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Abstract 

 
 

Alzheimer’s disease is associated with aging and is characterised by a progressive 

cognitive decline.  Its onset in women coincides with the abrupt depletion of ovarian 

steroids prompting the investigation of utilising oestrogen replacement therapy as 

restoration or a preventative measure.  Gonadal steroids have also recently been 

implicated in other disease states, particularly schizophrenia.  In addition to the 

cognitive decline, sufferers of Alzheimer’s disease and schizophrenia display anxiety 

related behaviour which gonadal steroids have also been shown to ameliorate.  In this 

thesis several paradigms were used to investigate the effects of oestradiol benzoate 

(EB) on cognition and anxiety, utilising the NMDA receptor antagonist PCP, the 

muscarinic receptor antagonist scopolamine and the dopamine releasing agent 

amphetamine to induce a cognitive deficit in rats by different pharmacological 

mechanisms.  The thesis also investigated the effects of EB on a delay dependent 

cognitive deficit model of forgetfulness in natural aging.  Results showed that 

subchronic PCP dosing failed to induce a significant deficit in the novel object 

recognition task.  Locomotor activity tests demonstrated that the PCP treated rats 

were sensitised to the treatment suggesting that the PCP dosing regimen was 

successful.  There was no significant effect of oestrogen in the reversal learning 

model or in the plus maze task designed to explore EB’s effects on anxiety.  

However, in the latter task there was a trend towards an anxiogenic effect of EB.  

Results from the delay dependent model of forgetfulness in natural aging 

demonstrated that EB could enhance recognition memory, but not spatial memory.  

The results are discussed in the context of the role of gonadal steroids especially 

oestrogen in combating the cognitive decline seen in schizophrenia, 

neurodegenerative disease and natural aging. 

 

 

 

 

 

 

 

 



 ii 

Contents Page 

 

 

Chapter 1: Introduction …………………………………………………………...1 

1.1. Oestrogen and Oestrogen Receptors………………………………….....3 

1.2. Oestrogen and Cognition in Clinical Studies……………………………6 

1.3. Oestrogen and Cognition in Preclinical Studies………………………....8 

1.4. Alzheimer’s disease………………………………………………….…11 

1.4.1. Critical Period Hypothesis: Evidence from 

Preclinical Studies…………………………………………...13 

1.5. Schizophrenia…………………………………………………….……..15 

1.5.1. Gender Differences in Schizophrenia…………………….…20 

1.6. Changes in the Brain with Natural Aging……………………….……...22 

1.7. Mechanisms of the Cognitive Effects of Oestrogen…………………....26 

1.7.1. Synaptic Plasticity …………………………………………..27 

1.7.2. Genomic Vs Non-genomic Pathways…………………….…29 

1.7.3. Neurotrophic and Neuroprotective Actions 

of Oestrogen………………………………..……………..…31 

1.8. Oestrogen and Anxiety…………………………………………………36 

1.9. Aims and Objectives……………………………………………………38 

 

 

Chapter 2: Materials and Methods………………………………………………40 

2.1. Experiment 1: Locomotor activity of subchronic PCP treated rats……41 

  2.1.1. Animals…………………………………………………..…41 

  2.1.2. Drug Treatment……………………………………………..41 

  2.1.3. Locomotor activity Apparatus and Procedure…………..….42 

  2.1.4. Statistical Analysis………………………………………….43 

 

2.2. Experiment 2: The Effect of Subchronic PCP on the Novel Object 

Recognition Paradigm……………………………………….………….43 

  2.2.1. Animals……………………………………………………..43 

  2.2.2. Drug Treatment……………………………………………..44 



 iii 

  2.2.3. Novel Object Recognition Paradigm and Apparatus……….44 

 2.2.4. Novel Object Procedure…………………………………….45 

 2.2.5. Statistical Analysis……………………………………….….46 

 

2.3. Experiment 3: The Effect of Acute Psychotomimetics in the Novel 

Object Recognition Paradigm……………………………………….…..47 

2.3.1. Animals………………………………………………….…..47 

2.3.2. Drug Treatment………………………………………….…..47 

2.3.3. Novel Object Recognition Procedure…………………….…48 

2.3.4. Statistical Analysis……………………………………….….48 

 

2.4. Experiment 4: The Effect of Oestrogen on Natural Forgetting 

Induced by Increased Inter-Trail-Interval…………………………….…49 

2.4.1. Experiment 4a: Vehicle vs. Oestrogen in the Novel Object 

Recognition Task with a 6 hour Inter-trial Interval………....49 

2.4.1.1.  Animals…………………….…………………........49 

2.4.1.2.  Drug Treatment………………………………….…49 

2.4.1.3.  Novel Object Recognition Procedure……………...50 

2.4.2. Experiment 4b: Vehicle vs. Oestrogen in the Novel Object 

Recognition Task with a 24 hour Inter-trial Interval…….….50 

2.4.2.1.  Animals…………………………………….………50 

2.4.2.2.  Novel Object Recognition Procedure……………...51 

2.4.3. Experiment 4c: Vehicle vs. Oestrogen in the Novel Object 

Location Task with a 6 hour Inter-trial Interval………….….51 

 2.4.3.1.  Animals…………………………….………………51 

 2.4.3.2.  Drug Treatment……………………………….……51 

 2.4.3.3.  Novel Object Location Procedure…………….……52 

 2.4.3.4.  Statistical Analysis……………………….………...52 

  

2.5. Experiment 5: The Effect of Oestrogen in the Reversal 

Learning Paradigm…………………………………………….………...53 

2.5.1. Animals…………………………………….………………..53 

2.5.2. Drug Treatment………………………………….…………..53 

2.5.3. Reversal Learning Procedure………………………….…….54 



 iv 

2.5.4. Analysis and Statistics…………………….………………...56 

 

2.6. Experiment 6: The effect of Oestrogen in the Plus Maze Paradigm..…..56 

2.6.1. Animals…………………………….………………………..56 

2.6.2. Drug Treatment………………………….…………………..57 

2.6.3. Plus Maze Apparatus and Procedure……………….……….57 

2.6.4. Statistical Analysis……………………………….………….58 

 

 

Chapter 3: Results…………………………………………….…………..………..60 

 3.1. Experiment 1: Locomotor activity of subchronic PCP treated rats….…61 

 

3.2. Experiment 2: The Effect of Subchronic PCP in the Novel Object 

Recognition Paradigm……………………………….…………………..62 

 

3.3. Experiment 3: The Effect of Acute Psychotomimetics in the Novel 

Object Recognition Paradigm………………………………….………..68 

 

3.4. Experiment 4: The Effect of Oestrogen Benzoate on Natural 

Forgetting Induced by Increased Inter-Trial-Interval………………..….72 

3.4.1. Experiment 4a: Vehicle vs. Oestrogen in the Novel Object 

Recognition Task with a 6 hour Inter-trial Interval……….…..72 

3.4.2. Experiment 4b: Vehicle vs. Oestrogen in the Novel Object 

Recognition Task with a 24 hour Inter-trial Interval…….…....75 

3.4.3. Experiment 4c: Vehicle vs. Oestradiol Benzoate in the Novel 

Object Location (NOL) Task with a 6 hour 

Inter-trial 

Interval………………………………………………………...78 

 

 3.5. Experiment 5: The Effect of Oestrogen in the Reversal Learning 

Paradigm………………………………….……………………………..81 

  3.5.1. The Effect of Oestrogen 4 hours after dosing…………….…..81 

  3.5.2. The Effect of Oestrogen 24 hours after dosing………….……83 

  3.5.3. The Effect of Oestrogen 48 hours after dosing………….……85 



 v 

 

 3.6. Experiment 6: The effect of Oestrogen in the Plus Maze Paradigm…....87 

 3.7. Table summarising experiments…………………….………………….89 

 

Chapter 4: Discussion……………………………………….……………….…….91 

 4.1. Acute PCP, Scopolamine and Amphetamine Models…………….…….93 

 4.2. Subchronic PCP Model………………………………….……………...95 

 4.3. Delay Dependent Cognitive Deficit Model of Natural Forgetting……100 

 4.4. Oestrogen and Anxiety…………….………………………………….106 

4.5. General Discussion………………………………………….………...109 

4.6. Conclusions and Future Work………………………….……………..114 

 

References……………………………………………………………………...…118 



 1 

 

 

 

 

 

 

 

 

 

 

 

Chapter 1: Introduction 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 2 

1. Introduction 

 

Aging is an inevitable event.  However, with the progression of modern medicine 

and more rigorous research being undertaken, it is hoped that the effects of aging on 

cognitive decline can be at least delayed.  One of the major conditions associated 

with increasing age is dementia, the most common cause of which is Alzheimer’s 

disease (Henderson, 1997).  This neurodegenerative disease is the sixth most 

common cause of death (Alzheimer’s Association, 2009) and is accompanied by 

severe cognitive decline affecting the quality of life of sufferers and their family and 

friends.  In advanced stages, Alzheimer’s disease patients need help carrying out 

every day functions such as going to the bathroom, eating and dressing (Alzheimer’s 

Association, 2009).  Other conditions which have a major cognitive deficit as part of 

their symptomatology include schizophrenia, in which the cognitive deficit has only 

recently attracted the attention of researchers who initially were more interested in 

investigating the psychotic symptoms, even though the cognitive symptoms can 

appear before psychosis (Smith et al., 2006). 

 

There has been a gender difference noted in both Alzheimer’s disease and 

schizophrenia leading researchers to investigate the possibility of a hormone 

influence on the pathology of the conditions.  Oestrogen decline in menopause has 

been associated with the onset of Alzheimer’s disease and the late onset of 

schizophrenia found in women (Pandis et al., 2001; Bergemann et al., 2005a).  This 

introduction will first review the literature on Alzheimer’s disease, schizophrenia, 

oestrogen including its receptors and mechanisms of action, and cognition.  The 



 3 

thesis will then continue to detail experiments carried out to investigate the role of 

gonadal steroids in cognition and anxiety in animal models. 

 

 

1.1. Oestrogen and Oestrogen Receptors 

 

Oestrogen is mainly synthesised in the ovaries then bound to plasma proteins and 

transported in the bloodstream to target tissues (Österlund and Hurd, 2001).  These 

target tissues include not only reproductive organs but also the muscles (Greeves et 

al., (1999), the vascular system (Rubanyi et al., 2002), the skin (Gilliver et al., 2007), 

bone tissue (Davis et al., 1995), and the brain (Asthana et al., 1999; Akama and 

McEwen, 2003).  The hormone can also be synthesised locally via the action of the 

aromatase enzyme in adipose tissue, in the liver and the brain.  (Österlund and Hurd, 

2001).  The most potent endogenous oestrogen is 17β-oestradiol (E2) but oestrone 

and oestriol are also active (Ruggiero and Likis, 2002).  Oestrogen receptors are part 

of the steroid nuclear hormone receptor superfamily and in their classical function 

act as transcription factors thereby directly altering gene expression.  Oestrogen, as a 

fat-soluble hormone, can pass through the lipid bilayer membrane of the cell to 

interact with receptors inside the cell (Mangelsdorf et al., 1995).  On binding, the 

receptors shed heat shock proteins which surround the receptor in its inactive state 

and the receptors form a dimer with another receptor of the same subtype (Grandien 

et al., 1997).  This induces a conformational change which attracts co-activators and 

allows the DNA binding domain of the complex to bind to the hormone response 

element of the target gene in the nucleus (Vasudevan and Pfaff, 2008).  Once bound 

to the gene, the hormone can stimulate the production of specific proteins and can 
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affect the rate at which these proteins are synthesised (Dohanich, 2003).  Due to the 

process of transcription, translation and synthesis this effect can take 24 hours to 

manifest (Murphy and Segal, 1996). 

 

Two subtypes of oestrogen receptor have been identified; oestrogen receptor α (ERα) 

and oestrogen receptor β (ERβ).  They are similar in composition and both have a 

high affinity to E2, although that of ERα is slightly higher (Mosselman et al., 1996).  

The Ki for ERα is 0.04nM while for ERβ it is 0.11nM (Escande et al., 2006).  

Although the receptors are co-expressed in many brain regions, there are certain 

areas where one is more abundant than the other.  For instance, in the ventromedial 

hypothalamic nucleus, the arcuate nucleus and preoptic area of rodents, ERα is more 

prolific (Wang et al., 2001; Zhang et al., 2002), while ERβ is more widely expressed 

in the hippocampal formation, the entorhinal cortex and the supraoptic nucleus 

(Zhang et al., 2002; Mitra et al., 2003).  See table 1.  Sex differences in the 

distribution of the two receptors have also been reported.  Zhang et al. (2002) found 

that ERβ was more highly expressed in the medial preoptic area and the bed nucleus 

of the stria terminalis in male rats and more strongly expressed in the hippocampus 

of female rats.  Sexually dimorphic structures differentially express the two receptor 

subtypes (Wang et al., 2001).  For example, the supraoptic nucleus which is involved 

in the synthesis of vasopressin and oxytocin (Voisin et al., 1997) expresses ERβ 

more prolifically than ERα in rats.  The anteroventral periventricular nucleus (PVN) 

plays a vital role in the positive feedback of ovarian steroids (Herbison, 1998; Gu et 

al., 1999) expresses a greater number of ERα.  The fact that the supraoptic nucleus is 

larger in males than females and the PVN is larger in females than males (Wang et 

al., 2001) suggests that ERα is more involved in reproductive function while the role 
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of ERβ is modulation of non-reproductive systems.  However, both types of ER are 

usually expressed together to some extent so an interaction between the two is also 

possible (Österlund and Hurd, 2001). 

 

Table 1: The distribution of oestrogen receptor alpha, ERα and oestrogen 

receptor beta, ERβ, in the central nervous system. 

 

 

 

 

 

 

 

 

 

 

 

 

 

It has been proposed that upon dimerization, ERα and ERβ can interact and form a 

heterodimer whereby a hormone-receptor complex is formed utilising both sub types.  

Pettersson et al., (1996) demonstrated this in an experiment by fusing the DNA 

binding domain of a yeast protein, Gal4, to mERα (Gal4-mERα), while the 

transactivation domain of viral factor, VP16, was fused to mERβ (VP16-mERβ).  

These constructs were then co-transfected into COS-7 cells in order to force 

  

Receptor Subtype 

ERα ERβ 

Brain 

Region 

Ventromedial Hypothalamic 

Nucleus 

Hippocampal 

Formation 

Arcuate Nucleus Entorhinal Cortex 

Preoptic Area Supraoptic Nucleus 

Table 1: This table compares the distribution of ERα and ERβ in the brain.  ERα is 

more abundant than ERβ in the ventromedial hypothalamic nucleus, the arcuate 

nucleus and the preoptic area.  ERβ is more abundant than ERα in the hippocampal 

formation, the entorhinal cortex and the supraoptic nucleus.  Wang et al., (2001); 

Zhang et al ., (2002) and Mitra et al., (2003). 
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heterodimerisation.  A reporter gene was also transfected into the COS-7 cells to 

measure the activity of the constructs.  The activity of the reporter gene was four 

times higher when Gal4-ERα and VP16-ERβ were transfected as opposed to Gal4 

and VP16 without the ER fusion.  Jisa and Junghauer, (2003) conducted an 

experiment assessing the binding kinetics of oestrogen receptor homodimers and 

heterodimers.  They found that the kinetic rate constants were within the same range 

suggesting that heterodimers are transcriptionally active.  Similar results were found 

in another study where selective oestrogen receptor modulators (SERMs) were found 

to block transcriptional effects of heterodimers (Cowley et al., 1997).  They found 

that ERα homodimers and ERα/ERβ heterodimers are preferentially formed over 

ERβ homodimers in regions where ERα and ERβ are fairly equally distributed.  

Through a series of mutation studies it was discovered that the residues in the ligand 

binding domain required for the formation of an ERα homodimer are similar to those 

required for ERα/ERβ heterodimer.  Heterodimerisation is a potentially novel 

oestrogen signalling pathway which may uncover mechanisms of oestrogen activity 

which still remain unclear (Ogawa et al., 1998). 

 

 

1.2. Oestrogen and Cognition in Clinical Studies 

 

Several studies support the use of oestrogen treatment to enhance cognition in 

women.  Duff and Hampson (2000) reported that women at least 1 year past 

menopause taking oestrogen alone (n=38) or in combination with a progestin (n=23) 

for a mean duration of 70 months prior to testing showed significantly greater 

performance on a verbal digit ordering task and a spatial working memory task than 



 7 

those who were not using exogenous hormones (n=35).  Kampen and Sherwin (1995) 

also found oestrogen treatment was beneficial in immediate and delayed paragraph 

recall tasks.  This effect on verbal cognition has been found in many other studies 

and indeed, Maki et al. (2002) demonstrated that verbal ability correlated positively 

with increasing oestrogen levels across the menstrual cycle of 16 female participants 

aged 18-28.  However, not all experiments have reported a favourable effect of 

oestrogen.  One of the first long-term oestrogen replacement trials, the Women’s 

Health Initiative Memory Study (WHIMS), reported that oestrogen treatment alone 

and in combination with a progestin had no significant effect on cognition and, if 

anything, such treatment was detrimental (Rapp et al., 2003; Shumaker et al., 2003; 

Shumaker et al., 2004).  While this result is discouraging, it is important to note that 

there are several limitations to the WHIMS studies.  Firstly, participants in previous 

studies showing positive effects of oestrogen had been administered E2 while the 

WHIMS studies administered conjugated equine oestrogen (CEE; Sherwin, 2007).  

Secondly, the WHIMS studies measured cognition using the Mini-Mental State 

Examination (3MSE) test  which has been shown to lack the sensitivity required to 

detect the effects of oestrogen on different memory types (Sherwin and Henry, 

2008).  Thirdly, the participants of the WHIMS studies were women aged 65 years or 

older, given that the average age at menopause is 51 (Sherwin, 2007) the subjects 

had been hormone deprived for over 10 years before replacement therapy was 

initiated.  In this case, the results cannot be generalised to women in the 

perimenopausal stage (Coker et al., 2010).  The results of the WHIMS studies, 

however, became very important as they aided the conception of the critical period 

hypothesis.  This hypothesis states that there is a critical period between menopause, 

when ovarian hormones are diminished, and the time point at which initiation of 
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oestrogen replacement becomes ineffective (Maki, 2006).  Weiss et al., (2004) 

reported that there is a hypothalamic-pituitary insensitivity to oestrogen as women 

age; therefore hormone replacement is needed before insensitivity occurs.  There is 

also a decreased responsiveness of cholinergic transmission, involved in learning and 

memory, to oestrogen (Daniel and Bohacek, 2010).  This was demonstrated in a 

study by Dumas et al., (2008) who orally administered oestrogen for 3 months to two 

groups of women.  One group were aged between 50 and 62 and the other group was 

aged between 70 and 81.  Dumas et al., (2008) subjected their participants to doses 

of anticholinergic drugs, scopolamine and mecamylamine, and a placebo.  Oestrogen 

protected the younger group from the cognitive impairments of the anticholinergic 

agents compared to placebo treated women.  The older group, having been deprived 

from hormones for a prolonged period of time were not protected by oestrogen 

replacement. 

 

 

1.3. Oestrogen and Cognition in Preclinical Studies 

 

Experiments investigating effects of gonadal steroids on cognition in rodents have 

been generally positive, Gibbs et al., (2003) reported that oestrogen significantly 

improved acquisition on a delayed matching to position spatial task in rats.  Walf et 

al., (2006) treated rats with oestrogen or vehicle immediately after the acquisition 

trial of the novel object recognition task.  Four hours later the oestrogen treated 

group spent significantly more time exploring a novel object compared to the vehicle 

animals.  However, Pompili et al., (2010) and Sutcliffe et al., (2007) agree that 

oestrogen is detrimental to certain forms of cognition.  Pompili et al., (2010) 
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conducted a 14 month study in which 34 animals were assessed in the water maze 

task over 20 oestrous cycles.  They found that the distance the mice swam to find the 

platform was higher during proestrous than oestrous and the latency in discovering 

the platform was also significantly greater in proestrous compared to oestrous.  

Sutcliffe et al., (2007) reported that hormone deprivation through ovariectomy 

resulted in an improved performance in the novel object location task compared to 

ovariectomised animals receiving oestrogen replacement.  These studies show that 

spatial reference memory performance is greater in the absence of endogenous and 

exogenous oestrogen.  In contradiction, Gresack and Frick, (2006a) reported that 

spatial reference memory could be improved by oestrogen in the water maze task at a 

dose of 0.2mg/kg.  Harburger et al., (2007) have also reported that 0.2mg/kg E2 

improved water maze performance while animals receiving vehicle showed 

deterioration in performance.  One reason for the contradiction in these studies may 

be the training and testing regimes; Pompili et al., (2010) conducted two trials a day 

during testing while Harburger et al., (2007) conducted 8 trials per day.  This extra 

training may account for the greater spatial memory performance in this study.  The 

type of memory also affects the influence of oestrogen; Wilson et al., (1999) found 

that oestrogen deprivation had no effect on spatial reference memory but impaired 

spatial working memory.  Another significant difference between the experiments is 

that Harburger et al., (2007) and Gresack and Frick, (2006a) used exogenous 

oestrogen replacement while Pompili et al., (2010) studied natural fluctuations in 

hormones due to endogenous oestrous cycle.  In such an experiment it is not possible 

to distinguish between the effects of oestrogen and the effects of other hormones 

such as progesterone.  The effects of progesterone on cognition in the presence and 

absence of oestrogen has been investigated with conflicting results.  In the Harburger 
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et al., (2007) study a second experiment was conducted where oestrogen was co-

administered with either 10mg/kg or 20mg/kg progesterone.  While there was no 

effect of 10mg/kg compared to effects of oestrogen alone, 20mg/kg blocked the 

ability of oestrogen to enhance spatial memory.  However, when 20mg/kg was 

administered alone, without oestrogen, there was an improvement in spatial 

recognition memory (Lewis et al., 2008).  This is supported by data from Frye and 

Walf (2008) who showed that progesterone treated mice spent more time in the 

quadrant where the platform was in a probe trial of the water maze. 

