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Abstract

The dopamine theory of schizophrenia remains the dominant model for the 

neural correlates of positive psychotic symptoms in schizophrenia. The evidence for this 

model has been accumulating for over 50 years and includes: all antipsychotic 

medications are dopamine D2 receptor antagonists or partial agonists, direct or indirect 

dopaminergic agonists can induce symptoms of psychosis in psychosis-naïve 

populations, psychosis is precipitated by lower doses of stimulants in people with 

schizophrenia, and there are a number of neurophysiological alterations in the dopamine 

system of people with schizophrenia. Amphetamine has been one of the central 

compounds for investigating the latter three points, and therefore its effects have 

provided core evidence for the dopamine model of schizophrenia and psychosis. 

The aim of this thesis was to investigate the amphetamine model of 

schizophrenia by giving 0.45 mg/kg dexamphetamine to healthy volunteers in a double-

blind, placebo-controlled, cross-over study who then underwent testing on several 

electrophysiological endophenotypes of schizophrenia. These measures were, the P3, 

the 40 Hz auditory steady state response, and prepulse inhibition of the startle reflex. 

Each of these measures have demonstrated robust deficits in people with schizophrenia. 

In addition to these electrophysiological measures, a phenomenological correlate of 

schizophrenia was investigated because a model of psychosis has more face validity if it 

also induces similar experiential phenomena. People with schizophrenia have 

demonstrated increased illusory effects on a bodily illusion called the rubber hand 

illusion, particularly on the primary component of the illusion “embodiment of the 

rubber hand”.

There were similar significant reductions to those seen in schizophrenia in the 

auditory P3 event-related potential amplitude, but not in the visual P3 amplitude. The 

3



intersection of an auditory specific P3 generator, with a region of high relative density 

of D2 receptors in the superior temporal gyrus, which borders the temporo-parietal 

junction, and the finding that dexamphetamine inappropriately recruits temporo-parietal 

junction neurons during cognitive tasks, suggests that dexamphetamine is inhibiting the 

synchronisation of neurons that generate the auditory P3. 

Forty Hz (gamma) auditory steady state response power was increased after 

dexamphetamine, opposite to the direction of changes seen in chronic, stable 

schizophrenia but consistent with a role of gamma activity in the generation of positive 

psychotic symptoms. This may indicate that gamma deficits in patients are confounded 

by antipsychotic medications.

We failed to find a reduction in prepulse inhibition of the maximum startle 

response when participants directed their attention away from the startling stimuli, in 

contrast to previous findings in schizophrenia. There were, however, several 

dexamphetamine by sex interactions on P300 and startle reflex/prepulse inhibition 

measures. These interactions suggested relative shifts between the sexes towards either 

a D1 vs D2 dopamine receptor state in males and females respectively.

Lastly, dexamphetamine significantly increased experiences of embodiment 

during the rubber hand illusion, similar to that seen in schizophrenia. The mechanism 

for the embodiment effects may be due to enhanced salience attribution towards the 

predictive stimulus as a result of increased dopamine transmission. This effect may also 

be related to enhancements of perceptual learning processes by dexamphetamine. 

Evidence is also presented that suggests a disturbance of the usual integration between 

embodiment and proprioceptive processes. Interestingly, a similar effect has been found 

by direct inhibition of the temporo-parietal junction.

Differences between the amphetamine findings and the findings in schizophrenia 
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may be due to: the lack of specificity of dexamphetamine as a purely dopaminergic 

drug, the possible non-catecholaminergic basis of alterations in schizophrenia, an 

insufficient dose of dexamphetamine in these experiments, or chronic dopamine 

receptor antagonism in schizophrenia. Despite some differences, the similarities 

between some of the effects of amphetamine and schizophrenia observed in this thesis 

add to the body of literature that finds general support for the amphetamine model of 

psychosis.
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Chapter 1 – General Introduction

This thesis is presented as a series of papers that investigated the amphetamine 

model of schizophrenia and psychosis in healthy humans. The measures chosen to 

investigate this model were predominantly electrophysiological measures that are 

thought to be either endophenotypes or emerging endophenotypes of schizophrenia. 

These measures were the P3 event-related potential (P3 ERP), the 40 Hz auditory steady 

stated response (ASSR) and pre-pulse inhibition of the startle reflex (PPI). However, 

many of the symptoms of psychosis are subjective, with no direct means of 

measurement. They can be measured to some degree with verbal, written or signed 

expressions from the person experiencing them. An investigation into the substrates and 

hypotheses underlying psychosis, can gain more face validity if it is also accompanied 

by a measure of the subjective/experiential effects that are associated with psychosis. 

Therefore, in addition to the electrophysiological measures, we investigated the effects 

of dexamphetamine on the rubber hand illusion test (RHI). In particular, embodiment of 

the rubber hand, a construct referring to the perception that a rubber hand feels like it is 

a part of the participant's body, has been shown to be increased in patients with 

schizophrenia, and appears related to certain body-image aberrations that sometimes 

occur in schizophrenia (Chapman et al., 1978). Despite some differences on these 

measures between participants given dexamphetamine and people with schizophrenia 

we find general support for the amphetamine model of psychosis. 

 1.1 Dopamine, Schizophrenia and psychosis

Schizophrenia, as yet, has no definitive biological marker that predicts 

occurrence of the disease reliably. Diagnosis is made on the basis of self-reported 

symptoms and observations of behaviour. As such, any specific biological basis for the 
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disease is still a hypothesis (Jablensky, 2006). One hypothesis that specifically targets 

the generation of positive symptoms of schizophrenia, and more generally the positive 

symptoms of psychosis, is the dopamine hypothesis. Positive symptoms, or sometimes 

termed reality distortions (Liddle, 1987), encompass two major symptoms of 

schizophrenia, hallucinations and delusions (Crow, 1980; Andreasen and Olsen, 1982; 

Peralta and Cuesta, 2001). Hallucinations refer to false perceptions occurring in the 

absence of external stimuli and may occur in any sensory modality. Of these, auditory 

hallucinations are the most common type reported (Mueser et al., 1990). Delusions refer 

to false beliefs that cannot be explained on the basis of the subject's cultural background 

and may be of many types, including paranoid, grandiose, persecutory and control type 

delusions (agency, external forces). Of these, paranoid delusions are the most common 

type reported and diagnosed (Leff et al., 1992; Jablensky, 1997). 

Negative symptoms (Andreasen and Olsen, 1982; Andreasen et al., 1995) and 

cognitive deficits (Hallmayer et al., 2005) are important aspects of schizophrenia, but 

the role of dopamine in these symptoms is less well defined. The former may lead to a 

diagnosis of schizophrenia even in the absence of psychotic symptoms, but the latter do 

not contribute to diagnosis. However, cognitive deficits that occur in a subpopulation of 

people with schizophrenia (Hallmayer et al., 2005), are frequently investigated as 

endophenotypes to investigate potential neurobiological substrates of schizophrenia. 

The role of dopamine in negative symptoms is less well-established than in positive 

symptoms. Nonetheless, these symptoms are similar to effects of antipsychotic 

medications (e.g., anhedonia, Wise, 1982). Two further pieces of evidence have led to 

the view that negative symptoms may be related to reduced dopamine transmission in 

the prefrontal cortex and positive symptoms to increased dopamine transmission in the 

mesolimbic system (Weinberger and Berman, 1988). Firstly the findings that decreases 
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in dopamine in the mesocortical dopamine pathway can lead to increased dopamine 

turnover in the mesolimbic dopamine pathway terminal fields (Carter and Pycock, 

1978; Pycock et al., 1980). Secondly, there is reduced activity in the prefrontal cortex of 

people with schizophrenia (Andreasen et al., 1992) that correlates with negative 

symptoms (Volkow et al., 1987).  Note, however, that there is little evidence, if any, that 

reduced activity in the prefrontal cortex is associated with reduced dopamine 

neurotransmission.

There has also been research on the relationship between dopamine transmission 

in the frontal cortex on cognitive deficits sometimes associated with schizophrenia, 

chiefly deficits of attention, working memory and “executive control”. The evidence 

generally indicates that working memory and selective attention require a certain level 

of dopamine transmission in the prefrontal cortex to function optimally, with either 

decreases or increases beyond some range reducing optimal performance (Arnsten, 

1997). Thus, there have been attempts to relate dopamine neurotransmission to positive 

symptoms, negative symptoms and cognitive deficits. However, this thesis focusses 

only on the relationship of amphetamine (and its effects on dopamine) to positive 

symptoms, because these are the primary symptoms of schizophrenia, and are those 

most closely reflected in amphetamine models of schizophrenia. 

 1.1.1 Dopamine and schizophrenia

The dopamine model of schizophrenia has been the prevailing model of 

schizophrenia for some time. One of the first inceptions of the model was nearly 50 

years ago (van Rossum, 1966) and it remains one of the central foci for our 

understanding of psychosis. A recent conceptualisation of the dopamine hypothesis of 

schizophrenia has been best laid out by Howes and Kapur (2009). They review evidence 

ranging from the discovery of antipsychotics and their mechanisms based upon the early 
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work of Carlsson and Lindqvist (1960s), to more recent evidence linking interactions 

between genes and the environment on the development of psychosis. The accumulation 

of evidence has accordingly impacted on the characterisation of the model. Initially, 

dopamine was implicated as a hypothesis for schizophrenia as whole. This then evolved 

to dopamine hyperactivity in striatal regions being responsible for the positive 

symptoms and hypoactivity in frontal regions being responsible for the negative 

symptoms. The most recent version postulated by Howes and Kapur (2009) in “Version 

III”, states that dopamine dysregulation, in particular dopaminergic hyperactivity, is 

largely responsible for the positive symptoms of psychosis regardless of psychiatric 

diagnosis. This appears to be a reasonable posit, as dopamine receptor antagonists are 

used to treat all psychoses, regardless of diagnosis.

The evidence for the dopamine hypothesis of psychosis comprises a number of 

lines of evidence, including:

1. All current effective pharmacotherapies for schizophrenia and other psychoses 

are dopamine D2 receptor antagonists or dopamine D2 receptor partial agonists 

(Seeman and Lee, 1975; Seeman et al., 1976; Horacek et al., 2006; Seeman, 

2006). Furthermore, antipsychotics are effective at reducing positive symptoms 

but they have modest direct effects on negative symptoms, i.e., negative 

symptoms can be reduced indirectly by reducing positive symptoms and also by 

causing less extrapyramidal side effects (Angrist et al., 1980; Tollefson and 

Sanger, 1997; Leucht et al., 1999; Moller, 2003; Erhart et al., 2006; Buckley and 

Stahl, 2007). Of course, many of the direct effects of antipsychotics are directly 

comparable to negative symptoms (e.g., anhedonia [Wise, 1982], reduced 

hygienic behaviours [Daly & Waddington, 1994] and reduced social interactions 

[Becker & Grecksch, 2003]).
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2. People with schizophrenia display a greater release of dopamine after 

amphetamine challenge than controls (Laruelle et al., 1996; Breier et al., 1997; 

Abi-Dargham et al., 1998). This is likely related to the findings of elevated 

presynaptic dopamine synthesis capacity in people with schizophrenia (Reith et 

al., 1994; Lindström et al., 1999; McGowan et al., 2004) and also in prodromal 

schizophrenia (Howes et al., 2009). 

3. Drugs that increase catecholamine transmission (e.g., amphetamine, cocaine, L-

DOPA and methylphenidate) can induce psychosis with paranoid features in 

healthy volunteers or Parkinson’s patients with no history of schizophrenia, as 

do direct and selective dopamine agonists such as apomorphine, pergolide and 

bromocriptine (McCormick and McNeel, 1963; Angrist and Gershon, 1970, 

1977; Damasio et al., 1971; Angrist et al., 1975; Post, 1975; Angrist, 1983; 

Ruggieri et al., 1989; Steiger et al., 1992).

4. Amphetamine administration to people with schizophrenia precipitates positive 

symptoms at lower doses than that needed for people with no history of 

psychosis (Angrist et al., 1980; Lieberman et al., 1987; Laruelle et al., 1996). 

This increase in positive symptoms is correlated with D2 receptor marker 

displacement (Laruelle et al., 1996) and is mostly present during periods of 

illness exacerbation, but not during stabilisation (Laruelle and Abi-Dargham, 

1999).

 1.1.2 Dopamine, incentive sensitisation and psychosis

The role of dopamine in behaviour has been studied extensively in relation to its 

role in motivation, reward prediction, and significance attribution (Robinson and 

Berridge, 1993; Robbins and Everitt, 1996; Berridge and Robinson, 1998; Hollerman 

and Schultz, 1998; Waelti et al., 2001; Schultz, 2002, 2007; Fletcher and Frith, 2009). 
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For example, Robinson and Berridge (1993) proposed that dopamine is responsible for 

labelling the perceptions and mental representations of stimuli and events as important. 

This aids learning about the stimulus via associative learning and raises the hierarchical 

importance of the stimulus for goal-directed behaviour. Furthermore, this process can be 

sensitised by repeated exposures. The best characterised evidence for behavioural 

sensitisation is that of psychomotor sensitisation, whereby repeated doses of addictive 

drugs results in progressively greater locomotor activity (Robinson and Berridge, 2000). 

It is not just locomotor activity that sensitises to repeated administration, the 

psychological and the underlying neurophysiological responses to drug-related stimuli 

can also sensitise. More specifically, the incentive salience of stimuli associated with the 

drug becomes sensitised via neuroadaptations of the dopamine system, leading to 

hypersensitivity to reward-associated stimuli (Robinson and Berridge, 2000). 

Furthermore, the behavioural effects that become sensitised after amphetamine or 

cocaine are associated with sensitisation of dopamine release (Robinson and Becker, 

1982; Castañeda et al., 1988; Robinson et al., 1988) and occupation of its receptors by 

dopamine (Burger and Martin-Iverson, 1994; Martin-Iverson and Burger, 1995; 

Burechailo and Martin-Iverson, 1996).

Robinson and Berridge (1993) in their proposal were linking this action of 

dopamine to addictive behaviours. However, Robinson proposed a dopamine 

sensitisation model of psychosis (Robinson and Becker, 1986) before he proposed the 

sensitisation of incentive salience theory of drug craving. If dopamine hyperactivity in 

the mesolimbic system is the hypothesis behind both addiction and psychosis, there 

must be some common overlap between the conditions. In support of this view, not only 

can psychostimulant users experience acute psychotic symptoms, but once they have 

experienced a stimulant-induced psychosis, they can become sensitised to the 
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psychotogenic effects of psychostimulants (Sato et al., 1983; Bartlett et al., 1997; 

Curran et al., 2004). Given the overlap between psychotic symptoms that amphetamine 

users experience, and the dopaminergic neurophysiological alterations that occur during 

both amphetamine abuse and schizophrenia, a similar sensitising process may be 

important in the pathophysiology of schizophrenia (Lieberman et al., 1990; Glenthøj 

and Hemmingsen, 1997; Laruelle, 2000; Ujike, 2002). Ujike (2002) goes on to describe 

a number of second messenger signalling cascades that may be the biochemical 

substrates for the sensitisation process in both amphetamine psychosis and 

schizophrenia. Such detail is beyond the scope of this thesis.

The question remains, with dopamine hyperactivity playing a central role in 

psychosis, how does faulty incentive learning lead to the core symptoms of psychosis? 

One suggestion is that otherwise innocuous stimuli would be registered as 

important/salient and elicit thoughts and behaviours appropriate to its (inflated) salience 

(Beninger, 2006). The effects of aberrant salience attribution may lead to both delusions 

and hallucinations via similar mechanisms. Delusions are suggested to be a result of the 

cognitive appraisal of aberrant salience attributed to external stimuli, while 

hallucinations reflect the aberrant salience attributed to internal (sporadic neural firing) 

events. Furthermore, these experiences are in the context of the experiencer's cognitive 

and sociocultural schemas, adding to the heterogeneity and individual differences 

expressed in the content and narrative of psychotic symptoms (Kapur, 2003; Kapur et 

al., 2005).

