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Abstract

Hippocampal sharp wave-ripple (SWR) associated sequence activity, commonly referred to as replay, has
generally been thought of as mediating the transfer of recent experience into the neocortex. However, a
number of recent studies have shown that the content of sequences is not limited to recent experience. To
investigate whether internally generated stimuli, such as appetitive motivational states, affect the content of
SWR-associated spiking activity, we recorded from ensembles of CA1 place cells while rats were performing
a motivational shift task on a simple T-maze. Rats were food restricted or water restricted on alternating
days and trained to make a left turn for food and right turn for water. We found that SWR-associated spiking
activity recorded prior to task performance was correlated with motivational state and overall behavioural
choices, suggesting that it also mediates retrieval of past behavioural episodes to facilitate planning for

motivationally relevant outcomes.
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1. Introduction

1.1 The Hippocampus

The hippocampal formation is an ancient system of brain structures found in most tetrapods (Striedter, 2005).
In humans, monkeys, and rats, the hippocampus is important for the rapid acquisition and storage of new
information and learned associations. In rats especially, the hippocampus is studied for its role in spatial
memory, navigation, and object recognition. Pathologically, the hippocampus is often the site of epileptoge-

nesis and is also an early player in some neurodegenerative diseases such as Alzheimer’s.

Early ideas of hippocampal function posited that it was an important memory system (Scoville and
Milner, 1957) and contained a cognitive map (O’Keefe and Nadel, 1978). The cognitive map theory was
based on an observation that a subset of CA1' pyramidal cells were receptive to a rat’s location in space
(O’Keefe and Dostrovsky, 1971). Such place cells have since become one of the most extensively studied
neurons of the hippocampus. Although the hippocampus is crucial in spatial memory, rodent place cell firing
patterns do not support the idea that it functions as a literal coordinate system (Wood et al., 2000; Dupret
et al., 2010; Hollup et al., 2011; MacDonald et al., 2011), or that it encodes spatial information exclusively
(O’Keefe and Dostrovsky, 1971; Ranck, 1973; Eichenbaum et al., 1999). Many studies have found that in ad-
dition to spatial dimensions, the rodent hippocampus also encodes at least three other dimensions (reviewed
in Shapiro, 2015) including time (Eichenbaum, 2014), motivation (Moita et al., 2004, 2003; Kennedy and
Shapiro, 2009) and strategy (Ferbinteanu and Shapiro, 2003; Ferbinteau et al., 2011), as well as additional

stimuli such as odors, textures, and object locations.

' A hippocampal subfield.



1.2 Place Cells and Spatial Encoding

The principal cells of the rodent hippocampus are pyramidal neurons that primarily activate in response to
spatial location. Studied extensively in the last four decades as a neural substrate for learning and memory,
pyramidal cells encode and store episodes of experience in the hippocampal “memory space” 2(Eichenbaum
et al., 1999; Eichenbaum and Cohen, 2014). Many hippocampal pyramidal neurons fire more action po-
tentials in certain locations within an environment, hence their common name: place cells®. The preferred
location of firing is known as a place field (Figure 1.1), which is experimentally derived from the tuning
curve. For place cells, tuning curves are generated from firing rate maps that form a roughly Gaussian distri-
bution along a two-dimensional horizontal plane*. En masse, place fields cover the environment, but not in
a uniform or repeating pattern, and overlaps often occur. Place fields take on a variety of sizes, shapes, and
behaviours depending on factors such as recording area (CA1 vs CA3), and environmental characteristics

(linear track or open platform)(O’Keefe, 2007; Spruston and McBain, 2007).

Place figjqq

Figure 1.1: Place fields. Top: coloured circles represent place fields along a spatial trajectory. Bottom: The cyan cell increases its
firing rate when the animal is inside of the receptive field. This is represented here as a firing rate map with warm colors indicating

higher firing rates.