 

The ability of oestrogen to affect cognition also depends on the type of task being 

performed.  As mentioned, Sutcliffe et al., (2007) found oestrogen to be detrimental 

in the novel object location task, a spatial task, while Walf et al., (2006) reported 

oestrogen improved performance in the novel object recognition task, a non-spatial 

paradigm.  Galea et al., (2001) found oestrogen to impair spatial memory in the 

radial arm maze, yet Wide et al., (2004) reported that a dose of oestrogen 

(0.3µg/0.1ml oil) facilitated a non-spatial delayed alternation T-maze task, where 

extramaze spatial cues were eliminated.  However, in this task a higher dose of 

oestrogen (5µg/0.1ml oil) failed to improve performance.  Similarly, in another 

experiment by Gresack and Frick, (2006b) where oestrogen enhanced object 

recognition memory it was found that only continuous oestrogen replacement, daily 

injections of 0.2mg/kg E2, resulted in a significantly increased time exploring a novel 

object.  Intermittent treatment, injections of 0.2mg/kg E2 every 4 days, impaired this 

positive effect.  These results demonstrate that oestrogenic actions on cognition 

depend on the type of task, timing of administration and interaction with other 

hormones to obtain optimal benefits.  Gresack and Frick, (2006a) suggested that 
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oestrogen can positively modulate spatial and non-spatial memory although there is a 

narrower effective range for spatial memory.  Perhaps endogenous levels of 

oestrogen are not within this range which could explain why Pompili et al., (2010) 

and Sutcliffe et al., (2007) failed to find a significant effect in their study. 

 

 

1.4. Alzheimer’s Disease 

 

Alzheimer’s disease is the most common type of dementia and more prevalent in 

women than in men.  The disease is the sixth most common cause of death in the 

U.S.A. (Alzheimer’s Association, 2009).  It is characterised by a progressive loss in 

cognitive function.  In the early stages the symptoms mimic those of depression and 

there is a deficit in episodic memory (Alloul et al., 1998; Henderson, 2006).  

Aphasia, visual processing and spatial awareness are impaired and there is 

disorientation regarding time and place (Geldmacher and Whitehouse, 1996; 

Alzheimer’s Association, 2009).  In the later stages, behavioural and psychiatric 

symptoms occur.  Sufferers can become aggressive and hostile or become unusually 

passive and apathetic.  Delusions are also common, most often visual, in that 

sufferers believe they have seen a deceased friend or relative.  A decline in motor 

function is seen in the advanced stages.  (Alloul et al., 1998; Geldmacher and 

Whitehouse, 1996). 

 

Extracellular senile plaques formed by amyloid-β peptide depositions and 

intracellular neurofibrillary tangles are physiological markers in the brain that 

characterise the condition (Geldmacher and Whitehouse, 1996; Hyman, 1997; 
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Mueller et al., 2005).  Amyloid-β is produced via proteases from the amyloid 

precursor protein (APP).  APP is cleaved by BACE (β-site APP cleaving enzyme) 

resulting in a membrane bound C-terminal fragment, C99, which is in turn cleaved 

by γ-secretase which creates amyloid-β.  (Vassar, 2002; Lundkvis and Naslund, 

2007).  The resulting amyloid-β is a combination of varying lengths of the peptide 

the majority of which end at amino acid 40 and the significant length of peptide in 

Alzheimer’s disease ends at amino acid 42 (Selkoe, 2001a; Vassar, 2002).  These 

peptides are secreted out of the cell (Vassar, 2002) where they aggregate to form 

amyloid-β plaques.  Amyloid-β42 is considered to be more fibrillogenic and 

neurotoxic than other peptides and leads to neuronal death (Vassar, 2002).  The 

aggregated amyloid-β peptides activate microglia, increase neuronal sensitivity to 

excitotoxicity and promote the production of cytokines and oxidants, most notably 

peroxynitrite which is a principle mediator of neuronal death (McCarty, 2006).  The 

plaques also disrupt neuron structure and function by promoting excessive 

phosphorylation of the protein tau which is involved in the formation of 

neurofibrillary tangles (Gotz et al., 2004; McCarty, 2006).  The tau protein becomes 

abnormally phosphorylated and is stimulated into an altered structure from a soluble 

form to insoluble filaments arranged as paired helical filaments (Wischik et al., 

1995; Gotz et al., 2004).  Diagnosis cannot be indisputably determined until death 

therefore patients are diagnosed with ‘probable Alzheimer’s disease’ (Findeis, 2007). 

 

A connection has been demonstrated between cognitive impairment and declining 

levels of oestrogen associated with aging (Markowska and Savonenko, 2002; 

Sherwin, 2006).  For this reason, oestrogen treatment has been an increasing focus of 

potential treatment methods for cognitive deficits related to natural aging and 



 13 

Alzheimer’s disease.  Henderson et al., (1995) reported that women who had 

probable dementia and were receiving oestrogen treatment scored significantly 

higher than those with probable dementia not receiving treatment on the Boston 

Naming Task, a test of semantic memory, and two verbal memory tasks, the digit 

span, forward and backward. 

 

1.4.1. Critical Period Hypothesis: Evidence from Preclinical Studies 

 

As mentioned, the WHIMS study brought to light a critical period hypothesis.  This 

has been extensively investigated in preclinical research.  Chakroborty and Gore, 

(2004) have suggested that there is no difference in the level of oestrogen receptor 

mRNA in aged rats, however the  hypothalamic-pituitary insensitivity to oestrogen 

seen in aging women (Weiss et al., 2004), suggests that, not only do hormone levels 

decline, but brain regions may become less sensitive to the little oestrogen that is still 

available.  Gibbs, (2000a) discovered that, in rats, hormone treatment initiated 3 

months after ovariectomy in rats was just as effective at enhancing acquisition of a 

spatial memory task as treatment initiated immediately.  No such enhancement was 

found when treatment was delayed by 10 months.  Daniel et al., (2006) found similar 

results in that oestrogen replacement initiated immediately after ovariectomy at 

either 12 or 17 months of age significantly improved acquisition of an 8 arm radial 

maze task in rats at a delay of 2.5 hours.  If, at 12 months of age, treatment was 

delayed by 5 months and started at 17 months old there was no improvement found.  

This suggests that the longer the brain is deprived of oestrogen the less responsive it 

becomes.  Lacreuse et al., (2002), however, used primates who had been 

ovariectomised for 10 to 16 years and found that oestrogen treatment still improved 
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performance on a spatial task, the delayed recognition span test.  Although this 

appears to oppose Gibbs, (2000a) and Daniel et al., (2006) it should be noted that 

Lacreuse et al., (2002) used primates while the previous studies utilised rodents.  The 

critical period will differ between species. 

 

Acetylcholine is a major neurotransmitter involved in learning and memory thought 

to interact with oestrogen to preserve, and possibly enhance, cognition.  Savonenko 

and Markowska, (2003) demonstrated that middle aged rodents, defined as those 

experiencing irregular cycles and in the initial stages of reproductive aging, and aged 

rodents, those who no longer cycled at all and were in constant diestrus, both 

performed similarly on a T maze task after ovariectomy and with oestrogen 

replacement.  Differences only started to occur when the cholinergic system was 

antagonised with scopolamine which is a muscarinic acetylcholine receptor 

antagonist.  Oestrogen treatment in middle aged rats offered protection against the 

effects of scopolamine while aged rats experienced no protection.  Farr et al., (2000) 

found that an injection of E2 directly into the hippocampus increased retention in a T 

maze foot shock avoidance task at doses of 0.01pg (1 x 10
-8 

μg) and 0.1pg (1 x 10
-7 

μg).  A cholinergic agonist, arecoline, also increased retention at doses of 25pg (2.5 x 

10
-5 

μg) and 50pg (5 x 10
-5

 μg).  When the two were co-administered at sub-threshold 

doses, the improvement in retention was still apparent.  A dose of 0.005pg of E2 still 

mediated effects of the cholinergic system when administered with 2.5pg arecoline, 

suggesting that oestrogen can increase the excitability threshold for acetylcholine.  

Oestrogen can also protect against lesions with an immunotoxin that destroys 

cholinergic neurons in the basal forebrain, 192 IgG-saporin, both endogenously in 

intact naturally cycling rats and with exogenous subcutaneous oestrogen replacement 
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(Saenz et al., 2006).  Deprivation of hormones that occurs in menopause exacerbates 

the effects of cholinergic depletion in prefrontal function.  Oestrogen can counter this 

effect by increasing the sensitivity of neurons to acetylcholine and preserving 

cholinergic neurons. 

 

In the study by Lacreuse et al., (2002) the results were transient and the animals had 

previously been used in experiments requiring short term oestrogen treatment which 

may have compromised the validity of their data.  However, in a separate study, 

Lacreuse et al., (2009) used primates who had previously been administered 

oestrogen at least three years prior to the current study and found no effects of 

oestrogen on the delayed recognition span test when administered oestradiol 

benzoate (EB).  In the first study, Lacreuse et al., (2002), ethinyl oestradiol (EE2) 

was administered.  The form of oestrogen tested may account for varying results in 

the literature.  The reproductive physiology of female primates is similar to that of 

humans (Tinkler and Voytko, 2005) and these studies may offer some hope that 

regions of the brain involved in learning and memory may still be responsive to 

oestrogen treatment many years after reproductive senescence if the correct hormone 

can be delivered at the critical time. 

 

 

1.5. Schizophrenia 

 

Schizophrenia is a condition defined by a triad of symptoms: positive, negative and 

cognitive.  Positive symptoms include hallucinations, most commonly auditory, 

paranoid delusions and thought disorder (Wong and Van Tol, 2003).  Negative 
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symptoms include disturbances in social interaction, impaired speech and reduced or 

no motivation (Blanchard et al., 2005).  Attention, memory and executive function 

also decline and are classified as cognitive symptoms (Weickert et al., 2000).  The 

aetiology of schizophrenia is still unclear; however, the condition has been strongly 

linked with a genetic component (Crow, 2007; McClellan et al., 2007).  It has been 

put forward that approximately 80% of cases were predisposed by genetic factors 

(Tandon et al., 2008a).  Along with the psychological symptoms, there are also 

physiological markers present in schizophrenia.  Hippocampal volume and total brain 

volume are reduced (Steen et al., 2006).  There is also hypofunctionality, where 

decreased activity of the dorsolateral prefrontal cortex is seen (Glahn et al., 2005).  

There is increased activity in the anterior cingulate and left frontal pole regions.  

Hypothalamic volume is increased in schizophrenic patients compared to healthy 

controls; this effect is greater between healthy females and schizophrenic females 

than between healthy males and schizophrenic males (Goldstein et al., 2007).  The 

psychological and neurophysiological symptoms usually appear in adolescence; 

however, the cognitive dysfunction may be present from childhood (Reichenberg et 

al., 2005).  A meta-analysis of previous research reported a constant significant 

working memory deficit in schizophrenic patients compared to healthy individuals 

(Lee and Park, 2005).  Social impairment (Hoekert et al., 2007) and semantic fluency 

(Henry and Crawford, 2005) have also been reported to be affected.  Schizophrenia is 

often linked with co-morbidities such as depression, alcohol dependency and drug 

addiction (Hawton et al., 2005), and is associated with an increased risk of suicide 

(Fenton, 2000).  However, with early intervention a patient may have a better quality 

of life and increased longevity (Harrison et al., 2001).  Indeed, shorter duration of 
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untreated psychosis is associated with a more positive response to antipsychotic 

treatment (Perkins et al., 2005). 

 

Dopamine has long been associated with schizophrenia neuropathology (Howes and 

Kapur, 2009); indeed antipsychotic drugs are designed to target dopamine receptors 

(Wong and Van Tol, 2003).  Segal et al., (2004) found that there was significant 

hyperdopaminergic activity in the paranoid schizophrenic subtype.  A greater 

proportion of striatal D2 receptors are occupied by dopamine in schizophrenia 

patients compared to matched controls (Abi-Dargham et al., 2000).  Laakso et al., 

(2001) also reports a progressive loss of dopaminergic nerve terminals in the striatum 

in chronic schizophrenia sufferers.  Österlund and Hund, (2001) postulate that 

oestrogen exhibits neuroleptic-like effects as a result of being a modulator of 

dopaminergic transmission.  This is demonstrated by the fact that pre-menopausal 

women respond to lower doses of neuroleptics and post-menopausal women need 

higher doses than men (Österlund and Hund, 2001).  Also schizophrenia sufferers are 

more likely to have an irregular menstrual cycle (Kulkarni et al., 1998).  

Consequently, the use of oestrogen replacement therapy has been investigated as a 

treatment method for schizophrenia.  In an 8 week trial, 32 premenstrual women 

diagnosed with chronic schizophrenia received the classical antipsychotic 

haloperidol.  Half of the sample also received 0.05µg/day E2 while the remaining 

half received a placebo.  Their positive and negative symptoms and their general 

wellbeing were measured using the Positive and Negative Syndrome Scale (PANSS).  

Those receiving the antipsychotic and oestrogen reported significantly improved 

symptoms compared to those taking the antipsychotic and the placebo (Akhondzadeh 

et al., 2003).  Kulkarni et al., (2001) separated their sample into three groups who all 
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received an antipsychotic.  One group also received a transdermal patch containing 

8mg (100μg released per 24 hours) of E2, another group received transdermal E2 

patch (4mg; 50μg per 24 hours), and the last group received a placebo.  Women 

receiving the higher dose had a significantly greater improvement in positive 

symptoms while those taking the lower dose saw a greater improvement in their 

negative symptoms.  This result suggests that the neurobiological mechanisms 

underlying positive and negative symptoms are distinctly separate, supported by the 

fact that antipsychotic drugs do not alleviate negative or cognitive aspects of 

schizophrenia (Wong and Van Tol, 2003).  Higher doses of oestrogen act as an 

antipsychotic possibly via its interaction with the dopaminergic system, while lower 

doses of oestrogen act against the cognitive decline. 

 

A popular and successful model of schizophrenia in animals utilises phencyclidine 

(PCP), a non-competitive NMDA antagonist.  PCP has been used for this purpose 

since it was discovered that PCP abusers displayed schizophrenia symptoms (Luby, 

et al., 1959; Javitt et al., 1995; Steinpreis, 1996).  This discovery led to the 

postulation of an alternative theory of schizophrenia, the NMDA receptor 

hypofunction hypothesis.  Antagonising NMDA receptors results in the excessive 

release of glutamate, an excitatory neurotransmitter, which results in over stimulation 

of excitatory pathways and disruption of second messenger signals that subserve 

cognition (Olney and Farber, 1995; Olney et al., 1999).  Administration of PCP may 

model schizophrenia better than the dopamine releasing agent amphetamine which 

was previously used (Tenn et al., 2003).  Chronic exposure to PCP induces 

dysfunction in prefrontal cortical dopamine transmission, as seen in schizophrenia 

(Jentsch et al., 1999), and produces hypometabolism in the frontal lobe, a 
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neuropathology also seen in schizophrenia patients suffering with positive and 

negative symptoms (Marco et al., 1997; Morris et al., 2005).  This hypofrontality, 

which is not relieved with antipsychotic drug treatment, has been associated with the 

cognitive impairments seen in the disease (Cochran et al., 2003).  PCP administration 

results in deficits in executive function (Abdul-Monim et al., 2006), recognition 

memory (Grayson et al., 2007; Sutcliffe et al., 2008), attention (McLean et al., 2008; 

Pedersen et al., 2009) and spatial working memory (Wass et al., 2006).  All studies 

above used a regimen of 2mg/kg PCP twice daily for 7 days to successfully induce a 

cognitive deficit.  See Neill et al., (2010) for a review of animal models of cognitive 

dysfunction in schizophrenia. 

 

It has been suggested that the cognitive deficits seen in schizophrenia, particularly in 

working memory, appear before any signs of psychosis (Smith et al., 2006).  

Oestrogen, and its anti-dopamine action, is thought to ameliorate cognition through 

its effects on the cholinergic system as described in the Alzheimer’s disease section.  

Gibbs, (2000b) found that two weeks of continuous oestrogen treatment in rats using 

a 3mm silastic capsule containing 17β-estradiol crystals giving a mean serum level of 

oestrogen of 56.2pg/ml (non-hormone treated animals had a mean serum level of 

<2.0pg/ml), resulted in an increase in high affinity choline uptake (HACU).  A 

subcutaneously implanted pump delivering 5μg per day 17β-estradiol significantly 

enhanced acquisition in a delayed matching to position T maze spatial task in rats 

(Gibbs et al., 2003).  In contrast, Ziegler and Gallagher, (2005) reported no effect of 

oestrogen in rats on a radial maze task.  The authors suggested their contradictory 

results were due to the extensive training needed for their behavioural paradigm.  
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However, in this experiment the oestrogen treatment was cyclic, administered on 

days 1 and 2 of a 6 day cycle. 

  

1.5.1. Gender Differences in Schizophrenia 

 

The prominent gender difference in the development of schizophrenia is now firmly 

acknowledged.  Steroid hormones are responsible for organisational effects in the 

brain of prenatal organisms, where oestrogen is actually known to masculinise the 

brain (Hutchison et al., 1999); indeed, testosterone, the ‘male’ hormone is 

metabolised into oestrogen (Hutchison et al., 1999).  The prenatal female brain is 

protected from circulating hormones by α-fetoprotein (Hutchison et al., 1999).  

These organisational effects manifest as activational effects when hormone levels 

increase at puberty.  The exposure to hormones in the uterus, give rise to differing 

cognitive profiles between men and women.  Females perform better on verbal 

memory tasks while males perform better on visuospatial tasks (Sherwin and Henry, 

2008).  If the female brain is subjected to an abnormally high level of androgens in 

the womb, for example, in the condition congenital adrenal hyperplasia, they will 

later show a cognitive profile more akin to males than to females (Mueller et al., 

2008). 

 

In schizophrenia, women show a later onset, milder symptoms and better response to 

treatment (Hafner, 2003; Koenig, 2006).  Men generally have more frequent 

hospitalisations and stay for a greater duration (Atalay and Atalay, 2006), while 

women have a significantly better short term outcome (Usall et al., 2003).  Hafner 

(2003) also reports that men present with relatively severe first episodes of 
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schizophrenia at a younger age and women have slightly milder cases.  With age, the 

severity of first episode psychosis is reduced in men but increased in women as the 

onset coincides with decreasing levels of oestrogen.  Bergemann et al., (2005b) 

reported an increased risk of psychotic symptoms after giving birth and after the 

menopause when oestrogen levels are low.  There is also a gender difference in 

marital status, an important indication of social function, in schizophrenia patients; 

with males being more likely to be single or never married (Tang et al., 2007).  As 

there is a greater level of oestrogen naturally circulating in women, women 

experience greater amelioration of symptoms.  Recently, exogenous oestrogen 

treatment has been investigated in males.  Kulkarni et al., (2011) conducted an 

experiment administering 2mg oestradiol valerate orally to a sample of schizophrenic 

men; half of the sample received a placebo.  Those receiving oestrogen showed a 

significantly faster recovery of symptoms of general psychopathology.  Results such 

as this suggest that with greater investigation oestrogen treatment, through the use of 

SERMs, for example raloxifene which has been shown to have oestrogen-like 

properties in the brain (Wu et al., 1999), can be used to ameliorate symptoms in men 

as well as women.  Raloxifene has been investigated as a replacement for oestrogen 

as it does not carry a risk of endometrial or breast cancer (Wu et al., 1999).  There 

are a large number of preclinincal studies supporting the use of raloxifene (Wu et al., 

1999; Cyr et al., 2001; Kokiko et al., 2006) and Barker et al., (2000) conducted a 

study with human participants also reporting beneficial effects of raloxifene.  They 

administered raloxifene (120mg/day) or a placebo to post-menopausal women with a 

mean age of 72.3.  Those treated with raloxifene performed significantly better than 

those treated with a placebo on tests of attention and spatial memory.  More recently 

studies have looked at the use of raloxifene in men to mimick the actions of 
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oestrogen on cognition in women without the feminizing side effects.  Goekoop et 

al., (2005) recruited 28 healthy men with a mean age of 63.6 years old.  They 

received either raloxifene (120mg/per day) or placebo for 3 months and were tested 

on a face encoding task while activation of brain regions involved in this task were 

measured on an fMRI.  Brain regions, such as prefrontal areas, cingulate gyrus, 

occipital and mediotemporal areas, of those taking raloxifene were significantly more 

active than those treated with a placebo.  Performance on the task was also 

significantly greater in the raloxifene group than in the placebo group.  Such 

evidence supports the use of raloxifene in both women and in men. 

 

 

1.6. Changes in the Brain with Natural Aging 

 

It was previously thought that neuronal loss was responsible for the cognitive decline 

associated with aging.  More recent evidence, however, has suggested that cognitive 

impairment is actually brought about by neuronal dysfunction rather than loss 

(Freeman et al., 2009) through natural aging.   The aetiology of such dysfunction 

may be attributed to many factors including reduced cerebral blood flow, lower 

glucose metabolism, altered protein expression, or altered neurotransmitter activity.  

Aging is associated with impaired cardiovascular function such as decreased heart 

rate and cardiac output which means that blood flow to the brain and other organs is 

reduced (Bertsch et al., 2009).  Oxidative damage contributes towards impaired 

blood flow.  Oxidation causes structural changes in erythrocytes, in the rigidity and 

in volume, which alters the viscosity of blood (Ajmani et al., 2000).  Manipulation of 

the system that produces blood cells with erythropoietin, causing erythrocytes to be 
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produced with a shorter life span and structural impairments in blood samples taken 

from humans, induces a reduction in cerebral blood flow and is associated with 

deficits in a T maze task when tested on rats (Ajmani et al., 2000).  An age-related 

reduction in cerebral blood flow is associated with impairments in cognition.  Heo et 

al., (2010) used human participants and separated them into two groups: young and 

old; and asked them to perform a task in which a black dot was initially presented to 

them before the presentation of a red test dot.  Participants were asked to decide 

whether the test dot was in the same spatial location as the preceding black dot.  

While the task was conducted the blood flow through the hippocampus and the 

brainstem was measured using a Flow-Enhanced Signal Intensity (FENSI) scan.  

