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independent of episodic memory existence (through damage to the 

system, or through lack of ontogeny of episodic memory). For example, 

children can learn the alphabet, or a new word, or the 3 times table, 

however they do not, and have no need to remember the episodic events 

surrounding the moment when they learnt a specific fact. Secondly, the 

model allows for the changes seen in patients with retrograde amnesia 

(loss of memories formed before the amnesic event), where impairment is 

seen in only episodic memory, or only in semantic memory, or both. 

Whereas anterograde amnesia (the loss of the ability to generate new 

memories after the event which caused the amnesia), according to the SPI 

model, cannot occur in semantic memory alone. 

1.2 Models of Episodic Memory  

1.2.1 Testing episodic memory in humans 

Episodic memory was thought to be a uniquely human experience when it 

was first defined by Tulving in 1972. The use of spoken language enables 

humans to communicate freely, and indeed many researchers have 

investigated episodic memory using interview, self-reporting and free 

recall. One such task, known as the method of unconstrained search, 

involves the participant inspecting a word until an association to it is made 

based on a personal memory which is able to be dated (Crovitz and 

Schiffman, 1974) . Another method is the Autobiographical Interview, 

where participants are asked to recall events from five life periods, events 

in which they were personally involved in and for which they have a 
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between scrub jays is competitive, and the individual relies on the fact that 

it is the only one who knows where the food is stored. 

Figure 1.2 Demonstrating episodic-like memory in Scrub Jays (Clayton et 
al. 2003).  By teaching scrub jays that their favourite food, mealworms, degrade 
after 124 hours, Clayton et al demonstrated that the animals can remember what 
food was stored where and when. 

 
Clayton adapted the test above to attempt to prove that animals will in fact 

alter their behaviour in order to benefit them at a future time, and will act in 

a way that is independent to their current needs, desires and feelings. 

Clayton et al. allowed a scrub jay to cache food either in private, or whilst 

being watched by another bird. After 3 hours the birds were then allowed 

back in to the arena where the caching tray was, always in private, and this 

time with a new tray as well as the old tray. If they had been allowed to 

originally cache their food in private, they did not move the food, however 

if they had been observed caching the food, they re-cached the food into 

the new tray (Clayton et al., 2003). This goes some way to demonstrating 

that the birds are able to remember the past, plan for the future and alter 

their behaviour accordingly.  







17 
 

was directed towards the arm which contained the chocolate chow. After 

the short, thirty minute delay rats chose the chocolate arm approximately 

20% of the time (i.e. chance level)(Babb and Crystal, 2005). However, after 

the longer, four hour delay rats chose the arm containing chocolate 

approximately 50% of the time, suggesting that they were able to utilise the 

length of time passed, and their memory of locations and identity of food, 

to make a decision (Babb and Crystal, 2005). However, these results must 

be taken lightly, as although they look promising, the rats received a large 

amount of training (approximately eighty training sessions per rat) which 

was very methodical, and also that the rats had previously been used for 

another behavioural task on the same radial arm maze. This may suggest 

that instead of true episodic-like memory which is trial unique, the rats 

instead possess a long term semantic-like memory for the maze and the 

procedure.  

There have been a wide range of studies conducted which claim to model 

episodic memory by using odour-based tasks. One such study was carried 

out by Veyrac et al. in 2015. This study combined an odour cue with the 

delivery of either sucrose or quinine solutions. The testing arena was 

rectangular in shape with four odour ports. When the rat nose poked at an 

odour port, an odour was delivered and a vacuum system ensured that the 

odour remained confined to the port. A hole in the wall just below the odour 

port allowed the introduction and withdrawal of a drinking pipette, and each 

lick to the pipette triggered the delivery of a calibrated volume of solution. 

The arena could be configured to a number of different contexts using 

different arena floors, a video projector that projected visual patterns onto 
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environmental sounds that they had highly contrasting black and white 

visual patterns for the contexts, and that odour pairs used were easily 

distinguishable by the rats and each had similar preference by the rat when 

allowed to spontaneously explore the odours. However, they state that this 

is a task which requires minimal training, and this is something which could 

be argued against. The protocol is long and requires the rats to be water 

deprived. Furthermore, the presence of a sucrose reward means that the 

episodic memory will have an emotional component and will involve the 

amygdala and does not model the basic what-where-which of episodic 

memory, instead it models a more complex form of reward learning.  

