Figure 21D). Taken together,
these findings suggest that the VTA DA, as measured via its output to the nAcc, might enable
an organism to track progress towards a goal. However, it was unclear from these findings
whether VTA truly is the source of the [DA] ramps and whether these ramps were responsive
to variable reward probabilities and outcomes, which might link this new finding to the VTA

literature concerning prediction error.
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Figure 21. Ramping DA signals in the nucleus accumbens track an animal’s progress towards a goal. A.
Schematic indicating FSCV recording position in the nAcc. B. Dopamine concentrations in the nAcc peaked at
similar levels upon goal-reaching regardless of the time rats took to reach the reward. C. Example of a trial
where a rat stopped mid-trial; D. [DA] time-locked to C illustrating that when the rat paused in goal pursuit,
[DA] plateaued and resumed increasing when the animal resumed goal-pursuit. Adapted from Howe et al.
(2013).

Hamid et al. (2016) addressed this possibility by recording nAcc [DA] in rats trained
in a two-armed bandit task. Briefly, rats were cued at the initiation of a trial by the
illumination of a light; rats would then nose-poke into a central port and wait for an auditory
cue which indicated the rat ought to nose-poke into the adjacent left or right port. Importantly,

the cue only indicated ‘go’ and did not signal which port was rewarded (Figure 22A). After
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making a choice, the rat had to maintain his nosepoke for 2 seconds; if the choice was
rewarded, a food reward was dispensed on the other side of the chamber with an
accompanying auditory click. The absence of a click indicated an unrewarded outcome to the
rat. The probability of a given port being rewarded changed throughout an experimental
session; thus, the animals were constantly sampling and updating their expectations about

which choice was ideal.

Hamid et al. (2016) found that unexpected delivery of reward following several
unrewarded trials elicited large fluxes of nAcc [DA], that the presentation of reward after
increasingly fewer unrewarded trials reduced this effect in a graded manner, and that [DA]
abruptly decreased when the reinforcer-associated click was omitted (Figure 22B). Such
probability-modulated responses are consistent with the concept of prediction error. However,
that [DA]s dropped when the reward was unexpectedly unavailable suggests that the theory of
prediction error cannot fully account for these findings. The authors trained a machine-
learning model on the data and concluded that this signal indicates an instantaneous value

state — the value of working — which is modulated by prior outcomes.

To determine whether the changes in nAcc [DA] are changes in VTA DA neuron
output, the authors optogenetically stimulated the VTA and simultaneously recorded nAcc
[DA]. They found that nAcc [DA] increased as the magnitude of VTA stimulation increased
(Figure 22C). This indicates that the changes in nAcc [DA] measured via FSCV are indeed a
readout of VTA DA output. To verify the causal impact of VTA activity on choice preference
and motivation, the authors paired either excitatory or inhibitory VTA DA neuron

photostimulation with side-in, choice nosepokes. They found that excitatory photostimulation
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Figure 22. Nucleus accumbens DA concentrations are outputs of the VTA and modulated by trial outcomes. A.
Schematic of task. B. Probability-modulated responses of nAcc recorded via FSCV. C. Changes in hAcc [DA]
increased as number of 30 Hz optogenetic pulses of the VTA increased, indicating that the VTA is the source of
DA measured in the nAcc. Adapted from Hamid et al. (2016).

of VTA DA neurons when the animal made a decision-nosepoke increased the probability that
rats would repeat that same choice (Figure 23A; conversely, photoinhibition of VTA DA
neurons during decision-nosepokes decreased the probability that rats would repeat that same
decision (Figure 23B). Interestingly, VTA DA neuron photostimulation decreased the latency
to trial initiation (Figure 23C), increasing the likelihood that rats would start a new trial
sooner than trials when VTA DA neurons were not stimulated (Figure 23D), indicating that
VTA DA photostimulation effects the motivation to pursue a reward. Taken together, these
findings provide causal evidence that the VTA is critically involved motivation and decision-
making and suggest that the representation and updating of a state thought to indicate the
value of work is an essential function of the VTA. Thus, this paper agrees with prior claims
that prediction errors are a mechanism by which an internal value state is updated (Bromberg-
Martin, Matsumoto, & Hikosaka, 2010; Schultz, 2016; Wise, 2004) and are important because
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they provide the first evidence that this putative value state is both represented and updated at

the level of the midbrain.
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Figure 23. Effects of photostimulation and photoinhibition of VTA DA neurons on decision making and
motivation. A. Photostimulation of VTA DA neurons increases the likelihood rats will repeat their prior
decision, regardless of whether the trial was rewarded or not. B. Photoinhibition of VTA DA neurons decreases
the probability that rats will repeat their prior choice, regardless of the trial outcome. C. Photostimulation of
VTA DA neurons decreases the latency to begin a new trial. D. Photostimulation of VTA DA neurons increases
the likelihood that rats will begin a new trial, sooner (same data as C). Adapted from Hamid et al. (2016).

1.2.6 Summary of VTA

In summary, the VTA appears to facilitate reinforcement and the motivation to pursue a
reward. The VTA also appears to track the correspondence between predicted and actual
outcomes of situations, perhaps enabling organisms to update its neuronal representations.
Recent voltammetry studies in the rat nAcc suggest an integrative theory of VTA function:
the VTA responds to behaviourally relevant cues and trial outcomes which have the potential
to remodel internal representations and modulate motivation. Despite the evidence implicating
the VTA in these functions, the inputs driving them and the intra-VTA microcircuitry
enabling them are unclear. One question of particular interest for this thesis concerns the role
of the ACC in modulating the VTA in the contexts of motivation and decision making. The

next section will address this directly.
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1.3 The ACC-VTA projection as a candidate signalling pathway for
translating cortical signals into motivational signals
Given the functional similarities of the ACC and VTA, the question remains of their
structural and physiological relationships. This section will aim to provide an overview of the
anatomical and physiological relationships between the ACC and to make the case that the

ACC and VTA likely interact in various behavioural contexts, especially in motivation.