Young participants were faster and more accurate at the task than older participants 

and there was a negative correlation between age and blood flow through both the 

hippocampus and the brainstem.  However, only blood flow through the 

hippocampus was negatively correlated with reaction time in the task.  As the 

hippocampus is a brain structure critically involved in learning and memory this 

result supports the assumption that decreased blood flow has adverse effects on 

cognition.  It is thought that with age there is a shift in regional activation.  Cerebral 

blood flow is indeed subjected to alterations with aging (Ajmani et al., 200; 

Bentourkia et al., 2000).  Sorond et al., (2008) conducted a study in which the blood 

flow in the anterior cerebral artery and the posterior cerebral artery was measured 

while subjects from two groups; young (less than 40 years of age) and old (greater 

than 60 years of age), performed a word stem completion task and a visual search 

task.  They found that, in the young group there was greater blood flow through the 

anterior cerebral artery during the word stem task, while during the visual search task 

the blood flow was greater through the posterior cerebral artery.  Therefore, in the 
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word stem task there was greater frontal than posterior blood flow and in the visual 

search task there was greater posterior blood flow.  A similar pattern was found in 

the older group with respect to the visual search task but the pattern previously seen 

in the word stem task was absent in the older participants.  The task relying on 

anterior blood flow was performed significantly worse than the task involving 

posterior blood flow in the older group therefore suggesting that there is a shift in 

activation from anterior to posterior, a premise supported by other studies (Hazlett et 

al., 1998; Brickman et al., 2003).  In Grossman et al., (2002) patterns of brain 

activation were measured in young and old participants.  Accuracy of the task 

between the two groups was not significantly different however; compared with the 

younger participants, the older group displayed decreased activation of the left 

parietal cortex and increased activation of the left premotor cortex, the left inferior 

frontal cortex and the right posterolateral frontal cortex.  Altered pathways in aging 

animals may arise from altered signalling in the brain which leads to the decline in 

cognitive performance associated with age. 

 

Glucose metabolism may also contribute toward aging; indeed, the aging brain has a 

diminished capacity for glucose metabolism (Roberts and Chih, 1995).  This notion 

is supported by an experiment in which a PET scan was conducted on 126 human 

participants, 64 males and 62 females, in a resting state.  The results showed that 

there were significant age-related differences in metabolism in the hippocampus and 

amygdala with the metabolic rate being significantly decreased in participants aged 

50 to 70 compared with those aged 20 to 40 (Fujimoto et al., 2008).  Hazlett et al., 

(1998) suggests that the metabolic activity does not necessarily decline in the aging 

brain but there is an age-related shift from anterior to posterior cortical metabolism, 
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similar to the shift in cerebral blood flow reported by Sorond et al., (2008), as with 

aging processing resources in the frontal lobe decline with age therefore other 

pathways are relied upon.  In an experiment from the same laboratory where glucose 

utilization was measured in the striatum of human participants while a verbal 

learning task was performed, it was found that greater caudate activity was 

associated with greater performance while greater putamen activity was associated 

with impaired performance (Brickman et al., 2003).  The authors suggest that, as the 

putamen receives primarily posterior cortical input and the caudate receives 

primarily anterior cortical input, older participants had impaired cognition from 

posterior projections to the putamen.  Another reason for reduced metabolic activity 

may be damage to mitochondria.  Human umbilical vein endothelial cells (HUVECs) 

are a good model of mitochondrial aging as they change relatively quickly from a 

young and prolific state into an old postmitotic (non-dividing) state (Hampel et al., 

2004).  Jendrach et al., (2005) demonstrated that postmitotic cells have a decreased 

level of fusion and fission and a reduced membrane potential.  These functional 

defects in mitochondria may be caused and propagated by oxidative damage.  

Mitochondria are a major source of reactive oxygen species and, as these organelles 

age, they start to become more susceptible to oxidative damage and produce more 

reactive oxygen species (Van Remmen and Richardson, 2001; Petropoulos and 

Friguet, 2005).  As the mitochondria decline with age (Sastre et al., 2000) there is an 

increase in DNA oxidation (Brazel and Rao, 2004) which leads to reduced or 

defective protein synthesis (Ryazanov and Nefsky, 2002) and therefore a decline in 

physiological function.  Pollack and Leeuwenburgh, (2001) suggest that specific 

reactive oxygen species such as peroxynitrite and hydroxyl radical encourage 

apoptosis.  DNA damage is correlated with reduced gene expression and many of 
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these down-regulated genes include those that play important roles in synaptic 

plasticity, NMDA receptor function and calcium signalling (Lu et al., 2004).  Wang, 

(2008) found that long term depression (LTD), a form of synaptic plasticity, was 

reduced in the nucleus accumbens of aged (17-23 months) compared to young (2-5 

months) mice, suggesting an age related impairment in pre- and post-synaptic 

transmission.  The study also revealed that NMDA receptor dependent LTD was 

more susceptible to aging then non-NMDA receptor dependent LTD.  Maroun and 

Richter-Levin, (2002) artificially induced long term potentiation (LTP) by delivering 

theta burst stimulation to the perforant pathway of the hippocampus of rats.  This 

created a local circuit plasticity which was impaired in aged rats.  Reduced LTP in 

rats leads to an impaired performance in a spatial task (Clayton et al., 2002).  

Antisense was used to block NMDA receptor dependent LTP by reducing the NR2B 

subunit of the receptor which led to an impaired performance in a water maze task 

(Clayton et al., 2002).  In another study, plasticity was significantly decreased in 

aged mice but they were still able to learn the required behaviour (Liguz-Lecznar et 

al., 2011).  This could suggest a problem with the model or perhaps an alternative 

learning mechanism for aged animals.  Indeed, many studies have shown that young 

and old groups can perform a task with similar accuracy (Grossman et al., 2002; 

Milham et al., 2002) however different pathways are activated.  Perhaps older groups 

can retain accuracy but at the expense of reaction time (Sorond et al., 2008).   

 

 

1.7. Mechanisms of the Cognitive Effects of Oestrogen 
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As demonstrated, oestrogen is an important neurobiological hormone which has 

consequences throughout the entire life of an organism.  Many studies in humans 

report that oestrogen replacement therapy reduces the risk of developing Alzheimer’s 

disease (Tang et al., 1996; Panidis et al., 2001).  Morinaga et al., (2007) have 

provided evidence in vitro that oestrogen can directly interact with the plaques of 

amyloid-β, one of the hallmarks of the condition (Mueller et al., 2005).  Oestrogen 

can inhibit the formation of amyloid-β by destabilising the structure of the plaques 

(Morinaga et al., 2007).  Oestrogen is also an important hormone in the treatment of 

psychosis and cognitive dysfunction in schizophrenia in humans, as these symptoms 

exacerbate with the reduction of circulating hormones at menopause (Kulkarni et al., 

1998; Bergemann et al., 2005a; Koenig, 2006).  Recently it has been shown that 

oestrogen treatment may benefit men as well as women (Kulkarni et al., 2011).  

Also, oestrogen is a modulator of dopamine (Österlund and Hund, 2001) and hence 

acts as a neuroleptic; while also acting on the cholinergic system to alleviate 

cognitive decline.  While oestrogen has direct effects on the symptoms of 

Alzheimer’s disease and schizophrenia, a large proportion of research suggests that 

oestrogens’ benefit actually arises indirectly from its role as a neuroprotective agent 

(Vasudevan and Pfaff, 2008; Kumar et al., 2010). 

 

1.7.1. Synaptic Plasticity 

 

One of the mechanisms associated with the beneficial effect of oestrogen on 

cognition is synaptic plasticity, which is the alteration of the structure of synapses 

(Marrone and Petit, 2002) – sites of memory storage (Mukai et al., 2010).  

Ovariectomy without oestrogen replacement results in fewer dendritic spines in the 
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CA1 region of the hippocampus when compared with intact rats (Gould et al., 1990).  

Xu and Zhang (2006) reported that, in mice, adverse effects after ovariectomy such 

as an increase in the width of the synaptic cleft and decreased post-synaptic density 

(PSD), an electron-dense structure important in synaptic signalling (Ziff, 1997), were 

reversed by oestrogen treatment.  Sinopoli et al., (2006) found that a dose of 0.9µg 

oestradiol benzoate facilitated spatial working memory when infused into the 

prefrontal cortex; however, a lower dose of 0.1µg facilitated performance when 

infused into the hippocampus, demonstrating a site specific effect of oestrogen.  

Murphy and Segal (1996) show that 0.1µg/ml E2 significantly increased spine 

density in vitro which was blocked by the SERM, tamoxifen.  Woolley et al., (1990) 

have shown that dendritic spine density fluctuates naturally across the oestrous cycle 

with a higher density at proestrus, when there is a higher level of oestrogen, and a 

lower density at oestrus, when oestrogen levels are lowest. 

 

Dendritic spines are the site of synaptic input and in the CA1 region of the 

hippocampus a large amount of synapses are glutamatergic (Woolley et al., 1997); 

therefore it is possible that NMDA receptors are involved in oestrogen mediated 

effects on synaptic plasticity and therefore memory.  Carrer et al., (2003) reports that 

the excitability of hippocampal neurons in ovariectomised rats is significantly 

reduced compared to control rats.  The administration of oestrogen reverses this.  In 

the experiment by Murphy and Segal (1996) an NMDA receptor antagonist reversed 

the positive actions of oestrogen on spine density supporting the premise that these 

receptors are important in oestrogen mediated benefits.  Bi et al., (2001) have shown 

that phosphorylation of NMDA receptors was increased by 50% in rats in proestrus 

compared to rats in diestrus.  When rats were ovariectomised and treated with an 
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oestrogen implant this effect was exaggerated, as phosphorylation of NMDA 

receptors was increased by 100% in oestrogen treated animals compared to 

ovariectomised animals given no treatment.  The activation of NMDA receptors by 

glutamate can result in an increase in calcium in the hippocampus aiding learning 

and memory.  CEEs (conjugated equine oestrogens) can increase the magnitude of 

response to glutamate in individual neurons (Nilsen et al., 2002).  Hence, oestrogen 

can mediate levels of calcium, which can induce LTP (Yang et al., 1998).  

Dysregulation of calcium homeostasis occurs with aging (Brewer et al., 2006) but 

can be delayed with oestrogen treatment; therefore delaying cognitive deficits 

associated with decreased calcium levels (Sato et al., 2003). 

 

1.7.2. Genomic vs. Non-genomic Pathways 

 

The exact mechanisms by which oestrogen induces synaptic plasticity remain 

unclear.  What is clear, however, is that some of these effects occur too rapidly to be 

classical transcription factor mediated.  Such genomic effects take up to 24 hours to 

bring about transcription and changes in protein expression (Murphy and Segal, 

1996; Vasudevan and Pfaff, 2008) yet Hojo et al., (2008) have shown that spine 

density increases in the CA1 region of the hippocampus within 2 hours of E2 

administration.  There have also been effects of oestrogen reported to occur in less 

than 60 minutes (Fitzpatrick et al., 2002; Wade and Dorsa, 2003; Lee et al., 2004; 

Zhao et al., 2005; Szego et al., 2006).  It has been proposed that these non-genomic 

actions are mediated by a membrane oestrogen receptor; however there is some 

debate over whether one or both of the existing receptors can translocate to the 

membrane or whether there is a novel receptor permanently located in the cell 
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membrane.  Razandi et al., (2002) argue that ERα can associate with structural 

proteins to bind to the membrane.  Warner and Gustafsson, (2006) have also 

supported this theory claiming that nuclear ERα can be located in the folds of the cell 

membrane, the caveolae.  These membrane ERs have near equal affinity for 

oestrogen as nuclear ERs (Razandi et al., 1999).  Kahlert et al., (2000) have shown 

that ERβ does not induce rapid signalling in the same fashion that ERα did in the 

above studies.  However, opposing results have also been demonstrated.  Sheldahl et 

al., (2008) found that ERβ could translocate to the membrane five minutes after 

oestrogen exposure in the hippocampal HT22 cell line while the location of ERα did 

not change.  The experimenters in this study believe that oestrogen binds to ERβ in 

the nucleus or cytoplasm then translocates to the membrane to mediate its rapid 

actions.  To investigate such a theory experiments have been carried out 

implementing techniques to bind oestrogen to macromolecules in order to prevent 

oestrogen from entering cells.  One such macromolecule is BSA-E2 which cannot 

pass through the membrane of a cell due to its large size and charge properties 

(Vasudevan and Pfaff, 2008).  In an experiment conducted by Wade et al., (2001), 

addition of E2 to ERα or ERβ transfected Rat-2 fibroblasts resulted in a rapid 

activation of a second messenger signalling pathway MAPK (mitogen-activated 

protein kinase).  This effect was also seen when BSA-E2 was administered 

suggesting the binding of oestrogen to its receptor did not take place within the cell 

but at the membrane.  However, there have been some concerns that in membrane 

limited conjugates such as BSA-E2, there may still exist some free oestrogen thus 

confounding the results (Stevis et al., 1999).  Sheldahl et al., (2008) have suggested 

that ERα and ERβ can both translocate to the membrane but in different cell types.  

For instance, ERβ can translocate in HT22 cells (Sheldahl et al., 2008) while ERα 
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can translocate in MCF-7 cells (Song, 2004) and Cas-7 cells (Razandi et al., 2002).  

While their data indicates that nuclear ERs translocate to the membrane of a cell, 

Toran-Allerand et al., (2002) have an opposing view.  They believe a novel ER is 

located in the caveolar-like microdomains of membranes, an ER they termed ‘ER-X.’  

This membrane oestrogen receptor has been shown in post-natal mice but not in adult 

mice.  However, the membrane receptor is re-expressed in adults after ischemic 

stroke.  Other steroid receptors have been found at the membrane arriving via 

translocation (Pedram et al., 2007).  Caveolin proteins act to traffic receptors to the 

cell membrane where membrane signalling pathways can be initiated (Luoma et al., 

2008).    It is therefore more likely that Toran-Allerand et al., (2002) were observing 

ERs that have translocated rather than receptors which permanently reside at the 

membrane. 

 

1.7.3. Neurotrophic and Neuroprotective Actions of Oestrogen 

 

Another way in which oestrogen can protect memory is through its neurotrophic 

actions.  These too can be genomic or non-genomic (Vasudevan and Pfaff, 2008).  

Zhao et al., (2004) reported a neuroprotective effect of oestrogen against glutamate 

excitotoxicity in hippocampal neurons.  A single dose of oestrogen has also been 

shown to be protective against hippocampal cell loss in a model of brain ischemia 

(Wappler et al., 2010) apparently by decreasing apoptosis (Crosby et al., 2007; Jia et 

al., 2009).  Jia et al., (2009) demonstrated that an oestrogen releasing capsule 

implanted under the skin decreased neuronal cell death by 50%.  Crosby et al., 

(2007) concluded that oestrogen up-regulates antiapoptotic pathways.  Indeed, 

chronic administration of oestrogen prevented Bcl-2 (an anti-apoptotic protein) 
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down-regulation and Bax (a pro-apoptotic protein) up-regulation induced by 

ovariectomy (Sharma and Mehra, 2008).  Jover-Mengual et al., (2007) provided an 

insight into the pathway of the up-regulation of Bcl-2 as the presence of a MAPK 

inhibitor blocks the ability of oestrogen to prevent ischemia provoked down-

regulation of Bcl-2.  E2 also induces Bcl-2 protein up-regulation by activating L-type 

Ca
2+

 channels which cause a rise in calcium initiating signalling pathways such as 

the MAPK pathway (Wu et al., 2005), proposed as a pathway for the non-genomic 

actions of oestrogen (Wade et al., 2001).  Inhibition of L-type Ca
2+

 channels 

completely blocks diarylpropionitrile (DPN; a selective ERβ agonist) induced 

increases in phosphorylation while only partially blocks propylpyrazoletriol (PPT; a 

selective ERα agonist) induced phosphorylation.  This suggests that phosphorylation 

of ERβ mediated signalling pathways is exclusively regulated by L-type Ca
2+

 

channels while ERα interacts with other calcium channels (Zhao and Brinton, 2007).  

The involvement of the MAPK pathway is again evident as HT22 cells with no 

functional ERs fail to activate this pathway (Fitzpatrick et al., 2002).  Changes in the 

homeostasis of calcium have been suggested as a theory of aging.  Raza et al., (2007) 

found that older animals took longer to remove excess calcium which may contribute 

to excitotoxicity. 

 

Acetylcholine receptors are essential in cognition and activation of the muscarinic 

subtype results in phosphorylation of ERK (extracellular signal-regulated kinase; 

Roberson et al., 1999) which is an important protein in LTP (Sweatt, 2001).  The 

nicotinic subtype is also involved and Fujii and Sumikawa, (2001) found that 

exposure to nicotine lowered the threshold for LTP induction in the aging 

hippocampus.  One particular nicotinic receptor subtype, the α7 nAChR, has recently 
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been investigated for its involvement in cognition in aging and, in particular, 

schizophrenia.  McLean et al., (2011) demonstrated that administration of an α7 

agonist, PNU282987, attenuated reversal learning and novel object impairments 

induced by subchronic PCP treatment (2mg/kg twice daily for seven days).  

Hashimoto et al., (2008) found similar results with another α7 nAChR agonist, 

SSR180711, which reversed a PCP deficit (10mg/kg daily for ten days) in mice.  

Hashimoto et al., (2008) also discovered that levels of α7 receptors in the frontal 

cortex and hippocampus were significantly lower in PCP treated mice than in control 

mice.  These receptors mediate cholinergic transmission (Alkondon et al., 1998) and 

activate calcium release (Gray et al., 1996), contributing to LTP and therefore 

learning and memory (Leiser et al., 2009).  Oestrogen can increase the excitability 

threshold for acetylcholine (Farr et al., 2000) thereby causing greater activation of α7 

nAChR and in turn strengthening LTP and improving cognition. 

 

One neuroprotective action of oestrogen can be attributed to its antioxidant property 

as oestrogens are effective scavengers of free radicals (Ruiz-Larrea et al., 2000).  It 

has been demonstrated previously that antioxidants such as alpha-tocopherol can 

slow the progression of Alzheimer’s disease (Sano et al., 1997).  The antioxidant 

property of oestrogen has been well documented in many areas outside the brain.  

Peroxide production in the mitochondria of ovariectomised female rats is 

approximately doubled compared to intact animals (Borras et al., 2010).  Song et al., 

(2009) reported that the survival of bovine aortic endothelial cells was significantly 

reduced to 56% after 30 minutes of hydrogen peroxide exposure, and to 39% after 60 

minutes exposure.  When these cells were pre-treated with oestrogen, cell survival 

rate was only reduced to 64% after 30 minutes and 66% after 60 minutes which was 
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not a statistically significant reduction.  These results strongly indicate an effect of 

oestrogen on oxidative stress.  Mann et al., (2007) obtained similar results in an 

experiment using a hydrogen peroxide insult on osteocytes.  Oestrogen blocked the 

oxidative damage caused by hydrogen peroxide and these cells were comparable to 

control samples.  Bains et al., (2007) conducted a study testing the antioxidant effect 

of oestrogen in hippocampal neurons.  E2 and HPTE (2,2-bis(phydroxyphenyl)-1,1-

trichloroethane; a selective ERα agonist) successfully protected neurons against 

oxidation whereas DPN did not, although this does not completely rule out a role for 

ERβ as cells were analysed 24 hours post oxidative administration and ERβ’s role 

may be elicited further along the time scale.  Oxidation was caused in dopaminergic 

neurons by the production of free radicals when exposed to MPP
+
 (Obata and 

Yamanaka, 2000; Lee et al., 2003); however, this neuroprotection only occurred 

when neurons were cultured in the presence of glial cells as the absence of glial cells 

resulted in a complete blockade of oestrogen’s actions.  Borras et al., (2005) has 

stated that oestrogen’s antioxidant property is indirect and occurs via activating ERs 

and triggering NFκB which up-regulates the expression of antioxidant pathways.  

However, in a later study, Borras et al., (2010), reported that oestrogen can also have 

direct effects on oxidation on mitochondria in cells.  Oxidative damage to 

mitochondria occurs with aging (for review see Van Remmen and Richardson, 2001) 

and a diminished metabolic rate is associated with early Alzheimer’s disease 

(Minoshima et al., 1997).  The study showed that peroxide production was 

significantly reduced in mitochondria in the presence of at least 0.2nM of E2 by 30%.  

Even at a dose of 2000nM, the rate of peroxide production was still 30% showing 

saturation.  These results indicate that oestrogen interacts directly with receptors in 

mitochondria (Borras et al., 2010). 
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There is some debate about which oestrogen receptor is responsible for these effects.  

In the brain of mice bred without ERβ genes (ERβKO) there is neuronal loss at two 

months.  As the animals aged the neuronal deficit becames more pronounced and by 

the age of 2 years there was widespread degeneration of neuronal cell bodies (Wang 

et al., 2001).  Conversely, Dubal et al., (2001) implanted oestrogen releasing 

capsules into ERαKO (mice bred with absent ERα genes), ERβKO and WT (bred 

with intact genes for ERα and ERβ) mice which resulted in neuroprotection against 

ischemia in all but ERαKO groups, indicating a role for ERα in neuroprotection.  

This study is supported by Kim et al., (2001) who showed that the protective action 

of oestrogen against amyloid-β toxicity is mediated by ERα blocking the amyloid 

induced apoptosis.  In addition, Farr et al., (2007) reported no difference between 

DPN and vehicle treatment in recovery after middle cerebral artery occlusion 

(MCAO).  Taken together, this data concludes that the significant improvement in 

oestrogen treated rats over control animals after brain injury (Saleh et al., 2004; 

Crosby et al., 2007) was mediated by ERα, not ERβ.  However, there has been a case 

made for ERβ mediated effects.  The neuroprotective effect of oestrogen against 

glutamate seen in Zhao et al., (2004) was induced by ERα and ERβ independently.  