 1.1.3 N-methyl-D-aspartate (NMDA) antagonist model of psychosis

The dopamine model of psychotic symptoms is not the only hypothesis for the 

emergent symptoms of schizophrenia. The other major model for the symptoms of 

schizophrenia and psychosis is the NMDA receptor hypofunction model. Essentially, it 
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has been argued that the administration of a sub-anaesthetic dose of an NMDA receptor 

antagonist to healthy subjects results in similar cognitive disturbances and 

symptomatology to that of schizophrenia (Javitt and Zukin, 1991; Olney et al., 1999; 

Phillips and Silverstein, 2003). Initially, it was the drug phencylcidine (PCP) that alerted 

psychiatrists and researchers to the psychotomimetic effects of NMDA antagonists 

(Luby et al., 1959). However, due to its long history of use in medicine and a well-

characterised safety profile, more recent studies use the similar NMDA antagonist 

ketamine to model schizophrenia-like symptoms. For example, in a comprehensive 

study into the psychotogenic effects of ketamine in healthy participants, Krystal et al., 

(1994) found increased positive and negative symptoms as well as cognitive deficits in a 

number of neuropsychological tests that are similarly reduced in schizophrenia. 

Despite this evidence linking NMDA receptor hypofunction to schizophrenia 

and psychosis, there are, as yet, no antipsychotics that exclusively target NMDA 

receptors; dopamine D2 receptor antagonism remains the primary mechanism for 

antipsychotic activity. Furthermore, the NMDA hypofunction model may be intricately 

linked to the dopamine model. There are a number of neurophysiological interactions 

between dopaminergic, glutamatergic and GABAergic (gamma-aminobutyric acid) 

systems. Indeed, the primary action of dopamine in both the mesocorticolimbic and 

nigrostriatal pathways is as a modulator of GABAergic medium spiny efferent neurons 

that are primarily driven by glutamate afferents (Swerdlow et al., 1987; Mallet et al., 

2006) as well as modulating glutamate release in synapses with the same GABAergic 

neurons (Kiyatkin, 2002). Other evidence linking the dopaminergic, glutamatergic and 

GABAergic systems together include: NMDA receptor antagonist administration can 

induce release of dopamine that is dependent on the structural integrity of the prefrontal 

cortex (Jentsch et al., 1998); glutamatergic neurons from the prefrontal cortex and 
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dopaminergic neurons from the mesocorticolimbic system have reciprocal interactions 

(Sesack et al., 2003); dopamine receptors are found on glutamate and GABA neurons 

(Muly et al., 1998), and dopamine and glutamate are often co-released (Trudeau, 2004). 

It is therefore likely that both systems play a role in schizophrenia and psychosis. 

Targeting the few dopaminergic systems also has the advantage that they are far more 

localised and rare compared to the ubiquitous central nervous system distribution of 

GABAergic and glutamatergic systems. This specificity allows for better links to be 

drawn between physiology and function. Therefore, targeting the dopamine system for 

therapeutics and as a model for psychosis is a useful approach for investigating 

psychosis and schizophrenia (Sesack et al., 2003).

 1.2 Amphetamine Pharmacology

The findings outlined above indicate that amphetamine can induce symptoms of 

psychosis with paranoid features in people with no prior history, or first degree family 

history, of schizophrenia or psychosis. As previously mentioned, amphetamine both 

precipitates and exacerbates positive symptoms in people with a history of psychosis, 

and there are increases in dopamine release post-amphetamine administration in people 

with schizophrenia. These findings are among the central pieces of evidence linking 

schizophrenia and psychosis to dopamine transmission. In particular, the finding that 

amphetamine administration to healthy individuals can induce psychotic symptoms 

demonstrates a causal relationship between amphetamine administration and psychosis 

(Angrist and Gershon, 1970). Indeed, one consequence of repeated amphetamine abuse 

is the occurrence of psychotic symptoms. One estimate of the prevalence of psychotic 

symptoms within an amphetamine-dependent population suggests that roughly 30% of 

this population experiences a psychosis (McKetin et al., 2006). The phenomenology of 
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the amphetamine-induced psychosis also appears to be similar to that of schizophrenia. 

Srisurapanont et al., (2003) investigated lifetime and current psychotic symptoms in 168 

amphetamine psychotic in-patients. The most common symptoms reported were 

persecutory delusions, followed by auditory hallucinations, strange or unusual beliefs, 

and delusions of thought reading. Of the symptoms that patients experienced around the 

time of the interview, auditory hallucinations were the most common, found in 45% of 

participants, followed by strange or unusual beliefs and visual hallucinations. Therefore, 

due to the phenomenological similarity of the two types of psychosis, the administration 

of amphetamines can be a useful tool to investigate underlying substrates of 

schizophrenic psychoses.

 1.2.1 Chemistry and acute effects

Amphetamines are a class of drug that include a range of substances centred 

around a β-phenylisopropylamine. Modifications of this core structure, with different 

side chains, produces other psychostimulants such as methamphetamine, ephedrine and 

the entactogen 3,4-methylene-dioxymethamphetamine (MDMA) (de la Torre et al., 

2004). Dexamphetamine (d-amphetamine or (+)-amphetamine or S(+)-amphetamine) 

refers to the dextro- isomer of amphetamine, the official IUPAC nomenclature for which 

is (2S)-1-phenylpropan-2-amine. It is most commonly available as a sulphate salt ((2S)-

1-phenylpropan-2-amine; sulphuric acid). Amphetamine ((+)-1-phenylpropan-2-amine) 

usually refers to the racemic mixture of dextro- & levo- isomers of amphetamine, also 

termed S(+)- or R(-)- amphetamine, respectively. The major pharmacological difference 

between the two isomers, is that dexamphetamine is more dopamine-specific compared 

to levoamphetamine (Sulzer et al., 2005).

As mentioned above, amphetamine exists as two stereoisomers, the dextro or 

S(+) isomer and the levo or R(-) isomer. The dextro isomer is a more potent CNS 
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stimulator than the levo isomer for narcolepsy (Prinzmetal and Alles, 1939; Parkes and 

Fenton, 1973; Hartmann and Cravens, 1976), drug self administration (Balster and 

Schuster, 1973) and euphoric effects (Smith and Davis, 1977). This may be because the 

dextro isomer has been generally found to be more potent on dopamine systems 

compared to the levo isomer (Bunney et al., 1975; McMillen, 1983; Sulzer et al., 1993, 

2005). The evidence outlined above demonstrating an amphetamine-induced psychosis 

in amphetamine dependent users may have been due to either amphetamine or 

methamphetamine. However, the profile of catecholamine release by dexamphetamine 

is similar to that of methamphetamine (Rothman et al., 2001). This also translates into 

the perceived acute effects of the two drugs as demonstrated by drug discrimination 

studies using psychostimulants; methamphetamine increases dexamphetamine 

appropriate responding and both are rated as most like “speed” in subjective reports 

(Lamb and Henningfield, 1994). Methamphetamine and dexamphetamine effects on 

dopamine in the rat striatum are equivalent (Melega et al., 1995).

A number of phenethylamines, including amphetamines, have been found to be 

biosynthesised in acacia species (Clement et al., 1997, 1998). The laboratory synthesis 

of amphetamine was first conducted in 1887 by Lazar Edeleanu (Ellinwood et al., 2000) 

and was first marketed as ‘Benzedrine’ in 1928 as an inhaler to treat congestion 

(McKim, 1991). It was taken off the market due to its considerable abuse potential and 

eventually replaced with the currently used adrenergic β2 receptor agonist salbutamol, 

which has considerably less abuse potential (if any at all). The release of catecholamines 

by amphetamine has many useful subjective psychological properties. The subjective 

effects of dexamphetamine are to increase anxiety, energy, speed of thoughts, light-

headedness, alertness, attention (Asghar et al., 2003), euphoria (Smith and Davis, 1977) 

and to decrease appetite (Seaton et al., 1964). Benzedrine was a useful pharmacotherapy 
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for narcolepsy in 1935 and a short time later, in 1937, amphetamine was sold on 

prescription for ADHD (Marsden et al., 2005). Dexamphetamine is still currently used 

as an effective pharmacotherapy for narcolepsy and ADHD.

 1.2.2 Pharmacokinetics

Dexamphetamine and other amphetamines are low molecular weight chemicals: 

dexamphetamine's molecular weight is 135.2. Dexamphetamine has a nucleophilic 

primary amine group making it a weak base (pKa around 9.9). This property can affect 

the excretion of amphetamine and other amphetamine-type compounds. More acidic 

urine makes the compound more readily ionisable, enhancing the excretion of the 

compound by preventing re-absorption (Musshoff, 2000). This can reduce the half life 

from a starting point of approximately 7 hours. Dexamphetamine has a moderately high 

volume of distribution (3-7 L/Kg) and a 20% protein binding profile (de la Torre et al., 

2004). The metabolism of amphetamine involves phase I and phase II metabolism. 

Phase I involves aromatic hydroxylation, aliphatic hydroxylation and oxidative 

deamination. Phase II involves conjugation of the primary amine with sulphate 

conjugates (Musshoff, 2000).

 1.2.3 Pharmacodynamics

Dexamphetamine is an “indirect agonist” primarily of the dopaminergic and 

noradrenergic systems but also targets the serotonergic system to a much lesser extent 

(Philips et al., 1982; Hegadoren et al., 1994). Dexamphetamine effectively reverses the 

transport of these catecholamines through their respective transporters (Connor and 

Kuczenski, 1986), and in higher concentrations, dexamphetamine can competitively 

block the enzyme monoamine oxidase, although the latter action is of much weaker 

potency than the former (Seiden et al., 1993). The usual actions of these transporters is 

to transport synaptic dopamine and noradrenaline back into their presynaptic terminals. 
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This is done mainly via the specific dopamine transporter (DAT) and the specific 

noradrenaline transporter (NAT or NET, if the American term norepinephrine is used). 

Amphetamine can also reverse the vesicular monoamine transporter-2 (VMAT-2), that 

serves to transport all monoamines, including dopamine, noradrenaline and serotonin, 

from the cytosol into vesicles. After dopamine is released into the terminal following an 

action potential and Ca2+ influx it is taken back up into the terminal by the DAT. Once 

inside the terminal, dopamine is taken up into vesicles by the VMAT-2, making 

dopamine available again for release in response to neural firing. Amphetamine 

produces its action chiefly by modulating the effects of the cell membrane transporters 

(DAT and NAT), with its effects on the VMAT-2 not necessary for its effects, as shown 

by the lack of effect of the VMAT-2 blocker, reserpine, on dopamine release (Butcher et 

al., 1988) and either no effects or potentiation of locomotor activity effects of 

amphetamine by reserpine (Martin-Iverson et al., 1991; DiLullo and Martin-Iverson, 

1992). On the other hand, amphetamine effects on dopamine release (Crespi et al., 

1997; Gifford et al., 2000) and phosphorylation of the DAT (Cervinski et al., 2005) are 

blocked by co-administration of DAT blockers such as cocaine, methylphenidate and 

nomifensine. In addition, mice with the DAT knocked out exhibit no increase in DA 

release after amphetamine (Jones et al., 1998).

Amphetamine is a weak base substrate for monoamine transporters and readily 

enters nerve terminals by diffusing across plasmalemmal membranes (Seiden et al., 

1993). Inside the nerve terminal, amphetamine can deplete vesicular monoamine stores 

by binding directly to the vesicular monoamine transporter (VMAT) and inhibiting 

vesicular uptake (Gonzalez, 1994). It is then taken up into the vesicle and disrupts the 

vesicular pH gradient, displacing dopamine into the cytosol. These effects on the VMAT 

are neither necessary nor sufficient for either extracellular DA efflux or for behavioural 
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effects of amphetamine, but they likely contribute to the pool of DA available for 

transport out of the neuron by the DAT.

It is the actions of amphetamine on DAT, both direct and indirect, that are 

responsible for the release of dopamine into the synapse. One such action of 

amphetamine on DAT is via classical facilitated exchange diffusion (Sulzer et al., 2005). 

In this mechanism, amphetamine displaces a dopamine molecule that would have been 

transported by the DAT into the terminal. This alters the outward to inward-facing ratio 

of DATs so that more are facing inwards, towards the cytosol. Inwards facing DATs are 

more available to cytosolic dopamine, increasing the chance of a dopamine molecule 

effluxing into the synapse. Some have even suggested that the number of available 

inwards facing DATs is the limiting factor for dopamine release by amphetamine (Jones 

et al., 1999). However, this view does not take into account evidence demonstrating that 

injections of amphetamine and dopamine directly into the cytosol also promote 

dopamine release (Sulzer et al., 1995). This is independent of any effect of 

amphetamine on the ratio of inwards to outwards facing DATs. In addition, chloroquine 

and methylamine, weak bases that are not DAT substrates, can induce DAT-mediated 

reverse transport (Sulzer et al., 1993). Despite this, DAT is the primary method of 

dopamine release by amphetamine; mice lacking the gene for the DAT (DAT knockout 

mice) show no dopamine release in response to amphetamine (Jones et al., 1998).

Another, but less investigated, mechanism of action of amphetamine is via an 

ion channel like conduction of dopamine through catecholamine transporters. 

Simultaneous patch-clamp and amperometric recordings of the noradrenaline 

transporter (NAT) demonstrated channel-like transmitter flux suggested to be through 

an aqueous NAT pore (Galli et al., 1998). More recent evidence shows that the DAT 

displays similar properties. For example, amphetamine has been shown to release a 
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large number of dopamine molecules (~10 000 molecules) over very short time scales 

(ms) and is blocked by cocaine (Kahlig et al., 2005). However, more explicit details of 

how amphetamine affects this mechanism of dopamine release is not yet known, nor is 

there a good estimate of how much this accounts for the increase in synaptic 

concentrations of amphetamine-induced catecholamine release (Sulzer et al., 2005).

 1.3 Electrophysiological endophenotypes of schizophrenia

Endophenotypes are biological markers associated with a clinical disorder that 

have a strong genetic component. A number of electrophysiological endophenotypes 

have been identified in people with schizophrenia which conforms with the view of 

schizophrenia as a multifaceted illness. Among these is the reduction in amplitude and 

increase in latency of the P3 event-related potential, the reduced prepulse inhibition of 

the startle reflex and a reduction in power and phase locking of the 40 Hz auditory 

steady state response (Bramon et al., 2004, 2005; Thaker, 2008; Uhlhaas and Singer, 

2010). Pharmacological investigations into these measures can give an indicator of the 

underlying neural substrates for each endophenotype. Each of these measures is 

described below, along with its relationship with schizophrenia and its possible 

relationship with dopamine.

 1.3.1 P3 event-related potential

The P3 or P300 is a positive-going, long-latency brain potential, occurring 

approximately 300 ms after stimulus onset. It is proposed to reflect activation of 

elements in an event categorisation network utilising attention and working memory 

processes (Kok, 2001). The P3 is modulated by many factors, its size and latency are 

proportional to:

1. the amount of resources allocated to processing information of task-relevant 
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stimuli (Isreal et al., 1980; Wickens et al., 1983)

2. the reward magnitude of the feedback stimuli (Atsushi et al., 2005)

3. whether stimuli have been encountered before (McEvoy et al., 2001)

4. the trial to trial interval, with short intervals producing a smaller P3 than longer 

intervals (Polich and Bondurant, 1997; Gonsalvez and Polich, 2002, 2002; 

Gonsalvez et al., 2007)

5. task difficulty (Polich and Criado, 2006)

6. the stimulus probability (Polich and Bondurant, 1997)

In addition to these modulating factors, the P3 is moderately heritable (60 % for 

P3 amplitude and 51 % for P3 latency) making it a good endophenotype candidate (van 

Beijsterveldt et al., 2001; van Beijsterveldt and van Baal, 2002). 

Two separate components labelled P3a and P3b have been identified. The 

preceding factors that influence the P3 generally refer to the P3b component. The P3b 

component is generated when actively attending to the eliciting stimulus, has a longer 

peak latency, and is measured more in the posterior (parietal) areas compared to the P3a 

component which is generated during the presentation of rare stimuli that require no 

overt or covert response, has shorter latency, and measured more in frontal regions. The 

P3a component has been suggested to reflect involuntary stimulus-driven frontal 

attention mechanisms (Knight, 1984; Friedman et al., 2001). Damage to structures 

relating to memory operations, such as the hippocampus and frontal lobes, reduce the 

P3a ERP (Knight, 1996). The P3b component has been suggested to reflect the 

resources allocated when a target stimulus engages working memory (Polich and Kok, 

1995). 
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 1.3.1.1 P3a and P3b in schizophrenia

The P3a has been investigated in schizophrenia with considerably inconsistent 

results. P3a amplitude has been found to be reduced (Alain et al., 2002; Devrim-Üçok et 

al., 2006), increased (Schall et al., 1999) and unchanged (Michie et al., 2002). 