1.3.1 Anatomical and physiological evidence of connectivity between the

ACC and the VTA

Anatomical and electrophysiological evidence indicate that the ACC and VTA are
reciprocally connected. Scanning electron micrographs of the VTA in rats in which the
anterograde tracer biotinylated dextran amine (BDA) was injected into the mPFC, including
the ACC, reveal monosynaptic projections to both DAergic (Figure 24A) and GABAergic
(Figure 24B) neurons (David B. Carr & Sesack, 2000). Electrical stimulation of the ACC
elicits burst firing in VTA DA neurons (Gariano & Groves, 1988; Figure 24C) and,
furthermore, the temporal activation patterns of VTA DA neurons are closely related to the
phase of the mPFC LFP (Gao Liu, Chang-Liang, Jin, Guo-Zhang, Bunney, Benjamin, S., Shi,
Wei-Xing, 2007; Figure 24D). Together, these data strongly suggest that the ACC and the

VTA are functionally connected.
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Figure 24. Anatomical and physiological evidence of ACC-VTA connectivity. A. Scanning electron micrograph
of a VTA TH+ (i.e. dopaminergic) neuron which receives a monosynaptic input (red boxed area) from the
mPFC. B. Scanning electron micrograph of a GABAergic neuron which receives monosynaptic input (red boxed
area) from the mPFC. C. Recorded trace from a VTA DA neuron showing that ACC stimulation, indicated by
the arrows, induces burst firing. D. Traces from a VTA DA neuron and the local field potential (LFP) of the
mPFC of an anaesthetized rat. DA neuron firing and bursting are strongly phase-locked to the mPFC LFP. A and
B are from Carr & Sesack (2000); C is from Gariano & Groves (1988); D is from Gao et al. (2007).
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1.3.2 Evidence for ACC-VTA communication during behaviour

Despite the well-documented roles of the ACC and VTA in prediction error and task-
switching (Bryden et al., 2011; Eshel et al., 2016; Nils Kolling et al., 2016; Roesch & Bryden,
2011), no study to date has jointly assessed the relationship between the ACC and VTA in
freely moving organisms. However, prior experiments examining the prefrontal cortex, more
broadly, suggest that the ACC and VTA do communicate in behaviourally relevant contexts.
For instance, Fujisawa & Buzsaki (2011) simultaneously recorded mPFC, including ACC,
and VTA LFPs and single units in rats performing a match-to-sample working memory task
and found that the mPFC and VTA were highly synchronized at 4Hz during the working-
memory component of the task (Figure 25A). In another interesting experiment, Ballard et al.
(2011) used fMRI to monitor cortical and VTA activity of human participants as they
performed a task which selectively manipulated their motivation to pursue a course of action.
In Ballard et al. (2011)’s experiment, participants were signalled the opportunity to earn
various amounts of money, either $0 or $4, as compensation for a fast reaction time to an
upcoming target. Following a variable delay (4-4.5s), participants were presented with a target
and were then to press a button as quickly as possible. Ballard et al. (2011) found that
participants reacted faster, indicating greater motivation, when they worked for their own
benefit. Strikingly, through the use of dynamic causal modelling, Ballard et al. (2011)
detected enhanced cortical control of the VTA during high-motivation trials, concluding that

cortical > VTA signalling may initiate motivated behaviour (Figure 25B).
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Figure 25. Examples of cortical-VTA communication during behaviour. A. The rat mPFC and VTA are
synchronized at 4Hz during engagement of working memory in a match to sample task. B. The dorsolateral
prefrontal cortex drives VTA activity during high motivation tasks. A adapted from Fujisawa & Buzsaki (2011);
B is from Ballard et al. (2011).

1.3.1 Summary of the ACC and VTA and thesis aim

Robust anatomical and electrophysiological evidence indicate that the ACC and VTA
are functionally linked and that top-down, ACC - VTA signalling may be involved in
initiation of motivated behaviour. Despite these indications, no prior studies had jointly
examined the activity of the ACC and VTA in freely moving animals. Thus, the aim of this
thesis was to investigate the electrophysiological relationships between the ACC and VTA in
a variety of contexts, all of which would require context-dependent changes in motivation.
Specifically, the purpose of these experiments was to determine (i) whether the ACC
modulates the VTA in freely moving animals, (ii) whether changes in ACC modulation of the
VTA are related to changes in motivation, (iii) to directly observe ACC task models at the
level of individual neurons, and (iv) to assess possible mechanisms by which ACC neuronal
task models are modified. The guiding notion of this thesis was that if the ACC does encode
task models and if ACC modulation of the VTA is a mechanism by which changes in those
task models are behaviourally implemented, ACC modulation of the VTA should be detected

in circumstances where organisms modify their behaviour.
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Chapter 2 ACC modulation of the VTA in an effort task*