Fitzpatrick et al., (2002) also showed a neuroprotective effect of oestrogen via both 

ERs.  In the study, HT22 cells were transfected with either ERα (HTERα) or ERβ 

(HTERβ).  The three cell types were then treated with amyloid-β peptide which 

significantly reduced cell function.  Pre-treatment with oestrogen for 10 minutes 

resulted in a 50% increase in the number of living cells in HTERα and HTERβ, but 

not HT22 cells which lack oestrogen receptors.  The contrast between these results is 

most likely due to experimental differences (Fitzpatrick et al., 2002).  For example, 
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many of these studies used different neuronal insults and paradigms to test the 

neuroprotective actions of oestrogen.  Zhao et al., (2004) showed that both ERα and 

ERβ could protect hippocampal cells against glutamate-induced toxicity, however, 

only ERα could protect against amyloid-β toxicity in HT22 in vitro (Kim et al., 

2001).  Another methodological issue to consider when comparing the conclusions of 

experiments is the species of animal used.  For instance, Dubal et al., (2001) used 

mice while Crosby et al., (2007) and Farr et al., (2007) used rats.  A further 

complication exists because Crosby et al., (2007) conducted their experiments using 

male animals and when investigating the actions of oestrogen sex is an important 

consideration. 

 

 

1.8. Oestrogen and Anxiety 

 

Oestrogen has long been associated with anxiety with its actions being complicated, 

as experiments have demonstrated both anxiolytic and anxiogenic properties.  

Morgan and Pfaff (2002) tested two strains of mice on the open field, plus maze and 

dark-light transition tasks with and without oestrogen treatment.  Both strains of mice 

showed significantly more anxious behaviour with oestrogen treatment than vehicles 

in all paradigms.  In contrast, Pandaranandaka et al (2006) demonstrated that 

ovariectomised rats given oestrogen replacement therapy spent more time in the open 

arm of the plus maze than ovariectomised rats not receiving oestrogen.  This 

illustrates that oestrogen treatment also has anxiolytic properties.  Since the 

discovery of oestrogen receptor beta (Mosselman et al., 1996; Kuiper et al., 1996) 
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this contradiction has been somewhat resolved.  Many experiments have shown that 

the subtype ERβ is mainly involved in oestrogens effects on anxiety. 

 

Lund et al (2005) conducted a study in which four cohorts of rats were 

ovariectomised and treated with either, an ERα agonist (PPT), an ERβ agonist 

(DPN), E2, which has affinity for ERα and ERβ, or vehicle daily for four days.  The 

study compared anxiety-like behaviour in two paradigms; the open field task and the 

elevated plus maze.  In the open field task rats treated with DPN made more rears, 

spent more time in the middle of the open field and interacted more with a novel 

object than PPT treated animals or controls.  In the elevated plus maze paradigm, the 

DPN treated cohort also showed more anxiolytic behaviours than other cohorts.  

DPN treated animals had a significantly increased number of open arm entries and 

spent more time in the open arms than vehicle or PPT treated rats.  When anxiogenic 

behaviours were examined it was found that DPN had reduced, but PPT had 

increased anxiogenic behaviours such as number of faecal boli.  Lund et al (2005) 

also administered a SERM, tamoxifen, which blocked the anxiolytic effects of DPN.  

This data suggests that it is ERβ which is responsible for the anxiolytic actions of 

oestrogen and that ERα may mediate anxiogenic behaviour.  These findings are 

further substantiated in studies by Krezel et al., (2001) and Spiteri et al., (2010).  

Krezel et al., (2001) conducted two behavioural tests, open field and plus maze, with 

ERβKO and ERαKO mice.  The ERβKO animals showed enhanced anxiety-like 

behaviours in both paradigms, with increased thigmotaxis and reduced locomotion in 

the open field task and less time in the open arms and less head dipping in the plus 

maze test compared to ERαKO and wild type mice.  In another study, one cohort of 

rats were given a virus vector mediated delivery of short hairpin RNA’s into the 
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amygdala directed against ERα gene or luciferase gene (control) in order to 

investigate the anxiolytic properties of ERα in a light-dark transition task.  The study 

found that animals treated with the virus, and therefore having a reduced number of 

ERα, displayed less anxiety-like behaviours than controls who were not treated.  In 

short, the experiment suggests that an increased number of ERα is associated with 

increased anxiogenesis (Spiteri et al., 2010).  Walf and Frye (2007a) performed an 

experiment comparing anxious behaviour of rats treated with the ERα selective 

agonist, PPT, the ERβ selective agonist, DPN, E2 and a vehicle.  The agonists were 

administered into the hippocampus or into the ventral tegmental area before being 

tested in the open field and plus maze tests.  Results for the open field task revealed 

that animals administered E2 or DPN into the hippocampus had significantly more 

entries into central squares than PPT or vehicle treated animals.  In the plus maze, 

there was a trend toward E2 and DPN increasing duration in the open arm when 

administered into the hippocampus.  These anxiolytic effects were not seen when 

agonists were administered to the ventral tegmental area in either task, suggesting 

ERβ in the hippocampus is important in oestrogen’s mediation of anxiety. 

 

 

1.9. Aims and Objectives 

 

The purpose of this thesis was to investigate the hypothesis that oestrogen or SERMs 

may be used as a treatment for the cognitive and anxiety related components in 

neurodegenerative diseases such as Alzheimer’s disease and schizophrenia.  Several 

animal models of cognitive dysfunction were utilised to accomplish this.  

Scopolamine and amphetamine were used to induce deficits of relevance to 
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Alzheimer’s disease and schizophrenia.  Acute and subchronic PCP was also 

administered in several paradigms of relevance to schizophrenia to create a cognitive 

deficit in object recognition memory and executive function.  Oestrogen was 

administered in an attempt to reverse these deficits.  Oestrogen was also administered 

to animals in an attempt to reverse anxiety related behaviours.  The thesis also looked 

at oestrogen’s effects on natural forgetting to uncover its actions on cognition in a 

non-diseased state.  The mechanisms of oestrogen’s actions on natural aging, 

schizophrenia and Alzheimer’s disease are reviewed throughout the report. 
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2. Materials and Methods 

 

2.1. Experiment 1: Locomotor activity of subchronic PCP treated rats 

 

2.1.1. Animals 

 

20 sexually mature female hooded-Lister rats (253±19; Harlan, UK) were allowed 14 

days to acclimatise to their environment and experimenter handling before 

experiments began.  Animals were kept 5 per cage under standard laboratory 

conditions on a 12 hour light/dark cycle (lights on at 0700 hours).  Room temperature 

(21°C ±2) and humidity (45-55%) remained constant and food and water were given 

ad libitum.  All experimental procedures were carried out in the light phase between 

0800–1630 hours.  All research in this thesis conformed to the UK Animals 

Scientific Procedures Act (1986) and was approved by the University of Bradford 

Ethical Review Process. 

 

These animals underwent a novel object recognition task prior to locomotor activity 

(LMA) testing.  The results of two rats from the vehicle group were omitted as the 

locomotor box failed to record any activity.  This box was not used after the first two 

runs. 

 

2.1.2. Drug Treatment 

 

Rats were divided into two cohorts; a subchronic phencyclidine (PCP; Sigma-

Aldrich, U.K) treated group (n=10) and a vehicle group (n=8).  The subchronic PCP 



 42 

regimen, (an i.p. injection of 2mg/kg PCP (PCP HCl dissolved in 0.9% saline to a 

volume of 1ml/kg) twice daily for seven days followed by a 7 day period drug free, 

has been shown to induce certain symptoms relevant to schizophrenia in animals, 

particularly cognitive deficits (Grayson et al., 2007; Beraki et al., 2009; see Neill et 

al., 2010 for review).  Vehicle rats were dosed with 0.9% saline, w/v, using the same 

regimen. 

 

These animals were tested approximately 1 month after PCP dosing.  All rats, those 

previously treated with PCP and vehicle, were dosed with a single 1.5mg/kg 

injection of PCP (dissolved in 0.9% saline to a dose of 1ml/kg; i.p.) immediately 

prior to testing.  This dose was chosen as 2mg/kg was observed to induce ataxia at an 

acute dose when measuring locomotion (observed during PCP dosing). 

 

2.1.3. Locomotor activity Apparatus and Procedure 

 

Locomotor activity was measured in acrylic boxes (24 x 45 x 20cm) with sawdust 

covering the floor.  See figures 2.1.3a and 2.1.3b.  16 infrared beams cross the space 

between the front and back and side to side.  When the rat moves the beams are 

broken, this is recorded as activity.  Each rat was placed in one box for two hours and 

the number of beams disrupted was recorded every five minutes using computer 

software AMlogger (Cambridge Neurotechnology Ltd). 
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Figure 2.1.3a     Figure 2.1.3b 

 

 

 

 

 

 

 

 

 

2.1.4. Statistical Analysis 

 

The number of times each animal crossed a beam in every five minute period and the 

total number of beams broken (total LMA) were recorded.  The area under the curve 

was calculated using the trapezium rule and a student’s t-test was performed. 

All statistical analyses were completed using SPSS version 14 and all graphs were 

drawn using Prism GraphPad version 5. 

 

 

2.2. Experiment 2: The Effect of Subchronic PCP on the Novel Object Recognition 

Paradigm 

 

2.2.1. Animals 

 

Figure 2.1.3a shows the 

locomotor activity testing set up. 

Figure 2.1.3b shows an 

individual locomotor activity 

box. 
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The 20 female hooded-Lister rats (258±21; Harlan, UK) from experiment 1 were 

used in this study. 

 

2.2.2. Drug Treatment 

 

Rats were divided into two groups; a subchronic PCP (Sigma-Aldrich, U.K) and a 

vehicle treated group (n=10 in each group).  Animals in the subchronic PCP regimen 

were injected with 2mg/kg (i.p.) PCP twice daily for seven days.  Vehicle rats were 

dosed with 0.9% saline, w/v, using the same regimen.  There were 7 test-free days to 

allow for the PCP to washout, ensuring that any changes in behaviour were due to 

long term effects of the PCP in the brain rather than the drug itself (Jentsch et al., 

1998). 

 

2.2.3. Novel Object Recognition Paradigm and Apparatus 

 

The novel object recognition (NOR) paradigm relies on an animals’ innate 

exploratory behaviour (Dere et al, 2007).  The apparatus used was a Plexiglas box, 

the floor of which is divided into 9 squares to allow the locomotor activity (LMA) of 

the animal to be recorded by counting the number of times an animal crosses each 

line.  Immediately before testing, the animals were habituated in groups to the box 

and testing room for 30 minutes on three consecutive days.  The test consisted of 

three phases; the acquisition phase where the rat explored two identical objects, the 

inter-trial-interval (ITI) where the rat was returned to its home cage for a specified 

period of time, and the retention trial where the rat explored a familiar object and a 

novel object.  (See figures 2.2.4a and 2.2.4b).  Rats will naturally explore a novel 
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object and therefore vehicle rats usually spend significantly more time exploring the 

novel object therefore demonstrating that they have remembered the familiar object 

while PCP rats would show cognitive impairment by exploring both objects equally 

(Ennaceur and Delacour, 1988; Ennaceur et al., 1995; Neill et al., 2010). 

 

2.2.4. Novel Object Procedure 

 

All animals were habituated to the novel object boxes prior to testing.  All rats from 

one cage were put into a box for 30 minutes for at least three consecutive days.  On 

the day of testing rats were further habituated to the box for 3 minutes immediately 

prior to testing. 

 

In the acquisition trial a rat was placed in the far left corner of the novel object box 

facing the corner.  The box contained two identical objects placed in opposite corners 

(the far right and near left corners) and the rat had 3 minutes to explore these objects.  

The rat was then returned to the home cage for an ITI of 1 minute.  During this time 

one object was replaced with a third identical object while the other object was 

replaced with a novel object.  After the ITI the rat was placed back into the far left 

corner of the box for the retention phase of 3 minutes.  The apparatus, including the 

objects, was cleaned between each trial using water with 10% ethanol to avoid scent 

marks from the previous trial (Bertaina-Anglade et al., 2006). 
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          Figure 2.2.4a    Figure 2.2.4b    

      

 

 

 

 

 

 

 

 

 

 

 

2.2.5. Statistical Analysis 

 

The experiment was video recorded and the tapes were scored by an experimenter 

blind to treatment groups.  The time (s) that each rat spent sniffing each object in the 

acquisition phase and in the retention phase was recorded.  Paired samples t-test, 

novel vs. familiar, was carried out for the vehicle and subchronic PCP groups. 

 

The discrimination index (DI) was calculated for each animal in the retention phase 

by subtracting the time spent exploring the familiar object from the novel object then 

dividing by the total exploration time (novel plus familiar).  A DI of zero reveals that 

the rat explored the novel and familiar objects equally, a DI above zero shows that 

the novel object was explored for longer, while a DI below zero shows that the 

familiar object was explored more.  Locomotor activity was also recorded by 

counting the number of times the animal crosses a line on the floor of the novel 

Figure 2.2.4a shows the novel object box as viewed from above.  The lines dividing 

the floor into squares were used to measure locomotor activity.  Figure 2.2.4b shows 

the object used in the eperiments.  Two identical objects were used in the acquisition 

phase, one of which was replaced with a novel object in the retention phase.   
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object box.  In this experiment, a line crossing was defined as when the base of the 

tail had crossed the line.  Student’s t-tests were carried out on DI and LMA. 

 

All statistical analyses were completed using SPSS version 14 and all graphs were 

drawn using Prism GraphPad version 5. 

 

 

2.3. Experiment 3: The Effect of Acute Psychotomimetics in the Novel Object 

Recognition Paradigm 

 

2.3.1. Animals 

 

34 female sexually mature virgin hooded-Lister rats (266±28g; Harlan, UK) were 

used for this experiment.  Housing conditions were as described in section 2.1.1. 

 

2.3.2 Drug Treatment 

 

Animals were separated into four groups: a PCP (Sigma-Aldrich, U.K.; 1mg/kg; i.p.) 

treated group (n=7), a scopolamine (Sigma-Aldrich, U.K.; 0.125mg/kg; i.p.; 

dissolved in 0.9% saline to a volume of 1ml/kg) treated group (n=9), an d-

amphetamine (Sigma-Aldrich, U.K.; 0.75mg/kg; i.p.; dissolved in 0.9% saline to a 

volume of 1ml/kg) treated group (n=9) and a vehicle (0.9% w/v saline; 1ml/kg; i.p.) 

treated group (n=9).  All dosing occurred 30 minutes prior to novel object 

recognition (NOR) testing to allow time for the drugs to take effect.  A 0.75mg/kg 

dose of d-amphetamine was chosen based on previous studies (Idris et al., 2005; 
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McLean et al., 2010).  A dose of 0.125mg/kg scopolamine has been shown to induce 

memory impairments in previous studies (Fader et al., 1999; Sutcliffe et al., 2008).  

A dose of 1mg/kg PCP was chosen as LMA data for acute PCP as 1.5mg/kg induced 

ataxia. 

 

PCP is an established model of aspects of schizophrenia symptomatology (Morris et 

al., 2005) and amphetamine has also been used as a model of psychosis (Duncan et 

al., 1999; Idris et al., 2005).  Scopolamine has been used to mimic cognitive 

impairments in Alzheimer’s disease due to its amnesia inducing effects (Pitsikas et 

al., 2001).  See Neill et al., (2010) for a review of preclinical models of NMDA 

receptor antagonism induced cognitive dysfunction in schizophrenia. 

 

2.3.3 Novel Object Recognition Procedure 

 

The novel object recognition apparatus and procedure has been previously described 

for experiment 2.  Animals explored two identical objects in the 3 minute acquisition 

phase, were returned to the home cage for a 1 minute ITI, and explored a familiar 

and a novel object for the 3 minute retention phase. 

 

2.3.4. Statistical Analysis 

 

Student’s t test was carried out on exploratory time for the acquisition and retention 

phase.  The discrimination index (DI) was calculated for each animal in the retention 

phase.  Locomotor activity was also recorded.  One-way ANOVA and post-hoc 

Bonferroni comparisons tests were carried out on DI and LMA. 
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All statistical analyses were completed using SPSS version 14 and all graphs were 

drawn using Prism GraphPad version 5. 

 

 

2.4. Experiment 4: The Effect of Oestrogen on Natural Forgetting Induced by 

Increased Inter-Trial-Interval 

 

2.4.1. Experiment 4a: Vehicle vs. Oestrogen in the Novel Object Recognition 

Task with a 6 hour Inter-trial Interval. 

 

2.4.1.1. Animals 

 

20 female sexually mature virgin hooded-Lister rats (228±16g; Harlan, UK) were 

used for this experiment.  Housing conditions were as described in section 2.1.1. 

 

One oestradiol benzoate (EB) treated rat was excluded as it failed to explore either 

object in the retention phase of the task 

 

2.4.1.2 Drug Treatment 

 

Animals were separated into two groups: an EB (10µg/kg, dissolved in 0.01% 

ethanol and olive oil to a volume of 1ml/kg; n=9; s.c) and a vehicle (olive oil; w/v; 

n=10; s.c.) group.  All dosing occurred approximately 24 hours prior to the novel 

object recognition (NOR) testing to allow time for the genomic effects of oestrogen 
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to occur (Murphy and Segal, 1996; Sutcliffe et al., 2008).  This dose of EB was 

chosen as Sutcliffe et al., (2008) has previously shown that 10µg/kg EB can reverse 

an acute PCP deficit in the NOR task. 

 

2.4.1.3. Novel Object Recognition Procedure 

 

The novel object recognition procedure was as described above, however rats were 

returned to the home cage for 6 hours rather than 1 minute for the inter-trial interval.  

Previous studies have shown that natural forgetting occurs after 3 hours in female 

rats but recent studies have shown 6 hours to be the optimal ITI for this (Bertaina-

Anglade et al., 2006; Sutcliffe et al., 2007). 

 

 

2.4.2. Experiment 4b: Vehicle vs. Oestrogen in the Novel Object 

Recognition Task with a 24 hour Inter-trial Interval. 

 

2.4.2.1. Animals 

 

The 20 animals used in experiment 4a were tested again in the current experiment.  

There were at least 7 days in between the two tests and animals that received 

oestrogen in experiment 4a received the hormone again in the current experiment 

also due to long lasting genomic effects of oestrogen (Murphy and Segal, 1996; 

Vasudevan and Pfaff, 2008).  Vehicles from experiment 4a received vehicle again. 

 

2.4.2.2. Novel Object Recognition Procedure 
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The novel object recognition procedure was as outlined above, however rats were 

returned to the home cage for 24 hours rather than 1 minute for the inter-trial 

interval. 

 

The results of four animals in the EB group were omitted due to not exploring either 

object in the acquisition or retention trial.  Although there was a test free period of 

seven days animals may have been over habituated to the novel object box.  All 

vehicle treated rats were included in the analysis. 

 

 

2.4.3. Experiment 4c: Vehicle vs. Oestrogen in the Novel Object Location 

Task with a 6 hour Inter-trial Interval. 

 

2.4.3.1. Animals 

 

20 female sexually mature virgin hooded-Lister rats (236±31g; Harlan, UK) were 

used for this experiment.  These were a new batch of animals not previously tested in 

this paradigm.  Housing conditions were as outlined above. 

 

2.4.3.2 Drug Treatment 

 

Animals were treated as above in experiments 4a and 4b.  Animals were separated 

into two groups: an EB (10µg/kg, dissolved in 0.01% ethanol and olive oil to a 

volume of 1ml/kg; n=10; s.c) and a vehicle (olive oil; w/v; n=10; s.c.) group.  The 
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result for one animal in the vehicle group was omitted due to that animal not 

exploring either object in the acquisition trial.  Dosing occurred 24 hours prior to 

behavioural testing. 

 

2.4.3.3. Novel Object Location (NOL) Procedure 

 

The apparatus used for the novel object recognition task was also used for the novel 

object location task which is a spatial reference memory version of the NOR 

paradigm.  Habituation was carried out in the same manner.  The novel object 

location task also consists of an acquisition phase, an inter-trial interval (ITI) and a 

retention phase.  In the acquisition phase the animal is exposed to two identical 

objects which it has 3 minutes to explore.  The animal is then returned to the home 

cage for an ITI of 6 hours.  In the 3 minute retention phase the animal was shown 

two more objects identical to those in the acquisition phase however one object was 

placed in a novel location compared to the previous phase. 

 

2.4.3.4. Statistical Analysis 

 

Student’s t test was carried out on exploratory time for the acquisition and retention 

phase.  The discrimination index (DI) was calculated for each animal in the retention 

phase.  Locomotor activity was also recorded.  One-way ANOVA and post-hoc 

Bonferroni comparisons tests were carried out on DI and LMA. 

 

All statistical analyses were completed using SPSS version 14 and all graphs were 

drawn using Prism GraphPad version 5. 
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2.5. Experiment 5: The Effect of Oestrogen in the Reversal Learning Paradigm 

 

2.5.1. Animals 

 

50 female sexually mature virgin hooded-Lister rats (230±18g; Harlan, UK) were 

used for this experiment.  Housing conditions were as described in section 2.1.1, 

however, rats were food deprived to 85% of their normal feeding weight to increase 

motivation to work for a food reward.  Water was provided ad libitum. 

 

Animals included in this study had been used in a previous reversal learning study 1 

month earlier in which a test had been administered.  Subchronic PCP dosing, 

administered as previously described, was performed before this testing; however, 

effects of this regimen are robust and long lasting. 

 

2.5.2. Drug Treatment 

 

45 rats were divided into five cohorts of nine rats: a subchronic PCP (Sigma-Aldrich, 

U.K; 2mg/kg; dissolved in 0.9% saline to a volume of 1ml/kg; i.p.) group, a 

subchronic PCP plus 1µg/kg EB (Sigma-Aldrich, U.K; EB dissolved in 0.01% 

ethanol and olive oil to a volume of 1ml/kg; s.c.) group, a subchronic PCP plus 

10µg/kg EB, a subchronic PCP plus 20µg/kg EB group and a vehicle (olive oil; w/v; 

s.c.) group.  EB and vehicle (oil) dosing was administered 4 hours prior to initial 

testing.  Animals were than tested again at 24 and 48 hours after dosing.  These times 

were used as oestrogen has been shown to have rapid effects via non-genomic 



 54 

pathways (Kelly and Levin, 2001; Warner and Gustafsson, 2006) and slower effects 

through genomic pathways (Murphy and Segal, 1996). 