>The memory space concept proposes that the hippocampus stores associations between any ethologically relevant dimen-

sions/stimuli experienced in the internal and external environments (Eichenbaum et al., 1999).
But it remains to be determined whether place cells are hiring action potentials to replace the ones they are firing.

“Likely owing to the rat’s evolutionary history of occupying ground space rather than, say, a three-dimensional air space like
bats, which have volumetric place fields (Yartsev and Ulanovskyi, 2013) their place cells fire in columns through a helical runway

rather than having unique fields at different elevations (Hayman et al., 2011).



When a rat is actively engaging with its environment, place cells encode many types of stimuli
within the environment, such as objects (Larkin et al., 2014), odors (Farovik et al., 2010), and textures
(Shapiro et al., 1997). Place cells also encode associations within the environment such as place-fear asso-
ciations (Moita et al., 2003), and the hippocampus is required for odor-place associations (Tse et al., 2007).
The most salient feature that place cells encode is the rat’s current location. In fact, if the sample size of
recorded neurons is large enough, decoding algorithms can be applied to estimate the animal’s actual lo-
cation in space based on the population activity seen during previous behavioural episodes (Zhang et al.,
1998). This strongly suggests that the hippocampus uses place cell activity to encode location. If place cell
activity forms the basis of episodic-like memory in rats, we may be able to sample place cells and find—in
their observed electrical activity—what may emerge as a memory within the brain. This is often implicit in
studies of a phenomenon known as awake replay (described in more detail in upcoming sections), which is
speculatively equated to recall of episodic memory in humans. In rats, it is probably more appropriate to
think of it as the reinstantiation of past experiences, but some researchers may go further and refer to it as
episodic-like memory when talking about animals. Briefly, replay manifests as non-local (extrafield) firing
of place cells from a previously experienced trajectory, usually while the rat is stationary or quiescent. The
animal is not present in the cells’ receptive fields while this is occurring, yet the place cells are firing as if
the rat was actually running within the environment, albeit at a much faster timescale. In fact, the speed of
replay may be up to 20 times faster than the activity seen during the actual experience (Diba and Buzsaki,
2007; Foster and Wilson, 2006; Karlsson and Frank, 2009; Lee and McNaughton, 2002). Replays can occur
in the same direction (forward replays) or opposite direction (reverse replays) as the original experience. The

concept of a forward replay and how it relates to the original experience is illustrated in Figure 1.2.
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Figure 1.2: Forward replay. Spiking activity of neurons before (rest 1), during (run) and after (rest 2) one lap on a linear track. The
direction of travel and relative spacing of place fields, as well as which segment of time represents traversal, is shown above. Each
row of coloured tickmarks represents the spikes emitted by different place cells. The spikes displayed in the center represent place
cell in-field activity during physical traversal of the track. During the rest periods before and after traversal, there is rapid place cell
reactivation mimicking the place field order on the track. These replay events occur during awake sharp wave-ripple complexes.

Note the rapid timescale of replay events as compared to the actual experience.

1.3 Hippocampal Anatomy and Circuitry: Place Cells Receive Highly Pro-

cessed, Multimodal Sensory Inputs

As mentioned previously, place cells are located throughout the hippocampus, which is part of a larger
system of structures known as the hippocampal formation. The hippocampal formation is phylogenetically
ancient. Its morphology, connectivity and location within the brain are not conserved across species’, even

within mammals (Striedter, 2005). Thus, caution must be exercised when making inferences about human

brains based on rodent data since differences in connectivity may reflect differences in functionality.