Instead of food storage behaviour like the scrub jays or the study by Bird 

et al, or odour-based tasks like Veyrac et al., many behavioural tasks with 

rats have exploited the fact that rats will spontaneously explore a novel 

aspect of their environment (Ennaceur and Delacour, 1988). These tests 

depend on the fact that a rat can detect a novel object within a familiar 

environment and are usually designed to be simple to use in untrained 

animals. 

In 2006 Kart-Teke et al. attempted to design such a behavioural task for 

rats which included the notoriously difficult temporal component of episodic 

memory. The task requires the rat to integrate both object identity, object 

location and when the object was seen. The protocol requires no training 

or rule learning by the rat, and is not reliant on the use of rewards. The test 

involved three days of habituation to the testing arena (an open field) 

followed by one day of the task consisting of two samples and a test phase. 

Each phase was five minutes with a fifty minute interval between phases. 
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for eight minutes, before being placed back into the testing maze in one of 

the contexts. Due to the fact that rats prefer a novel object over a familiar 

one, if the rat can remember on which side of the maze it saw the objects 

previously, it would select the arm which contains the object it did not see 

in the holding box (ie the least recent and therefore most novel object). The 

fact that in this test phase the objects were not visible from the starting 

position, means that the rats could not solve the task by familiarity and 

instead had to recall the previous episode. This is another example of a 

what-where-which task which relies solely on the innate preference of rats 

for novelty, and requires no reward or aversive stimuli. 

1.3 How powerful are novel object recognition based tasks? 

As has just been discussed, the use of novel object based recognition tasks 

is widespread within neuroscience. However novel object recognition 

(NOR) tasks are subject to a lot of debate about how to perform them. In 

the previous section it was described how small changes to the apparatus 

or protocol can result in an entirely different behavioural response and 

outcome. Therefore this section will focus on some of the issues that must 

be addressed when undertaking a novel object based recognition task.  

1.3.1 The effect of objects used in novel object recognition based tasks 

All laboratories that use NOR based tasks have their own library of objects 

from which to choose. There are no standard objects which all investigators 

use. As such, one must implement a great deal of thought when selecting 

objects to use. In this section I am going to discuss a number of variables 
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understudied, however it is thought to play a role in spatial navigation 

(O'Mara et al., 2009). 

Pre- and para subiculum 

In regards to cytoarchitecture, the pre and parasubiculum are more similar 

to the EC than to the hippocampus. The hippocampus proper is allocortex 

with three layers, whereas the EC is multilaminate typically having six 

layers similar to neocortex. Both presubiculum and parasubiculum receive 

inputs from the subiculum, however neither region receives direct inputs 

from the hippocampus, in contrast to the subiculum. 

Perirhinal and post-rhinal cortices 

The perirhinal and postrhinal cortices are part of the cortical region that 

surround the hippocampal formation, lying adjacent to the hippocampus 

within the temporal lobe. These cortices receive sensory information from 

the visual, olfactory and somato-sensory cortices, and the connectivity 

within these areas is complex. This connectitivy can be segregated into two 

loops; perirhinal-LEC-hippocampus and postrhinal-MEC-hippocampus. 

The first of these loops involves projections from the perirhinal cortex to the 

LEC, which then projects to the CA1-subiculum junction as part of the 

perforant pathway. The second of these loops has projections orininating 

in the postrhinal cortex which project to the MEC, again projecting to the 

CA1 via the performant pathway.  