 

2.5.3. Reversal Learning Procedure 

 

This experiment required three test days; one 4hrs after oestrogen dosing, one 24hrs 

after dosing and a third session 48hrs after dosing.  The reversal learning task was 

carried out in Plexiglas operant chambers (29×30×30 cm) which were in turn inside a 

hard board box with a clear panel on the front.  The chambers contained two 

retractable levers, each with an LED above then, and a food pellet box between them.  

See figure 2.5.3a.  Habituation and training occurred before any oestrogen dosing. 

 

Animals were habituated to the chambers prior to training.  Training began on a 

continuous reinforcement schedule where a food pellet was delivered every 30 

seconds for 20 minutes for approximately five days.  Rats were then trained on a 

fixed ratio schedule which introduced the levers to the chamber.  The pressing of 

either lever caused a pellet to be released.  Rats were trained on this schedule for 

approximately 2 weeks until the lever pressing response was established.  Rats were 

then trained to press either the left or right lever to gain a food reward.  The active 

lever was randomly assigned each day to avoid lever bias. Next rats were trained to 

respond to a cue (the LED above the lever).  Rats were required to either respond to 

the presence of the LED or to its absence.  For example, rats responding to the 

presence of the LED had to press the lever below the LED that was lit, i.e., if the left 

LED was lit the rat had to press the left lever to receive the pellet.  Rats responding 

to the absence of the LED had to press the opposite lever to where the lit LED was, 
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i.e., if the left LED was lit the rat should press the right lever.  Rats were trained until 

they reached criterion which was 90% correct responding over 3 consecutive days. 

 

Training was completed approximately 2 months before the current experiment was 

initiated therefore all rats were retrained to criterion before day 1 of testing.  On test 

day 1, rats were dosed with 1µg/kg, 10µg/kg or 20µg/kg EB and were tested in the 

initial phase using the schedule implemented for training on the previous day for 5 

minutes.  After a 2 minute time-out where the animals stayed in the chamber with 

house light turned off, rats were tested in the reversal phase where they were 

subjected to the opposite schedule – or reverse – of the initial phase for 5 minutes.  

For example, if rats were responding to the presence of the LED in the initial phase 

they would now have to respond to its absence to gain a food reward on the opposite 

lever.  This procedure was repeated on test day 2, where time since exposure to 

oestrogen was 24 hours, and day 3 where exposure to oestrogen was 48 hours.  The 

correct and incorrect responses in each phase were recorded using Med-PC software, 

Version 2.0 (Med Associates, Inc. Lafayette, Indiana). 

 

In experiment 4a the results of one rat from each treatment group were omitted.  In 

experiment 4b the results of four rats from the subchronic PCP plus 1µg/kg EB, three 

rats from the subchronic PCP plus 10µg/kg EB, two rats from subchronic PCP plus 

20µg/kg EB and one vehicle were omitted.  Omissions were due to either operant 

chambers not working or rats not reaching criterion during training. 

 

Figure 2.5.3a 
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2.5.4. Analysis and Statistics 

 

The percentage of correct responding was calculated and arcsine transformed.  A 

one-way ANOVA and post-hoc LSD t-tests were then conducted.  All statistical 

analyses were completed using SPSS version 18. 

 

 

2.6. Experiment 6: The effect of Oestrogen in the Plus Maze Paradigm 

 

2.6.1. Animals 

 

20 female sexually mature virgin hooded-Lister rats (342±51g; Harlan, UK) were 

used for this experiment.  These animals had been previously tested in the NOL 

paradigm in experiment 4c.  There was a period of at least seven test free days 

between the two tests.  Housing conditions were as outlined above. 

 

One animal from the vehicle group and two from the EB group were omitted from 

statistical analysis as they fell from the platform before the testing was completed. 

 

2.6.2. Drug Treatment 

Figure 2.5.3a shows the reversal 

learning chambers. 
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Animals were separated into two groups: an EB (10µg/kg, dissolved in 0.01% 

ethanol and olive oil to a volume of 1ml/kg; n=8; s.c) and a vehicle (olive oil; w/v; 

n=9; s.c.) group.  All dosing occurred at least 24 hours prior to testing. 

 

2.6.3. Plus Maze Apparatus and Procedure 

 

The plus maze consists of a central platform (10 x 10cm) with four arms extending 

46cm creating a cross or plus-sign shape.  Two opposing arms are ‘closed’, having 

an 8cm high border around them.  The other two opposing arms are ‘open’ having no 

border.  The maze was elevated 46cm above the floor.  See figure 2.6.3a.  This task 

was designed to measure anxiety related behaviours in rodents by elevating the 

apparatus (Rodgers and Johnson, 1997).  The hypothesis is that animals who feel 

anxious, or exposed to threat, spend less time in the open arms as they represent 

opportunity for potential danger, animals who are less anxious explore the open arms 

for a longer period of time (Rodgers et al., 1999). 

 

Oestrogen has previously been shown to reduce anxiety in rodents (Imwalle et al., 

2005; Pandaranandaka et al., 2006; see introduction), therefore it was expected that 

oestrogen treated rats would spend longer in the open arms than vehicle treated rats.  

Other anxiety related behaviours were observed; rearing, when the animal stands on 

its hind legs, and latency, the time taken to first leave the central platform to explore 

an arm.  A longer latency indicates more anxiety and more rears indicate more 

exploratory behaviour therefore less anxiety (Da Cunha et al., 2005). 
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The animal was placed on the central platform facing an open arm.  A video recorder 

was started and the experimenter left the room for 10 minutes allowing the rat to 

explore the maze.  Each test was recorded for scoring at a later date by experimenter 

blind to treatment, and the maze was thoroughly cleaned between each trial. 

 

 

Figure 2.6.3a 

 

 

 

 

 

 

2.6.4. Statistical Analysis 

 

The behaviour was scored blind from a videotape using computer software Hindsight 

version 1.  A key on the keyboard corresponds to either an open or closed arm or the 

central platform.  Each time a rat enters an arm or central platform the designated 

key is pressed and released once they leave and enter a new arm or central platform.  

A rat is only considered to have entered an arm or the central square once all four 

limbs have crossed the threshold.  The software calculates the length of time each 

key is held for giving a total amount of time spent in the open arms, closed arms and 

central platform and the number of entries.  Another key is pressed each time an 

animal rears.  The latency is the length of time a rat takes to first leave the central 

platform and enter an arm.  This data was then analysed by student’s t-tests for time 

Figure 2.6.3a shows the plus 

maze apparatus. 
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spent in the open arms, closed arms and central platform, number of entries into the 

open arms, closed arms and central platform, latency and the number of rears 

comparing oestrogen treatment to vehicle treatment. 
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Chapter 3: Results 
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3. Results 

 

3.1. Experiment 1: Locomotor activity of subchronic PCP treated rats 

 

Figures 3.1a and b display the locomotor activity (LMA) of subchronic PCP and 

vehicle treated animals after an acute PCP (1.5mg/kg) challenge.  Total LMA (figure 

3.1b) and area under the curve (figure 3.1a) was calculated for each animal in both 

conditions and a student’s t test was conducted.  There was a significant difference 

between the subchronic PCP (n=10) and vehicle (n=8) treatment groups in area under 

the curve, p < 0.01**, see figure 3.1a and in total LMA counts, p < 0.01**, see figure 

3.1b. 

 

Figure 3.1a 

 

 

 

 

 

 

 

 

 

  

  

 

Figure 3.1a:  The effect of subchronic PCP 

(2mg/kg, twice daily for seven days, i.p., n=10) 

and vehicle (0.9% saline, w/v, twice daily for 

seven days, i.p., n=8) treatment, on locomotor 

activity after an acute PCP (1.5mg/kg, i.p.) 

challenge immediately before testing.  There 

was a significant difference in area under the 

curve between the two treatment groups, p < 

0.01**.  Dosing was conducted at t=0 and data 

was collected every 10 minutes. 
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Figure 3.1b 

 

 

 

 

 

 

 

 

 

3.2. Experiment 2: The Effect of Subchronic PCP in the Novel Object Recognition 

Paradigm 

 

Paired sample’s student’s t-tests were carried out on the time spent exploring the two 

identical objects in the acquisition phase and time spent exploring the novel and 

familiar objects in the retention phase for the vehicle and subchronic PCP groups.  

There was no significant difference between the two groups in the acquisition phase.  

See figure 3.2a.  However, in the retention phase there was a significant difference 

between novel and familiar object exploration in the vehicle, p < 0.05*, and in the 

subchronic PCP, p < 0.05*, groups.  See figure 3.2b. 

 

 

 

 

Figure 3.2a      Figure 3.2b 
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Figure 3.1b:  The total number of lines crossed 

expressed as mean ± s.e.m. for subchronic PCP 

treated rats (2mg/kg, twice daily for seven days, 

i.p., n=10) and vehicle (0.9% saline, w/v, twice 

daily for seven days, i.p., n=8) after an acute PCP 

(1.5mg/kg, i.p.) challenge immediately before 

testing.  There was a significant difference in total 

line crossings between the two treatment groups, p 

< 0.01**.  Subchronic PCP treated animals 

crossed significantly more lines.  
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Table 3.2c shows the total time of exploration.  This is the total exploration time of 

the left and right object in the acquisition phase and the total exploration time of the 

novel and familiar object in the retention phase.  A student’s t test confirmed that 

there was no significant difference, p = 0.19, in total exploration time (acquisition 

plus retention exploration time) between the vehicle and PCP treated animals. 
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Figure 3.2a:  Mean exploration time of identical 

objects in the acquisition phase following 

subchronic PCP (2mg/kg, twice daily for seven 

days, i.p.; n=10) and subchronic vehicle (0.9% 

saline, w/v, twice daily for seven days, i.p; n=10) 

treatment.  Data are expressed as mean ± s.e.m. 

and were analysed by student’s t-test.  There was 

no significant difference in exploration between 

the left and right object in either group. 

 

 

Figure 3.2b:  Mean exploration time of a novel 

and familiar object in the retention phase 

following either subchronic PCP (2mg/kg, twice 

daily for seven days, i.p.; n=10) or subchronic 

vehicle (0.9% saline, w/v, twice daily for seven 

days, i.p.; n=10) treatment.  Data are expressed 

as mean ± s.e.m. and were analysed by student’s t-

test.  There was a significant difference in 

exploration between the novel and familiar objects 

in the vehicle group, p < 0.05*, and the 

subchronic PCP group, p < 0.05*. 



 64 

 

 

 

 

 

 

 

 

 

 

 

The DI was calculated for all treatment groups in the retention phase.  A student’s t-

test showed that there were no significant differences in DI between any treatment 

groups, see figure 3.2d. 

 

Figure 3.2d 

 

 

 

 

 

 

 

The number of line crossings made was recorded for each treatment group and a 

student’s t-test was conducted.  Results demonstrated that there was no significant 

Treatment 

Acquisition Retention Total 

Exploration 

Time (s) 

Exploration 

Time (s) 

Exploration 

Time (s) 

Vehicle 36.40 ± 4.64 30.90 ± 2.16 67.30 ± 5.04 

PCP 46.90 ± 6.50 32.50 ± 3.49 79.40 ± 7.26 
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Figure 3.2d:  The effect of subchronic PCP 

(2mg/kg, twice daily for seven days, i.p.) 

and vehicle treatment on the DI value.  

Data are expressed as mean ± s.e.m. 

(n=10 per group) and were analysed by a 

student’s t test. There were no significant 

differences between the groups. 

 

Table 3.2c displays the total time (s) spent exploring the two objects in the acquisition phase 

and the total time exploring the novel and familiar objects in the retention phase.  Data are 

expressed as mean ± s.e.m.  Student’s t test showed that there was no significant difference 

in total exploration time between vehicle (n=10) and PCP (n=10) treated animals, p = 0.19.  
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difference in the number of line crossings between the treatment groups.  See figure 

3.2e. 

 

Figure 3.2e 

 

 

 

 

 

 

 

 

These results were unexpected as this subchronic regimen has previously been shown 

to induce a robust and reliable deficit in the NOR paradigm in our lab (Grayson et 

al., 2007; McLean et al., 2010; Idris, et al., 2010).  See Neill et al., 2010 for review.  

Therefore the experiment was repeated with a different experimenter carrying out the 

behavioural testing while the original experimenter conducted the scoring.  Paired 

sample’s student’s t-tests showed that there was no significant difference between 

two familiar objects in the acquisition phase.  See figure 3.2f.  Figure 3.2g shows that 

there was a significant difference in exploration between the novel and familiar 

objects in the retention phase in the vehicle group, p < 0.001***, and in the 

subchronic PCP group, p < 0.05*.  These results are in agreement with the previous 

experiment, however, PCP treated animals could still significantly distinguish 

between novel and familiar objects.  See discussion for further analysis. 
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s Figure 3.2e:  The effect of subchronic PCP 

(2mg/kg, twice daily for seven days, i.p.) 

and vehicle treatment on line crossings.  

Data are expressed as mean ± s.e.m. 

(n=10 per group) and were analysed by a 

student’s t test. There were no significant 

differences between the groups. 
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Figure 3.2f      Figure 3.2g 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 3.2h shows the total time of exploration.  This is the total exploration time of 

the left and right object in the acquisition phase and the total exploration time of the 

novel and familiar object in the retention phase.  A student’s t test confirmed that 

there was no significant difference, p = 0.39 in total exploration time (acquisition 

plus retention exploration time) between the vehicle and PCP treated animals. 
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Figure 3.2f:  Mean exploration time of identical 

objects in the acquisition phase following 

subchronic PCP (2mg/kg, twice daily for seven 

days, i.p.; n=10) and vehicle (0.9% saline, w/v, 

twice daily for seven days, i.p.; n=10) treatment.  

Data are expressed as mean ± s.e.m. and were 

analysed by student’s t-test.  There was no 

significant difference in exploration between the 

left and right object in either group. 

Figure 3.2g:  Mean exploration time of a novel 

and familiar object in the retention phase 

following either subchronic PCP (2mg/kg, twice 

daily for seven days, i.p.; n=10) or vehicle 

(0.9% saline, w/v, twice daily for seven days, 

i.p.; n=10) treatment.  Data are expressed as 

mean ± s.e.m. and were analysed by student’s t-

test.  There was a significant difference in 

exploration between the novel and familiar 

objects in the vehicle group, p < 0.001***, and 

the subchronic PCP group, p < 0.05*. 
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Table 3.2h 

 

 

 

 

 

 

 

 

 

 

 

The DI was calculated for all treatment groups in the retention phase.  A student’s t-

test showed that there were no significant differences in DI between the treatment 

groups, see figure 3.2i. 

 

 

Figure 3.2i 

 

 

 

 

 

 

 

Treatment 

Acquisition Retention Total 

Exploration 

Time (s) 

Exploration 

Time (s) 

Exploration 

Time (s) 

Vehicle 35.10 ± 3.06 26.60 ± 2.32 61.70 ± 4.85 

PCP 39.70 ± 4.85 30.20 ± 4.27 69.90 ± 7.97 
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Figure 3.2i:  The effect of subchronic PCP 

(2mg/kg, twice daily for seven days, i.p.) 

and vehicle treatment on the DI value.  

Data are expressed as mean ± s.e.m. 

(n=10 per group) and were analysed by a 

student’s t test. There were no significant 

differences between the groups. 

 

Table 3.2h displays the total time (s) spent exploring the two objects in the acquisition phase 

and the total time exploring the novel and familiar objects in the retention phase.  Data are 

expressed as mean ± s.e.m.  Student’s t test showed that there was no significant difference 

in total exploration time between vehicle (n=10) and PCP (n=10) treated animals, p = 0.39. 
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3.3. Experiment 3: The Effect of Acute Psychotomimetics in the Novel Object 

Recognition Paradigm 

 

Paired sample’s student’s t-tests were carried out on the time spent exploring the two 

identical objects in the acquisition phase and time spent exploring the novel and 

familiar objects in the retention phase for each treatment group.  There was no 

significant difference in object exploration times between the two identical objects in 

the vehicle, PCP or scopolamine treated groups in the acquisition phase.  However, 

there was a significant discrimination between the left and right identical objects in 

the amphetamine treated cohort, p < 0.05*.  See figure 3.3a.  In the retention phase, 

there was no significant difference in novel and familiar object exploration in any 

psychotomimetic treated group.  Vehicle treated rats significantly explored the novel 

object more than the familiar object, p < 0.01**.  See figure 3.3b. 

 

 

Figure 3.3a      Figure 3.3b 
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Figure 3.3a:  Mean exploration time of identical 

objects in the acquisition phase following either 

acute PCP (1mg/kg, i.p., n=7), scopolamine 

(0.125mg/kg, i.p., n=9), amphetamine (0.75mg/kg, 

i.p., n=9) or vehicle (0.9% saline, w/v, i.p., n=9) 

treatment.  Data are expressed as mean ± s.e.m. and 

were analysed by student’s t-test.  There was a 

significant difference in exploration between the left 

Figure 3.3b:  Mean exploration time of a novel 

and familiar object in the retention phase 

following either acute PCP (1mg/kg, i.p., n=7), 

scopolamine (0.125mg/kg, i.p., n=9), 

amphetamine (0.75mg/kg, i.p., n=9) or vehicle 

(0.9% saline, w/v, i.p., n=9) treatment.  Data 

are expressed as mean ± s.e.m. and were 

analysed by student’s t-test.  There was a 



 69 

 

 

 

 

 

 

 

 

 

Table 3.3c shows the object exploration time.  This is the exploration time of the left 

and right object in the acquisition phase and the exploration time of the novel and 

familiar object in the retention phase and the total exploration in the acquisition plus 

retention phases.  One way ANOVA showed that there was a significant effect of 

drug treatment on object exploration time (acquisition plus retention exploration 

time), F(3, 30) = 14.65, p < 0.001***.  Post hoc Bonferroni comparisons showed that 

there was a significant difference in total exploration time between the vehicle and 

PCP groups, p < 0.001***, the vehicle and scopolamine group, p < 0.05*, and the 

vehicle and amphetamine group, p < 0.001***. 
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Table 3.3c 

 

Treatment 

Acquisition Retention 

Total Exploration 

Time (s) 
Exploration 

Time (s) 

Exploration 

Time (s) 

Vehicle 41.11 ± 7.00 27.67 ± 4.79 68.78 ± 6.44 

PCP 6.86 ± 2.20 6.57 ± 1.90 13.43 ± 3.88*** 

Scopolamine 21.33 ± 5.07 20.22 ± 2.61 41.56 ± 7.04* 

Amphetamine 19.11 ± 3.46 11.44 ± 2.82 30.56 ± 5.04*** 

 

 

 

 

 

 

 

 

The discrimination index (DI), which shows the difference in exploration time 

between two objects as a proportion of the total exploration time of the two objects, 

was calculated for all treatment groups in the retention phase.  One way ANOVA 

showed that there were no significant differences in DI between any treatment 

groups.  F(3, 30) = 1.35, p = 0.28.  See figure 3.3d. 

  

Table 3.3c displays the total time (s) spent exploring the two objects in the acquisition phase 

and the total time exploring the novel and familiar objects in the retention phase and the total 

time spent exploring all objects in the vehicle (n=9), PCP (n=7), scopolamine (n=9)  and 

amphetamine (n=9) treated groups.  Data are expressed as mean ± s.e.m.  Post hoc analysis 

shows that there was a significant difference in total exploration time between the vehicle 

treated group and the PCP, p < 0.001***, scopolamine, p < 0.05*, and the amphetamine 

group, p < 0.001***.  There was also a significant difference between PCP and scopolamine 

treated groups, p < 0.05*. 
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Figure 3.3d 

 

 

 

 

 

 

 

 

 

The number of line crossings made was recorded for all groups and one way 

ANOVA was conducted to ensure any differences in object exploration time found 

were not due to a lack of exploration or hyperactivity.  Results demonstrated that 

there was a significant difference in the number of line crossings between the 

treatment groups.  F(3, 30) = 3.07, p < 0.05*.  See figure 3.3e.  Post-hoc effects 

revealed no significant differences between any of the treatments groups, however 

the number of lines crossed approached significance between the PCP and 

amphetamine treated groups, p = 0.052. 
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Figure 3.3d:  The effect of acute PCP (1mg/kg, i.p.), 

scopolamine (0.125mg/kg, i.p.), amphetamine 

(0.75mg/kg, i.p.) or vehicle (0.9% saline, w/v, i.p.) 

treatment (n=7-9) on DI.  Data are expressed as 

mean ± s.e.m. and were analysed by ANOVA and 

Bonferroni post hoc comparisons test.  There was no 

difference in DI between any of the treatment 

groups. 
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Figure 3.3e 

 

 

 

 

 

 

 

 

 

 

 

 

3.4. Experiment 4: The Effect of Oestrogen Benzoate on Natural Forgetting 

Induced by Increased Inter-Trial-Interval 

 

3.4.1. Experiment 4a: Vehicle vs. Oestrogen in the Novel Object Recognition Task 

with a 6 hour Inter-trial Interval. 

 

In the acquisition phase, paired sample’s student’s t-tests demonstrated that there was 

no significant difference in exploration time between the two identical objects.  See 

figure 3.4.1a.  Figure 3.4.1b displays time spent exploring the novel and familiar 

objects in the retention phase after an inter-trial interval of 6 hours.  The vehicle 

treated animals could not differentiate between the novel and familiar objects, 
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Figure 3.3:.  The effect of acute PCP 

(1mg/kg, i.p.), scopolamine (0.125mg/kg, 

i.p.) amphetamine (0.75mg/kg, i.p.) or 

vehicle (0.9% saline, w/v, i.p.) treatment 

(n=7-9) on the total number of line 

crossings in the acquisition and retention 

trial.  Data are expressed as mean ± s.e.m. 

and were analysed by ANOVA and post 

hoc Bonferroni’s comparison test.  Post-

hoc effects showed no significant 

differences in the number of line crossings 

between the treatment groups. 
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however, the EB treated rats spent significantly more time exploring the novel 

object, p < 0.05*. 