There is not a consensus as to which structures comprise the hippocampal formation in mammals,

Salthough what constitutes “conserved” is variously interpreted in some rodent papers.
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but the dentate gyrus, hippocampus, subiculum and entorhinal cortex are generally included (Amaral and
Lavenex, 2007). The hippocampus proper is subdivided into fields CA1, CA2, and CA3. Field CA1 is most
easily accessed in the dorsal hippocampus of the rat, and its principal cell layer—stratum pyramidale—is a
common target for electrophysiological recordings. The sharp wave-ripple complexes recorded from CA1l
likely arise in CA3 (Buzsaki, 1986; Csicsvari et al., 2000). Unlike neocortical regions, which often con-
tain reciprocal axonal projections, the hippocampal formation is predominantly unidirectional (Amaral and
Lavenex, 2007). The vast majority of connections to the hippocampus occur with the entorhinal cortex®,
which is somewhat colloquially known as the gateway between the neocortex and the hippocampal forma-
tion. The rodent entorhinal cortex receives highly processed, multimodal sensory input from a number of
cortical brain structures, which it then processes and sends to the hippocampus and dentate gyrus. The
hippocampus, in turn, processes this information, and projects back to the entorhinal cortex which relays
information to neocortical areas (Amaral and Lavenex, 2007). However, the hippocampus does send direct
projections to areas important in executive functions, such as the medial prefront cortex which is involved
in decision making (Griffin, 2015). Through recording from CA1, we can sample the convergence of multi-
modal information pertaining to memory that is sent to downstream structures after being processed by the

hippocampus.

1.4 Place Cells Also Encode Internally Generated Stimuli

Many studies have focused on the external—mainly spatial—encoding properties of the hippocampus. How-
ever, the hippocampus also encodes internally generated stimuli, such as fear and appetitive motivational
states. Moita et al. (2004) found that the locations of some place cell firing fields were altered when rats
underwent contextual fear conditioning, suggesting that internal states affect hippocampal representations of
the external environment. However, more relevant to the topic of this thesis is place-cell encoding of appet-
itive motivational states. It has been demonstrated that the hippocampus is required for contextual memory

retrieval in food-restricted and water-restricted rats performing a non-spatial memory task (Kennedy and

The medial portion of the entorhinal cortex contains grid cells which are spatially selective: each cell fires maximally at the

vertices of a hexagonal grid, and thus has multiple receptive fields (Moser et al., 2008).



Shapiro, 2004). The task took place on a trident maze consisting of a common central arm and a choice
point forking into three arms with different outcomes: food, water, or no reward, each hidden inside of a
visually distinct goal box. The locations of each reward outcome varied from trial to trial. The rat had to
choose which goal box to approach depending on its appetitive motivational state. Hippocampus lesioned
rats were significantly impaired at approaching the restricted substance as compared to controls. Thus, the

hippocampus is required for retrieval of memories pertaining to a motivationally relevant outcome.

In a follow-up experiment, the same researchers recorded from place cells while rats were per-
forming the task. Since the locations of the goal boxes changed from trial to trial, the researchers were able
to dissociate spatial and motivation-related place cell activity as rats traversed the track. They found that
only 11% could be classified as true place cells, while 24% were firing in response to either hunger or thirst
motivational states. The remaining 65% of cells had varying responses (in the form of different preferred
locations or different firing rates) that were not clearly belonging to spatial or motivational categories exclu-
sively. Some cells exhibited prospective in-field firing on the central arm of the track, meaning they were
predictive of the rat’s destination in one of the three goal arms. The firing properties of the same population
of place cells were comparatively unaffected by a hippocampus-independent random foraging task, suggest-
ing that the memory demands of the trident maze task elicited motivation-dependent coding. The authors
conclude that place cell representations are affected by internal motivational states when memory retrieval
is required to plan for actions in the environment (Kennedy and Shapiro, 2009). It is currently unknown

whether place cells that encode motivation also participate in replays.

1.5 Consolidation, Learning, and SWR-Associated Spiking Activity

Consolidation Consolidation is the process by which new information is integrated into existing memory
networks. Consolidation of declarative memories is believed to follow a two-stage process beginning with
initial encoding and storage of newly acquired information in the hippocampus, followed by redistribution
and stabilization in cortical networks for more permanent storage sometime later (Frankland and Bontempi,

2005; Born and Wilhelm, 2012). This is known as system consolidation and is proposed to occur primarily



during sleep when ensembles of hippocampal neurons (Lee and McNaughton, 2002; Louie and McNaughton,
2001; Wilson and McNaughton, 1994) and cortical neurons (Euston et al., 2007; Qin et al., 1997) reactivate
according to prior experience; another type, synaptic consolidation, is proposed to occur during exploratory
or wakeful states and functions to strengthen the connections between recently active neurons (Born and

Wilhelm, 2012; Dudai, 2004).