1.4.4 The amygdala and its connections with the hippocampus 

As is the case with the hippocampus, the amygdala is a complex structure 

consisting of a number of distinct nuclei, resulting in it sometimes being 
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testes continue to develop with testosterone levels peaking at p70 before 

falling to adult levels 

1.5.2 Puberty, adolescence and the brain 

Puberty is the period of life in which an individual becomes capable of 

sexually reproducing, whereas adolescence is the time between childhood 

and adulthood, including puberty, but also cognitive, social and emotional 

maturation (Sisk and Zehr, 2005). Puberty is marked by the increase in 

secretion of gonadal steroid hormones, whereas adolescence is marked 

by a remodelling of cortical and limbic systems, which in turn leads to adult-

like cognition, social behaviours and decision making (Sisk and Zehr, 

2005). This remodelling of the adolescent brain is accomplished by a 

number of mechanisms, many of which are also responsible for the 

development of functional neural circuits in early brain development. These 

mechanisms include neurogenesis (Pinos et al., 2001), apoptosis (Nunez 

et al., 2001), growth of axonal projections and axon sprouting (Benes et 

al., 2000, Cunningham et al., 2002) and dendritic elaboration and 

retractions (Goldstein et al., 1990, Meyer et al., 1978), These structural 

changes are sex and brain region specific, and are influenced by a number 

of pubertal hormones.  

1.5.3 Neurotransmitter system changes during rat development 

N-methyl-D-aspartate (NMDA) receptors are the classic learning and 

memory receptors (Riedel et al., 2003). NMDA receptors are activated by 

glutamate, and play a key role in hippocampal long term potentiation (LTP), 

hypothesised to be the cellular correlate of learning and memory (Lynch, 
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2004). NMDA receptor number peaks in early adolescence (p21) followed 

by a loss of one third of receptors by p60 (Insel et al., 1990) This pruning 

leads to a reduction of excitatory glutamatergic input into the nucleus 

accumbens (Frantz and Van Hartesveldt, 1999).  

Dopaminergic transmission is thought to contribute to reward and attention, 

amongst other things and these are critical behaviours during the 

adolescent period. The remodelling of the dopaminergic system varies 

between brain region and between receptor subtypes. Dopamine receptors 

D1, D2 and D4 in the frontal cortex and the hippocampus rise steadily to 

adult levels from p7 to p60 (Tarazi and Baldessarini, 2000),  D1 and D2 

dopamine receptors are initially overexpressed in the striatum during early 

adolescence which are then pruned later in adolescence (peak levels at 

p40 then decreasing until p80 for D2 receptors and p100 for D1 receptors) 

(Teicher et al., 1995, Andersen et al., 2000). In the nucleus accumbens 

dopamine receptor levels rise from the beginning of puberty (p28) and peak 

at p40, however the number of receptors does not decrease after this and 

remain at the same level into adulthood (Teicher et al., 1995).  

1.5.4 Physical and electrophysiological changes in the rat brain during 

development 

Longitudinal MRI studies of male Wister rats between p21 and six months 

characterised that cortical thickness reaches final value at one month, 

whilst the volume of the cortex, striatum and whole brain continue to 

increase up until two months of age (Mengler et al., 2014). Myelin 

accumulation is pronounced until three months of age, however after this 
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at any age, and were just exposed to phases two and three of the paradigm 

on p25 and 25 (-/24/25), and these rats demonstrated no freezing 

behaviour, showing that the pre-exposure to the context is required for 

learning and that immediate shock does not support contextual fear 

conditioning in the absence of contextual pre-exposure. A final control was 

used to assess if the p17 rats were performing the task in a hippocampus-

independent manner. This experiment showed that hippocampus lesioned 

animals failed to exhibit freezing in phase three when tested at 17/24/25.  

The authors suggest that this demonstrates that rats exposed to an 

environment on p17 were able to form and maintain a memory of the 

contextual information, but are unable to integrate this contextual 

information with the fear-inducing stimulus they received on p24. One can 

think of this as an inability to associate the fear memory with the contextual 

memory and they hypothesised that this demonstrates that a functional 

connection between the hippocampus and the amygdala has not 

developed until p23-24.  

This paper adds to a growing body of literature that suggests that rats 

around p16-18 are able to encode and store contextual information but are 

as yet unable to retrieve that information  (Gershman et al., 2010, Yap and 

Richardson, 2005, Yap and Richardson, 2007) 