Differences in P3a effects are likely due to differing task requirements and difficulty 

during the experiments. For example, the P3a amplitude generation conditions in one 

study was during a mismatch negativity (MMN) task (Michie et al., 2002), a passive 

attention task, while other studies have used more active attentional tasks where stimuli 

are presented within a series of attended stimuli  (Schall et al., 1999; Alain et al., 2002). 

In addition the degree of target to standard stimulus discriminability was also 

inconsistent between studies.

In contrast to the P3a, P3b amplitude reduction and increased peak latency is one 

of the most reliable and reproducible endophenotypes in schizophrenia (Ford et al., 

1992, 1999; Bramon et al., 2004, 2005). Fulfilling its requirement as an endophenotype 

of schizophrenia and psychosis, P3b reductions have been found in patients with 

chronic schizophrenia, individuals at risk for psychosis, in either early or late prodromal 

phases (Bramon et al., 2008; Frommann et al., 2008), patients presenting with first 

episode psychosis (Salisbury et al., 1998; Brown et al., 2002a; Demiralp et al., 2002) 

and in relatives of patients with schizophrenia (Bramon et al., 2005). A consistent link 

between the P3b and specific positive or negative symptoms has not yet been 

established. For example, a correlation between P3b and thought disorder was found in 

one study (Kirihara et al., 2005), but not another (Gonul et al., 2003). 

Given that the P3 reflects attention and working memory processes, and that there 

are well characterised deficits in both of these cognitive domains in schizophrenia, it is 

not surprising that these reductions have been suggested to reflect the attentional 
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limitations in schizophrenia. Furthermore, these deficits have been linked to 

neuroanatomical differences compared to controls (Ford, 1999). This evidence comes 

from MRI studies that have demonstrated a link between frontal and temporal grey 

matter volumes with P3a reduction, and temporal lobe grey matter volumes with P3b 

reduction (McCarley et al., 1993; Ford et al., 1994). However this evidence is 

correlational and thus does not establish causal links.

There has also been efforts linking separate P3 components to state and trait 

characteristics (Duncan, 1988; Ford et al., 1999; Frommann et al., 2008). However, a 

review and meta-analysis by Jeon & Polich (2003) found little evidence for a specific 

association between P3 amplitude and psychotic symptoms as measured by the brief 

psychiatric rating scale or psychopathology severity. They did find evidence that 

patients with a paranoid subtype of schizophrenia and having an early onset age were 

associated with larger effect sizes (Jeon and Polich, 2003). More recent research has 

found larger P3 reductions in schizophrenic patients with first rank symptoms 

(experience that thoughts or actions are controlled by an external agency) compared to 

patients without these passivity symptoms (Waters et al., 2008). However, despite the 

P3 deficit being replicated numerous times in people with schizophrenia, the P3 has still 

yet to be mapped reliably onto a specific psychotic symptom.

 1.3.1.2 P3 frequency components

In most P3 studies, the P3 ERP is measured by averaging a number of epochs 

time-locked to stimulus onset. From this averaged potential, the amplitude and latency 

of the peak is usually measured and entered into analysis. However, this can neglect 

many of the underlying components that compose the response to the ERP. Indeed, 

many studies have found that the P3 wave is composed of several different frequency 

components (Kolev et al., 1997; Ford et al., 2008; Doege et al., 2009) and deficits in 
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any number of these components could result in the observed reduction in P3 amplitude 

found in people with schizophrenia. Further, investigating these components may help 

give a better understanding of the underlying deficit in schizophrenia. 

In addition to a number of separate frequency components that make up the P3, 

these frequency components may also differ on power and phase-locking across trials. 

These two often correlated, yet theoretically independent, ERP components index the 

number of synchronously active neurons and the stability in neural timing across trials 

for power and phase-locking respectively. That they are often highly correlated makes 

sense, given that most studies investigating these measures are ERP paradigms and 

therefore analysed with time-locked statistics which generate larger amplitudes if they 

are consistent across trials. Power and phase-locking components can be extracted from 

event related potentials (ERPs) using a wavelet decomposition of individual ERP 

epochs or a decomposition on the averaged ERP (Samar et al., 1995; Tallon-Baudry et 

al., 1996). This method can provide information about the power and phase consistency 

across trials at each time point. In particular Morlet wavelets are designed to yield a 

good frequency and time resolution trade off (Samar et al., 1995). 

The increased information given by time-frequency analyses can identify more 

specific differences between patients and controls than the averaged ERP. In particular, 

it can identify whether reductions are due to lack of available resources (Yordanova et 

al., 2000; Polich, 2007) such as would be found by reduced power or whether deficits 

are caused by fluctuations in the timing of neural events reflecting variations in 

processing strategy (Polich, 2007) such as would be found by reduced phase-locking 

across trials. As the P3 wave likely has a number of contributing frequencies, 

information about phase-locking and total power can be gained for all frequencies of 

interest.
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Evidence suggests that the P3 reductions in patients with schizophrenia are due 

to reductions in both power and cross-trial phase-locking (Röschke et al., 1996; Roth et 

al., 2007; Ford et al., 2008; Shin et al., 2010). In a recent investigations into the phase-

locking and total power deficits in schizophrenia as analysed using Morlet wavelets, 

Ford et al., (2008) found that both of these measures were reduced for the lower 

frequency ranges (from 3-7 Hz). This effect was especially noticeable for the 3 Hz 

component that most closely resembles the frequency of the P3 wave, while higher 

frequencies, from alpha to gamma (from ~ 8-50 Hz), revealed no other significant 

differences between patients and controls except for a site by group interaction for beta 

phase locking. There was, however, a strong correlation between gamma phase locking 

and P3 amplitude in healthy controls that was not present in patients. This suggests that 

the generation of the P3 is usually linked to processes that synchronise the phase of high 

frequency activity, and that this process is disrupted in patients with schizophrenia (Ford 

et al., 2008). The latter interpretation is based upon an acceptance of the null hypothesis. 

Ford et al., (2008) conducted no formal test for differences in correlations or a test for 

group by frequency component interaction. However, it seems likely that whichever test 

for an interaction was used it would be significant because the correlation for controls 

was 0.5 and -0.1 for patients.

 1.3.1.3 Dopamine, P3, and schizophrenia

Dopamine may be responsible for part of the P3 deficit seen in schizophrenia. 

Several dopamine receptor polymorphisms related to D2, D3 and D4 receptors have been 

demonstrated to modulate P3 in humans (Antolin et al., 2009; Berman et al., 2006; 

Birkas et al., 2006; Hill et al., 1998; Kramer et al., 2007; Mulert et al., 2006; Vogel et 

al., 2006). There has also been some evidence indicating that antipsychotic medications 

can normalise the P3 in patients with schizophrenia to some extent (Demiralp et al., 

44



2002; Gonul et al., 2003; Wang et al., 2005). In contrast, other research has found no 

such effects of antipsychotic medications (Gallinat et al., 2001; Korostenskaja et al., 

2005). Differences in findings are likely related to disease duration, with significant 

findings by Gonul et al., (2003) and Wang et al., (2005) in people with untreated short-

duration psychosis and in first-episode psychosis respectively, whereas the other studies 

involved people with schizophrenia of longer durations. The dopamine antagonist 

sulpiride (300 mg) when administered to healthy subjects demonstrated no overall effect 

on P3 but there was an effect where P3b amplitude increased in participants with 

smaller placebo amplitudes and decreased in participants with larger placebo amplitudes 

(Takeshita and Ogura, 1994). A similar effect has also been found with a dopamine 

agonist, 2.5 mg of bromocriptine (Nishimura et al., 1995). At this dose, bromocriptine 

may be autoreceptor selective, and may decrease DA release rather than acting as a 

post-synaptic receptor (Martin-Iverson, 1999). Other studies did not show this 

amplitude effect with bromocriptine, L-3,4-dihydroxyphenylalanine (L-DOPA) or 

dexamphetamine on P3a or P3b amplitudes in healthy volunteers (Halliday et al., 1994; 

Nishimura et al., 1995; Oranje et al., 2006). However, these effects that are based upon 

initial P3 amplitude may be making a regression fallacy, this is discussed more below in 

Section 1.3.3.2 as a similar potential error has been made interpreting dopamine effects 

in humans on prepulse inhibition of the startle reflex (PPI).

In contrast to the studies that have failed to find effects of acutely administered 

dopaminergic agents, Iwanami et al., (1993; 1994; 1998) have found P3 effects in 

patients who have previously experienced a methamphetamine induced psychosis. The 

majority of this series of studies found increased P3 latencies in methamphetamine 

patients and reductions in P3a amplitude but little difference from controls in posterior 

P3b amplitudes. However, these studies, similar to many of the schizophrenia studies, 
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are confounded by the administration of antipsychotic medications to the patients during 

testing.

There are a number of reasons for why these studies that manipulated dopamine 

activity found no significant effects. For the studies that used L-DOPA, it is uncertain 

how increasing the amount of the available precursor for dopamine affects central 

dopamine activity in healthy humans, as tyrosine hydroxylase (Levine et al., 1981), not 

L-DOPA decarboxylase, is the rate-limiting enzyme in dopamine synthesis in healthy 

dopamine systems. If L-DOPA does have significant effects on normal central dopamine 

neurophysiology, then perhaps the dosage used may have been too small to affect the 

P3. Similarly, the studies that used bromocriptine and dexamphetamine, may not have 

found significant P3 amplitude effects due to too small a dose. For example, in a 

monkey study on P3b, sulpiride (1.05 mg/kg IM) increased P3b amplitude significantly 

while the smaller dose of 0.35 mg/kg (IM) did not (Antal et al., 1997). One expects 

dose-dependent effects in drug studies, but very few human studies can do dose-

response testing in healthy humans due to the potential of adverse effects increasing 

with dose. Furthermore, when a dopamine agonist and antagonist have a similar effect, 

one must question the localisation of the agonist effect, as the kinds of doses used in 

healthy volunteer studies are likely to be selective for presynaptic inhibitory 

autoreceptors, and therefore reduce dopamine transmission (Martin-Iverson, 1999). 

Indeed, low dose dopamine agonists have effects opposite to higher doses in the EEG 

power spectra of rats (Sebban et al., 1999).

 1.3.2 The 40 Hz auditory steady state response

The 40 Hz auditory steady state response (ASSR) is an ERP that is generated by 

the entrainment of neural activity in response to a driving auditory stimulus that 

oscillates with amplitude. For example, most studies use click trains of 1 ms duration at 
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a rate of 40 clicks per second to generate the ERP, while others use amplitude 

modulating tones that oscillate at the same frequency but have much longer rise-fall 

time characteristics. The generation of the ASSR has been sourced in the primary 

auditory cortex and 40 Hz (gamma) frequencies seem to have an extra component 

within the cerebellum (Mäkelä and Hari, 1987; Herdman et al., 2002; Pastor et al., 

2002, 2006, 2008; Schoonhoven, 2003; Teale et al., 2003; Reyes et al., 2004; Simpson 

et al., 2005). Interestingly, in humans, this response has a maximum in the gamma 

frequency range at approximately 40 Hz (Galambos et al., 1981; Pastor et al., 2002) 

indicating an optimal resonance frequency for neurophysiological processes.

 1.3.2.1 40 Hz ASSR and schizophrenia

The reduction in power and phase-locking of the 40 Hz ASSR is an emerging 

endophenotype of schizophrenia. First demonstrated by Kwon et al., in 1999, it has 

since been replicated a number of times in people with schizophrenia (Kwon et al., 

1999; Brenner et al., 2003; Light et al., 2006; Spencer et al., 2008, 2009; Teale et al., 

2008; Vierling-Claassen et al., 2008; Krishnan et al., 2009; Maharajh et al., 2010), their 

first degree relatives (Hong et al., 2004), schizoaffective disorder (Brenner et al., 2003), 

bipolar disorder (O’Donnell et al., 2004a), early onset psychosis (Wilson et al., 2007), 

or in people presenting at first hospitalisation for affective disorders and schizophrenia 

(Spencer et al., 2008). 

Gamma activity generally has been modelled in vitro to be the result of a 

network of GABAergic interneurons interacting with glutamatergic pyramidal neurons 

(Whittington et al., 1995; Traub et al., 1996; Bartos et al., 2007). As mentioned above, 

many links have been drawn between schizophrenia and GABAergic and glutamatergic 

systems. It is because of this that many authors have focussed their hypotheses of 

gamma deficits in schizophrenia being due to alterations in the neurophysiology of 
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GABAergic interneurons, glutamatergic pyramidal neurons or both neural systems 

(Kwon et al., 1999; Light et al., 2006; Gonzalez-Burgos et al., 2010; Uhlhaas and 

Singer, 2010; Woo et al., 2010). Indeed, the glutamate NMDA receptor antagonist 

ketamine has been shown to have quite strong effects on gamma activity (Páleníček et 

al., 2011).

Research that has investigated the relationship between symptoms of psychosis 

and oscillatory activity in the gamma range have tended to find positive symptoms, such 

as reality distortion (Gordon et al., 2001; Uhlhaas et al., 2006) or hallucinatory activity 

(Baldeweg et al., 1998) associated with increased gamma activity, while negative 

symptoms, such as psychomotor poverty, are associated with decreased gamma (Gordon 

et al., 2001; Lee et al., 2003). With respect to the 40 Hz ASSR, Spencer et al., (Spencer 

et al., 2008) found that the phase locking of the 40 Hz harmonic of the 20 Hz ASSR was 

significantly correlated with total positive symptoms particularly auditory 

hallucinations. In a follow up study, Spencer et al., (2009) demonstrated that phase-

locking at 40 Hz frequencies sourced from within the primary auditory cortex in the left 

hemisphere was positively correlated with auditory hallucinations (Spencer et al., 2009). 

This suggests a link between hallucinatory symptoms and 40 Hz ASSR activity in the 

auditory cortex.

 1.3.2.2 Dopamine, attention and gamma

While many studies have focussed their reasoning of 40 Hz ASSR deficits in 

schizophrenia as deficits in GABAergic and/or glutamatergic neurons, the role of 

dopamine in modulating these oscillations has been largely neglected. Preclinical 

studies have generally found that increased dopamine activity increases gamma power 

(Schütt and Ba§ar, 1992; Brown et al., 2002b) and reduced dopamine activity decreases 

power (Weiss et al., 2003; Lee et al., 2004). This generality has also been found in 
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human participants. Indirect increases in extracellular dopamine concentrations from 

genetic variability in dopamine transporter genes has been associated with an increase in 

gamma activity to target/attended stimuli (Demiralp et al., 2007). Further attention 

dependent effects have been found with haloperidol. Haloperidol administration to 

human subjects significantly reduced gamma amplitude to attended stimuli but not 

unattended stimuli (Ahveninen et al., 2000). 

These results suggest that effect of dopamine manipulation on gamma activity 

may be dependent upon attention. Initial attempts at modulating the ASSR with 

attention were unsuccessful, and concluding comments by Linden et al., (1987) remark 

that there is no evidence that the ASSR is affected by attention. It is not completely 

clear why this series of experiments failed to find an effect, but it may be due to having 

a small sample size and using a more stringent level of alpha than 0.05. More recently, 

several experiments have found attention manipulations to be successful in modulating 

the ASSR (Rockstroh et al., 1996; Ross et al., 2004; Skosnik et al., 2006). In an auditory 

odd-ball type paradigm, power and phase-locking were larger to 40 Hz targets compared 

to 40 Hz frequent stimuli but no differences in power or phase-locking were observed 

during 20 Hz stimulation (Skosnik et al., 2007).

 1.3.3 Prepulse inhibition of the startle reflex

The startle reflex is a protective fast muscle twitch evoked by a sudden and 

intense tactile, visual or acoustic stimulus (Landis and Hunt, 1939; Koch, 1999). 