2.1 Summary

Information gained during goal pursuit motivates adaptive behaviour. The anterior
cingulate cortex (ACC) supports adaptive behaviour, but how ACC signals are translated into
motivational signals remains unclear. Rats implanted with recording electrodes in the ACC
and ventral tegmental area (VTA), a dopaminergic brain area implicated in motivation, were
trained to run laps around a rectangular track for a fixed reward, where each lap varied in
physical effort (a 30cm climbable barrier). Partial directed coherence analysis of local field
potentials revealed that ACC theta (4-12 Hz) activity increased as rats entered the barrier-
containing region of the maze on trials when the barrier was absent, and predicted similar
changes in VTA theta. This did not occur on effortful, barrier-present trials. These data
suggest that ACC provides a top-down modulating signal to the VTA which can influence the

motivation with which to pursue a reward. *This chapter was published as:

Elston, TW., & Bilkey, DK. (2017). Anterior cingulate cortex modulation of the ventral
tegmental area in an effort task. Cell Reports, 19(11), 2220-2230.

2.2 Introduction

Adaptation to changing circumstances is a common, critical consideration in nature
(Darwin, 1865); however, the neural mechanisms enabling adaptive goal-directed behaviour
have yet to be fully elucidated. The anterior cingulate cortex (ACC), a subregion of the
anterior medial prefrontal cortex (AC; Vogt & Paxinos, 2014), has previously been shown to
have a role in commitment to a course of action (Blanchard et al., 2015; Ma, Hyman, Phillips,
et al., 2014) and encoding value associated with physical effort (Cowen, Davis, & Nitz, 2012;
Friedman et al., 2015; Hillman & Bilkey, 2010; Parvizi, Rangarajan, Shirer, Desai, &
Greicius, 2013; Rudebeck, Walton, Smyth, Bannerman, & Rushworth, 2009; Walton, Devlin,
& Rushworth, 2003). Furthermore, ACC signals received reward, predictions of future
reward, and errors in such predictions (Bryden et al., 2011; Gemba et al., 1986; Kennerly et
al., 2011). These signals are thought to facilitate the integration of new information into
existing internal representations which can motivate and modify future behaviour (Bryden et
al., 2011; Cavanagh et al., 2010; Kolling, Behrens, Wittmann, & Rushworth, 2016b).
However, it remains unclear how ACC activity is translated into an adaptive, motivational

signal.

The ACC and the anterior portions of the medial prefrontal cortex are potentially able

to exert direct top-down control over the ventral tegmental area (VTA) via monosynaptic

33



glutamatergic afferents (Beier et al., 2015; David B. Carr & Sesack, 2000; Faget et al., 2016;
Ferenczi et al., 2016; Gariano & Groves, 1988; Jo, Lee, & Mizumori, 2013; Taber, Das, &
Fibiger, 1995). Moreover, in anaesthetised rats, ACC stimulation elicits burst firing in VTA
dopamine neurons (Gariano & Groves, 1988). The VTA is a major source of dopamine to the
basal ganglia and is hypothesized to convey a motivational signal indicating progress towards
and value of a future goal (Hamid et al., 2016; Howe et al., 2013; Morales & Margolis, 2017,
Salamone & Correa, 2012). Large, transient bursts of single unit activity have also been
reported in rodent in both ACC and VTA when an outcome is different than predicted
(Bryden et al., 2011; Eshel et al., 2016). Strikingly, the magnitude of the activity increase
correlates with the prediction-outcome error difference in both regions (Bryden et al., 2011;
Eshel et al., 2015; Kennerly et al., 2011) suggesting that both these regions are involved in
reward prediction error processes (Schultz et al., 1997). Thus, ACC top-down control over
dopaminergic subcortical regions, such as the VTA, is a plausible mechanism by which ACC

signals are translated into motivational signals.

Although no prior study has jointly examined the relationship between the ACC and
VTA in the freely moving rat, prior investigations of anterior cortical (AC) and VTA
communication suggest that these structures communicate via oscillations in the theta band
(4-12 Hz). For example, firing in VTA dopamine neurons is modulated by the phase of AC
theta oscillations and AC-VTA synchronization in the theta band is strongly correlated with
working memory performance. However, to date, the precise relationship between the ACC

and VTA and how these signals might shape future behaviour remains unknown.

To address this question directly, we monitored ACC and VTA local field potentials
(LFPs) of rats trained to run laps around a rectangular track for a fixed reward, where each lap
varied in physical effort (Figure 26). The effortful condition required rats to climb over a
30cm barrier while no barrier was present in the non-effortful condition. We examined task-
dependent changes in theta (4-12 Hz) power and coherence and also assessed the
directionality of communication between ACC and VTA via partial directed coherence
(PDC), a multivariate autoregressive modelling approach which provides a frequency-
resolved estimate of Granger causality (Baccala & Sameshima, 2001; Boykin, Khargonekar,
Carney, Ogle, & Talathi, 2012).
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2.3 Experimental procedures

2.3.1 Subjects and animal use statement

All experimental procedures have been reviewed and approved by the University of
Otago Animal Welfare Office. Seven male Sprague Dawley rats (Hercus-Taieri Resource
Unit) between 6 and 8 months of age, weighing 450-550 g were used in the study. Rats were
single housed in translucent plastic cages containing pine chips and maintained on a 12 h
light/dark cycle. All training and experimentation occurred during the light phase. After 2
weeks of daily handling and weighing, animals were food deprived of standard rat chow
(Specialty Feeds) to no less than 85% of their free-feeding weight to promote interest in food

reward during test phases. Water was available ad libitum in the home cage.