 

Figure 3.4.1a      Figure 3.4.1b 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 3.4.1c shows the total time of exploration.  This is the total exploration time of 

the left and right object in the acquisition phase and the total exploration time of the 

novel and familiar object in the retention phase.  A student’s t test confirmed that 

there was no significant difference in total exploration time between the vehicle and 

EB treated animals, p = 0.12. 
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Figure 3.4.1a:  Mean exploration time of identical 

objects in the acquisition phase following either 

EB (10µg/kg, s.c.; n=9) or vehicle (olive oil, w/v, 

s.c.; n=10) treatment in the NOR paradigm with a 

6 hour ITI.  Data are expressed as mean ± s.e.m. 

and were analysed by student’s t-test.  There was 

no significant difference in exploration between 

the left and right object in either group. 

 

Figure 3.4.1b:  Mean exploration time of a novel 

and a familiar object in the retention phase 

following either EB (10µg/kg, s.c.; n=9) or vehicle 

(olive oil, w/v, s.c.; n=10) treatment in the NOR 

paradigm with a 6 hour ITI.  Data are expressed as 

mean ± s.e.m. and were analysed by student’s t-test.  

There was a significant difference in exploration 

between the objects in the EB treated group, p < 

0.05*. 
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The DI was calculated for both treatment groups in the retention phase.  A student’s 

t-test showed that there was no significant difference in DI between the two 

treatment groups.  See figure 3.4.1d. 

 

Figure 3.4.1d 

 

 

 

 

 

 

 

Exploration 

Time (s) 

Exploration 

Time (s) 

Exploration 

Time (s) 

Vehicle 24.00 ± 5.18 16.60 ± 2.51 40.60 ± 7.33 

EB 29.11 ± 4.01 28.67 ± 4.66 57.78 ± 7.57 
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Figure 3.4.1d:  The effect of treatment 

(n=9-10) on the DI value.  Data are 

expressed as mean ± s.e.m. and were 

analysed by a student’s t test. There were 

no significant differences between the 

groups. 

 

Table 3.4.1c displays the total time (s) spent exploring the two objects in the acquisition phase 

and the total time exploring the novel and familiar objects in the retention phase.  Data are 

expressed as mean ± s.e.m.  A student’s t test confirmed that there was no significant difference 

in total exploration time between the vehicle (n=10) and PCP (n=9) treated animals, p = 0.12. 
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The number of line crossings made was recorded for all groups and a student’s t-test 

was conducted.  Results demonstrated that there was no significant difference in the 

number of line crossings between the treatment groups.  See figure 3.4.1e. 

 

Figure 3.4.1e 

 

 

 

 

 

 

 

 

 

3.4.2. Experiment 4b: Vehicle vs. Oestrogen in the Novel Object Recognition Task 

with a 24 hour Inter-trial Interval. 

 

Figures 3.4.2a and 3.4.2b show the exploration time of objects in the novel object 

recognition paradigm with a 24 hour inter-trial interval.   There was no significant 

difference between the identical objects in the acquisition phase.  There was also no 

difference in exploration time between a novel and familiar object for vehicle or EB 

treated animals in the retention phase. 
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Figure 3.4.1e:  The effect of treatment (n=9-

10) on total line crossings.  Data are 

expressed as mean ± s.e.m. and were 

analysed by a student’s t test. There were no 

significant differences between the groups. 
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Figure 3.4.2a      Figure 3.4.2b 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 3.4.2c shows the total time of exploration.  This is the total exploration time of 

the left and right object in the acquisition phase and the total exploration time of the 

novel and familiar object in the retention phase.  A student’s t test confirmed that 

there was no significant difference in total exploration time between the vehicle and 

EB treated animals, p = 0.46. 
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Figure 3.4.2a:  Mean exploration time of identical 

objects in the acquisition phase following either 

acute EB (10µg/kg, s.c.; n=6) treatment or vehicle 

(saline 0.9%, s.c.; n=10) treatment in the NOR 

paradigm with a 24 hour ITI.  Data are expressed 

as mean ± s.e.m and were analysed by student’s t-

test.  There was no significant difference in 

exploration between the left and right object in 

any treatment group. 

Figure 3.4.2b:  Mean exploration time of a novel 

and a familiar object in the retention phase 

following either acute EB (10µg/kg, s.c.; n=6) 

treatment or vehicle (saline 0.9%, s.c.; n=10) 

treatment in the NOR paradigm with a 24 hour ITI.  

Data are expressed as mean ± s.e.m and were 

analysed by student’s t-test.  There was no 

significant difference in exploration between the 

novel and familiar object in any treatment group. 
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The DI was calculated for all treatment groups in the retention phase.  A student’s t-

test showed that there was no significant difference in DI between the two treatment 

groups.  See figure 3.4.2d. 

 

Figure 3.4.2d 

 

 

 

 

 

 

 

Treatment 

Acquisition Retention Total 

Exploration 

Time (s) 

Exploration 

Time (s) 

Exploration 

Time (s) 

Vehicle 17.90 ± 3.25 26.50 ± 4.78 44.40 ± 6.55 

EB 24.40 ± 5.20 26.90 ± 2.52 51.30 ± 6.30 

Figure 3.4.2d:  The effect of acute 

oestradiol benzoate (10µg/kg; n=6) and 

vehicle (n=10) treatment on the DI value.  

Data are expressed as mean ± s.e.m. and 

were analysed by a student’s t test. There 

was no significant difference between the 

two groups. 
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Table 3.4.2c displays the total time (s) spent exploring the two objects in the acquisition phase 

and the total time exploring the novel and familiar objects in the retention phase.  Data are 

expressed as mean ± s.e.m.  A student’s t test confirmed that there was no significant difference in 

total exploration time between the vehicle (n=10) and EB (n=10) treated animals, p = 0.46. 
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The number of line crossings made was scored for all groups and a student’s t-test 

was conducted.  Results demonstrated that there was no significant difference in the 

number of line crossings between the two treatment groups.  See figure 3.4.2e. 

 

 

Figure 3.4.2e 

 

 

 

 

 

 

 

 

 

3.4.3. Experiment 4c: Vehicle vs. Oestradiol Benzoate in the Novel Object Location 

(NOL) Task with a 6 hour Inter-trial Interval. 

 

 

Figure 3.4.3a and 3.4.3b show the exploration times in the acquisition and retention 

phases respectively in the novel object location (NOL) task after an inter-trial 

interval of 6 hours.  There was no significant difference in exploration between the 

two identical objects.  See figure 3.4.3a.  There was also no significant difference in 

exploration between the familiar and moved objects in retention.  See figure 3.4.3b. 
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Figure 3.4.2e:  The effect of acute 

oestradiol benzoate (10µg/kg; n=6) and 

vehicle treatment (n=10) on line crossings.  

Data are expressed as mean ± s.e.m. and 

were analysed by a student’s t test. There 

were no significant differences between the 

two groups. 
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Figure 3.4.3a     Figure 3.4.3b 

      

 

 

 

 

 

 

 

 

 

 

 

Table 3.4.3c shows the total time of exploration.  This is the total exploration time of 

the left and right object in the acquisition phase and the total exploration time of the 

novel and familiar object in the retention phase.  A student’s t test confirmed that 

there was no significant difference in total exploration time between the vehicle and 

EB treated animals, p = 0.58. 
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Figure 3.4.3a:  Mean exploration time of 

identical objects in the acquisition phase 

following either vehicle (saline 0.9%, s.c.) 

treatment or acute EB (10µg/kg, s.c.) 

treatment (n=10 for both groups) in the NOL 

paradigm with a 6 hour ITI.  Data are 

expressed as mean ± s.e.m and were analysed 

by student’s t-test.  There was no significant 

difference in exploration between the left and 

right object in any treatment group. 

 

Figure 3.4.3b:  Mean exploration time of two 

identical objects, one in a novel position in the 

retention phase following either vehicle (saline 

0.9%, s.c.) treatment or acute EB (10µg/kg, s.c.) 

treatment (n=10 for both groups) in the NOL 

paradigm with a 6 hour ITI.  Data are expressed 

as mean ± s.e.m and were analysed by student’s t-

test.  There was no significant difference in 

exploration between the novel and familiar 

positioning of objects in any treatment group. 
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Table 3.4.3c 

 

 

 

 

 

 

 

 

 

 

 

The DI was calculated for all treatment groups in the retention phase.  Figure 3.4.3d 

shows that there is an effect in DI with vehicle treated animals exploring the object in 

the familiar location slightly more than the object in the novel location and the 

oestrogen treated animals exploring the object in the novel location slightly more 

than the familiar location object.  However, a student’s t-test showed that the effect 

was not significant. 

 

Figure 3.4.3d 

 

 

 

 

 

Treatment 

Acquisition Retention Total 

Exploration 

Time (s) 

Exploration 

Time (s) 

Exploration 

Time (s) 

Vehicle 28.56 ± 3.18 14.78 ± 4.70 43.33 ± 5.63 

EB 22.00 ± 2.77 17.00 ± 3.86 39.00 ± 5.17 

Figure 3.4.3d:  The effect of acute 

oestradiol benzoate (10µg/kg) and vehicle 

treatment (n=10 for both groups) on the 

DI value.  Data are expressed as mean ± 

s.e.m. and were analysed by a student’s t 

test. There was no significant difference 

between the groups. 
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Table 3.4.3c displays the total time (s) spent exploring the two objects in the acquisition phase 

and the total time exploring the novel and familiar objects in the retention phase.  Data is 

expressed as mean ± s.e.m.  A student’s t test confirmed that there was no significant difference 

in total exploration time between the vehicle (n=10) and EB (n=10) treated animals, p = 0.58. 
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The number of line crossings made was recorded for all groups and a student’s t-test 

was conducted.  Results demonstrated that there was no significant difference in the 

number of line crossings between the treatment groups.  See figure 3.4.3e. 

 

Figure 3.4.3e 

 

 

 

 

 

 

 

 

3.5. Experiment 5: The Effect of Oestrogen in the Reversal Learning Paradigm 

 

3.5.1. The Effect of Oestrogen 4 hours after dosing 

 

One-way ANOVA was conducted on the arcsine of correct responses for the initial 

phase, F(4, 40)=1.19, p = 0.33, where there were no significant differences.  One way 

ANOVA on the reversal phase showed a significant drug effect, F(4, 40)=3.37, p < 

0.05*.  Post-hoc LSD t-tests were then conducted for the reversal phase to compare 

each condition.  There was a significant difference between the vehicle group and the 

PCP alone group, p < 0.05*; the vehicle group and PCP with 1µg/kg EB, p < 0.01**; 

the vehicle and PCP with 10µg/kg EB group, p < 0.01**; and the vehicle and PCP 

V
eh E

B

0

20

40

60

Dose (mg/kg)

L
in

e
 C

r
o

ss
in

g
s

Figure 3.4.3e:  The effect of acute 

oestradiol benzoate (10µg/kg) and vehicle 

treatment (n=10 for both groups) on line 

crossings.  Data are expressed as mean ± 

s.e.m. and were analysed by a student’s t 

test. There was no significant difference 

between the groups. 
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with 20µg/kg EB, p < 0.05*, with vehicle treated animals performing significantly 

better in each condition.  See figure 3.5.1a. 

 

 

Figure 3.5.1a 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 3.5.1b shows the number of lever presses made in the initial phase and in the 

reversal phase and in both phases together.  One way ANOVA confirmed there were 

no significant differences in total number of lever presses made in any of the five 

conditions, F(4, 40)=1.30, p = 0.29. 
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Figure 3.5.1a:   Percentage of correct responses 4 hours after EB dosing in the initial and 

reversal phases for vehicle (n=9), subchronic PCP only (n=9), subchronic PCP plus 1µg/kg 

EB (n=9), subchronic PCP plus 10µg/kg EB (n=9), and subchronic PCP plus 20µg/kg EB 

(n=9).  There were no significant differences between the groups in the initial phase.  There 

was a significant difference between the groups in the reversal phase.  There was a 

significant reduction in percentage of correct responding compared with the vehicle group in 

the PCP alone group, p < 0.05*, the PCP with 1µg/kg EB group, p < 0.01**; the PCP with 

10µg/kg EB group, p < 0.01**, and the PCP with 20µg/kg EB group, p < 0.05*. 
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Table 3.5.1b 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.5.2. The Effect of Oestrogen 24 hours after dosing 

 

One-way ANOVA was conducted on the arcsine of correct responses for the initial 

and reversal phases.  There were no significant differences in either the initial phase, 

F(4, 31)=0.24, p = 0.91, or the reversal phase, F(4, 31)=2.15, p = 0.10.  Post-hoc LSD t-

tests were conducted and there was a significant difference between the vehicle 

treated group and the PCP with 10µg/kg EB treated group, p < 0.05*, and the PCP 

alone group and the PCP with 10µg/kg EB group, p < 0.05*, with the PCP with 

10µg/kg EB group performing significantly worse in each condition.  See figure 

3.5.2a. 

Drug Treatment 

Number of Lever Presses Total Number 

of Lever 

Presses Initial Phase Reversal Phase 

Subchronic Vehicle 25.4 ± 0.5 26.3 ± 0.4 51.8 ± 0.9 

Subchronic PCP 24.4 ± 0.7 24.4 ± 0.8 48.9 ± 1.5 

Subchronic PCP + EB1µg/kg 23.9 ± 0.9 24.3 ± 0.7 48.2 ± 1.5 

Subchronic PCP + 

EB10µg/kg 24.1 ± 0.6 22.7 ± 1.6 46.8 ± 2.2 

Subchronic PCP + 

EB20µg/kg 24.6 ± 1.2 21.1 ± 2.2 45.7 ± 2.5 

Table 3.5.1b shows the effect of subchronic vehicle, subchronic PCP and 

subchronic PCP with three doses of EB on the mean number of lever presses in 

the reversal learning paradigm 4 hours after EB administration, (n=9).  One 

way ANOVA shows that there are no significant differences, p = 0.29. 
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Figure 3.5.2a 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 3.5.2b shows the number of lever presses made in the initial phase and in the 

reversal phase and in both phases together.  One way ANOVA showed that there was 

a significant differences in total number of lever presses made between the five 

conditions, F(4, 31)=2.67, p < 0.05*.  Post-hoc LSD t tests confirmed that there was a 

significant difference between the vehicle and PCP with 10µg/kg EB groups, p < 

0.01**, and between the PCP alone and PCP with 10µg/kg EB groups, p < 0.05*.  

See figure 3.5.2b. 
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Figure 3.5.2a:   Percentage of correct responses 24 hours after EB dosing in the initial and 

reversal phases for vehicle (n=6), subchronic PCP only (n=9), subchronic PCP plus 1µg/kg 

EB (n=6), subchronic PCP plus 10µg/kg EB (n=7) and subchronic PCP plus 20µg/kg EB 

(n=8) treated animals.  There was a significant difference between the vehicle treated group 

and the PCP with 10µg/kg EB treated group, p < 0.05*, and the PCP alone group and the 

PCP with 10µg/kg EB group, p < 0.05*, in the reversal phase. 



 85 

 

 

 

 

 

 

 

 

3.5.3. The Effect of Oestrogen 48 hours after dosing 

 

One-way ANOVA was conducted on the arcsine of correct responses for the initial 

phase, where there were no significant differences, F(4,43)=1.51, p = 0.22.  One way 

ANOVA was also conducted for the reversal phase, F(4,43)=2.93, p < 0.05*.  Post-hoc 

LSD t-tests were then conducted for the reversal phase.  There was a significant 

difference between the vehicle group and the PCP with 20µg/kg EB, p < 0.01**; and 

the PCP alone and PCP with 20µg/kg EB, p < 0.01**.  See figure 3.5.3a 

 

Drug Treatment 

Number of Lever Presses Total Number 

of Lever 

Presses Initial Phase Reversal Phase 

Subchronic Vehicle 25.3 ± 0.7 25.2 ± 0.9 50.5 ± 1.6 

Subchronic PCP 23.8 ± 0.9 24.2 ± 1.5 48.00 ± 2.4 

Subchronic PCP + EB1µg/kg 23.2 ± 1.6 23.8 ± 1.3 47.00 ± 2.9 

Subchronic PCP + 

EB10µg/kg 20.0 ± 1.8 19.4 ± 2.3 39.4 ± 4.1** 

Subchronic PCP + 

EB20µg/kg 22.9 ± 1.1 21.8 ± 1.2 44.6 ± 2.2 

Table 3.5.2b shows the effect of subchronic vehicle (n=6), subchronic PCP (n=9) and subchronic 

PCP with three doses of EB (1μg/kg, n=6; 10μg/kg, n=7; 20 μg/kg, n=8) on the mean number of 

lever presses in the reversal learning paradigm 24 hours after EB administration.  One way 

ANOVA shows that there is a significant difference between the total number of lever presses 

made, p < 0.05*. 
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Figure 3.5.3a 

 

 

 

 

 

 

 

 

 

 

 

 

Table 3.5.3b shows the number of lever presses made in the initial phase and in the 

reversal phase and in both phases together.  One way ANOVA confirmed there were 

no significant differences in total number of lever presses made in any of the five 

conditions, F(4, 43)=2.48, p = 0.06. 
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Figure 3.5.3a:   Percentage of correct responses 48 hours after EB dosing in the initial and reversal 

phases for the vehicle group (n=10), the subchronic PCP only group (n=10), the subchronic PCP plus 

1µg/kg EB group (n=10), the subchronic PCP plus 10µg/kg EB group (n=10) and the subchronic PCP 

plus 20µg/kg EB group (n=8).  There was a significant difference between the vehicle group and the 

PCP with 20µg/kg EB, p < 0.01**, and the PCP alone and PCP with 20µg/kg EB, p < 0.01**; in the 

reversal phase. 
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3.6. Experiment 6: The Effect of Oestrogen in the Plus Maze Paradigm 

 

The time spent in and the number of entries into the closed and open arms and the 

central platform was calculated as well as the latency and number of rears.  Student’s 

t-test showed that there was no significant difference in any measure.  See table 

3.6.1. 

 

 

Table 3.6.1 

 

Drug Treatment 

Number of Lever Presses Total Number 

of Lever 

Presses Initial Phase Reversal Phase 

Subchronic Vehicle 24.6 ± 1.0 24.2 ± 1.0 48.8 ± 2.0 

Subchronic PCP 23.0 ± 1.8 24.2 ± 1.0 47.2 ± 2.8 

Subchronic PCP + EB1µg/kg 22.0 ± 2.0 20.7 ± 2.4 42.7 ± 4.4 

Subchronic PCP + 

EB10µg/kg 19.5 ± 2.2 16.9 ± 2.8 36.4 ± 4.9 

Subchronic PCP + 

EB20µg/kg 19.1 ± 2.0 18.4 ± 2.9 37.5 ± 4.8 

Table 3.5.3b shows the effect of subchronic vehicle, subchronic PCP and 

subchronic PCP with three doses of EB on the mean number of lever presses in 

the reversal learning paradigm 48 hours after EB administration.  One way 

ANOVA shows that there are no significant differences, p = 0.06. 
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Behaviour Vehicle EB p values 

Open arm duration (s) 148.62 ± 38.34 117.45 ± 11.66 0.47 

Closed arm duration (s) 370.31 ± 40.50 393.10 ± 17.22 0.63 

Centre square duration (s) 80.09 ± 7.39 88.43 ± 19.38 0.68 

Open arm entries 5.89 ± 0.42 5.63 ± 0.68 0.74 

Close arm entries 11.11 ± 1.17 11.25 ± 1.29 0.94 

Centre square entries 16.33 ± 1.44 16.88 ± 1.91 0.82 

Latency (s) 0.09 ± 0.14 0.96 ± 0.14 0.77 

No. of rears 9.33 ± 1.45 10.12 ± 1.14 0.68 

 

 

 

 

 

Figure 3.6.1: Behaviour of EB (10µg/kg, s.c., n=8) and vehicle (0.9% saline, 

s.c., n=9) treated rats on the plus maze.  Data are expressed as mean ± s.e.m.  

There were no significant differences in any of the behavioural measures. 
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3.7.  Table summarising experiments 

 

 

Expt 

No. 

Drug No. Rats Task Result 

1 Subchronic PCP 20 subchronic PCP; 20 

vehicle 

Locomotor 

Activity 

Subchronic PCP 

treated animals were 

significantly 

sensitised to acute 

PCP compared to 

vehicles, p < 0.01**. 

2 Subchronic PCP 

 

20 subchronic PCP; 20 

vehicle 

 

NOR with 

1min ITI 

 

No effect 

 

3 Acute PCP 

(1mg/kg), 

scopolamine 

(0.125µg/kg) and 

amphetamine 

(0.75µg/kg) 

7 PCP; 

9 scopolamine; 

9 amphetamine; 

9 vehicle 

NOR with 

1min ITI 

Only vehicle animals 

significantly 

differentiated 

between novel and 

familiar objects, p < 

0.01**. 

4a Oestradiol 

Benzoate (10µg/kg) 

9 oestradiol benzoate; 

10 vehicle 

NOR with 

6hr ITI 

Oestrogen treated 

animals significantly 

distinguished 

between novel and 

familiar objects, p < 

0.05*. 

4b Oestradiol 10 oestradiol benzoate; NOR with No effect 
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Benzoate (10µg/kg) 10 vehicle 24hr ITI 

4c Oestradiol 

Benzoate (10µg/kg) 

9 oestradiol benzoate; 

10 vehicle 

NOL with 

6hr ITI 

No effect 

5 Subchronic PCP 

and Oestradiol 

Benzoate (1µg/kg, 

10µg/kg or 

20µg/kg) 

10 subchronic PCP; 

10 subchronic PCP and 

oestradiol benzoate 

(1µg/kg); 

10 subchronic PCP and 

oestradiol benzoate 

(10µg/kg); 

9 subchronic PCP and 

oestradiol benzoate 

(20µg/kg); 

10 subchronic vehicle 

(olive oil) 

Reversal 

Learning 4, 

24 and 48 

hours after 

exposure to 

oestrogen 

Vehicle treated 

animals pressed 

significantly more 

correct levers than 

PCP treated animals, 

p < 0.05*, and PCP 

with 1µg/kg EB, p 

< 0.01**, and PCP 

with 10µg/kg EB 

group, p < 0.01**, 

and PCP with 

20µg/kg EB, p < 

0.05*, 4 hours 

after oestrogen 

dosing. 