As previously introduced, replay 7 is a phenomenon of cell assemblies commonly observed in the
hippocampus. Replay events are often the focus of experiments that study consolidation and spatial naviga-
tion in rodents. They occur during a local field potential oscillation known sharp wave-ripples (SWR), which
last for 30 to 120 milliseconds and have high power in the 150-250 Hz ripple band (Buzsaki, 1986). Re-
plays consist of sequences of spikes that occur in a temporal order reminiscent of prior behavioural episodes.
SWRs are most common during slow wave sleep, followed by motionless waking behaviours (Buzsaki,
1986). Thus, it is of no surprise that some of the earliest studies of replay established that it was involved
in consolidation of new experiences in the hippocampal memory network. Experience-dependent increases
in place cell firing during subsequent sleep episodes (Pavlides and Winson, 1989; Wilson and McNaughton,
1994), point to hippocampal involvment in consolidative memory processing. Place cells that were coactive
during spatial exploration were also coactive during subsequent sleep episodes (Wilson and McNaughton,
1994), and the temporal order during experience was preserved during sleep reactivation (Louie and Mc-
Naughton, 2001; Skaggs and McNaughton, 1996). Studies that disrupted SWRs during sleep found im-
pairments in performance on spatial learning tasks, implicating SWRs and replay in long-term (or system)

memory consolidation (Girardeau et al., 2009; Ego-Stengel and Wilson, 2010).

Learning Replay events occur more often after exposure to new environments or after learning new as-
sociations, and decrease in prevalence with experience (Foster and Wilson, 2006; Diba and Buzsaki, 2007;
Singer and Frank, 2009; Carr et al., 2011), highlighting the importance of the hippocampus in acquisition

and storage of novel information. This observation is also supported by coactivation in that novelty increases

7As discussed in an upcoming section, not all events traditionally called “replay” are strict recollections of past experience.

However, we will still adopt this term to remain consistent across the existing literature.



the coordination of place cells during the initial stages of learning (Cheng and Frank, 2008). As reviewed in
Yu and Frank (2014) awake replays during the task could also be important for spatial learning and consoli-
dation (and memory retrieval, discussed in more detail later), since they are most common at choice points,
during behavioural pauses, and at reward sites (Karlsson and Frank, 2009; Davidson et al., 2009; Singer and
Frank, 2009; Diba and Buzsaki, 2007). In support of this idea, experiments that disrupted SWRs in awake
rats resulted in impairments on spatial navigation tasks (Jadhav et al., 2012), either because this interfered

with short-term memory storage or with memory retrieval.

Place cell reactivation does not always occur in the same temporal order as the experience. Reverse
replay—which represents the reverse trajectory—preferentially occurs after the first traversal of a track when
the animal has paused to consume a reward 8 (Diba and Buzsaki, 2007; Carr et al., 2011) and occurs even
when the reverse trajectory has never actually been experienced (Gupta et al., 2010). It may function in
linking reward outcome to previous behaviour (Foster and Wilson, 2006; Carr et al., 2011), and is proposed
to result from a remnant dopamine signal in recently active neurons, making them temporarily more excitable
(Foster and Wilson, 2006), and also explaining the lack of reverse replay during sleep (Lee and Wilson,

2002).

As previously discussed, place cells encode and store memories of spatial experience, re-expressing
them during subsequent wakeful and sleep episodes in patterns that follow a similar temporal order. However,
recent studies have added additional insights into the function of SWR-associated hippocampal sequences.
Namely, that they may also be involved in retrieval of past memory traces and expression of anticipated

future trajectories.