Prepulse inhibition (PPI) is the inhibition of this protective mechanism by a less intense 

stimulus that occurs approximately 100 ms before the startling stimulus termed the 

“prepulse” (Graham, 1975). In humans, PPI is generally recorded using the eye blink 

response to startling auditory stimuli with auditory prepulses as this is the easiest, most 

sensitive and most reliable startle response to quantitate. The neural circuitry underlying 
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the startle reflex consists of the auditory nerve, the cochlear root neurons, the giant 

neurons of the nucleus reticularis pontis caudalis, to finally activate spinal and cranial 

motor neurons (Davis et al., 1982; Koch et al., 1992; Lee et al., 1996). The PPI circuit 

includes the cochlear neurons, the inferior and superior colliculus, the pontine 

tegmentum in the area of the pedunculopontine nucleus (Fendt et al., 2001; Leumann et 

al., 2001). Neural firing from the pedunculopontine nucleus as well as the 

administration of cholinergic agonists, inhibits the neurons that respond to sound in the 

nucleus reticularis pontis caudalis reducing, leading to reduced startle amplitude (Koch 

et al., 1993).

Originally PPI was suggested to reflect a preattentive and automatic process that 

serves to protect the processing of the initial stimulus, the prepulse, by reducing the 

impact of subsequent stimuli, the startling stimuli (Graham, 1975). However, many 

studies have shown that PPI is significantly modulated by top-down processes, such as 

attentional modulation, implicating non-preattentive and non-automatic processes 

involved in PPI (DelPezzo and Hoffman, 1980; Filion et al., 1993; Filion and Poje, 

2003; Heekeren et al., 2004; Thorne et al., 2005). The current most cited hypothesis of 

PPI is that it is a measure of sensorimotor gating; the inhibition of a reflex by a 

preceding sensory event to interrupt early stages of processing of the first stimulus 

(Braff and Geyer, 1990). Another hypothesis suggests that PPI is a reflection of the 

intrinsic characteristics of a reflex circuit as would be expected by a neurophysiological 

refractory period that occurs after neural firing (Schicatano et al., 2000).

 1.3.3.1 PPI, attention and schizophrenia

The earliest findings of a PPI reduction in schizophrenia was by Braff in 1978 

(Braff et al., 1978). Since then, a number of studies have found PPI reductions in people 

with schizophrenia and their relatives (Cadenhead et al., 2000; Parwani et al., 2000; 
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Figure 1.1: The stimulus intensity response curve with each of the extracted parameters 

labelled. The formula for the curve is RMAX – (RMAX + y0) / (1 + (x / ES50 )hillslope and the threshold 

is given by ES50 – (RMAX – y0) / hillslope

Braff et al., 2001; Swerdlow et al., 2006; Turetsky et al., 2007). As PPI reductions 

typically occur at stimulus onset asynchronies (SOAs, the time between the prepulse 

and the pulse) less than 120 ms and under conditions that presumably require no effort 

or engagement, it was suggested that the deficits in people with schizophrenia was a 

deficiency in sensorimotor gating. Sensorimotor gating deficits are hypothesised to be a 

disruption in preattentive information processing that leads to sensory flooding and 

cognitive fragmentation (Braff and Geyer, 1990). However, it seems that the only reason 

it has been labelled as a deficit is because it is associated with schizophrenia. If it is 

considered that the intense startling stimulus is the most important and relevant 

stimulus, and the prepulse is merely a distractor from the important stimulus, then it 

follows that patients are responding more appropriately to the startling stimuli than 

healthy controls. Furthermore, and as mentioned above, top-down processes, 

particularly attentional processes significantly modulate PPI. In tasks where there are no 
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instructions, it is uncertain whether or not participants are ignoring the sounds or paying 

attention to the sounds. In effect, attention is an important and unconstrained 

confounding variable because it is likely that an individual's focus of attention varies 

across trials and between individuals on any given trial. Even more importantly, given 

that these studies are investigating populations with attention deficits (Heinrichs and 

Zakzanis, 1998), the focus of one participant group to the next on average is likely to be 

highly variable (Kedzior and Martin-Iverson, 2006). Therefore, attention should not be 

left unconstrained during PPI experiments as the reductions that may be found in people 

with schizophrenia may be due to differences in attentional focus, i.e., towards or away 

from the startling stimuli (Kedzior and Martin-Iverson, 2007).

In support of this argument, people with schizophrenia have generally failed to 

show attentional modulation of PPI compared to healthy controls (Dawson et al., 1993, 

2000; Kedzior and Martin-Iverson, 2007; Scholes and Martin Iverson, 2010)‐ . In studies 

that have explicitly manipulated attention, deficits have only been observed when 

controlled selective attention processes are required, and not under more “automatic” 

conditions where attentional resources are not taxed suggesting that decreased PPI in 

schizophrenia may be consequent to dysfunctions in selective attention (Dawson et al., 

2000; Kedzior and Martin-Iverson, 2007).

However, PPI deficits can also depend on the intensity of the startling stimulus. 

In perhaps the most comprehensive study on PPI parameters1 in people with 

schizophrenia, Scholes & Martin-Iverson (2010) manipulated both attention and 

stimulus intensity and compared people with schizophrenia to controls. They 

1. Like many psychophsyiological processes the startle reflex follows a sigmoidal relationship 
to stimulus intensity. A sigmoid relationship between startle response magnitudes and stimulus 
intensity has been suggested to be an effective method of investigating the startle reflex and PPI 
as it can account for individual and interspecies differences (Hince and Martin-Iverson, 2005; 
Martin-Iverson and Stevenson, 2005). Furthermore, the parameters extracted from the curve are 
dissociable from each other (Hince and Martin-Iverson, 2005; Scholes and Martin-Iverson, 
2009a). See figure 1.1.
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demonstrated reduced PPI of RMAX (reflex capacity, the maximal startle response 

achieved by increasing startling stimulus intensity) and increased PPI of Hillslope 

(reflex efficacy, or the maximal rate of change of the response with an increase in 

stimulus intensity) when participants directed their attention away from the startling 

stimuli towards visual stimuli (ignore condition). This had the effect of making these 

parameters more similar to when control's attention was directed towards the startling 

stimulus (attend condition). Whereas “sensory” measures, the ES50 (stimulus intensity 

required to evoke 50% of the maximum response) and threshold (startling stimulus 

intensity where startle begins to occur), lacked attentional modulation under the attend 

condition. Furthermore, patients failed to show the same pattern of attentional 

modulation of the various parameters as controls for both startle and PPI. They suggest 

that this pattern of PPI disruption in schizophrenia results from a failure to control 

allocation of attentional processes to relevant stimuli. For example, potent intense 

stimuli (as indexed by RMAX) are difficult to ignore, and patients were unable to maintain 

control of attention on the task at hand and ignore the disruptive stimuli, whereas lower 

range stimuli (as measured by threshold and ES50) are more difficult to sustain attention 

to and require a different control of attention. Thus, it appears that a failure to 

differentially modulate each reflex parameter under the attend and ignore tasks reflects a 

failure of allocation of controlled resources to relevant stimuli.

It should be noted that the lack of attentional modulation of PPI in people with 

schizophrenia has generally been found when participants are attending to the tasks. 

Scholes and Martin-Iverson (2010) found lack of attentional modulation during both 

attend and ignore conditions. These differences can be reconciled by equating the 

intensity of the startling stimuli with particular parameters on the startle curve. Most 

studies that have found the interaction between schizophrenia and attention on PPI have 
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used startling stimulus intensities of around 100 – 105 dB. The startle parameters that 

match this intensity the closest are the sensitivity measures of ES50 and threshold. In 

particular the ES50 parameter's mean is between 95 and 105 dB, and it is this parameter 

that shows a lack of attentional modulation under the attend condition.

 1.3.3.2 PPI and dopamine

The systemic administration of amphetamine and other dopamine agonists to 

rats has been shown to produce a reduction in PPI (Broersen et al., 1999; Swerdlow et 

al., 2003, 2007; Brunell and Spear, 2006; de Jong and van den Buuse, 2006; Salum et 

al., 2006) that can be blocked by 6-OH-dopamine lesions and antipsychotic 

administration (Mansbach et al., 1988; Swerdlow et al., 1990, 1998). Furthermore, this 

reduction by amphetamine seems to be an effect of dopamine on D2 receptors. The D2 

agonists pergolide and quinpirole reduce PPI in rats but D1 agonists do not (Peng et al., 

1990; Swerdlow et al., 1998; Ralph and Caine, 2005), although D1 antagonists (SCH 

23390) have been shown to potentiate PPI reductions (de Jong and van den Buuse, 

2006). However, it has also been shown that dopamine agonists like (+)-4-propyl-9-

hydroxynaphthoxazine (PHNO), quinpirole, bromocriptine, pergolide, amantadine and 

others can increase PPI at short SOAs and may not decrease PPI at longer SOAs 

(Swerdlow et al., 1998, 2001, 2002; Martin-Iverson and Else, 2000). Martin-Iverson and 

Else (2000) argued that dopamine agonists increased the efficiency (reduced the 

variability) of an inverse-U shaped function that characterised the PPI effect when 

plotted against variable inter-stimulus intervals. In such a case, higher PPI occurs at the 

point of the maximum inhibition, and decreases may (or may not) be observed at longer 

inter-stimulus intervals due to a faster fall of the descending limb of the curve. No data 

contradicting this view has so far been advanced.

A number of studies have attempted to extend these findings to humans by 
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investigating the effect on PPI after pharmacologically manipulating dopamine activity. 

Hutchison and Swift (1999) found reduced PPI in healthy participants given 20 mg 

dexamphetamine 90 min post-drug ingestion. However, there was no significant effect 

of dexamphetamine at 60 and 120 min, even though the largest autonomic effects occur 

around 120 min post-dose and the level of PPI at 90 min for dexamphetamine was the 

same as placebo and dexamphetamine at 60 min. Other PPI studies in healthy humans 

have not found clear significant reductions with similar doses (Swerdlow et al., 2002, 

2003; Talledo et al., 2009), and Swerdlow's group observed a significant increase under 

one time-point. Perhaps the most consistent effect of these lower doses of amphetamine 

in humans is a “rate dependent” effect on PPI (Swerdlow et al., 2003; Bitsios et al., 

2005; Talledo et al., 2009); amphetamine increases PPI in people with low baseline PPI 

and reduces PPI in people with high baseline PPI.

Apart from the numerous issues associated with median splits2 the very same 

rate-dependent effects occur if it can be assumed that PPI scores from one test to the 

next have a certain amount of random fluctuation (i.e., regression to the mean). For 

example, if one person scored a little higher during the first PPI test, then they would 

have a greater probability of less PPI on the second test regardless of whether or not 

they were administered amphetamine. Similarly, a person who obtained an unusually 

low score on the first test would be expected to improve on the next test. Monte Carlo 

simulations conducted by the author indicated that the risk of type I error from this kind 

of analysis is inflated immensely for random numbers, but reduces as the correlation 

between the pre- and post-test becomes larger. Nevertheless, a more appropriate method 

to determine whether PPI measures are not a regression to the mean, but actually an 

2. Some of the issues associated with median splits are: the assumption that there are two 
groups based on an arbitrary cut point is unrealistic; information is “thrown out” by treating all 
people within the one group as the same; and there are concomitant losses of power and an 
inflation of type I errors
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effect of a drug to normalise PPI, would be to test whether there was a significant 

reduction in variance after the administration of amphetamine (Friedman, 1992). So far 

this has not been done and so to argue that dopaminergic drugs have a rate-dependent 

effect based upon baseline PPI scores is, as can be deducted from the current literature, 

a regression fallacy (Friedman, 1992); ascribing cause where none may exist and are 

failing to account for natural fluctuations in probabilities.

One likely possibility for the lack of significant effects of amphetamine 

administration to healthy people on PPI may be because the dosage used has been too 

low. The systemic doses of dopamine agonists used in studies that disrupt PPI in 

animals have been quite high. The lowest dose of amphetamine that demonstrated 

reduced PPI was around 0.50 mg/kg, and this is an unusually low dose to observe 

significant PPI effects, with effects more likely at 1.0 mg/kg but robust effects occurring 

at higher doses around 2.0 mg/kg (Mansbach et al., 1988; Swerdlow et al., 2002, 2003; 

Talledo et al., 2009). Even high dosages of around 2 mg/kg have sometimes shown 

inconsistent effects depending on the prepulse intensity used (Salum et al., 2006). 

Indeed, an early paper on the effects of apomorphine and amphetamine on PPI found no 

effects of either drug on PPI (Davis, 1988), following or the same year as two reports 

from another laboratory that apomorphine and d-amphetamine did reduce PPI (Geyer 

and Braff, 1987; Mansbach et al., 1988). The two labs got together and found that 

dopamine modulation of PPI only occurred with relatively low intensities of prepulses 

(Davis et al., 1990). Another possibility may be that effects might appear on one 

measure of the stimulus response curve but not emerge on a separate measure and 

effects may be attention dependent, e.g., effects may emerge on measures of stimulus 

sensitivity during the attend condition but not on response measures nor during the 

ignore condition. In addition, attention changes could alter the perceived intensities of 
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both prepulses and startling pulses, which may alter the effect of dopaminergic 

manipulations.                          

 1.4 Relationships among electrophysiological measures

All of the measures described above have been consistently shown to be 

significantly altered in people with schizophrenia. However, the role of dopamine on a 

number of these measures in humans is as yet unclear. Further, despite the longevity of 

the dopamine theory of schizophrenia, little research has been conducted to determine 

the effect that dopaminergic manipulation will have on several endophenotypes of 

schizophrenia in humans at the same time and evaluating the relationships (if any) 

between the measures affected. This is in contrast to the literature on schizophrenia 

where studies are emerging that examine several electrophysiological 

measures/endophenotypes at once (e.g., Louchart-de la Chapelle et al., 2005; Price et 

al., 2006; Turetsky et al., 2009). 

One notable outcome from studies incorporating multiple ERP measures is that 

there appears to be independence among measures (Hall et al., 2006; Price et al., 2006; 

Turetsky et al., 2009). For example, Price et al., (2006) recorded anti-saccades, 

mismatch negativity (MMN), P3 and the P50. While all of these measures were 

significantly reduced in the schizophrenia sample, there was overall very minimal 

correlation between the measures. They suggested that it might be that distinct 

subgroups are responsible for each of the separate deficits or that the measures are 

“stochastic expressions of a latent trait”. A separate study by Turetsky et al., (2009), 

found a similar lack of association amongst PPI, P3, MMN, N100 and P50. In this study 

they used factor analysis to identify the relationships between separate measures. Four 

factors were found that comprised of 1. MMN & N100, 2. P50 gating, 3. P50 amplitude 
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& startle amplitude & PPI, and 4. P3 amplitude. However, when they analysed the 

factor scores with diagnostic group as a between-subjects factor, only the MMN and P3 

factors were significantly reduced in their schizophrenia group. In contrast, PPI was not 

reduced indicating heterogeneity of effects in people with schizophrenia or in the 

methods used to record PPI across studies (Section 1.3.3.1).

It has been recommended that studies assess multiple measures in the same 

individuals to enable a better understanding of the mechanisms of the disorder (Turetsky 

et al., 2007). A more in-depth analysis of the heterogeneity of these measures might 

indicate separate subgroups of patients which may increase the power in genetic and 

association studies. If, for example, there was a subset of electrophysiological measures 

that were all similarly affected by dexamphetamine, this could help focus analysis on 

the relationship between particular dopamine genes, psychosis and that sub group of 

electrophysiological measures. As suggested by Price et al., (2006), a combination of 

measures/endophenotypes could reduce the heterogeneity inherit in these populations 

leading to a “multivariate endophenotype” which may have more utility than any single 

endophenotype.

 1.5 Phenomenological experiences: The rubber hand illusion (RHI)

Psychotic symptoms such as delusions and hallucinations have no overt signs or 

symptoms that can be measured without a verbal, written or signed expression from the 

person experiencing them. As such, psychosis is largely experiential phenomena, 

occurring predominantly within the person's own consciousness, but is diagnosed by 

indirect evidence of these phenomena. Investigations into the substrates and hypotheses 

underlying psychosis can have more face validity if there is also a measure of the 

experiential effects that are associated with psychosis. Individuals with schizophrenia 
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report severe aberrations in body experiences (Priebe and Röhricht, 2001; Waters and 

Badcock, 2010) including increased embodiment during the RHI (Peled et al., 2000, 

2003). As such an enhanced RHI effect may be an experiential correlate associated with 

schizophrenia and psychosis.