 

No significant PCP 

effect 24 and 48 

hours after dosing. 

6 Oestradiol 

Benzoate (10µg/kg) 

8 oestradiol benzoate 

(10µg/kg); 9 vehicle 

Plus Maze No effect 
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4. Discussion 

 

The results reported in the current study support the theory that there is a role for 

oestrogen in the treatment of cognitive decline in conditions such as Alzheimer’s 

disease and schizophrenia..  Experiment 1 and other studies from this laboratory 

(Grayson et al., 2007; Neill et al., 2008) confirm that twice daily doses of 2mg/kg 

PCP induces PCP sensitisation which can be used as a model for schizophrenia 

related symptoms.  Experiment 2 was designed to show how sensitisation to PCP 

could be used as a model of cognitive deficit by inducing a PCP impairment and 

comparing performance on a novel object recognition (NOR) task with vehicle 

controls.  Control animals can discriminate between an object they have previously 

been exposed to and a novel object while subchronic PCP treated animals lose the 

ability to discriminate (Grayson et al., 2007; McLean et al., 2010; Idris et al., 2010; 

see Neill et al., 2010 for review).  However, in the current experiment, animals 

treated with subchronic PCP could still discriminate between the novel and familiar 

objects.  Experiment 3 confirmed that an acute dose of PCP at 1.0mg/kg can induce a 

significant cognitive impairment compared to vehicle animals in the NOR paradigm.  

This experiment also confirmed that 0.75mg/kg amphetamine and 0.125mg/kg 

scopolamine can be used as pharmacological means of inducing cognitive deficit in 

this task.  Amphetamine has previously been used as a model of psychosis (Duncan 

et al., 1999; Idris et al., 2005) while scopolamine induces amnesia making it a useful 

tool for modelling Alzheimer’s disease in animals.  It has been suggested that a 

subchronic model is more reliable than an acute model and a subchronic PCP 

impairment was found in a reversal learning task 4 hours after oestrogen dosing.  

Oestrogen however, did not reverse this impairment.  One reason for this may be that 
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oestrogen acted through a genomic action and so would only be beneficial 24 hours 

or more after dosing.  However, at 24 and 48 hours after dosing there was no 

significant PCP deficit probably due to repeating the procedure.  Oestrogen’s actions 

on anxiety were not significant in the current set of experiments but the literature 

suggests an anxiolytic role for ERβ and an anxiogenic role for ERα. 

 

This study also used a model of natural forgetting where the inter-trial-interval (ITI) 

between the acquisition and retention trials in the novel object paradigm was 

extended until vehicle treated animals forgot the objects they had previously been 

exposed to in the previous trial.  This model proved successful as, in experiment 4a, 

EB treated animals were able to retain the memory of an object after an ITI of 6 

hours whereas vehicle treated animals could no longer discriminate between the 

novel and familiar objects.  At 24 hours however, in experiment 4b, oestrogen could 

not maintain object recognition.  In experiment 4c, the spatial version of this task, 

novel object location, oestrogen and vehicle animals were unable to discriminate 

between the object in the familiar location and the object in the novel location after 6 

hours.  This result is promising as oestrogen prolongs memory retention in normally 

functioning animals supporting the effectiveness of its use as a nootropic in natural 

aging. 

 

 

4.1. Acute PCP, Scopolamine and Amphetamine Models 

 

Using the novel object recognition (NOR) task, experiment 3 shows that acute doses 

of PCP (1mg/kg), scopolamine (0.125mg/kg) and amphetamine (0.75mg/kg) may be 
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useful pharmacological models of impairing performance in cognitive tasks.  These 

psychotomimetics statistically impaired object recognition memory compared to 

saline treated animals.  There was no significant difference in exploration time 

between the novel and familiar objects in the PCP, scopolamine or amphetamine 

treated groups.  In contrast, vehicle treated rats spent significantly more time 

exploring a novel object when it was presented with an object previously seen, 

suggesting they recognised this object.  However this difference, though significant, 

was tenuous.  Figure 3.3b shows that there was a difference in the amount of time 

spent exploring the objects with more time being given to the novel object in both the 

amphetamine and scopolamine treated groups.  This is a similar patter n that is found 

in the vehicle group.  Though statistically it can be said that scopolamine impirs 

object memory care should be taken when extrapolating from this data.  The 

impaired cognitive effect of PCP can clearly be seen from the graph  and this data is 

in agreement with other studies showing acute PCP as a model of the cognitive 

symptoms of schizophrenia (He et al., 2006; Idris, 2008).  In other studies 

scopolamine has been used as an effective model of the memory decline in 

Alzheimer’s disease (Pitsikas et al., 2001), and amphetamine is more commonly 

used as a model of the positive symptoms of schizophrenia. 

 

PCP is a commonly used model of schizophrenia symptomatology due partly to its 

effects in humans.  Abusers of PCP present with schizophrenia-like symptoms (Javitt 

et al., 1995; Morris et al., 2005; Bickel and Javitt, 2009), however such symptoms 

occur after chronic use rather than a single acute dose.  While acute doses of PCP do 

impair cognition in rodents (Sandstrom and Williams, 2001; Sutcliffe et al., 2008), it 

seems more relevant to use a long lasting dosing regimen more akin to that which 
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presents itself as schizophrenia in humans for animal models (Morris et al., 2005).  

Noda et al., (1995b) demonstrated that 10mg/kg PCP once daily for 14 days 

prolonged immobility in a forced swim task, a model of schizophrenia relevant to the 

negative symptoms, compared with animals treated with saline.  This effect was lost 

with acute PCP administration.  Many other studies have also confirmed that the 

subchronic PCP treatment regime induces long lasting cognitive impairments 

(Jentsch et al., 1997; Grayson et al., 2007; McLean et al., 2009; and Neill et al., 

2010 for review).  A subchronic design would also counteract the confounding 

effects of acute PCP treatment such as ataxia, hyperlocomotion and motor in-

coordination which occurs in acute administration (Shukla et al., 1994; Noda et al., 

1995b).  The advantage of using a subchronic PCP model is that these confounding 

behaviours are eliminated as the animals become tolerant to the behavioural side 

effects of PCP (Amitai and Markou, 2010) and testing occurs in a drug-free animal.  

Also the cognitive deficits produced are long lasting. 

 

4.2. Subchronic PCP Model 

 

The results from experiment 2 show that the subchronic PCP model of schizophrenia 

was not valid on this occasion as there was no cognitive deficit.  PCP treated animals 

could discriminate between a novel object and a familiar object, as demonstrated by 

a longer exploration time of the novel object; as could vehicle controls.    In the 

repeat study of experiment 2, when behaviour testing was performed by a different 

experimenter, vehicle rats had a greater ability to distinguish between the novel and 

familiar objects than subchronic PCP treated animals, however, the latter group still 

displayed significant discrimination.  These results suggest that the PCP treatment 
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had not been effective.  However, data from experiment 1 indicates that a PCP effect 

was present in rats’ locomotor activity (LMA) as the same cohort of rats was used in 

both experiments 1 and 2.  Previous research has shown that subchronic 

administration of PCP leads to sensitisation and increased activity (Tenn et al., 

2003).  Therefore PCP treated rats were expected to have a higher LMA score than 

vehicles when an acute dose of PCP is administered.  This result was obtained in 

experiment 1 so subchronic PCP dosing was effective but this effect did not translate 

in experiment 2.  This model of schizophrenia symptomatology has previously been 

successful in our lab (Grayson et al., 2007; Neill et al., 2008; McLean et al., (2011) 

and others (Noda et al., 1995b; Jentsch et al., 1998).  The subchronic PCP regimen, 

2mg/kg twice daily for seven days, induces a cognitive deficit in the object 

recognition paradigm disabling these animals from distinguishing between a novel 

and previously encountered object (Grayson et al., 2007; McLean et al., 2009).  

Inaccurate scoring may have contributed toward the unexpected results in the current 

study, but a PCP deficit was found in experiment 2 by the same scorer therefore this 

is unlikely. 

 

Reversal learning was the second paradigm utilising the subchronic PCP regimen in 

experiment 5.  In this series of experiments the reversal learning task was conducted 

4, 24 and 48 hours after oestrogen treatment.  A PCP deficit was produced 4 hours 

after dosing but not 24 or 48 hours after dosing.  Results from experiment 5a, 4 hours 

after oestrogen dosing, show that vehicle treated animals performed significantly 

better than the subchronic PCP alone and subchronic PCP with oestrogen at all three 

doses (1, 10, 20µg/kg).  This result means that vehicle treated animals pressed 

significantly more correct levers than animals in any other group.  Oestrogen 
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treatment, however, did not reverse the impairment seen in PCP treated animals.  

This would suggest that oestrogen treatment has no effect on executive function.  

However, as previously mentioned; it can take 24 hours for the genomic effects of 

oestrogen to occur (Murphy and Segal, 1996); any improvements in executive 

function by oestrogen may be genomic and would not become evident until 

experiment 5b where testing occurred 24 hours after oestrogen dosing.  However, in 

this experiment, no cognitive deficit was found between vehicle treated and PCP 

treated animals; their performance was very similar.  Although this data cannot be 

fully interpreted as there was no PCP deficit there was a trend showing that 

oestrogen administration results in a decline in performance.  Results from 

experiment 5c where rats were tested 48 hours after oestrogen treatment also 

displayed a lack of PCP deficit and a decrease in correct responding as the dose of 

oestrogen increased.  It is not possible to accurately interpret the results from the 

current experiment as no significant PCP deficit was apparent 24 and 48 hours after 

oestrogen dosing, however, oestrogen administration did result in the poorest 

performance at all tested time points and given oestrogen’s genomic action as a 

transcription factor it was expected that the acute oestrogen treatment would reverse 

a subchronic PCP deficit at least 24 hours after dosing.  As the same animals were 

used in each of the three experiments and had been used a month previous in another 

experiment, as outlined in the materials and methods section, it is likely that the 

animals had become habituated to the procedure and were no longer interested.  

Perhaps, upon repetition of the experiment different cohorts of rats could be tested at 

each time point to avoid these repeat effects.   
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Despite the problems in obtaining a PCP induced deficit in these experiments 

subchronic PCP is still considered an established model of cognitive deficit of 

relevance to schizophrenia (see Grayson et al., 2007; McLean et al., 2009).  The 

actions of oestrogen in this model have been compared to those of established 

antipsychotic drugs with favourable results.  Women taking E2 reported similar 

results on the Positive and Negative Syndrome Scale (PANSS) to those taking 

haloperidol, and both treatments reported better scores than a placebo group 

(Akhondzadeh et al., 2003).  The advantage of oestrogen over existing antipsychotic 

drugs is that it combats the cognitive symptoms as well as the psychotic symptoms 

(Kulkarni et al., 2001).  Oestrogen is thought to alleviate symptoms of 

neurodegenerative disease through its effects on particular neurotransmitters, for 

example, dopamine.  Preclinical studies have shown that both excessive and deficient 

levels of dopamine can result in cognitive impairment depending on the test used 

(Inagaki et al., 2010).  Oestrogen can modulate dopamine receptors in the prefrontal 

cortex (Inagaki et al., 2010), striatum (Le Saux et al., 2006) and nucleus accumbens 

(Chavez et al., 2010) of rats.  Ovariectomy significantly decreased dopamine 

transporter (DAT; dopamine reuptake mechanism) binding which was reversed by 

oestrogen treatment (Chavez et al., 2010).  In this experiment, it was also reported 

that D2 dopamine receptors were expressed in greater density in ovariectomised rats 

than in intact rats.  Similarly, in the prefrontal cortex, oestrogen treatment results in 

increased levels of dopamine metabolites.  In the striatum however, D2 receptor 

binding is decreased following oestrogen treatment.  Through its actions on 

dopamine, oestrogen can also modulate other neurotransmitter systems as 

administration of oestrogen and dopamine results in a significantly greater 

expression of glutamate transporters (Pawlak et al., 2005; Kipp et al., (2006).  As 
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mentioned, theories of schizophrenia are less dependent on dopamine than they once 

were, and the involvement and interaction of other neurotransmitters is now 

established.  Oestrogen’s actions on dopamine have been shown to modulate 

GABAergic neurons and NMDA receptors (Seamans et al., 2001; Arnstein, 2007).  

However, oestrogen has direct effects on these and other neurotransmitters 

independent of its actions on dopamine.  Oestrogen can increase the capacity of 

glutamate uptake (Liang et al., 2002) and control extracellular levels of glutamate 

(Kipp et al., 2006).  Oestrogen can also increase the excitability threshold for 

acetylcholine (Farr et al., 2000).  Acetylcholine and glutamate are essential 

neurotransmitters for cognition as acetylcholine activates muscarinic receptors which 

in turn activates ERK (extracellular signal-regulated kinase), an important step in 

long term potentiation (Robertson et al., 1999; Sweatt, 2001).  Excessive glutamate, 

as occurs in NMDA receptor blockade over stimulates excitatory pathways and 

results in excitotoxicity (Olney et al., 1999). 

 

Considering these mechanisms of action it would be expected that oestrogen 

treatment would produce an increase in the correct number of lever presses made.  It 

is possible that the animals became habituated to the procedure as they were 

subjected to it for three consecutive days.  This is supported by the fact that a 

cognitive deficit was initially found at 4 hours after testing but not when the 

experiment was repeated after 24 hours or 48 hours.  Indeed, the total number of 

levers pressed in each treatment condition did decrease at each time of testing; see 

tables 3.5.1b, 3.5.2b and 3.5.3b in chapter 3, supporting the theory that the animals 

had become tolerant to the procedure.  However, there was a significant cognitive 

deficit 4 hours after oestrogen dosing which oestrogen did not reverse, therefore any 
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effects of oestrogen on executive function are more likely to be genomic and occur 

after 24 hours rather than non-genomic, rapid actions. 

 

 

4.3. Delay Dependent Cognitive Deficit Model of Natural Forgetting 

 

In experiment 4 a deficit was induced via natural means rather than pharmacological.  

The inter-trial-interval (ITI) between the acquisition and the retention trials of the 

novel object recognition task was increased so that the animals naturally forgot that 

they had previously been exposed to a particular object.  Experiments 2 and 3 show 

that vehicle treated animals can significantly discriminate between a novel and 

familiar object after an ITI of 1 minute.  Oestrogen was administered in experiment 4 

in an attempt to retain recognition memory over 6 hours and protect against natural 

forgetting as occurs with aging.  In this instance, oestrogen acts as a nootropic, a 

memory enhancing drug.  In experiment 4a, vehicle treated animals forgot the once 

familiar object and so, in the retention phase, explored both objects equally.  Rats 

treated with oestrogen however, recognised the familiar object and spent a 

significantly longer time exploring the novel object.  This result is in agreement with 

the literature (Gresack and Frick, 2006a; Walf et al., 2006).  In experiment 4b, the 

ITI was increased to 24 hours and the protective action previously demonstrated was 

lost.  There was no significant difference between the exploration of a novel and 

familiar object in vehicle or oestrogen treated animals.  However, the mean 

exploration time for the novel object was higher than that of the familiar object for 

animals treated with oestrogen compared to vehicles.  This shows that there was a 

trend, though weak, toward improved memory retention with a 24 hour ITI.  When, 
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in experiment 4c, the task was replaced with a spatial task, the novel object location 

task, there was no protective effect of oestrogen at an ITI of 6 hours.  This result is 

supported by other studies (Galea et al., 2001; Sutcliffe et al., 2007) who report 

oestrogen does not improve spatial memory. 

 

Oestrogen has certainly been shown to have many effects outside of its typical 

domain, the reproductive system.  For instance, users of oestrogen replacement 

therapy have been shown to display significantly greater cerebral blood flow over 

two years compared to non-users, particularly in the hippocampus, parahippocampal 

gyrus and temporal lobe (Maki and Resnick, 2000); and compared to non-users, 

users of oestrogen replacement therapy had significantly better scores on a range of 

neuropsychological tests.  The mechanisms by which oestrogen induced these effects 

were unclear, though it was suggested to be via an indirect pathway (Maki and 

Resnick, 2000), derived from oestrogen’s neurotrophic and neuroprotective effects 

which could also be responsible for oestrogens positive effects on cognition.  

Oestrogen can increase the responsiveness of cholinergic neurons in the forebrain to 

neurotrophins such as nerve growth factor (NGF) and brain-derived neurotrophic 

factor (BDNF; Ábrahám et al., 2009).  Gibbs, (1998) found that BDNF levels 

fluctuated with the oestrous cycle of rats with the highest levels of BDNF in diestrus, 

where levels of oestrogen are low, and the lowest BDNF levels in proestrus, where 

oestrogen levels are high.  If oestrogen can increase the responsiveness of cholinergic 

neurons to neurotrophins then at the peak level of oestrogen, proestrus, levels of 

BDNF don’t need to be at their highest.  Exposure to the neurotrophin, nerve growth 

factor (NGF), results in a significant increase in acetylcholine release (Huh et al., 

2008).  The survival rate of PC12 cells was increased by oestrogen when they were 
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co-administered with NGF but oestrogen had no effect on those cells not treated with 

NGF (MacLusky et al., 2003) suggesting oestrogen exerts its action through 

acetylcholine in this paradigm.  Acetylcholine is particularly important in the 

prefrontal cortex during working memory tasks and in the hippocampus for reference 

memory tasks (Hironaka et al., 2001).  Korte et al., (1996) first reported that BDNF 

was involved in cognition, specifically in the initiation of LTP in the hippocampus; a 

finding supported by other studies (Messaoudi et al., 1999; Liu et al., 2004).  

Decreased levels of BDNF results in a decrease in memory performance in the water 

maze in rats (Croll et al., 1998).    Daniel and Dohanich, (2001) showed that 

increased levels of acetylcholine in ovariectomised rats increased NMDA receptor 

binding in the CA1 region of the hippocampus.  They reported that oestrogen 

produced similar effects and that the treatment improved performance in the 8-arm 

radial maze task which was attenuated by an M2 muscarinic receptor antagonist.   

Dendrites, involved in LTP, are a similar size in intact rats and in rats ovariectomised 

and treated with oestrogen while control treated ovariectomised rats have a 

significantly lower dendrite size (Saenz et al., 2006).  Wallace et al., (2006) found 

similar results; ovariectomy of rats significantly reduced spine density in pyramidal 

cells in the hippocampus and prefrontal cortex compared to intact animals.  This 

reduction in spine density was correlated with impaired performance in novel object 

recognition and novel object location tasks.  In experiment 4a, oestrogen treatment 

may have increased levels of neurotrophins, for example, NGF or BDNF either 

directly or via acetylcholine and enhanced cognition by increasing dendrite size 

and/or density in the CA1 region of the hippocampus. 
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In addition to its neurotrophic actions oestrogen also has neuroprotective effects.  Bi 

et al., (2000) found that 1nM E2 protected hippocampal cells in vitro against NMDA 

and kinate induced excitotoxicity.  Brinton et al., (2000) subjected hippocampal 

neurons to glutamate excitotoxicity which was attenuated by pre-treatment with 

conjugated equine oestrogens (CEE; one of the most widely prescribed oestrogen 

replacement therapies).  Glutamate toxicity was reduced by 40 - 50%.  In the same 

experiment, Brinton et al., (2000) also tested the effectiveness of CEEs against the 

toxicity of amyloid-β which occurs in Alzheimer’s disease.  Neurons pre-treated with 

1 or 100 ng/ml of CEE showed a significant increasing reduction of degeneration in 

the hippocampus, basal forebrain and cerebral cortex.  Oestrogen’s greatest 

neuroprotective effect however, is its antioxidant property.  Biewenga et al., (2005) 

conducted a study using the cell line SN4741, which was pre-treated with E2 then 

exposed to the oxidant hydrogen peroxide.  E2 significantly decreased cell death but 

the effect was not reversed by ICI 182, 780, a classic oestrogen receptor antagonist, 

suggesting that the effect of oestrogen in this experiment was via a pathway other 

than classical oestrogen receptors.  However, ICI 182, 780 has also been shown to 

have agonist properties.  In the sheep uterus ICI 182, 780  acts as an antagonist in 

myometrium cells but as an agonist in endometrial cells (Robertson et al., 2001), 

therefore it is still possible that these effects are mediated through genomic oestrogen 

receptor pathways.  Wilson et al., (2000) found that β-oestradiol protected cortical 

tissue against a potassium cyanide insult but α-oestradiol did not.  α-Oestradiol does 

not activate classical oestrogen receptors and that the lack of protection afforded by 

this drug suggests that neuroprotection against potassium cyanide is mediated by 

genomic oestrogen receptors.  They also reported that a pre-treatment period of over 

24 hours was necessary to induce this neuroprotection.  In experiment 4, oestrogen 
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had been administered more than 24 hours prior to behavioural testing so it is 

possible that the positive results obtained in this experiment were due to a genomic 

action, however, in experiment 4b, oestrogen treatment was also administered more 

than 24 hours before testing but there was no significant result in this experiment.  

Perhaps a higher dose of oestrogen is needed to retain memory over a longer period 

of time or a different dosing regimen is required as long-term and short-term memory 

depend on different brain regions.  The longer the ITI the more dependent on the 

hippocampus rather than the prefrontal cortex the novel object recognition task 

becomes (Hammond et al., 2004). 