2.3.2 Preoperative training

During the initial week of training, rats were individually habituated for 15 min/d to
the experimental apparatus, a rectangular runway with a reward area which contained
touchscreens, photobeams, and a retractable 30cm barrier mounted on a servo motor (Figure
26A). The apparatus was controlled by a network of four Arduino (Arduino LLC, Somerville,
MA, USA) microcontrollers. Cereal pellets (Coco Pop cereal; Kellogg's) were scattered
throughout the maze to encourage exploration. In the second week of training, cereal pellets
were only available at the reward site and rats were trained to run the maze in a unidirectional
manner, starting at the bottom of the midstem (i.e. the startbox) and received a fixed reward (3
cocopops) in a distinct reward zone. Rats were prevented from reversing course in the maze
by photobeam-controlled doors. The rats were not paused between trials and set their own

pace, running in a continuous, uninterrupted manner.

Once the rats were running unidirectionally around the apparatus, they were trained to
press a wall-mounted touchscreen to release an adjacent starting gate and thereby initiate a
new trial. This typically took two 15 minute training sessions or less. A two-second delay was
then introduced between the initial press and the lowering of the start gate. Screen-press
training was considered complete when rats ran >30 trials/session (2/min) across 3

consecutive training sessions. This typically took one week of training.

The final stage of training involved the introduction of a 30cm barrier (a triangular
piece of Styrofoam with an affixed strip of garden trestle) into the apparatus which rats had to
overcome on their route to the reward zone. The barrier was inserted into the maze by a servo
motor. Rats were cued as to whether the upcoming trial was an effortful, barrier trial or a non-

effortful, flat trial by images delivered on the touch screen. The screen displayed three
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flashing green horizontal bars on a black background across the screen to indicate a barrier
trial and a single non-flashing white bar on a magenta background to indicate a flat trial. To
provide auditory camouflage for barrier insertion, the barrier was placed into the maze at the
same instant the start gate was opened. Once rats were running >30 trials/session, sessions
were extended such that each session required rats to run 120 laps composed of 60 trials
without the barrier present (flat trials) and 60 barrier trials presented in pseudo-random order.
Rats were considered fully trained when they were running 120 trials within 60 minutes (2

trials/min).

2.3.3 Surgery

Once animals were considered trained, five rats were anaesthetized under isoflurane
and stereotaxically implanted in the ACC (AP: 2.7mm, ML: 0.4mm, DV: -1.8mm from dura)
with seven 25 um Formvar-coated nichrome wires (California Fine Wire) mounted on a 3D-
printed adjustable microdrive assembly and the VTA (AP: -5.3mm, ML: 1.0mm, DV: -
8.2mm from dura) with a one non-moveable 127-pum-diameter, nickel-chromium coated wire.
Two rats were also implanted at the same ACC coordinate with the microdrive assembly but
with a second electrode (a fixed 127-um-diameter, nickel-chromium coated wire) located in
the dorsal CAL1 subregion of the hippocampus (AP: -3.6mm, ML: 2.0mm, DV: -2.8mm from
dura). The electrodes were grounded by soldering a wire to a jewellers screw implanted in the
cerebellum. The assembly was fasted to the skull with jeweller’s screws and acrylic dental
cement. Following the surgery, animals were allowed 10 days to recover during which they
had ad libitum food and water. After 10 days, rats’ food was reduced to maintain the animal at

~85% of their free-feeding weight to optimize behaviour during the experiment.

2.3.4 Postoperative training and protocol

After 10 days of recovery, rats were reintroduced to the maze with the head plugs
connected to a tethered head stage that housed three light emitting diodes (LEDs) for tracking.
Training resumed from the final preoperative stage; all 7 rats quickly recalled the task with no
signs of postoperative motor impairment. Once each rat demonstrated three consecutive

sessions of 120 trials in less than one hour, data acquisition began.

The data acquisition protocol consisted of a three stage, ‘ABA’ design where rats
completed 100 trials per day (Figure 26B). During the first seven days (phase B1), the barrier
was present in 50% of trials. In B1, a touchscreen press triggered a cue-presentation on the
touchscreen, signalling which trial type was to commence. Phase B1 was followed by Phase 2
which lasted three days and during which the barrier was either not present (0%; n=5 animals)

or always present (100%; n=2 animals, rats D and E) present for individual rats. Screen
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presses in phase 2 triggered cue presentation as in B1, however, these cues were irrelevant to
the upcoming trial type (i.e. cues indicating flat trials and barrier trials were presented even
though the barrier was either always or never present). Phase 2 was followed by three days of
phase B2, in which the barrier was present in 50% of trials (identical to phase B1). All seven
rats experienced B1 and B2 identically. It should be noted that the rats probably did not attend
to the touchscreen cues as we found no behavioural or electrophysiological evidence that the
cues themselves elicited any specific response. Thus, in the interest of clarity, we labelled
trials in B1 and B2 as either ‘flat trials’ or ‘barrier trials,” in accordance with what occurred
on a trial. Trials in phase 2 (0% or 100% barrier) are labelled as ‘flat cued’ or ‘barrier cued’ to
indicate that the screen press initiating a trial did trigger a cue presentation but that cue was
not predictive of the upcoming trial type.

2.3.5 Electrophysiological recordings and data acquisition

Local field potentials were recorded using the dacqUSB multichannel recording
system (Axona Ltd.). Local field potentials were low-pass filtered at 500 Hz, and sampled at
4800 Hz. The animals’ position was monitored by a ceiling-mounted video camera connected
to a tracking system that monitored the LEDs mounted on the head stage. Tracking data was
sampled at 50 Hz and made available to the dacqUSB system. Key events (e.g. trial initiation,
the type of trial initiated, when rats got to the barrier region, and when rats reached the
reward) were timestamped by inputs from a custom-built neural network of Arduino

microcontrollers connected to a digital input-output port on the dacqUSB system.