The RHI is induced by brushing a person’s hand that is hidden from the person's 

view, while simultaneously stroking a rubber hand. The illusion is easiest to induce if 

the rubber hand is placed in a location that is contextually consistent with the 

participant’s body. Typically, people report that they can feel the brush’s strokes on the 

rubber hand, as well as a dissociation in the sense of location of their hand such that it 

feels not where it should be, but closer to (or in) the rubber hand.

 1.5.1 Dissociable cognitive constructs of the RHI

The RHI induces several experiences that have been shown to be dissociable. 

Longo et al., (2008) developed a 28-item questionnaire that yielded five major 

components after principal components analysis: 

1. ‘Embodiment of the rubber hand’, referring to the sensation that the rubber hand 

belonged to, and was under the control of, the participant. This component was 

itself further decomposed into dissociable sub-constructs relating to ownership, 

agency and location

2. ‘Loss of ownership of the person's own hand’, referring to items describing a 

reduction in perception of one’s own hand

3. 'Movement’ referring to the perception of motion of the person's own hand, and 

of the rubber hand during the illusion

4.  ‘Affect’, which incorporates items that relate to level of interest and emotional 

experiences elicited by the illusion

5. 'Deafference', or the experience of one’s hand being less vivid, or ‘more tingly’ 
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than normal

In addition to these subjective ratings, a quantitative measure of displacement in 

felt hand location can also be obtained by asking participants to point, with their eyes 

closed, to where they perceived their real hand to be. This provides a measure of 

‘proprioceptive drift’, a displacement of the proprioceptively perceived location of their 

body part from its actual location.

Altogether, this suggests that the RHI is a complex experience that comprises a 

cluster of constructs that are quantitatively measurable under controlled experimental 

conditions. Evidence also suggests that these constructs may be dissociable. For 

example, healthy people demonstrate differential performance on the measure of 

qualitative shifts, and experience of embodiment of rubber hand and loss of ownership 

of real hand (Holmes et al., 2006; Longo et al., 2008). In addition, proprioceptive drift 

has been shown to correlate with the sub-constructs relating to ownership and location, 

but not to any other construct (Longo et al., 2008). Finally, ratings on embodiment and 

ownership are independent from ratings on body movement (Kammers et al., 2006; 

Tsakiris et al., 2006; Holmes and Spence, 2007). In addition, synchronous and 

asynchronous stroking produced differential effects on scores across constructs, so that 

synchronous stroking produces higher ratings than asynchronous stroking on most, but 

not all, constructs.

As illustrated above, there are many components that make up the experience of 

the RHI. So far, there is little consensus regarding how many body representations there 

are, the characteristics of each and the nature of interactions between them (Gallagher, 

2005; Dijkerman and de Haan, 2007; de Vignemont, 2010; Kammers et al., 2010a, 

2010b). Different theoretical models have different claims, but it is generally agreed that 

corporeal awareness includes: ‘body schema’, 'body embodiment' or 'body image' and 
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'body agency'. Body schema is generally defined as an unconscious, dynamic 

representation of the movement and position of the limbs and body in 3 dimensional 

space (Cole and Paillard, 1995; Gallagher and Cole, 1995; Coslett et al., 2002; 

Schwoebel and Coslett, 2005), and arises from the bottom-up integration of multiple 

streams of sensory information, particularly the proprioceptive and tactile modalities 

(Gallagher and Cole, 1995; Kammers et al., 2006). By contrast, body image relates to a 

conscious, top-down representation that integrates bottom-up, perceptual experiences of 

one's body with higher cognitive functions. This includes attitudes about one’s and 

other’s bodies, beliefs about bodies in general and the lexical-semantic representations 

used to describe the names and functions of body parts and their relation to non-self 

objects (Coslett and Schwoebel, 2002; Coslett et al., 2002; Schwoebel and Coslett, 

2005). Lastly, ‘body agency’ refers to the sensation that one is in control of one’s 

actions. These components are partly independent, although much interaction exists 

(Paillard, 1999; Coslett et al., 2002; Gallagher, 2005; Schwoebel and Coslett, 2005).

 1.5.2 Neural correlates of the RHI

Like all psychological, cognitive and experiential phenomena, there is a neural 

correlate that has the potential to be mapped onto an experience. Human studies, so far, 

are the only studies that can fully explore the correlates between illusions and the brain. 

Research into human neural correlates of the RHI has been conducted via functional 

magnetic resonance imaging (fMRI) or positron emission topography (PET), 

transcranial magnetic stimulation (TMS), and electroencephalography (EEG). These 

methods have generally supported the notion of multiple dissociable but interrelated 

components that build self-recognition.

A series of fMRI experiments by Ehrsson et al., (2004, 2005, 2007) into the 

neural correlates of the RHI found that the embodiment was significantly correlated 
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with increased activity in the ventral premotor cortex. Ehrsson et al., (2007) later found 

that threatening the rubber hand by making stabbing motions with a needle elicited 

activity in brain regions related to the experience of anxiety. Furthermore, the strength 

of the anxiety related response was correlated with the illusion induced activity in the 

premotor cortex. A similar correlation was observed between the insula and left 

intraparietal cortex (Ehrsson et al., 2004, 2005, 2007). In discussing their findings, 

Ehrsson et al., (2004) note that the premotor cortex is a good candidate for the neural 

centre of the multisensory representation of one's body. This is because the premotor 

cortex is anatomically connected to visual and somatosensory areas (Rizzolatti et al., 

1998) and it is known that activity of premotor neurons is increased when the hand is 

touched or when visual stimuli are near the hand (Graziano et al., 1994; Lloyd et al., 

2003). Ehrsson et al., (2004) suggest that during the initiation of the RHI, the premotor 

activity may be reflective of the resolution of conflicting “online” visual representations 

of the hand with “offline” internal somatosensory representations.

In a PET study on the RHI, Tsakiris et al., (2007a) found increased activity in the 

right posterior insula and right frontal operculum that correlated with proprioceptive 

drift. Increased activity in the posterior insula has been found to occur when actions are 

attributed to oneself (Farrer and Frith, 2002; Farrer et al., 2003; Tsakiris et al., 2007b). 

However, it should be noted that drawing relationships between brain areas and 

embodiment based upon proprioceptive drift may not yield an accurate interpretation of 

the correlates of embodiment. While proprioceptive drift is usually correlated with 

embodiment, and there may be a certain amount of overlap between the two constructs, 

they are not always related. For example, Morgan et al., (2011) found the usual increase 

in embodiment after synchronous stroking but found no such effect on proprioceptive 

drift. This dissociation between proprioceptive drift and embodiment is also supported 
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by TMS studies into the RHI. Using repetitive TMS (rTMS) to inhibit brain activity just 

above the inferior parietal lobe (a junction that is makes up the superior portion of an 

area called the temporo-parietal junction, or TPJ), Kammers et al., (2009) demonstrated 

marked reductions in proprioceptive drift but there were similar reports of the level of 

embodiment compared to sham rTMS. Altogether, it appears as though the ventral pre-

motor cortex is linked to body embodiment and the area around the TPJ is linked to 

body schema.

 1.5.3 Psychopharmacology, the RHI and schizophrenia

There have been no studies at the time of this research that have investigated the 

effects of dopamine agonists on the RHI. It was mentioned above that the primary brain 

region associated with embodiment of the RHI is the premotor cortex (Ehrsson et al., 

2004). One of the major dopamine neural bundles, the mesocorticolimbic dopamine 

projection originating from the ventral tegmental area, has projections that innervate the 

prefrontal cortex (Goldman-Rakic et al., 1990; Bergson et al., 1995). So dopamine may 

make interesting contributions to the RHI. Taken in the context of dopamine as an 

important mediator of importance labelling and learning about outcomes and predictions 

(Robinson and Berridge, 1993; Berridge and Robinson, 1998; Hollerman and Schultz, 

1998; Waelti et al., 2001; Fletcher and Frith, 2009), and that the illusion from the RHI is 

generated across time after repeated visuo-tactile stimulation, dopamine may make a 

contribution to the RHI by enhancing learning about these new perceptual associations, 

thereby producing stronger illusory effects. In support of this, individuals with 

schizophrenia have shown increased embodiment during the RHI (Peled et al., 2000). 

Unfortunately this RHI study did not include an asynchronous condition, but if 

dopamine is enhancing the process that forms associations, then increased dopamine 

activity may increase embodiment for both synchronous and asynchronous stroking by 
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reducing the temporal threshold required for perceiving a causal relationship between 

the visual and the tactile stimulation.

While no dopaminergic agents have been used to investigate the RHI, there has 

been a ketamine investigation into the RHI. Morgan et al., (2011) administered an 

intravenous dose of ketamine to healthy participants and found increased embodiment 

of the rubber hand and increased proprioceptive drift compared to placebo across both 

stroking conditions. The authors suggest that because both ketamine administration 

(Plourde et al., 1997; Lazarewicz et al., 2010; Páleníček et al., 2011) and the RHI 

(Kanayama et al., 2007) are associated with an increase in 40 Hz EEG activity, this 

could lead to increased cross-modal binding between the visual and tactile modalities.

 1.6 Sex differences in dopamine and schizophrenia

A number of sex differences have been noted in the symptom profile of 

schizophrenia (Leung and Chue, 2000). Males have a greater likelihood of exhibiting 

more negative symptoms, more cognitive deficits, more substance abuse, they are also 

more likely to have an earlier onset, have poorer premorbid functioning, and show 

greater neuroanatomical and neurophysiological abnormalities (Leung and Chue, 2000; 

Roy et al., 2001; Thorup et al., 2007 p.2007; Grossman et al., 2008; Køster et al., 2008). 

In contrast, female patients display more affective symptoms, positive symptoms 

(auditory hallucinations & persecutory delusions), have a better long-term outcome in 

functioning, and respond more rapidly and with greater responsivity to antipsychotic 

medication but have greater side effects (Angermeyer et al., 1990; Leung and Chue, 

2000; Roy et al., 2001; Thorup et al., 2007; Grossman et al., 2008; Køster et al., 2008). 

Furthermore, these differences have been found in Chinese cohorts, indicating stability 

across cultures and races (Tang et al., 2007; Xiang et al., 2010). Consequently, 
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oestrogens have been investigated as promising treatments for psychosis (Felthous et 

al., 1980; Kulkarni et al., 1996, 2008). However, a Cochrane review into the 

effectiveness of hormone therapy for schizophrenia did not find convincing support 

(Chua et al., 2005).

 1.6.1 Sex differences: Dopamine

Sex differences in schizophrenia may be related to differences in dopamine 

neurophysiology. Indeed, evidence has been accumulating that indicates significant sex 

differences in dopamine neurophysiology. For example: females have lower activity of 

the enzyme catechol-O-methyltransferase (COMT), an enzyme that metabolises 

catecholamines, than males (Floderus et al., 1981; Boudikova et al., 1990; Chen et al., 

2004) despite similar or even higher levels of COMT mRNA (Dempster et al., 2006); 

females have higher striatal presynaptic dopamine synthesis capacity (Laakso et al., 

2002) and higher endogenous synaptic concentrations of dopamine (Pohjalainen et al., 

1998); amphetamine-induced dopamine release is higher in females in the right globus 

pallidus and right inferior frontal gyrus using [18-F] fallypride as a radiolabel (Riccardi 

et al., 2006) but higher in males in the ventral striatum (Munro et al., 2006); male rats 

have more overproduction of D1 receptors during adolescence and sustain a greater 

density into adulthood (Andersen et al., 1997), but no differences in D1 densities by 

gender have been found in humans (Cortés et al., 1989); females have higher D2 

receptor binding potentials/densities in the frontal cortex (mostly driven by the anterior 

cingulate cortex) (Kaasinen et al., 2001) but lower D2 receptor binding potentials have 

been found in younger females in the frontal cortex (Glenthoj et al., 2006). Besides age, 

other factors may lead to the inconsistency between these studies, e.g., Kaasinen et al., 

(2001) adjusted for age and weight whereas Glenthoj et al., (2006) did not (see Best et 

al., 2005 for a discussion of how these factors may lead to inconsistencies in sex 
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differences with respect to DAT imaging). No sex differences in D2 receptor densities 

have been found in the human striatum (Farde et al., 1995; Pohjalainen et al., 1998). 

With a number of putative and unsettled (as yet) sex differences in dopamine 

neurophysiology, it is therefore important to take sex differences into account in studies 

that hypothesise dopaminergic involvement on the variables being measured.

 1.6.2 Sex differences: Electrophysiology

Sex differences have been found for the P3 and for PPI in the general 

population. Females have demonstrated larger P3 amplitudes compared to males (Polich 

and Martin, 1992; Hoffman and Polich, 1999; Hirayasu et al., 2000) although no sex 

differences (van Beijsterveldt et al., 1998) and even reduced P3 in females have 

sometimes been found (Gölgeli et al., 1999). For PPI, males have demonstrated greater 

PPI (Swerdlow et al., 1999), while in females, PPI has been shown to vary across the 

menstrual cycle (Swerdlow et al., 1997). Lastly, for gamma activity, females have 

generally displayed increased gamma activity compared to males (Karakaş et al., 2006; 

Güntekin and Basar, 2007), although no significant effects of sex have been reported for 

the 40 Hz ASSR (Stapells et al., 1984, 1987). 

Despite the inconsistencies in sex differences on these measures in control 

populations, the important question, with respect to sex differences in schizophrenia, is 

how does a control male or female differ from a patient male or female respectively? 

There has been some evidence indicating that the electrophysiological measures chosen 

to be used in this thesis display sex by schizophrenia interactions. For the P3 ERP, 

Turetsky et al., (1998b) found a disturbance of the parietal P3 for male patients, while 

female patients showed greater reductions in frontal regions. For PPI, males with 

schizophrenia show less PPI compared to healthy men, but women with schizophrenia 

did not differ in PPI from healthy women (Kumari et al., 2004). However, a separate 
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study by Braff et al., (2005) demonstrated significant PPI reductions in female patients 

compared to female controls. One notable difference between the two studies was that 

the patients in the Braff et al., study had a chlorpromazine equivalent dose five times 

higher than the patients in the Kumari et al., study. Finally, for gamma activity, Slewa-

Younan et al., (2004) found a reduction of gamma phase synchrony (roughly equivalent 

to a phase-locking factor or PLF) in female patients relative to male patients with 

chronic schizophrenia (the controls' gamma was roughly in between). However, they 

did not find this effect in first episode patients, suggesting that long term treatment of 

antipsychotics may be responsible for this effect on gamma. In addition, female patients 

with first episode schizophrenia demonstrated earlier peak latency for gamma 

synchrony compared to male first-episode schizophrenia patients and this was not 

present in healthy subjects. 

As far as we are aware no dopamine by sex interactions have been investigated 

for gamma activity or for the P3 ERP. There have been, however, some studies 

investigating dopamine by sex interactions with respect to PPI. In companion studies, 

Talledo et al., (2009) and Swerdlow et al., (2003) gave females and males 20 mg 

amphetamine and found similar results across the sexes, i.e., no significant effect of 

amphetamine and a baseline dependent decrease, although as mentioned previously, 

there is a high chance of finding a significant result by chance when analysing baseline 

dependent shifts.

 1.7 Experimental aims

The overall aim of this thesis was to investigate the amphetamine model of 

schizophrenia and psychosis with respect to several electrophysiological 

endophenotypes and phenomenological experiences. We administered 0.45 mg/kg 
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dexamphetamine sulphate to healthy participants, a dose higher than any used 

previously in healthy human volunteer studies of schizophrenia endophenotypes, but in 

the therapeutic range for total daily dose in children with ADHD. The 

electrophysiological measures used in this thesis were conducted in the following order 

for every participant to minimise between-subjects effects of time of dose. The 

measures, and order of measures, were: the individual parameters of the startle reflex 

and prepulse inhibition (PPI) curves, the auditory and visual P3 to target (P3b), rare 

non-target (P3a) and standard stimuli, and the 20 Hz and 40 Hz auditory steady state 

response (ASSR). Following the electrophysiological measures, the rubber hand illusion 

(RHI) was conducted. The phenomenological measures used were the separate sub-

scales of the RHI including embodiment of the rubber hand, loss of own hand and 

proprioceptive drift. The complete set of measures took approximately 5 hours to 

complete from dosing to the end of the RHI. No measures were undertaken in the first 

90 minutes to allow time for absorption of the dexamphetamine, and breaks were given 

in between each measure.