8Reverse replay can be distinguished from forward replay in the opposite direction by considering replays containing cells
that fire unidirectionally; such unidirectional place cells are common on linear tracks, resulting in different sequences for opposite

heading directions (Lee and Wilson, 2002; Foster and Wilson, 2006).



1.6 Beyond Consolidation: Additional Insights into the Function of SWR-

Associated Spiking Activity

Experience Alone Does Not Account for All Cases of Replay

Although it is true that the frequency of SWRs increases after exposure to an environment, and that they
are more prevalent in new environments, it does not appear that experience is the sole correlate of non-local
place cell activity. It has been observed that awake replay does not reflect the immediately previous trajec-
tory experienced by rats, suggesting that replay does not reflect recentness of experience during shorter time
intervals (Gupta et al., 2010). The same researchers found that replay of recent trajectories was as prevalent
as replay of non-recent trajectories, and proposed that the content of replay might be independent of experi-
ence. Furthermore, earlier research found that awake remote replay of a prior, same-day environment was as
common as local replay of a different, current environment (Karlsson and Frank, 2009). Thus, the relation-
ship between replay and experience is complicated. Indeed, in addition to its role in memory consolidation,

replay may serve a more active function in navigation and could even be goal-directed, at least sometimes.

Retrieval and Planning

In addition to playing a role in consolidation, recent studies have found that SWR-associated sequences
may also be important for memory retrieval and planning. Singer et al. (2013) found that the degree of
coordinated place cell activity during SWRs predicted future correct choices, implicating SWR-associated
spiking in planning. This task required food-motivated rats to alternate which arm they approached on a
W-track. Upon leaving the central arm, rats had to recall which arm they had most recently visited and
choose the opposite arm. During the initial phase of learning, place cell coactivation was related to correct
performance, however this declined as rats became more familiar with the task. This study suggests that
SWR-associated coactivity is important both for learning new hippocampus-dependent spatial tasks and for

retrieving records of prior experience in order to select or plan the next route.



Pfeiffer and Foster (2013) found that replay-like events were predictive of a rat’s future goal-
directed route, whether he was foraging for a reward or returning to a home base on a two-dimensional open
platform. The researchers recorded from very large neural ensembles, up to 250 units simultaneously, while
rats performed a hippocampus-dependent spatial memory task that involved foraging for rewards in hidden
wells of a platform. After foraging for a reward hidden in a random location, the rat could reliably find a
reward at a home base. SWR-associated sequences encoded trajectories that approximated the path between
the rat’s current location at a random well and his future destination at the home well. In fact, the trajectories
resembled the future path more than they reflected the past path, supporting the findings by Gupta et al.

(2010) that recent experience does not account for all cases of replay.

Gupta et al. (2010) also found that memory retrieval might also result in the creation of short-
cuts: one rat was able to link trajectories that occurred over different behavioural episodes into a new tra-
jectory spanning the track between two reward sites. Thus, replay-like events may be more than literal
recall of episodic memories. In summary, the research presented above has established that awake, local
SWR-associated spiking activity can be identified as prospective (in the form of replays or co-ordinated pair

activity) in some cases while a rat is performing hippocampus-dependent spatial memory tasks.

10



2. Research Question, Overview, and Summary of

Previous Findings

Question: Do appetitive motivational states affect the content of non-local hippocampal sequences?

In the previous section we discussed important research findings relating to 1. place cells encoding
non-spatial dimensions including internal motivational states, and 2. non-consolidative correlates of place
cell activity, namely prospective non-local sequence activity. To date, no research has investigated the union

of these two findings: whether motivational states influence the content non-local sequence activity.