2.3.6 Power, coherence, and running speed analyses

All analyses were done within-subject; no data was pooled across subjects. All
analyses were conducted using MATLAB R2016b (The Mathworks, Boston, MA, USA).
Power spectral density (PSD) and time resolved LFP power and coherence were calculated
via multi-taper spectrograms and coherograms (Mitra & Bokil, 2008) which used 3 tapers, a
reading window of one second, and 85% overlap amongst windows. Data was linearized by
dividing the maze path into 9 bins of 3-5cm in length and the position timestamps of rats
entering and exiting a given region on a given lap on a given trial type were used to collect
relevant pieces of the averaged 4-12 Hz segments of spectrograms and coheragrams, which
were then averaged for each maze region on each lap, separately. A similar approach was

used to collect instantaneous speed data from each maze region for each lap on a given trial

type.
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2.3.7 Partial directed coherence for detecting signal directionality

Task-related causal relationships between ACC-VTA and ACC-dCAL1, linearly
detrended LFPs were assessed with a partial directed coherence (PDC) algorithm, a
frequency-resolved measure of Granger causality which uses multivariate autoregressive
modelling to exploit the predictability of information in one brain area by past activity in
another (Baccald & Sameshima, 2001; Boykin et al., 2012).

2.3.8 Method for detecting phase-reset events

To detect a putative phase-reset event (PRE), we first bandpass filtered the ACC and
VTA LFPs between 4 and 12 Hz using the filtfilt function in MATLAB. We then determined
the instantaneous phase and amplitude of the ACC and VTA LFPs for an entire session using
the Hilbert transform. Next, we unwrapped the instantaneous phases of the ACC and VTA.
Since the rate of change of the unwrapped phases will change markedly at a potential PRE
(Freeman & Vitiello, 2006), we differentiated the unwrapped phase of the ACC across a one
second window and marked as a trigger point a rate of change that exceeded 4 standard
deviations from the mean. Since we cannot know exactly when the animal saw the barrier (vis
a vis a peri-event histogram), we marked all the PREs which occurred in the barrier-region of

the maze (regions 5-6) for each trial type, respectively.

2.3.9 Amplitude cross-correlations for detecting signal directionality

We adapted Adhikari et al. (2010)’s amplitude cross-correlation method in order to
assess signal directionality within PRE epochs. We conducted cross-correlations across two
separate windows in the waveforms: a 500ms window centered on the PRE marker and a

500ms window immediately after that.

2.3.10 Histology and electrode site verification

Upon completion of the study, rats were deeply anaesthetized with isoflurane and
recording sites were marked with direct current (2mA for 2 s) before transcardial perfusion.
Electrode tracks and microlesions marking the electrode position were identified in 32um
thick sections of formalin-fixed tissue stained for Nissl substance (see Figure 27B). Although
we did not stain the VTA-containing sections with tyrosine hydroxylase (TH), a marker of
dopaminergic neurons sometimes used to define the boundaries of the VTA, when comparing
the tips of our electrode tracks with a photomicrograph of a TH-stained section showing the
VTA (e.g. Amantea & Bowery 2004), our electrode tip location corresponds to the TH+ area,

suggesting that had we stained for TH, we would have been within the TH+ area in the VTA.
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2.4 Results
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Figure 26. Schematic of maze and protocol. A. Rats initiated laps by pressing a wall-mounted touchscreen — the
green rectangle just before the door at the beginning of section 1. After a 2-second delay, the startbox door
opened and rats ran through regions 1-9. Arrows indicate direction of travel in the maze. The red and yellow
circles indicate the position of the photobeams which controlled the doors, ensuring unidirectional travel on each
trial. The mound of cereal pellets in region 9 indicates the reward zone. B. The experiment consisted of 3 phases:
B1 (50% barrier), phase 2 (either 0% barrier or 100% barrier), and B2 (50% barrier, identical to B1).

2.4.1 Task-modulated theta oscillations in the ACC and VTA

Histology verified that electrodes were located in the regions of interest (Figure 27).
LFP patterns in ACC, VTA, and dCA1 were characteristically different with PSD functions
from the ACC having a primary peak at low theta frequencies (3-5 Hz), while both VTA and
dCAL1 exhibited prominent peaks in both the high theta band (7-9 Hz) and low theta band (3-5
Hz; Figure 28). Mapping theta power and coherence onto the maze by trial type revealed that
ACC and VTA power, ACC-VTA coherence, and ACC-dCA1 coherence increased as the
animal approached the barrier region of the maze on trials when the barrier was absent (Figure
29).

39



ACC VTA dCA1

Bregma -5.30 mm Bregma 3.60 mm

Figure 27. Electrophysiological recording sites. A. Plates from Paxinos & Watson (1997) indicating typical
electrode placement in ACC (AP: 2.7mm, ML: 0.4mm, DV: -1.8mm from dura), VTA (AP: -5.3mm, ML:
1.0mm, DV: -8.2mm from dura), and dCA1 (AP: -3.6mm, ML: 2.0mm, DV: -2.8mm from dura). B. Histology
indicating example electrode placement in ACC, VTA, and dCAL.
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Figure 28. Power spectrum densities (PSDs) for rats A (ACC and VTA) and F (dCAL) across all sessions in B1
by maze region, brain area, and trial type. The solid line indicates the mean and the shaded areas indicate the
SEM. ***p<.005, Kruskal-Wallis test.