 

While the mechanisms of oestrogen action and the dosing regimen is debated, so too 

is the specific ER subtype utilised.  Kim et al., (2001) attributes the protective action 

of oestrogen against amyloid-β to only one receptor subtype, ERα, since oestrogen 

only blocked amyloid-β-induced apoptosis in ERα expressing cells. Chamniansawat 

and Chongthammakun, (2010) conducted an immunocytochemistry study to 

demonstrate that, in SH-SY5Y cells treated with oestrogen, ERβ decreased in the 

cytoplasm and increased in the nucleus therefore showing translocation of this 

receptor subtype, and not ERα, upon administration of oestrogen.  Walf et al., (2008) 

showed that wild type, but not ERβKO mice, display increased novel object 

exploration in the NOR paradigm after 0.1mg/kg E2 treatment.  Liu et al., (2008) 

reported that ERβ agonist, WAY-200070, mimicked the effects of oestrogen and 

induced LTP in the hippocampus but ERα agonist, PPT did not.  These results 

strongly suggest that ERβ is the subtype the most likely to be responsible for 

oestrogen’s positive actions.  However, in a model of ischemia, Dubal et al., (2001) 

and Farr et al., (2007), found that it was ERαKO mice that were afforded no 
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neuroprotection from oestrogen while ERβKO were protected.  Bains et al., (2007) 

reported that surrounding glial cells greatly expressed ERα and inhibition of these 

glial cells significantly reduced the protective effect of the ERα agonist, HPTE, on 

neurotoxic agent MPP
+
.  In the current study a compound which has similar affinity 

to both ERα and ERβ was used, oestrogen benzoate, so it is not possible to suggest 

which subtype is responsible for the results.   Based on the literature it is possible 

that ERα has a more indirect role as it is expressed in supporting cells such as glial 

cells Bains et al., (2007) while ERβ has been shown to induce synaptic proteins (Liu 

et al., 2008) and so may have a more direct role. 

 

Of particular interest in this set of experiments is that oestrogen treated animals 

retained memory for the familiar object in the object recognition task but this was 

lost when a spatial version of the task was used.  In experiment 4c rats underwent the 

novel object location task where all objects were identical but the position of one 

object changed from the acquisition to the retention phase.  As in experiment 4a, 

there was a 6 hour ITI but after statistical analysis there was no significant 

discrimination.  Previous studies support this finding; Galea et al., (2001) reported 

that oestrogen impaired performance in a radial arm maze task.  Sutcliffe et al., 

(2007) found that the removal of endogenous oestrogen through ovariectomy 

actually improved spatial performance on the NOL task compared with intact 

animals.  The results reported here further corroborate that oestrogen may be 

detrimental to spatial memory.  However, Gresack and Frick (2006a) have suggested 

that oestrogen can be beneficial for spatial task but there is a narrower effective 

range.  Studies in humans and animals have reported a critical period hypothesis 

(Gibbs, 2000a; Maki, 2006; Dumas et al., 2008), and Gibbs, (2000a) found that 
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oestrogen did improve spatial memory in rats when treatment was initiated 3 months 

after ovariectomy to a comparable level of that of intact rats, however, this effect was 

lost if treatment was delayed by 10 months.  Rissman et al., (2002) reported that in 

his experiment acquisition of the water maze task was blocked in ERβKO mice 

suggesting that oestrogen mediates spatial learning through ERβ.  Perhaps if the 

experiment was repeated with an ERα and an ERβ agonist or the oestrogen treatment 

regimen was altered the results would be significant. 

 

 

4.4. Oestrogen and Anxiety 

 

The effects of oestrogen on anxiety were measured using the elevated plus maze task 

in experiment 6.  This paradigm has demonstrated that oestrogen can alleviate 

anxiety in ERKO mice (Krezel et al., 2001), in short term oestrogen replacement 

(Lund et al., 2005) and in chronic oestrogen replacement (Pandaranandaka et al., 

2006).  Pandaranandaka et al., (2006) have reported that 10μg/kg oestradiol daily for 

4 weeks causes ovariectomised rats to spend more time in the open arms and to have 

a higher number of entries into the open arms when compared to ovariectomised rats 

with no oestrogen treatment.  Although in the current experiment there were no 

significant effects, a reverse trend was found.  Oestrogen treated animals spent more 

time in the closed arms and vehicle animals spent more time in the open arms, 

suggesting oestrogen induced anxiogenic behaviour.  Imwalle et al., (2005) also 

found non-significant results when comparing ovariectomised mice treated with 

oestrogen and ovariectomised mice treated with a vehicle.  In support of the trend 

found in experiment 6, Morgan and Pfaff, (2002) showed that oestrogen treatment 
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induces anxiogenic behaviour.  They tested two mouse strains and found that 

oestrogen treated mice, of both strains, spent less time in the centre of the open field 

box and took longer to emerge from the dark compartment in the light/dark transition 

paradigm. 

 

Differences in results, particularly between the Morgan and Pfaff, (2002) and the 

Pandaranandaka et al., (2006) studies may be explained by the fact that different 

species were used.  Morgan and Pfaff, (2002) used mice while Pandaranandaka et al., 

(2006) utilised rats.  However in experiment 6 rats were also used and results 

supported Morgan and Pfaff, (2002) more than Pandaranandaka et al., (2006).  The 

experimental procedure also differed between the two studies as the delivery method 

of the oestrogen replacement was different.  Morgan and Pfaff, (2002) implanted a 

capsule containing 25µg EB released at a steady rate over 5 days, while 

Pandaranandaka et al., (2006) administered daily subcutaneous injections of 10µg/kg 

E2.  The regimen used in the Morgan and Pfaff, (2002) experiment has been repeated 

in other studies producing results in opposition to their own where oestrogen 

promotes anxiolytic behaviour therefore it is doubtful that these methods are 

responsible for the opposing results between the two studies.  A more notable point is 

that in the Pandaranandaka et al., (2006) study the apparatus was made from wood, a 

material which rats prefer to Plexiglas for scent marking and chewing, this may have 

caused the rats to be less anxious and encouraged their exploratory nature.  This 

could explain how they obtained their positive result yet Morgan and Pfaff, (2002) 

and results from experiment 6, where Plexiglas apparatus was used, reported 

anxiogenic effects of oestrogen.  However, the real difference between studies that 

reported anxiolytic actions of oestrogen and those that showed anxiogenic actions is 
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the receptors that were targeted.  Ovariectomised rats treated with an ERβ specific 

agonist, DPN, demonstrated reduced anxiety in the elevated plus maze task 

compared to vehicle treated animals and compared to animals treated with an ERα 

agonist (Lund et al., 2005).  Donner and Handa, (2009) administered ERβ agonist 

DPN to rats and found a decrease in anxiety related behaviours in the plus maze task.  

Spiteri et al., (2010) conducted an alternative study to confirm these results.  They 

used ERαKO mice and found that they displayed less anxiety than wild type mice, 

suggesting the absence of ERα promotes anxiolytic behaviour. 

 

One mechanism that may be used by oestrogen to modulate anxiety is through 

neurotransmission.  Hughes et al., (2008), found that an ERβ agonist, WAY-200070 

produced anxiolytic behaviour in a task where mice were shocked when crossing 

from one section of a Plexiglas box to another in the four-plate test.  They reported 

nuclear translocation of oestrogen receptors 15 minutes after administration.  That 

translocation was ERβ specific was confirmed as this action was not seen when 

WAY-200070 was administered to ERβKO mice.  WAY-200070 administration to 

wild type animals was associated with a delayed and transient increase in 5-HT, an 

effect not seen in ERβKO mice.  Inagaki et al., (2010) extracted the brains of rats 30 

minutes after treatment with 20µg/kg E2 and confirmed that oestrogen treatment is 

associated with an increase in 5-HT in the prefrontal cortex.  They also reported an 

increase in the dopamine metabolite, DOPAC, in the prefrontal cortex.  It is thought 

that oestrogen mediates anxiety related behaviour through these monoamines.  

Indeed, lesions of dopaminergic innervation of the mesolimbic system results in 

decreased anxiety (Picazo et al., 2009).  Gundlah et al., (2005) reported that 4 days 

of 0.2mg/kg E2 treatment up-regulated tryptophan hydroxylase, an enzyme involved 
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in the synthesis of 5-HT, in wild type and ERαKO but not ERβKO mice.  Le Saux et 

al., (2006) treated ovariectomised rats with an ERα agonist, PPT, an ERβ agonist, 

DPN, or E2.  Ovariectomy decreased D2 agonist and antagonist binding while 

administration of E2 reversed this.  DPN, but not PPT, administration mimicked these 

effects.  These results suggest that oestrogen’s anxiolytic actions are modulated by 

ERβ and can be induced by E2 or an ERβ specific agonist.  The results of the present 

study did not support this as no effects were found, however; there are a number of 

factors which may explain this apparent discrepancy.  Firstly, many other plus maze 

studies ran their experiments for 5 minutes while the current experiment ran for 10 

minutes.  This increase was designed to increase the sensitivity of the task to ensure 

any difference in anxiety type behaviour was detected; conversely it may have in fact 

habituated the animals to the apparatus.  Second, the animals used had previously 

been tested in another paradigm which meant it had been at least 1 week since they 

received their dose of EB.  Although the nuclear translocation of ERβ (Hughes, et 

al., 2008) suggests that anxiolytic actions are genomically mediated, one week may 

still be too long for the elevated plus maze to detect any differences in anxious 

behaviour.  Thirdly, differences in procedures may provide difficulties in comparing 

results with others.  For instance, some studies failed to define exactly what was 

considered an entry into a specific arm.  In the current study, an animal was 

considered to have entered an arm when all four limbs had crossed the threshold.  

This is not necessarily in agreement with procedures of other experiments and may 

prove to alter results if definitions were to be universal. 

 

 

4.5. General Discussion 
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Oestrogen’s cognitive enhancing properties are of particular relevance to 

Alzheimer’s disease, one of the most common causes of death in the United States 

(Alzheimer’s Association, 2009).  The neurotrophic and neuroprotective actions of 

oestrogen act against the excitotoxicity and oxidation seen in Alzheimer’s 

physiology.  Oestrogen increases the response to nerve growth factor and brain 

derived neurotrophic factor (Ábrahám et al., 2009) and acts as an antioxidant (Ruiz-

Larrea et al., 2000) possibly through a genomic pathway (Wilson et al., 2000).  

Oestrogen’s cognitive effects will also be important in schizophrenia as it too has a 

critical cognitive impairment component.  There are an abundance of studies 

demonstrating oestrogen’s positive effects on cognition in animals (Gibbs et al., 

2003; Gresack and Frick, 2006a; Walf et al., 2006) and humans (Duff and Hampson, 

2000; Maki et al., 2002); Hoff et al., (2001) reported a strong correlation between 

oestrogen treatment and cognitive function in 22 female patients with schizophrenia.  

Oestrogen can also help alleviate psychotic symptoms (Kulkarni et al., 1996, 2001).  

For instance, women receiving oestrogen in conjunction with their antipsychotic 

medication experienced a more rapid improvement in psychotic symptoms than those 

only taking antipsychotic drugs (Kulkarni et al., 1996).  Akhondzadeh et al., (2003) 

also found that schizophrenia patients treated with oestrogen as an adjunctive therapy 

to antipsychotic treatment had significantly better scores on the Positive and 

Negative Syndrome Scale (PANSS).  Not all studies are as promising however.  

Louzã et al., (2004) found no difference in positive or negative symptoms in 

schizophrenia patients taking oestrogen with an antipsychotic compared to those 

taking only an antipsychotic.  However, in this study the oestrogen compound used 

was CEE (conjugated equine oestrogens) which has been used in a series of 
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experiments previously described, the WHIMS, with little effect; although the timing 

of drug administration may have been why CEEs had little effect in the WHIMS 

experiments.  It is established that oestrogen has the potential to be beneficial for 

psychosis and cognition in neurodegenerative pathology and in non disease states.  

However, the regimen in which the hormone is administered is a factor that requires 

further investigation. 

 

Many studies administer the hormone in a continuous manner which has yielded 

many positive results.  Gibbs, (2000a) delivered a continuous supply of oestrogen to 

rats which resulted in improved performance in a delayed matching-to-position 

spatial memory T maze task compared to vehicle controls.  Sandstrom and Williams, 

(2004) also administered continuous oestrogen replacement with a dose of 10µg 

daily for 10 days which led to improvements in cognition on a delayed matching-to-

position version of the water maze in rats.  However, Rapp et al., (2003) believe that 

continuous replacement of oestrogen could cause desensitisation.  They 

experimented with a cyclic administration procedure in primates.  16 aged rhesus 

monkeys underwent cyclic oestrogen or vehicle treatment with one 100µg oestradiol 

cypionate injection or peanut oil every three weeks.  This regimen reversed a spatial 

working memory deficit.  Zielger and Gallagher, (2005) also implemented a cyclic 

regimen in mice, administering EB on two consecutive days out of six, but found no 

cognitive benefit with this method.  It is possible that this regimen of oestrogen 

replacement is only beneficial in aged animals as the mice in the Zielger and 

Gallagher, (2005) study were young or middle aged.  However, Gresack and Frick, 

(2006b) used aged mice as their subjects and they found cyclic replacement, 
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0.2µg/kg E2 every four days, resulted in significantly more reference memory errors 

than continuous replacement on water maze acquisition. 

 

Hormone replacement therapy in women has been the subject of some debate; 

especially after the WHIMS studies which reported that oestrogen replacement was 

not effective and in some cases was detrimental to cognition (Rapp et al., 2003; 

Shumaker et al., 2003; Shumaker et al., 2004).  As discussed earlier, it was found 

that the participants of these studies were given hormone replacement therapy long 

after the critical time window had passed (Maki, 2006).  Gibbs, (2000a) reported 

that, in primates, hormone replacement intiatated 3 months after ovariectomy could 

protect against memory decline, but after a hormone free period of 10 months 

oestrogen could not reverse a deficit.  In middle aged rats Daniel et al., (2006) found 

a delay of 5 months resulted in oestrogen administration being ineffective.  These 

results suggest that, in a model of disease, oestrogen cannot restore cognition but can 

protect against cognitive decline if administered before ovarian hormone deprivation. 

 

One point to consider with respect to hormone replacement in women is that 

oestrogen must be co-administered with progesterone if given to women who still 

have their uterus intact to protect against hyperplasia and adenocarcinoma of the 

endometrium (Campagnoli et al., 2005).  The cognitive effects of progesterone on its 

own have yielded positive effects since both progesterone receptors, PR-A and PR-B, 

are found in the hippocampus and prefrontal cortex of the brain (Brinton, 2008).  

Frye et al., (2009) demonstrated that 4mg/kg administered to rats improved 

performance on the water maze task and a novel object task when their performance 

was compared to rats receiving only sesame oil.  Sofuoglu et al., (2011) gave 
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200mg/day progesterone to human participants whose performance significantly 

improved compared to those taking a placebo on the Stroop task and Digit Symbol 

Substitution test.  However, the presence of progesterone in conjunction with 

oestrogen and the subsequent interaction may counter the positive effects.  Harburger 

et al., (2007) reported that 20mg/kg progesterone administered to mice had a 

detrimental effect on the positive effects of oestrogen in the water maze task.  

Progesterone also blocks the neuroprotective effect of oestrogen against kainate 

lesions (Carroll et al., 2008).  In contrast to these studies, the co-administration of 

progesterone has also been shown to have no effect on oestrogen’s actions or even 

improve it.  Voytko et al., (2008) reported that administering oestrogen alone or in 

conjunction with progesterone elicited similar results.  These results were positive 

but transient.  Gibbs, (2000a) reported that oestrogen treatment significantly 

protected against cognitive decline and co-administration with progesterone did not 

diminish this, in fact, oestrogen plus progesterone treated animals consistently out-

performed oestrogen alone groups, though this effect was not significant. 

 

Hormone replacement therapy has been extensively researched in women who are 

prescribed the treatment to combat symptoms of the menopause, however; if 

oestrogen is to be used as a treatment for other conditions it is important to assess its 

effects in males.  Although males do not undergo a menopause where the production 

of ovarian hormones is abruptly abolished, they do experience a gradual decrease in 

androgen, and therefore oestrogen, production (Jiang and Huhtaniemi, 2004).  

Oestrogen is currently used to combat the sexual dysfunction induced by androgen 

deprivation therapy which is used to treat prostate cancer (Wilbowo et al., 2011) but 

its effects on cognition in males is less positive.  Alibhai et al., (2010) conducted a 
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study in elderly men and found that sex hormones were not associated with cognitive 

function.  They did however find a trend toward improved working memory 

performance with oestrogen treatment, although this was not significant.  Kulkarni et 

al., (2011) report a positive effect of oestrogen therapy in men with schizophrenia, as 

those treated displayed a greater reduction in general psychopathology.  However, a 

large proportion of the participants did not experience an improvement and much 

more research is necessary to refine the type, dose and route of administration for 

oestrogen replacement therapy in males (Kulkarni et al., 2011).  There is hope for the 

use of oestrogen treatment in males however as Alejandre-Gomez et al., (2007) 

conducted a study producing positive results.  They treated male rats with an 

inhibitor of aromatase which is the enzyme that catalyses testosterone into oestradiol.  

Those treated committed significantly less errors on a cross maze task than controls. 

 

 

4.6. Conclusions and Future Work 

 

Aging is a physiological process in which the body gradually deteriorates.  This 

process cannot be stopped but the symptoms and associated neuropathology can be 

treated.  Oestrogen has neurotrophic and neuroprotective actions which are thought 

to be mediated in part by ERβ via genomic actions or through ERα expressed in 

supporting cells such as glial cells.  These effects act against oxidative stress seen in 

the aging brain as well as promoting anti-apoptotic proteins.  Oestrogen also has 

direct effects on neurotransmitters involved in cognition and neuropathological 

conditions.  Oestrogen can mediate the actions of dopamine to act as a neuroleptic; it 

can increase the sensitivity of aging neurons to acetylcholine and alter NMDA 
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receptor function directly or through glutamate.  Activation of ERβ also promotes 

production of 5-HT and the dopamine metabolite, DOPAC, ameliorating the effects 

of anxiety.  For these actions to occur, oestrogen must be administered at the optimal 

dose for the specific task during the critical time period and in the correct manner, 

for instance, cyclic or continuous. 

 

The experiments conducted in this study add to the literature supporting the 

investigation of oestrogen’s benefits in animal models for the purpose of utilising 

oestrogen replacement therapy in humans.  Further research is needed to find the 

optimum doses and correct timing and regime of administration.  This study also 

reports a novel finding that 10µg/kg EB administered 24 hours before novel object 

recognition testing protects against natural forgetting for up to 6 hours and that this 

effect is not seen in a spatial task.  This result promotes the effectiveness of using 

oestrogen as a nootropic.  The ethical implication of such use remains to be fully 

explored.  Future work should consider the effective range of oestrogen on spatial 

tasks as oestrogen has been reported to be beneficial in these tasks, however the 

critical window is narrower than it is for non-spatial tasks (Gibbs, 2000a; Gresack 

and Frick, 2006a).  Given more time to complete these experiments a number of 

difference doses of oestrogen would be given including a very low dose to discover 

if this facilitated spatial reference memory.  More investigation should also be 

conducted into oestrogen’s effects in a model of natural aging.  In the current study it 

was found that oestrogen (10μg/kg EB) improved memory retention if the test phase 

was delayed by 6 hours but not by 24 hours.  Perhaps in this paradigm a higher dose 

of oestrogen would be needed to retain memory for a longer period or perhaps 

subchronic oestrogen dosing is necessary for long term memory retention.  A daily 
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dose of 10μg/kg EB could be given or a single double dose, 20μg/kg.  One of the 

main areas for further research however is oestrogen’s effects on memory in males.  

Frye et al., (2008) discovered that testosterone can produce anxiolytic effects and 

improve cognition in male mice and that this action is mediated through ERβ.  

Young-Martin and Palmer, (2009) treated male rats with a subchronic oestrogen 

regimen and reported that these animals performed significantly better on learning 

tasks and on memory tasks than non-oestrogen treated male rats.  These results and 

the Kulkarni et al., (2011) studies are very promising but much more investigation is 

needed to find the optimal dose regimen and the critical time of administration. 

 

My own future work would investigate three main areas: the role of ERα and ERβ in 

anxiety and cognition, the effect of other hormones alone or as adjunctive therapy 

with oestrogen, and hormone treatment in males.  Studies cited in this thesis have 

suggested distinct roles for ERα and ERβ however the literature is still not in 

agreement and more work needs to be conducted.  Administering selective 

compounds such as PPT, an ERα agonist, or DPN, an ERβ agonist, may help to 

define distinct mechanism for these receptors in paradigms such as NOR and plus 

maze.  Removing endogenous oestrogen via ovariectomy would help to determine 

the roles of ERα and ERβ without any confounding actions from other hormones.  

However; oestrogen rarely acts alone, except in cases where oestrogen only hormone 

replacement is administered to postmenopausal women who have had a 

hysterectomy, therefore oestrogen action in conjunction with other hormones should 

also be investigated.  Progesterone is also a predominant gonadal steroid with actions 

in the brain and it has its own cycle (for review see Wagner, 2006).  Vongher and 

Frye, (1999) have reported that progesterone in conjunction with oestrogen offers 
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neuroprotection.  NOR experiments could be run with progesterone alone, in 

conjunction with EB, PPT or DPN and at various doses.  The performance of rats 

treated with selective oestrogen receptor compounds could be compared to rats with 

a pharmacological induced deficit, subchronic PCP, or a naturally occurring 

impairment, a delay dependent cognitive deficit model as in experiment 4.  

Oestrogen protects memory in an experiment with an ITI of 6 hours, perhaps 

oestrogen plus progesterone treatment would protect long term memory when the ITI 

is extended to 24 hours.  Progesterone has been shown to be beneficial in spatial 

tasks (Frye et al., 2009) so NOL experiments with progesterone alone or with 

oestrogen could be conducted or perhaps a new paradigm could be utilised, for 

example, the water maze.  Such an experiment may reveal a positive result with NOL 

as conducted in experiment 4c.  A third point of investigation is the effects of these 

hormones in males.  It would be interesting to run the experiments reported here but 

with male rats to discover if the results would differ as gender differences have been 

reported (Sutcliffe et al., 2007).  However, the main issue regarding oestrogen 

treatment in males is its feminizing effects, therefore, the research on progesterone 

would be beneficial for gonadal steroid treatment in males.  Sofuoglu et al., (2011) 

demonstrated that progesterone treatment alone can improve cognition in human 

males compared to treatment with a placebo. 
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