To summarize relevant findings from previous research, Kennedy and Shapiro (2009) found that
the rat hippocampus represents space differently depending on internal motivational state: whether the sub-
ject is seeking out a food or water reward. In the authors’ words, “hippocampal representations encode
the relationships between internal states, the external environment, and action to provide a mechanism by
which motivation and memory are coordinated to guide behavior.” (Kennedy and Shapiro, 2009). With ref-
erence to prospection, two groups of researchers found that hippocampal representations can be predictive
of future trajectories in food-motivated rats. The first group, Singer and colleagues (2013), examined SWR-
associated coactivation (or co-occurrence) of place cells while rats were performing a spatial alternation
task and found that these representations were predictive of future correct arm choices. The second group,
Pfeiffer and Foster (2013), examined SWR-associated sequence activity (commonly called replays) while
food-motivated rats were performing a goal-directed foraging task and found that these sequences approx-

imated future trajectories more than past trajectories. Therefore, we have evidence that hippocampal place

11



cells encode motivational states (albeit in-field) for food- and water-motivated rats, as well as future trajec-
tories for food-motivated rats. However, it remains to be determined whether place cells explicitly encode

non-local, motivationally relevant representations where alternatives (food and water) are present.

To investigate whether internally generated stimuli, such as appetitive motivational states, affect
the content of SWR-associated spiking activity, we recorded from ensembles of CA1 place cells while rats
were performing a motivational shift task on a simple T-maze. Unlike Kennedy and Shapiro (2009), who
investigated local, in-field activity and required constantly alternating reward locations to dissociate spatial
and motivational dimensions, an experiment such as this one requires a consistent and predictable reward
location so that rats can plan their trajectories ahead of time. In this experiment, rats were food-restricted
or water-restricted on alternating days and trained to make a left turn for food and right turn for water. At
the beginning of each experimental session, it had been approximately 20 hours since the rat was last on
the track. During an initial wait period, we recorded place cell spiking activity that may correspond to
prospective reactivation in the form of cell-pair coactivity or full-fledged replay events. The key measures
for assessing the content of the spiking activity are therefore 1. Z-score co-occurrence, to test if the joint
firing probability of left-only or right-only cell pairs is greater than chance, and 2. sequence analysis, to

determine if spiking activity is significantly ordered and corresponds to left or right trajectories on the track.
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3. Important Terminology

In systems and behavioural neuroscience, the language can become quite dense and pedantic. Here we will
explicitly state the hierarchy of terminology specifically as it relates to categories of spiking activity and lo-
cal field potential (LFP) oscillations used in the literature (see Figure 3.1). Firstly, the hippocampus receives
highly processed multimodal sensory information, and it generates representations based on this incoming
information. When a rat’s hippocampus is representing stimuli that are currently occurring, we say that the
place cells are exhibiting local or in-field activity; on the other hand, when his hippocampus is represent-
ing past stimuli we say that his place cells are exhibiting non-local or out-of-field activity. Obviously, to
determine whether the rat is exhibiting local or non-local representations we have to 1. record the current
activity of his neurons, 2. know his current location, and 3. have stores of past neural activity and how it was

correlated to his behaviour and environment at that time.

We record two types of neural activity: 1. the summed electrical activity of all neurons within the
vicinity of a recording electrode, known as the local field potential (LFP), which consists of time vs voltage
data, and 2. action potentials, or spikes, which are above-threshold voltages in the LFP represented as single
points in time. When place cells spike non-locally, such as during consolidation or retrieval, we consider
them to be internally generated sequences (IGS) (Pezzulo et al., 2014) because there is not necessarily a
direct external stimulus eliciting this response. We often describe IGSs from a spiking perspective and from
a LFP perspective combined. For example, we may talk about theta sequences, which are temporally ordered
spike sequences that occur during theta oscillations in the LFP, or we may talk about another category known
as offline sequential activity (OSA) (Buhry et al., 2011) which includes spikes associated with high frequency

(150-250 Hz) oscillations in the LFP. These are further divided into high frequency, high amplitude oscil-
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lations in the LFP—also known as sharp wave-ripples (SWRs)—as well as high frequency, low amplitude
oscillations. Both of these (high amplitude and low amplitude oscillations) are referred to as high frequency
events (HFEs) in this thesis' and both can contain sequences commonly referred to as replay events. High
amplitude HFEs (or SWRs) are extracted using a higher detection threshold, whereas low amplitude HFEs
are extracted using a lower detection threshold. Since we use a lower detection threshold, as described in
the methods section, our detected events are referred to as HFEs rather than SWRs. Lastly, when we are
speaking of the segments of data that will be analyzed for non-local representations, or the candidate events,
these consist of spiking data that is associated with HFEs in the LFP (i.e. only the spike portion is being

analyzed). However, for all intents and purposes, HFEs and candidate events can be considered synonymous.