As an overall hypothesis for this thesis, we anticipate that dexamphetamine will 

produce more schizophrenia-like patterns of results than schizophrenia-opposite patterns 

on these measures. Specifically, for each of these measures, we hypothesise that: 

dexamphetamine will reduce P3 amplitudes and increase P3 latencies for both auditory 

and visual P3 stimuli; the reductions in P3 amplitude by dexamphetamine will be from 

reductions in power and phase-locking of both 3 Hz and theta frequency components; 

dexamphetamine will reduce 40 Hz ASSR power and the 40 Hz ASSR phase-locking, 

but not affect the 20 Hz response; dexamphetamine will reduce PPI of RMAX (the 

response to intense startling stimuli) in the condition where participants ignore the 

startling stimuli compared to when they attend to the startling stimuli; and, 
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dexamphetamine will increase the strength of the RHI such that subjective reports of 

embodiment are enhanced after dexamphetamine. 
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Chapter 2 - Dexamphetamine-induced reduction of P3a and 

P3b in healthy participants

 2 Preface

The aim of this chapter was to investigate the effects of dexamphetamine on the 

P3 event-related potential. P3 amplitude reductions and latency increases are a well 

replicated finding in schizophrenia populations and therefore a good place to start the 

investigation of dexamphetamine's effects on electrophysiological endophenotypes. 

Previous amphetamine and other dopamine agonist studies in humans have generally 

failed to find a significant effect on the P3. The lack of an effect may have been due to 

insufficient dosages used to affect the P3 and/or the stimulus modality used. In this 

chapter we gave a higher dose of dexamphetamine than previously used and compared 

auditory and visual P3 ERPs.

Publication: Albrecht, MA, Martin-Iverson, MT, Price, G, Lee, J, Iyyalol, R (2010). 
Dexamphetamine-induced reduction of P3a and P3b in healthy Participants. Journal of  
Psychopharmacology: doi: 10.1177/0269881110376686 

 2.1 Abstract

The reduced P3 is one of the most robust deficits involved in schizophrenia. 

Previous research with catecholaminergic agonists or releasers such as amphetamines 

have used doses too small to adequately demonstrate an effect on P3. In this study, we 

gave 0.45 mg/kg dexamphetamine to healthy volunteers (final n=18) using both 

auditory and visual three-stimulus P3 procedures. Dexamphetamine significantly 

reduced P3 amplitudes to auditory target, rare non-target and standard stimulus 

amplitudes. The reduction in auditory P3 induced by dexamphetamine was proportional 

across stimulus types to placebo P3 values. There were no effects of dexamphetamine 
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on visual P3. We demonstrate a reduced auditory P3 similar to that seen in 

schizophrenia and other psychotic illnesses. This possibly reflects a common pathology 

which is hypothesised within the P3 literature to be related to attention and working 

memory. Differences between auditory and visual P3 modulation may be related to 

regional variations in catecholamine or specifically dopamine receptor densities. One 

specific auditory P3 generator is the superior temporal cortex an area with dopamine D2 

receptor enriched bands. This is contrasted with visual specific generators, such as the 

inferior temporal cortex and superior parietal cortex, which do not have these enriched 

bands.

 2.2 Introduction

The P3 is a positive-going, long-latency brain potential, occurring approximately 

300 ms after stimulus onset. It is proposed to reflect activation of elements in an event 

categorization network utilising attention and working memory processes (Kok, 2001). 

Two separate components labelled P3a and P3b have been identified. The P3a 

component has been suggested to reflect involuntary stimulus-driven frontal attention 

mechanisms (Knight, 1984; Friedman et al., 2001). Damage to structures relating to 

memory operations, such as the hippocampus and frontal lobes, reduces P3a (Knight, 

1996). The P3b component has been suggested to reflect the resources allocated when a 

target stimulus engages working memory (Polich and Kok, 1995).

P3b amplitude reduction and increased peak latency is one of the most reliable 

and reproducible endophenotypes in schizophrenia (Ford et al., 1992, 1999; Bramon et 

al., 2004, 2005). P3b reductions have been found in patients with chronic schizophrenia, 

in individuals at risk for psychosis (early and late prodromal phase) (Bramon et al., 
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2008; Frommann et al., 2008), in patients presenting with first episode psychosis 

(Salisbury et al., 1998; Brown et al., 2002a; Demiralp et al., 2002) and in relatives of 

patients with schizophrenia (Bramon et al., 2005). Several studies have found some 

evidence for both positive and negative symptoms correlating with P3b amplitude 

(Turetsky et al., 1998a; Ford, 1999; Mathalon et al., 2000) and P3 correlations with 

thought disorder have been confirmed (especially associative looseness and 

combinatory thinking) (Kirihara et al., 2005), although another study found no such link 

(Gonul et al., 2003).

P3a event-related potentials (ERPs) have also been investigated in schizophrenia 

with mixed results. P3a amplitude has been found to be both reduced (Alain et al., 2002; 

Devrim-Üçok et al., 2006) and increased (Schall et al., 1999) in novelty paradigms as 

well as being unchanged in a mismatch negativity (MMN) paradigm (Michie et al., 

2002) and unchanged in first episode schizophrenia (FES) (Devrim-Üçok et al., 2006). 

Differences are likely due to differing task requirements and in the case of FES, 

medication and disease chronicity issues. P3a latency prolongation has also been 

reported (Frodl et al., 2001).

The dopamine (DA) theory of schizophrenia has been the prevailing model of 

schizophrenia for a number of reasons. All current effective pharmacotherapies for 

schizophrenia and other psychoses are dopamine D2 receptor antagonists or dopamine 

D2 receptor partial agonists. Drugs that increase catecholamine transmission (e.g., 

amphetamine, cocaine, L-DOPA and methylphenidate) can induce psychosis with 

paranoid features in healthy volunteers or Parkinson’s patients with no history of 

schizophrenia, as do direct and selective dopamine agonists such as apomorphine, 

pergolide and bromocriptine (McCormick and McNeel, 1963; Angrist and Gershon, 

1970; Damasio et al., 1971; Post, 1975; Ruggieri et al., 1989; Steiger et al., 1992) and 
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psychosis is precipitated by lower doses of stimulants in schizophrenics than those 

required for non-schizophrenics (Lieberman et al., 1987). Schizophrenics demonstrate a 

greater increase in the release of DA after amphetamine than controls (Breier et al., 

1997; Abi-Dargham et al., 1998).

DA may be responsible for part of the P3 deficit seen in schizophrenia. Several 

DA receptor polymorphisms related to D2, D3 and D4 receptors have been demonstrated 

to modulate P3 in humans (Antolin et al., 2009; Berman et al., 2006; Birkas et al., 2006; 

Hill et al., 1998; Kramer et al., 2007; Mulert et al., 2006; Vogel et al., 2006). There has 

also been some evidence indicating that antipsychotic medications can normalise the P3 

in patients with schizophrenia to some extent (Demiralp et al., 2002; Gonul et al., 2003; 

Wang et al., 2005). In contrast, other research has found no such effects of antipsychotic 

medications (Gallinat et al., 2001; Korostenskaja et al., 2005). Differences in findings 

are likely related to disease duration, with significant findings by Gonul et al., (2003) 

and Wang et al., (2005) in people with untreated short-duration psychosis and in FES 

respectively, whereas the other studies involved people with schizophrenia of longer 

durations. Sulpiride (300 mg) administration to healthy subjects demonstrated no 

overall effect on P3 but there was an effect where P3b amplitude increased in 

participants with smaller placebo amplitudes and decreased in participants with larger 

placebo amplitudes (Takeshita and Ogura, 1994). A similar effect has also been found 

with bromocriptine (2.5 mg) (Nishimura et al., 1995). Other studies did not show this 

amplitude effect with bromocriptine, L-DOPA and dexamphetamine on P3a or P3b 

amplitudes in healthy volunteers (Halliday et al., 1994; Nishimura et al., 1995; Oranje et 

al., 2006). Although it is uncertain how increasing the amount of the available precursor 

for dopamine may affect central DA receptor activation in healthy humans, 

bromocriptine and dexamphetamine may not have affected P3 amplitudes because the 
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dosage used was too small. In a monkey study on P3b, sulpiride (1.05 mg/kg IM.) 

increased P3b amplitude significantly while the smaller dose of 0.35 mg/kg (im) did not 

(Antal et al., 1997). In this study we gave 0.45 mg/kg dexamphetamine (compared with 

10 mg as used in Halliday et al., 1994, which equates to approximately 0.14 mg/kg for a 

70 kg person) to healthy participants to determine the role that increased catecholamine 

transmission has on the P3a and P3b ERP. We hypothesise that this dose of 

dexamphetamine will affect the P3 in the same direction as that seen in schizophrenia, 

i.e., reduced P3 amplitudes and increased P3 latencies.

 2.3 Methods

 2.3.1 Subjects

The experiment was a double-blind, placebo-controlled balanced cross-over trial 

of dexamphetamine. Twenty-seven healthy participants between the ages of 18 and 48 

were recruited. Participants reported abstinence from alcohol for 24 hours before testing 

and abstinence from other recreational drugs (other than nicotine) for 7 days. Nine 

participants were excluded from analysis due to recording problems, artefacts detailed 

below leaving too few epochs in any one condition or to balance drug administration 

order. This left 18 participants (7 female, mean age 25.4 years) for analysis. The mean 

weight was 72 kilograms and with a dose of 0.45 mg/kg, the average amount of 

dexamphetamine per person was 32.4 mg dexamphetamine. Participants came into the 

centre for two testing sessions one week apart. P3 testing began at 210 minutes post-

dose; Figure 2.1 demonstrates that drug effects on blood pressure and heart rate were 

evident at that time. Exclusory criteria were any psychiatric diagnosis, any 

cardiovascular disorder, epilepsy, a first degree family member with schizophrenia, 
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known hypersensitivity to amphetamines or hearing impairment. All participants were 

able to clearly detect 60 dB noise. Reimbursement for time was $50 for completing each 

day of the study for a total of $100 for the two days. Ethical approval was obtained from 

the University of Western Australia ethics committee and the North Metropolitan Area 

Health Service ethics committee. The Australian and New Zealand Clinical Trials 

Registry number is ACTRN12608000610336.

 2.3.2 Task

P3a and P3b stimuli were taken from Comerchero & Polich (1999). Auditory 

stimuli consisted of 300 presentations of three tones at different pitch and probability of 

presentation. The standard tone was presented at a probability of 0.8 and at a pitch of 

1000 Hz. The target and rare non-target stimuli were at 2000 Hz and 500 Hz 

respectively, and were presented with a probability of 0.1. The response to the target 

stimuli was to press a button on a mouse. Tones were presented binaurally every 2 

seconds at 80 dB SPL for 70 ms with rise/fall times of 10 ms. Visual stimuli consisted 

of 300 presentations of three pictures; a small circle of area 6.16 cm2, a large circle of 

area 12.57 cm2 and a square of area 12.57 cm2. The probability of each was again 0.8, 

0.1 and 0.1 respectively. All pictures were blue on a white background. Only the large 

circle required the response to click the mouse button. Participants sat 1 m away from 

the screen. Stimulus modality was counterbalanced, but after rejecting some 

participant’s data due to missing epochs, eight participants completed the visual 

modality first compared to ten who completed the auditory modality first.

 2.3.3 Recording and processing

The EEG was recorded with a Neuroscan 32 channel system according to the 

extended 10-20 system using a Ag/AgCl electrode cap that included vertical and 
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horizontal electro-oculograms for artefact rejection. The reference was linked earlobes 

and ground was at AFz. Impedance for all channels was kept below 6 kΩ. The hardware 

bandpass filter was set between 0.05 and 200 Hz, and the sampling rate was 1000 Hz. 

Data were treated in Neuroscan 4.3. EOG artefact rejection was done manually, and 

further artefact rejection was done automatically on individual epochs that exceeded ± 

100 μV. Waveforms were averaged off-line from 100 ms pre-stimulus onset (used as 

baseline) to 600 ms post-stimulus onset and were lowpass filtered at 40 Hz. The number 

of epochs across dexamphetamine and placebo conditions for the target and rare non-

target stimuli for each individual were balanced by randomly removing excess epochs to 

ensure that signal to noise ratios were equivalent across drug conditions. The mean 

number of epochs removed per person for auditory target and non-target stimuli was 3.2 

(±2.6) and 3.8 (±2.6) and for the visual modality was 2.0 (±2.0) and 3.6 (±2.2). This 

gave, for auditory target, non-target and standard stimuli, a mean of 24.3 (±2.7), 22.1 

(±3.6) and 187.3 (±22.5) usable epochs and for the visual modality, 24.4 (±4.3), 21.7 

(±4.8) and 176.2 (±35.0) epochs. Participants with fewer than 15 usable epochs for any 

stimulus type in any modality were excluded from analysis for all stimulus types and 

modalities. The P3 peak was automatically detected and was defined as the largest 

positive peak for each individual electrode between 250 and 600 ms. Peak amplitude 

was measured relative to the pre-stimulus baseline.

The mid-line electrodes Fz, FCz, Cz, Cpz and Pz were used for analysis. A 

separate ANOVA was conducted for each stimulus type (standard, rare non-target and 

target). Factor groupings for the ANOVA were drug order (placebo first or 

dexamphetamine first) * drug (dexamphetamine or placebo) * electrode (Fz, FCz, Cz, 

Cpz and Pz). Drug order was a between-subjects factor, all others were treated as 

within-subject factors. Further analysis was conducted on the auditory P3 to determine 
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the relationship between the initial P3 amplitude and the difference induced by 

dexamphetamine. Percent inhibition was calculated and was defined as 100 * 

(amplitudePLACEBO –amplitudeDEXAMPHETAMINE) / amplitudePLACEBO and subjected to a 

repeated measures ANOVA with stimulus type as a factor.

Blood pressure and heart rate were recorded with an Omron automatic 

sphygmomanometer at 0, 75, 130, 180 and 270 minutes post dose. Blood pressure and 

heart rate data were analysed by linear mixed-effects models with two within subjects 

factors, drug (placebo or dexamphetamine) and time post-drug ingestion (0, 75, 130, 

180, 270 minutes) and participant as a random effects term.

All statistical analyses and figures were done using R version 2.9.0(R 

Development Core Team 2009) using the “car” package for repeated measures 

ANOVAs (Fox 2009) and the “nlme” package for linear mixed effects (Pinheiro et al., 

2008). Repeated measures ANOVAs were checked for violations of sphericity using 

Mauchly's test. Where significant departures occurred, tests were corrected using 

Greenhouse-Geisser corrections. Corrections for multiple comparisons were done using 

the Holm-Sidak method (Holm, 1979), a more precise version of the Bonferroni method 

(the most easily calculated, but one of the least precise variants of the Sidak method).

 2.4 Results

 2.4.1 Blood pressure and heart rate

Figure 2.1 illustrates the mean diastolic and systolic blood pressure and also the 

mean heart rate changes over time. A linear mixed effects model was used to analyse 

effects of dexamphetamine upon systolic and diastolic blood pressure and heart rate. 

The data looked and were expected to be roughly quadratic, therefore 2nd order 

polynomials were fit to the blood pressure data. For systolic and diastolic blood 
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pressure there was a drug by time interaction for both the first and second order 

coefficients (systolic 1st order F[1,154]=21.9, p<0.001, 2nd order F[1,154]=23.1, 

p<0.001; diastolic 1st order F[1,154]=16.4, p<0.001, diastolic 2st order F[1,154]=16.5, 

p<0.001). Heart rate only had a significant first order drug by time interaction 

(F[1,156]=10.5, p=0.001). Importantly, as illustrated in Figure 2.1, there were clear drug 

effects at the time of EEG recording.