1.5.6 Development of spatial firing in the hippocampus of rats 

In the adult brain, the hippocampus and entorhinal cortex are key 

components of the neurological network representing space and 

orientation. Within this hippocampal-parahippocampal circuit, there are 
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hippocampus continues to develop well beyond the early years of 

childhood, with evidence that while the overall hippocampal volume 

remains relatively stable, the anterior hippocampus loses mass and the 

posterior hippocampus gains mass between the ages of four and twenty 

five (Gogtay et al., 2006). It is thought that this is due to synaptic pruning 

in the anterior hippocampus and neurogenesis or myelination in the 

posterior hippocampus (Ghetti and Bunge, 2012). In a fMRI study looking 

at the differences in activation between anterior and posterior 

hippocampus during an episodic memory task, it was found that in adults 

there was an increase in activation of the left anterior hippocampus during 

an episodic memory task. Eight to eleven year olds did not show this 

activation, whereas fourteen year olds showed the same pattern as adults 

(Ghetti and Bunge, 2012), causing the authors to hypothesise that anterior 

hippocampus becomes functionally specialised for episodic memory 

around this age.    

1.7 Modelling the ontogeny of episodic memory in rodents.  

Animal models of behaviour are invaluable to the scientific community. 

They provide a valuable tool for investigating the neural basis of behaviour 

and disease. An animal model of memory ontogeny would be useful in 

understanding how memory develops during childhood, and what the 

neural basis is of this development. Furthermore, once it is understood how 

memory develops in infancy, it could possibly provide an understanding of 

how memory declines in non-pathological age related memory loss.  



54 
 

This thesis aims to develop a behavioural model of memory development 

in rats which can be used in a short time window to enable testing at precise 

time points. This behavioural protocol will utilise novel object recognition 

based tasks, tested at a number of ages from post weaning to adulthood. 

Furthermore, it will use immunohistochemistry to understand the 

anatomical locus of the development of episodic memory in juvenile rats. 

 

Figure 1.8 Key anatomical brain development time points. Comparisons 
between human and rodent (Semple et al., 2013) 

 



55 
  

 

Chapter Two 

A longitudinal study of the physical 

development of a litter of Lister Hooded 

rats. 
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2.1 Introduction 

Within the current literature there is a lack of information about the postnatal 

growth of rats. Charles River Laboratories have an average growth curve for 

Lister Hooded rats published on their website (Figure 2.1), however this only 

starts from 3 weeks of age therefore pre-weaning growth is not shown. 

 

Figure 2.1 Charles River Laboratories growth curve for a Lister Hooded rat. 
(Charles River Laboratories) 
 
As this thesis is focused on understanding the normal development of the 

Lister Hooded rat, it is imperative that the basic growth is understood. The 

breeding conditions used throughout all experiments within this thesis were 

kept constant and therefore by understanding the growth of a typical litter, it 

can be assumed that all litters follow the same trends. Litters were culled to 
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2.3 Results 

2.3.1 Growth curve 

Figure 2.2 Mean weights of rats across 60 days from birth in a litter of eight rats. Error bars represent SEM 
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Figure 2.3 Cumulative percentage change across 60 days from birth in a litter of eight rats. Percentage change was calculate d 
between each day and the previous day. Error bars represent SEM.
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2.3.2 Statistical analysis 

A repeated measures ANOVA was carried out on the raw weights as shown 

in figure 2.2 with sex as between subjects factor and day as within subjects 

factor. There was a significant effect of day (F(59,354) = 3122.73, p<0.05), a 

significant effect of sex (F(1,6) = 4908.36, p<0.05) and a significant interaction 

between day and sex (F(59,354) =133.99, p<0.05). 

A repeated measures ANOVA was carried out on the cumulative percentage 

change as shown in figure 2.3. with sex as between subjects factor and day 

as within subjects factor. There effect of day was approaching significance 

(F(58,348) =1.360, p = 0.051), no significant effect of sex (F(1,6) = 1.398, p>0.05) 

and an interaction between day and sex approaching significance (F(58,348) = 

1.359, p = 0.051). 
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2.3.3 Photographic documentation of growth 

p1 

Figure 2.4 Lister hooded rats aged p1. Eyes and ears are closed. The skin is 
translucent and milk can be seen in the stomach. 
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p4 

Figure 2.5 Lister hooded rats aged p4. Ears and eyes are still closed however the 
skin has thickened and the black markings are now visible. 
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p7 

Figure 2.6 Lister hooded rat aged p7. The rats have gained weight and grown in 
length, the ears have started to open. 
 
  














































































































































































































































































































































