When the LFP data were linearized and examined region-by-region, it was apparent
that during phase B1 (n = 350 trials/animal), when the barrier was present 50% of the time,
there was a marked difference in theta power, in both the VTA and ACC, and in the
coherence between them, when the barrier-absent and barrier-present trials were compared
(Figure 30). In barrier-absent trials there was a significant increase in low theta power and
coherence that began once the animal approached the region of the maze immediately prior to
where the barrier was usually present (region 5). Power increased through the barrier region
and then was sustained above the level measured in the starting stem until the animal reached
the reward zone (region 9). In barrier-present trials, however, theta power and coherence did
not increase prior to or through the barrier region (p < .005 for regions 5-8, respectively, t-
tests). Rather, levels remained suppressed from the initial turn through until the reward
region, at which point ACC and VTA theta power and coherence increased suddenly to
become equivalent to that observed in barrier absent trials. This was a large effect (Hedge’s g

> 1 for regions 5-8, respectively) and was observed across all animals, independently
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producing significant within-subject effects for every animal (regions 5-8, p <.0005, t-tests;
see Figure 31 for all animals). No significant difference in ACC and VVTA theta power or

coherence was detected in the reward zone for any animal (region 9, all p > .05, t-tests).
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Figure 29. Theta power and coherence heat mapped onto maze positions for the ACC, VTA, dCA1 on flat and
barrier trials, respectively, for one recording session during B1. The barrier was located on the right-hand side of
the maze; due to the wide-field lens on our tracking camera, the animals’ trajectory over the barrier on barrier
trials appears as a lateral motion. ACC, VTA, and ACC-VTA coherence data are from rat A. dCA1 power and

ACC-dCA1 coherence are from rat F.
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Figure 30. Enhanced theta (4-12Hz) power and coherence corresponds with the absence of the barrier. ACC and
VTA time-resolved theta power, theta coherence, and running speed as a function of position for rat A (B1, 0%,
and B2; mean = SEM; n = 350 trials for B1, n = 150 trials for 0% barrier, and n = 150 trials for B2) and rat D
(100% barrier; mean + SEM; 150 trials for 100% barrier). In some cases, the SEM was smaller than the height of
the symbol in the plot. In those instances, the error bars were not drawn. The average power and coherence
between 4 and 12 Hz for each region on each lap was used. *p < .05, **p < .005, ***p < .0005, t-tests.
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Figure 31. Enhanced theta (4-12Hz) power and coherence corresponds with the absence of the barrier in all rats.
Data from all rats in phase B1. Rat name is listed on the left and brain region is listed along the top. *Data with
grey background for rats F and G in the VTA column are dCA1. Data presented as mean + SEM. In some cases,
the SEM was smaller than the height of the symbol in the plot. In those instances, the error bars were not drawn.
The average power and coherence between 4 and 12 Hz for each region on each lap was used. *p < .05, **p <
.005, ***p < .0005, t-tests.
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To assess the animals’ motivation to begin a new trial following either a flat trial or a
barrier trial, we calculated the inter-trial interval (ITI), defined as the time from when the rats
tripped the photo-beam as they entered the reward zone until the next screen press, indicating
the start of a new trial. We found that the latency to begin a trial was greater if the prior trial
was a barrier trial, rather than a flat trial in phases B1 and B2 (n = 350 trials/animal for B1; n
= 150 trials/animal for B2; all animals’ p < .05, t-tests; Figures 32 and 33). No differences in
latency were detected in the 0% or 100% conditions (n = 150 trials/animal). Despite this
difference in behaviour, no significant difference in theta power or coherence was detected

during this same period (p > .05 for all animals, t-tests).
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Figure 32. Behaviour and electrophysiology in the inter-trial interval. The latency to begin a new trial given a
prior trial type was lower when the prior trial was a flat trial. No significant effects of prior trial type were
detected in any electrophysiological measure during the inter-trial interval. Individual animal means are
presented as dots and the overall mean is presented as the bar-graph bar. The standard error of measure of the
overall mean across all animals is represented by the error bars. T-tests were performed within each animal (n =

350 trials per animal).
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Figure 33. Behaviour and electrophysiology in the ITI across all task phases. The latency to begin a new trial
given a prior trial type was lower when the prior trial was a flat trial. The latency to begin a trial was
significantly greater in the 100% barrier condition than in phase B1. No significant effects of prior trial type
were detected in any electrophysiological measure during the ITI. Data are presented as mean £SEM across all
animals. *p < .05 within each animal with paired t-test, **p<.005 within each animal with paired t-test, # p<.05
within each animal with unpaired t-test.

In phase 2, the barrier was either not present for all trials (n = 4 animals) or was
present for all trials (n=3 animals) irrespective of the cue on the touchscreen, which continued
to randomly signal the two types of trials on a 50% basis. For animals where the barrier was
absent, an abrupt increase in ACC and VTA theta power, similar to that which occurred in no-
barrier trials in phase B1, was detected from regions 5 through 8 in all animals regardless of
the trial type cued by the touch screen (n = 150 trials/animal; Figures 30 and 31). For animals
where the barrier was present on all trials, theta power remained low across these regions,
replicating the effect of barrier-present trials in B1 (Figure 30). An analysis to determine
whether the, now irrelevant and probably ignored cue signal altered responses during phase 2
revealed no significant differences in ACC and VTA responses in regions 5 to 8 following the

two cue types (all p > .05, t-tests).