Figure 2.1: From top- systolic (dotted), diastolic (dashed) blood pressure and heart rate (solid)  

means (± SD) as a function of time after dexamphetamine (triangles) or placebo (circles). 

Dexamphetamine significantly increased systolic and diastolic blood pressure over time and 

peaked around 180 minutes post dose. Heart rate stayed constant until the final measure at 270 

minutes post dose where dexamphetamine significantly increased heart rate compared to 

placebo. Asterisks indicate Holm-Sidak corrected significant paired t tests: *p<0.05, 

**p<0.01,***p<0.001. 
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 2.4.2 P3 error rates and reaction time

Table 1 displays the mean reaction times, false hits and missed targets for 

auditory and visual P3 stimuli. There were no significant differences between 

dexamphetamine and placebo for any of these behavioural measures.

Table 2.1: Reaction time and error rates for each stimulus (mean ± SD)

 2.4.3 General P3

Figures 2 and 3 illustrate the grand average traces and mean amplitudes (± SD) 

for each drug by modality by stimulus type by mid-line electrode. As can be seen from 

the Figure, target amplitudes are larger than rare non-target amplitude, which are in turn 

larger than standard amplitudes. For auditory stimuli, target amplitude is largest around 

electrode CPz, rare non-target amplitude is largest around Cz and standard amplitude is 

largest around FCz. For visual stimuli, all amplitudes appear largest around electrode 

CPz. 
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Placebo p-value
Target RT (ms)

Auditory 427 (94) 443 (108) 0.31
Visual 431 (51) 427 (61) 0.71

False hits (%)
Auditory rare 1.3 (2.1) 1.7  (2.3) 1
Auditory standard 0.02 (0.11) 0.07 (0.23) 0.16
Visual rare 0.56 (3.2) 0.23 (1.7) 0.37
Visual standard 0.25 (0.44) 0.23 (0.32) 0.8

Targets missed (%)
Auditory 0.9 (3.2) 1.5 (2.8) 0.33
Visual 4.3 (4.1) 1.9 (1.85) 0.06

Dexamphetamine



Figure 2.2: Grand average ERP's at each mid-line electrode for each modality and stimulus 

type. Dexamphetamine significantly decreased P3 amplitude during the auditory modality but 

not the visual modality for all three stimulus types. Reductions by dexamphetamine were 

proportional to the size of the amplitude for the placebo condition. There were no drug effects 

on latency. n=18.
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Figure 2.3: The mean P3 amplitude (± SD) as a function of electrode for each modality and 

stimulus type. The peak was defined as the largest positive peak occurring between 250 and 600  

ms for each individual electrode. n=18.

 2.4.4 Drug effects amplitude

Dexamphetamine significantly reduced auditory P3 amplitudes for target stimuli, 

F(1, 16)= 19.8, p<0.001, partial η2 = 0.55, rare non-target stimuli, F(1, 16)=6.0, p=0.03, 

partial η2 = 0.27, and standard stimuli, F(1, 16)=4.9, p=0.04, partial η2 = 0.24. This 

seemed selective for the auditory modality as there were no significant effects on visual 

P3 amplitude for target, F(1, 16)=0.04, p=0.85, partial η2 = 0.00, rare non-target, F(1, 

16)=0.4, p=0.53, partial η2 = 0.02, or standard stimuli, F(1, 16)=2.0, p=0.17, partial η2 = 
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0.11.

To test for differential effects of dexamphetamine on auditory and visual stimuli 

the interaction between drug and modality was tested. There was a significant drug by 

modality interaction for target stimuli, F(1, 16)=7.6, p=0.01, partial η2 = 0.32, and 

standard stimuli, F(1, 16)=7.1, p=0.017, partial η2 = 0.31, but not for the rare non-target 

stimuli, F(1, 16)=0.8, p=0.40, partial η2 = 0.04. Suggesting selective modality effects on 

all stimuli except for rare non-target stimuli.

There were no drug by channel interactions for auditory target, F(4, 64)=2.6, 

ε=0.40, p=0.10, partial η2 = 0.14, rare non-target, F(4, 64)=1.7, ε=0.49, p=0.20, partial 

η2 = 0.09, and standard stimuli, F(4, 64)=3.4, ε=0.38, p=0.06, partial η2 = 0.18, or visual 

target, F(4, 64)=0.1, ε=0.50, p=0.89, partial η2 = 0.01, rare non-target, F(4, 64)=0.7, 

ε=0.41, p=0.49, partial η2 = 0.04, and standard stimuli, F(4, 64)=0.7, ε=0.38, p=0.49, 

partial η2 = 0.04. The lack of topographical changes by dexamphetamine can be seen in 

Figure 2.2, where each trace has a similar shape except for where dexamphetamine has 

reduced amplitudes across the auditory modality.

There was a significant drug order by drug by channel interaction for auditory 

standard stimuli, F(4, 64)=9.6, ε=0.38, p=0.002, partial η2 = 0.38. Largest reductions in 

P3 amplitude by dexamphetamine were for participants who had dexamphetamine first 

at electrodes Fz, FCz and Cz.

 2.4.5 Proportional inhibition

To test whether the reductions in amplitude due to dexamphetamine in the 

auditory modality were dependent upon placebo amplitudes, a repeated measures 

ANOVA was conducted on proportional inhibition ((amplitudePLACEBO –

amplitudeDEXAMPHETAMINE) / amplitudePLACEBO). A proportional analysis such as this allows 
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the comparison of treatment effectiveness across stimulus types that have vastly 

different values, i.e., a 1 µV change at 2 µV has a similar effectiveness to a 5 µV change 

at 10 µV. There was no interaction between stimulus type and channel, F(8,136)=0.6, 

p=0.78, nor were there main effects of stimulus type, F(2,34)=1.5, p=0.24, or channel, 

F(4,68)=1.0, p=0.41. This indicates that the reduction in amplitude by dexamphetamine 

was dependent on the placebo amplitude and not dependent on stimulus type or channel.

 2.4.6 Drug effects latency

There was no main effect of dexamphetamine on target, rare or standard P3 

latency for auditory or visual stimuli (all p>0.05) nor were there any drug by channel 

interactions (all p>0.05). There were drug order by drug effects for auditory rare non-

target F(1, 16)=15.8, p=0.0011, partial η2 = 0.50 and auditory standard stimuli F(1, 

16)=5.2, p=0.036, partial η2 = 0.25. Upon examination of the data, it looked as though 

both of these effects were session effects; P3 latencies for the first session were longer 

than for the second session (rare non-target p<0.001; standard p=0.004). 

 2.5 Discussion

Dexamphetamine (0.45 mg/kg) administration reduced auditory P3b amplitudes 

in healthy volunteers. This appears similar to reductions in auditory P3 amplitudes 

reported for people with schizophrenia relative to healthy controls (Blackwood et al., 

1987; Duncan, 1988). Previous studies manipulating DA activity using bromocriptine, 

L-DOPA and dexamphetamine in healthy volunteers have failed to find a significant 

P3b amplitude alteration (Halliday et al., 1994; Oranje et al., 2006). As mentioned in the 

introduction, this could be because the doses used in those studies were quite low. 

However, a dose response study would better determine what concentration of 
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dexamphetamine is most effective for P3 reductions. We also observed a significant 

reduction for non-target and standard stimulus amplitude with dexamphetamine, albeit 

with a smaller effect size than the P3b reduction. According to Polich's (2007) review 

on P3a and P3b, the P3a stimulus used in this experiment is akin to the no-go P300 

stimuli and is most likely a variant of the same ERP as the P3a and novelty. When 

testing for whether amplitudes were reduced differentially across stimulus types, it was 

found that P3 amplitudes were reduced in proportion to their placebo amplitude 

regardless of stimulus type or channel. Dexamphetamine is therefore, according to the 

hypothesised role of the P3, (Donchin and Coles, 1988, 1998; Kok, 2001; Polich, 2007), 

reducing either the amount of attentional or working memory resources available for the 

event categorisation process.

This reduction may be related to catecholamine function and the “inverted U” 

phenomenon (Williams & Goldman-Rakic 1995), where many cognitive processes such 

as working memory and attention are adversely affected by too little or too much 

DA/NA (Mattay et al., 2000; Arnsten 2007; Williams & Castner 2006). Attention deficit 

hyperactive disorder (ADHD) has been suggested to be a result of the low end of the 

“U” and is usually treated by drugs that potentiate or release DA/NA such as 

dexamphetamine or the catecholamine transporters blocker methylphenidate. Patients 

with ADHD also show P300 amplitude reductions that are improved by stimulant 

medication (Klorman, 1991; Young et al., 1995). While at the same time too much 

DA/NA activity has been related to perceptual narrowing or “tunnel vision” 

(Easterbrook, 1959; Mills et al., 2001) and behavioural narrowing (Robbins, 1976).

There is the possibility that the ERP effects of dexamphetamine are due to 

peripheral sites of action rather than central. However, no relationship has been found 

between changes in heart rate and blood pressure and P3 amplitudes in younger people 
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(Otten et al., 1995) and cognitive effects of dexamphetamine correlates with a variety of 

regionally specific cortical function measures (see Mattay et al., 2000 and references 

cited therein). The most plausible mechanism for dexamphetamine’s effects on ERPs 

are likely increased catecholamine release in the cortex.

 2.5.1 Auditory vs Visual

We found no effect of dexamphetamine on visual target, non-target and standard 

stimuli. To further corroborate this there was significant drug by modality interactions 

for target and standard stimulus types but not for the non-target stimulus. Visual P3 

reduction has been a less consistent finding in schizophrenia compared to the auditory 

P3 (Pfefferbaum et al., 1989; Mathalon et al., 2000), just as auditory hallucinations are 

more common in patients with schizophrenia compared to visual hallucinations (Bracha 

et al., 1989). There has also been pharmacological research with clonidine (0.1 mg/kg 

im) in monkeys that has found preferential modulation of the auditory P3 (Swick et al., 

1994) and no effects on the visual P3 (Pineda and Swick, 1992). The dissociation of 

auditory and visual P3 effects with catecholaminergic drugs may be related to 

anatomical differences in the location of DA receptors relative to the generators of 

visual and auditory P3. Specific visual P3 generators implicate the inferior temporal and 

the superior parietal cortex and specific auditory P3 generators implicate the superior 

temporal cortex (Linden, 2005). In relation to the auditory generators, the inferior and 

lateral superior temporal gyrus has been found to contain D2 enriched bands which are 

less frequently found on the lateral surface of the inferior temporal gyrus related with a 

visual specific generator (Goldsmith and Joyce, 1996). Further, the parietal cortex in 

general has lower concentrations of D2 receptors than the temporal cortex (Lidow et al., 

1989; Okubo et al., 1999). The primary mechanism of action of D2 receptors is to inhibit 

cAMP and thereby decrease cell firing. The location of D2 receptors and their inhibitory 
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nature could explain the selective effects between visual and auditory P3 reductions.

 2.5.2 Dopamine/Noradrenaline

The locus coeruleus (LC), the major noradrenergic neural system, has been 

implicated closely in P3 generation because of its widespread innervation of structures 

related with P3 generation (Nieuwenhuis et al., 2005). This role has been supported by 

lesion and cell recording studies in animals as well as pharmacological studies in both 

animals and humans P3a (Glover et al., 1988; Pineda et al., 1989), while DA specific 

lesions have failed to demonstrate an effect (Ehlers et al., 1991). This suggests that NA 

may be a more important mediator of dexamphetamine’s effects on P3 amplitudes than 

is DA. In monkeys with LC MPTP (1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine) 

lesions, DA precursor treatment with L-DOPA restored some behavioural deficits but 

did not restore the P3 wave (Glover et al., 1988). Since DA is a precursor to NA, one 

might expect L-DOPA to help restore some NA function, if the lesions were not 

complete, so this does not necessarily implicate dopamine as a neurotransmitter, rather 

than a precursor, in the effect. With respect to the P3b, clonidine has been shown to 

significantly reduce P3b amplitude in humans (0.2 mg) (Halliday et al., 1994) and in 

squirrel monkeys (0.1 mg/kg) (Swick et al., 1994). Clonidine acts primarily pre-

synaptically to activate NA inhibitory autoreceptors and alpha2 receptors on DA 

terminals that inhibit DA release in regions such as the nucleus accumbens (Murai et al., 

1998). In addition, dopamine and noradrenaline have some affinity for each other’s 

receptors, some of which are high enough to be physiological (Newman-Tancredi et al., 

1997; Cornil et al., 2002). Therefore, it would be expected that clonidine may alter both 

NA and DA effects and lesions of NA neurons may also affect DA function in some 

areas.

Despite the evidence in favour of NA as important for the generation of P3, there 
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has been no compelling evidence of a critical role of NA in schizophrenia or psychosis. 

With the exception of Liu et al., (2009), research investigating DA and NA receptor 

genes that affect P3 have so far only found genes related to DA activity (Hill et al., 

1998; Mulert et al., 2006; Vogel et al., 2006). In the exception, Liu et al., (2009) 

demonstrated that the alpha2a receptor gene was involved in P3 generation. However, 

the alpha2a receptor is a presynaptic receptor affecting both DA and NA release. It is 

difficult to separate out actions of DA and NA for reasons mentioned above and more 

pharmacological studies targeting specific DA/NA post-synaptic receptors are needed.

 2.5.3 Relationship with psychosis

P3 reductions in patients with schizophrenia have been suggested to reflect 

attentional limitations that may arise from neuroanatomical differences from controls 

(Ford, 1999). Evidence for neuroanatomical limitations comes from MRI studies 

showing a link between frontal and temporal gray matter volumes and P3a reduction, 

and temporal lobe gray matter volumes and P3b reduction (McCarley et al., 1993; Ford 

et al., 1994) although these are based on correlations only, and thus do not establish any 

causal links. There has been some research linking different P3 components with state 

and trait characteristics (Duncan, 1988; Ford et al., 1999; Frommann et al., 2008). 

However, a meta-analysis by Jeon & Polich (2003) found no evidence for an association 

between P3 amplitude and symptoms as measured by the brief psychiatric rating scale 

or psychopathology severity. They did find evidence that patients with a paranoid 

subtype of schizophrenia and having an early onset age were associated with large effect 

sizes for P3 amplitude (Jeon and Polich, 2003). More recent research has found larger 

P3 reductions in schizophrenic patients with first rank symptoms (experience that 

thoughts or actions are controlled by an external agency) compared to patients without 

these passivity symptoms (Waters et al., 2008).
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There is no sign or symptom of schizophrenia that is exclusively found in 

schizophrenia. P3 amplitude deficits are no exception. Other psychiatric illnesses such 

as bipolar, Alzheimer's and alcoholism also demonstrate P3 reductions (O'Donnell et al., 

2004; Polich et al., 1990; Pfefferbaum et al., 1991). These illnesses also have some 

relationship with dopamine; bipolar and Alzheimer's can both demonstrate symptoms of 

psychosis which is treated with dopamine antagonists (Mintzer and Targum, 2003; 

Schatzberg, 2004) and alcoholism may be associated with dopamine's role in addiction 

and reward, and with adenylyl cyclase activity (Ratsma et al., 2001; Tupala and 

Tiihonen, 2004).

 2.5.4 Latency

We found no significant effect of dexamphetamine on P3 latency. Effect sizes for 

latency effects in patients with schizophrenia have been estimated at 0.57 compared 

with amplitude reductions at 0.85 (Bramon et al., 2004). Latency prolongation in 

schizophrenia has been correlated with disease severity and illness duration, factors that 

affect the patient's current state (Jeon and Polich, 2003). Patients with Parkinson's also 

demonstrate latency prolongation that recovers with L-DOPA therapy, while L-DOPA 

treatment in healthy controls tends to increase P3b latency (Stanzione et al., 1991). The 

authors suggested that this might be due to the discomfort induced by L-DOPA (see 

Rosenfeld et al., 1993). In contrast, separate studies administering l-dopa, clonidine, 

yohimbine, dexamphetamine and bromocriptine failed to affect P3b latency in healthy 

controls (Halliday et al., 1994; Oranje et al., 2006).