'The terminology for HFE was adopted from Cheng and Frank, (2008).
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Figure 3.1: Hierarchy of spiking terminology. Place cells spike together as a population, or as ensembles. Ensemble activity
is broadly divided into two forms: in-field activity and out-of-field activity (aka internally generated sequences, or IGS). IGS can
be further divided into theta sequences which are associated with theta oscillations (and which are not necessarly sharply divided
from in-field activity), and offline sequential activity (OSA) which is associated with 150-250 Hz oscillations. OSA, which is a
term centered around spiking activity, can be referred to as high frequency events (HFE) with reference to the local field potential.
HFEs can be high amplitude, such as SWRs, or low amplitude. Common terms for significantly ordered HFE-associated OSA
include replay (forward, reverse) and preplay, as well as less common terms such as trajectory events or whatever best describes the

correlates.
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4. Methods

4.1 Experimental Procedures

All procedures were performed in accordance with the Canadian Council for Animal Care’s policy on the
treatment of experimental animals, and were approved by the University of Waterloo’s Animal Care Com-

mittee, protocol #11-06.

4.1.1 Subjects

Three male Long-Evans rats (Charles River Laboratories and Harlan Laboratories) at least 6 months old
were implanted (R042, R044, R050). They were kept in a temperature-controlled environment on a non-
reversed, 12-h light-dark cycle. They were housed with two other littermates and provided with ad libitum
food (Harlan rodent diet 8640, Teklad Laboratory Diets) until they reached an adult weight of 400 g, after
which they were housed separately and maintained on 18 g of food per day. Water was freely available.
Rats were pre-handled one week to one month before training began in order to increase familiarity with the
researcher. Rats weighed 439-489 g when training began. During experimentation, rats were food or water

restricted to no less than 90% of their free-feeding body weight to encourage performance on the task.

16



4.1.2 Experimental Environment and Behavioural Apparatus

Experiments took place in a windowless room containing a T-maze with associated feeder and water re-
ward systems (Figure 4.1), various supplies, and recording hardware. The behavioural task took place on a
wooden, raised, bent-arm T-maze painted black (track dimensions can be found in Figure 4.2). The left arm
was painted with thick white stripes for visual distinctiveness from the right arm. The end of the left arm was
equipped with a food receptacle attached to a feeder that dispensed 5 food pellets (Test Diet STUL, 45 mg
each) per approach; the right arm was equipped with a water reservoir attached to a valve that dispensed 0.13
g of 6% sucrose water per approach. Reward dispensing was controlled automatically by a custom written
program and triggered when the rat passed a sensor positioned on the corresponding arm. Two movable
towel-covered waiting platforms, one on each side of the maze, were positioned between the central arm
and reward arms. A black curtain on the North side of the room separated the T-maze from the computer
and acquisition system; the remaining walls within the experimental enclosure were exposed. The maze was

oriented to face West for R042 and South for R044 and R050!.

!"The orientation of the maze was changed from West to South so that the experimental enclosure would be more symmetrical

with respect to the goal arms (with the black curtain behind the track rather than on the left side).
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Figure 4.1: Behavioural apparatus. (a) The T-maze (185 cm x 167 cm) and its associated waiting platforms. The feeder can be
seen in the upper left of the image (the water delivery system is partially out of view near the bottom right). The left arm of the track
is painted with white stripes for visual distinctness from the right arm. (b) A close-up of the food receptacle at the end of the end of

the left arm. (c) A close-up of the water receptacle at the end of the right arm.
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