In the third phase, B2, the barrier was again present on 50% of trials (n = 150
trials/animal). In a result that replicated condition B1, an abrupt increase in running speed,
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ACC and VTA theta power, and coherence was detected in regions 5-8 in all animals when
the barrier was absent (Figure 30 and 34; all p < .005, t-tests). On barrier trials, power and
coherence remained suppressed until the reward region. Again, ACC and VTA theta power
and coherence in the reward zone (region 9) did not depend on the trial type (p > .05, t-tests).
Analysis of responses across the multiple trials of each condition (n = 50 trials/animal)
revealed that the significant modulation of ACC and VTA theta power and coherence by the
presence or absence of the 30cm barrier in the barrier-containing region of the maze (region

6) was consistent across days and trial conditions (Figure 34).

A

: . -~ Flat Cued Trial
dekde KEW wden dekk ok *Ex . = Barrier Cued Trial
: ek

*kk *kk

VTA Power
log(mV?)
e

B B1 0% Barrier B2

Kk FEE pnen

whk Dokxx

—

o

= ok hkd hER g
E s
(@]
o

ACC Power

C B1 0% Barrier B2
1.0 ; ;

o 0.8 xsex ¥ sax xxx I
O wknk *kk

G 0.6
2

S 0.4
0.2-

0-0 T : . T
B1 0% Barrier B2

Days

& kK

*kn ¥

ACC-VTA Coh
I

Figure 34. ACC and VTA theta and coherence responses to the presence or absence of the 30cm barrier in the
barrier-containing region (region 6) of the maze were consistent across days and conditions. Data shown from rat
A. VTA and ACC theta power and coherence were greater on trials when the barrier was present than when the
barrier was absent across all days of B1 and B2 (p < .0005, t-tests). Data are presented as mean £ SEM. In some
cases, the SEM was smaller than the height of the symbol in the plot. In those instances, the error bars were not
drawn. n = 50 for each session. *p < .05, **p <.005, ***p < .0005, t-tests.
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2.4.2 Task-modulated theta oscillations in the ACC and dCA1

To assist in determining whether we were detecting a brain-wide phenomenon or
activity that might be confined to specific regions, including VTA and ACC, we implanted
two rats in both dCA1 and ACC and ran these animals through the procedure. As we had
shown previously, in phase B1, we detected abrupt and sustained increases in ACC theta
power from region 5 to 8 on no-barrier trials compared to barrier trials (p <.005, t-tests) in
both animals (see Figure 35). In the second phase, when the barrier was absent on all trials, a
similar abrupt increase in ACC theta power was detected regardless of the, likely ignored, cue
(p > .05, t-tests). In phase B2, a significant difference in ACC theta power was detected in
regions 5 to 8 when barrier and no-barrier trials were compared (all p < .005, t-tests) as we
had observed previously. By comparison, recordings from dCA1 showed that there was a
much smaller increase in theta power in regions 5-8 in B1 no-barrier trials. The difference
between barrier and no-barrier trials was statistically significant (p < .05, t-test; Figure 31) in
one animal but not the other (p > .05, t-test) in phase B1. In phase B2, however, no significant
barrier-related changes were detected in dCA1 theta power in either animal (p > .05, t-tests,
Figure 31). Despite the minimal effects seen in dCA1 theta power, ACC-dCAL1 theta
coherence was significantly modulated by the presence or absence of the 30cm barrier. In
phases B1 and B2 dCA1-ACC theta coherence abruptly increased in region 5 and remained
elevated through region 8 in no barrier trials compared to barrier trials (p < .005, t-tests). In
phase 2, when the barrier was never present, a similar abrupt and sustained elevation in theta
coherence, beginning in region 5, was detected regardless of the cued condition (p > .05, t-

tests).
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Figure 35. ACC but not dCA1 theta power was significantly modulated by the presence or absence of a 30cm
barrier. Data are from Rat F. Data are presented as mean £ SEM. In some cases, the SEM was smaller than the
height of the symbol in the plot. In those instances, the error bars were not drawn. n = 350 trials for B1, n = 150
trials for 0% barrier, and n = 150 trials for B2) *p < .05, **p < .005, ***p < .0005, t-tests.

2.4.3 Relationship to running speed

We were concerned that our results may have simply been an artefact of changes in
running speed; indeed, at first glance, the patterns of power and coherence seemed to parallel
changes in speed (Figure 30). However, upon closer inspection, it’s clear that running speed
and LFP power and coherence are not always changing together. For instance, an increase in
running speed occurred in region 4 before the increase in power and coherence was observed
(region 5). Furthermore, while running speed is near zero in the reward region, LFP power
and coherence were elevated. To formally assess the relationship between running speed and
LFP dynamics, we initially conducted correlations (Pearson’s R) between the instantaneous
running speed and instantaneous theta power (4-12Hz) in ACC, VTA, and dCA1,
respectively, across all sessions and all regions of the maze separately for each rat,
considering only instances when rats were moving (e.g. speed > 1). All correlation
coefficients were near zero and none were significant (all r < 1072, all p > .05; see Table 2),

suggesting that speed and LFP power were modulated independently. To further examine the
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relationship between running speed and LFP power under different effort conditions, we
conducted analyses of covariance (ANCOVA) with instantaneous ACC, VTA, or dCAL1 theta
power in the barrier region as the dependent variable, with the corresponding instantaneous
running speed as a covariate, and the presence or absence of the barrier as the independent
variable for all sessions of phase B1 for each animal, separately. Resultant ANCOVAS
revealed a significant relationship between VTA, ACC, and dCAL theta power in the barrier
region and running speed in the barrier region (see Table 3); however, after statistically
controlling for running speed as a covariate, the presence or absence of the barrier remained a
highly significant factor in the ACC and VTA, but not dCA1, LFP power in all rats (all p <
.0005; see Table 4). These results indicate that instantaneous running speed and instantaneous
VTA and ACC theta power are independently modulated by the effort condition, whereas

dCAL1 theta power was dependent on running speed.

Table 2.
Correlations Between Running Speed and LFP Theta (4-12 Hz) Power by Brain Region and Rat.
Rat VTA and Running Speed ACC and Running Speed dCA1 and Running Speed

A 1(16693) =-1.76x10°, p>.05  1(16693) =-1.90x10", p > .05

B 1(96303)=-1.70x10",p>.05  r(96303) = -6.49x10", p > .05

C r(106428) =-1.53 x 10”,p>.05 r(106428) =-6.09 x 10™, p>.05

D r(145577)=2.40x 10°,p>.05 1(145577)=-1.80x 107, p>.05

E r(159581) =4.00x10°, p>.05  r(159581) = 6.4x10”, p> .05

F r(78535) = 3.55x10", p>.05  r(78535) =2.90x10", p > .05
G r(123664) = 5.10x10°,p> .05 1(123664) = 5.8x10°, p > .05

Table 3.
B1 ANCOVA Results for Theta (4-12 Hz) Power and Speed Relationship by Brain Region and Rat.
Rat VTA Theta Power ACC Theta Power dCA1 Theta Power

A Fiiiess= 6.95x10°, p<1.00x10”" Fy g2363= 3.52x10°, p<1.00x10>"

B Flaseeo=4.59x10°, p<1.00x10>" F) 35669= 2.30x10°, p<1.00x10”"

C Frsnsi=2.65x10°, p<1.00x10™" Fy 5051= 6.83x10°, p=1.25x10" "

-200

D Fiaoss1=3.81x10", p<1.00x10™" F, 40881= 7.51x10", p<1.00x10
5 Frysooa= 9.53x10°, p<1.00x10”" Fy 73004= 2.91x10°, p<1.00x10>"
F Fiassss= 2.01x10°, p<1.00x10”" F} g2363= 179.25, p=8.41x10™"

G Fis036= 104.43, p<1.00x10™"

F1.s036= 4.96x10°, p<1.00x107"
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Table 4.
B1 ANCOVA Results for Barrier Presence After Controlling for Run Speed by Brain Region and Rat.
Rat VTA Theta Power ACC Theta Power dCA1 Theta Power

A Fiiiess=9.17, p=2.50x10° F1.$2363= 4.38, p=5.00x10"

B Fisseso= 1.77x10°, p<1.00x10”" F) 35660= 493.64, p=1.26x10""

C Fismsi=2.52x10°, p<1.00x10”" Fy s205= 5.79x10°, p<1.00x10>"

D Fraossi=2.19x10°, p<1.00x10”” F, 4081= 507.99, p=8.38x10" >

E Fi704= 2.05x10°, p<1.00x10°" F) 73004= 169.73, p=9.35x10""

F Fassg= 661.15,p=9.11x10""  F) g2363= 3.43, p>.05

G Fis363= 7.23, p=3.26x10™ Fi g2363= 1.37, p>.05

2.4.4 ACC influence over dCA1 and VTA is modulated by barrier presence

We then used a partial directed coherence (Baccala & Sameshima, 2001) procedure
following Boykin, Khargonekar, Carney, Ogle, & Talathi (2012)’s method to determine if
there was evidence of signal directionality in linearly detrended LFPs recorded
simultaneously from ACC and VTA and ACC and dCAL as the animal passed through the
barrier-containing region (region 6) of the maze. The mean partial directed coherence (PDC)
was calculated in a trial-by-trial manner for each condition for data in the theta range (4-12
Hz). An ANOVA examining the resultant PDC between ACC and VTA in B1 revealed
significant main effects of directionality (F1,1194= 719.45, p = 2.01 x 10'?%) and barrier
condition (F1,1104 = 121.57, p = 5.46 x 10°?") as well as a significant directionality x barrier
interaction effect on ACC-VTA theta PDC responses (F11194 = 151.02, p = 9.03 x 10°%; see
Figure 36A; see Table 5 for data from all rats). An ANOVA considering B2 returned nearly
identical results (see Table 6). This interaction is a result of ACC - VTA PDC being higher
when the barrier was absent and decreasing in barrier trials while VTA->ACC PDC remained
low and unchanging across conditions. Similarly, an ANOVA examining PDC between ACC
and dCAL1 across all trials and conditions revealed significant main effects of directionality
(F11797 = 207.32, p = 5.3 x 10"*) and barrier presence (F1,1797 = 233.09, p = 1.43 x 10°) as
well as a significant directionality x barrier interaction effect on ACC-dCALl theta PDC
responses (F11797 = 35.69, p = 2.78 x 10°; see Figure 36B; Tables 4 and 5). This interaction
was a result of dCA1->ACC PDC decreasing to a greater degree when the barrier was present
compared to ACC—>dCAL PDC. To verify the integrity of our PDC modelling, we scrambled
the recorded signals from both ACC and VTA and conducted the trial-by-trial PDC analysis
again. In every case the mean of the permutate