 2.5.5 Conclusion

We demonstrate that increased catecholamine transmission using a moderate 

dose of dexamphetamine (0.45 mg/kg) can reduce both the auditory P3a and P3b ERPs 
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reflecting either aberrant attentional or working memory utilisation. This reduction is 

selective for the auditory P3, but not the visual P3 and may be related to an increased 

density of D2 receptors around the superior temporal cortex, a specific auditory P3 

generator. We also found that dexamphetamine reduced P3 amplitudes proportionately 

to placebo P3 amplitudes across stimuli. As dexamphetamine is a general releaser of 

monoamines, further research should focus on post-synaptic receptor agonists to 

elucidate the role that post-synaptic receptors play in P3a and P3b generation.
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Chapter 3 - Dexamphetamine reduces auditory P3 delta 

power and phase-locking while increasing gamma power

 3 Preface

The previous chapter demonstrated that dexamphetamine reduced the auditory 

P3 but there was no significant effect on the visual P3. This chapter aims to extend those 

findings by identifying the components of the P3 that are affected in our participants 

given dexamphetamine relative to placebo. This chapter describes the wavelet 

decomposition of the target auditory P3 as outlined by Ford et al., (2008) so as to make 

direct comparisons of the effects of dexamphetamine with their patients that have 

schizophrenia.

Publication: Albrecht, MA, Price, G, Lee, J, Iyyalol, R, Martin-Iverson, MT (In Press). 
Dexamphetamine reduces auditory P3 delta power and phase-locking while increasing 
gamma power. European Neuropsychopharmacology dor: 
10.1016/j.euroneuro.2012.02.009

 3.1 Abstract 

Auditory P3 amplitude reduction is one of the most robust and replicated findings in 

schizophrenia. Recent evidence suggests that these reductions are due to reductions in 

both power and phase-locking at delta and theta frequencies. We have previously shown 

that the auditory, but not visual, P3 is reduced in healthy participants given the 

catecholamine releasing agent dexamphetamine. Our aim was to determine whether the 

auditory P3 amplitude reduction induced by dexamphetamine has similar power and 

phase locking characteristics to that seen in schizophrenia. Forty-four healthy 

participants were given 0.45 mg/kg dexamphetamine and placebo, in a double-blinded, 
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placebo-controlled, cross-over design. The task was a three-stimulus auditory odd-ball 

task, target stimuli were the major stimuli of interest. Individual target trials underwent 

wavelet analysis to give power and phase-locking of delta (3 Hz), theta (4-7 Hz), alpha 

(8-12 Hz), beta (13-30 Hz) and gamma (30-50 Hz) frequencies for a 50 ms time 

window centred around the peak of the target P3. Delta power around the P3 peak was 

significantly reduced when participants were given dexamphetamine. Delta phase-

locking was also reduced but only when analysis was targeted at the location of the peak 

P3 amplitude. In contrast, theta power and phase-locking were not affected by 

dexamphetamine. These findings suggest that increased catecholamine activity may be 

responsible for the power and phase-locking reductions of the auditory P3 delta 

component in patients with schizophrenia. Interestingly, dexamphetamine significantly 

increased gamma power around the P3 peak. We attempt to link this finding with the 

gamma alterations that have been found in patients with schizophrenia.

 3.2 Introduction

We have previously reported the reduction of the auditory, but not visual, P3 in 

healthy participants given 0.45 mg/kg dexamphetamine (Chapter 2). The reduction of 

the P3 event-related potential is one of the most robust endophenotypes of 

schizophrenia and other psychotic disorders (Ford, 1999; Bramon et al., 2005). The 

current leading hypothesis for the underlying neural substrates of psychosis is one of 

dopamine hyperactivity with particular reference to positive psychotic symptoms. The 

lines of evidence that supports this hypothesis are: all antipsychotics are dopamine D2 

receptor antagonists or partial agonists (Horacek et al., 2006; Seeman, 2006); drugs that 

increase catecholamine transmission (e.g., amphetamine) or reduce clearance of 

catecholamines from the synapse (e.g., methylphenidate) can induce psychosis with 
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paranoid features in people with no history or first-degree relative history of psychosis 

(McCormick and McNeel, 1963; Angrist and Gershon, 1970); people with 

schizophrenia display greater amphetamine-induced dopamine release (Breier et al., 

1997; Abi-Dargham et al., 1998); amphetamine administration to people with 

schizophrenia precipitates positive psychotic symptoms at lower doses than psychosis 

naïve people (Angrist et al., 1980; Lieberman et al., 1987). As can been from this 

evidence, amphetamine has played a central role in our understanding of the dopamine 

hypothesis of schizophrenia. The common overlap between dopamine and psychosis 

and our finding of reduced P3 in participants given dexamphetamine suggests a role of 

excess dopamine activity in the auditory P3 reductions that have been found in 

schizophrenia.

The P3 wave is composed of several different frequency components (Kolev et 

al., 1997; Ford et al., 2008; Doege et al., 2009) and deficits in any number of these 

components could result in the observed reduction in P3 amplitude. It is not known 

whether the reduction induced by dexamphetamine of the auditory P3 shares similar 

characteristics to that seen in individuals with schizophrenia. If this were the case, it 

would lend support to the notion that excess dopamine activity is a possible cause of the 

auditory P3 deficit found in schizophrenia.

One method of extracting subcomponents of event related potentials (ERPs) 

involves a wavelet decomposition of individual ERP trials (Samar et al., 1995; Tallon-

Baudry et al., 1996). This method can provide power and phase consistency across trials 

at each time point giving good frequency and time resolution trade offs on the ERP of 

interest. The increased information given by time-frequency analyses can identify more 

specific differences between patients and controls than the averaged ERP. In particular, 

it can identify whether reductions are due to lack of available resources (Yordanova et 
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al., 2000; Polich, 2007) such as would be found by reduced power or whether deficits 

are caused by fluctuations in the timing of neural events reflecting variations in 

processing strategy (Polich, 2007) such as would be found by reduced phase-locking 

across trials. As the P3 wave likely has a number of contributing frequencies, 

information about phase-locking and total power can be gained for all frequencies of 

interest.

Evidence suggests that the P3 reductions in patients with schizophrenia are due 

to reductions in both power and cross-trial phase-locking (Röschke et al., 1996; Roth et 

al., 2007; Ford et al., 2008; Shin et al., 2010). Recently, Ford et al., (2008) found that 

the lower frequency ranges (from 3-7 Hz) are reduced in both total power and phase 

across trials in patients. This effect was especially noticeable for the 3 Hz component 

that most closely resembles the frequency of the P3 wave. While higher frequencies, 

from alpha to gamma (8-50 Hz) revealed no other significant differences between 

patients and controls (except for a site by group interaction at beta phase locking). There 

was, however, a strong correlation between gamma phase locking and P3 amplitude in 

healthy controls that was not present in patients. These results suggest that the 

generation of the P3 is usually linked to processes that synchronise the phase of high 

frequency activity, but this process is disrupted in patients with schizophrenia (Ford et 

al., 2008).

The aim of this experiment was to use the amphetamine challenge model of 

schizophrenia and psychosis to determine if the auditory P3 amplitude reduction 

induced by dexamphetamine has similar power and phase locking characteristics to that 

seen in individuals with schizophrenia. Healthy participants were given placebo and 

0.45 mg/kg dexamphetamine in a cross-over design during an auditory target detection 

task. We hypothesised that dexamphetamine will produce similar P3 characteristics as 

94



that seen in patients with schizophrenia. Specifically, delta (3 Hz) and theta (4-7 Hz) 

power and phase-locking would be reduced when participants are given 

dexamphetamine. Under placebo, P3 amplitude would associate positively with the 

gamma phase locking factor (PLF) (30-50 Hz), beta PLF (13-30 Hz), theta PLF (4-7 

Hz) and negatively with alpha (8-12 Hz) power and these relationships would break 

down, or reduce, when participants are given dexamphetamine.

 3.3 Experimental Procedures

 3.3.1 Participants

Twenty-six participants were recruited since our initial study with 18 

participants, giving a total N of 44 healthy participants for the current analysis. All 

participants were between the ages of 19 and 48 (mean age 23.9 years, 17 female). 

Participants reported abstinence from alcohol for 24 hours before testing and abstinence 

from other recreational drugs for 7 days, except for nicotine, which was permitted ad 

libitum so as to prevent withdrawal symptoms (Tait et al., 2000). Self-reports of recent 

drug use that are obtained in experiments not related to substance misuse treatment have 

been shown to correlate highly with the results of urine analysis (Kedzior et al., 2006). 

Further exclusory criteria were any psychiatric diagnosis, any cardiovascular disorder, 

epilepsy, a first-degree family member with schizophrenia or known hypersensitivity to 

amphetamines. All participants underwent a medical examination and were screened by 

the co-authors (JL & RI) before taking part in the study. Reimbursement for time was 

$50 for completing each day of the study.

 3.3.2 Procedure

The experiment was a double-blind, placebo-controlled balanced cross-over trial 
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of dexamphetamine sulphate (0.45 mg/kg). The mean participant weight was 74.3 kg , 

which gave an average dose of dexamphetamine sulphate of 33.4 mg (33.7). 

Participants came into the centre for two testing sessions one week apart. 23 participants 

received placebo on the first session and 21 participants received dexamphetamine on 

the first session. While this difference was not significant (χ2(1) = 0.09, p=0.76), drug 

order was included as a factor in the repeated-measures ANOVAs and we have found no 

previous effect of drug order on auditory P3 amplitude. Blood pressure and heart rate 

were recorded with an Omron automatic sphygmomanometer at 0, 75, 130, 180 and 270 

minutes post dose. P3 testing began at 210 minutes post-dose; the autonomic effects of 

dexamphetamine effects were evident at this time (see results). Ethical approval was 

obtained from the University of Western Australia Human Ethics Committee and the 

North Metropolitan Area Mental Health Services Human Research Ethics Committee. 

The Australian and New Zealand Clinical Trials Registry number is 

ACTRN12608000610336.

Task

Stimuli were taken from Comerchero & Polich (1999) and consisted of 300 

presentations of three tones at different pitch and probability of presentation. The 

standard tone was presented at a probability of 0.8 and at a pitch of 1000 Hz. The target 

and rare non-target stimuli were at 2000 Hz and 500 Hz respectively, and were 

presented with a probability of 0.1. The response to the target stimuli was a mouse 

button press. Tones were presented binaurally every 2 seconds at 80 dB SPL for 70 ms 

with rise/fall times of 10 ms. Participants sat 1 m away from the screen.

 3.3.3 Recording and processing

The EEG was recorded with a Neuroscan 32 channel system according to the 

extended 10-20 system using a Ag/AgCl electrode cap that included vertical and 
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horizontal electro-oculograms for artefact rejection. The reference was linked earlobes 

and ground was at AFz. Impedance for all channels was kept below 6 kΩ. The hardware 

bandpass filter was set between 0.05 and 200 Hz, and the sampling rate was 1000 Hz. 

EEG data were treated for artefacts in Neuroscan 4.3. This included automatic EOG 

artefact correction (Semlitsch et al., 1986) and artefact rejection (individual epochs that 

exceeded ± 90 μV). The mean number of epochs was similar across drug conditions. 

For target stimuli under placebo the mean number of epochs per person was 28.0 and 

for dexamphetamine was 28.4 (p = 0.43). P3 amplitude was largest at the mid-line 

electrode CPz. Therefore this electrode was used for all analysis and figures. Epochs 

were stimulus-locked to target onset. Individual trials were baseline corrected using a 

200 ms pre-stimulus period. P3 was identified as the largest positive peak between 230 

and 450 ms at CPz for each subject after undergoing a 40 Hz low pass filter.

Wavelet analysis was done by convolution with complex Morlet wavelets (see 

Tallon-Baudry et al., 1996; Ford et al., 2008) on every fourth time-point (250 Hz) on 

individual epochs that were sampled at 1000 Hz. The wavelet family ratio f/σf was equal 

to 7. To give the amplitude of the ERP, the energy normalisation factor A was equal to 

σt
-1

 * (2/π)1/2. For the phase-locking analysis epochs were unit normalised and then 

averaged to indicate phase stability. This ranges from 0, indicating no phase-locking, to 

1, indicating complete phase-locking. For the power analysis, the absolute values of the 

wavelet convolution were squared and averaged. This was then baseline-corrected (− 

100 ms to −24 ms) corrected for each frequency by dividing each point by the average 

of the baseline. Total power was then 10 * log10 transformed to give power on a decibel 

(dB) scale

The frequencies that were analysed were defined as: Delta 3 Hz; Theta 4–7 Hz; 

Alpha 8–12 Hz; Beta 13–30 Hz; and Gamma 30–50 Hz. These were averaged over the 
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range of frequencies for a 50 ms window which was centred on each participant's peak 

P3 latency.

 3.3.4 Analyses

For power and PLF analysis, a separate ANOVA was conducted for each 

frequency response. Factor groupings for the ANOVA were drug order (placebo first & 

dexamphetamine first) * drug (dexamphetamine & placebo) * channel (the midline 

electrodes Fz, FCz, Cz, CPz & Pz). Drug order was a between-subjects factor, and drug 

administration state was a within-subject factor. The effect size reported in this paper is 

generalised eta squared, η2
G (Olejnik and Algina, 2003), as it provides better 

comparability with mixed repeated measures and between-subjects designs (Bakeman, 

2005). General guidelines indicate 0.02 as a small effect size, 0.13 as medium and 0.26 

as large (Bakeman, 2005). Regression analysis was conducted using linear mixed effects 

models. P3 amplitude was entered as the variable to be predicted and the separate power 

and PLF frequency components were crossed with drug administration state. Participant 

was treated as a random effect. Due to the strength of a prior significant relationship 

between gamma PLF and P3 amplitude (Ford et al., 2008), a one-tailed test was used 

predicting a positive relationship between gamma PLF and P3 amplitude.

All wavelet processing, statistical analyses and figures were done using R 

version 2.12.2 (R Development Core Team, 2011). Mixed effects regressions were done 

using the “lme4” package (Bates et al., 2011). Corrections for multiple comparisons 

were conducted for pairwise comparisons where ANOVA indicated a drug by channel 

interaction using the Holm-Bonferroni method, but were not done for the repeated 

measures ANOVAs. Greenhouse-Geisser corrections for sphericity were applied for all 

drug by channel interactions and the epsilon value is given (ε).
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 3.4 Results

 3.4.1 Autonomic measures

Systolic blood pressure, diastolic blood pressure and heart rate were analysed 

using paired t-tests at the times before and after P3 testing (180 and 270 min post dose) 

to show that dexamphetamine was still active at these times. Dexamphetamine 

significantly increased all three autonomic measures for both the 180 and 270 min time 

points (all p < 0.0001).

Figure 3.1: Topographic map of grand average ERP traces to target stimuli for 

dexamphetamine (red) and placebo (black). Anterior – top, posterior – bottom (N=44).
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 3.4.2 P3 amplitude

Figure 3.1 displays the grand average P3 ERP topography for placebo and 

dexamphetamine. Both placebo and dexamphetamine displayed largest P3 amplitudes at 

centro-parietal electrodes. Repeated measures ANOVA conducted on the midline 

electrodes (Fz – Pz) indicated a main effect of dexamphetamine on P3 amplitude, F(1, 

42) = 19.39, p < 0.0001, η2
G = 0.061, and a drug by channel interaction, F(4, 168) = 

12.05, ε = 0.48, p < 0.0001, η2
G = 0.006. Similar results were evident for the subgroup 

of 26 participants added to the analysis since a prior publication, main effect of drug, 

F(1 24) = 7.40, p = 0.012, η2
G = 0.053, drug by channel interaction, F(4, 96) = 7.16, ε = 

0.46, p = 0.0026, η2
G = 0.006. The main effect indicated a broad reduction of P3 

amplitude by dexamphetamine, and the interaction indicated that the size of the 

reduction was dependent upon channel. Effect sizes (and Holm-corrected t-tests) 

calculated for the effect of dexamphetamine on each channel for the full sample (N = 

44) indicated larger P3 reductions after dexamphetamine at posterior electrode sites, 

CPz and Pz, compared to anterior sites, Fz and FCz; Fz(η2
G) = 0.025 (p = 0.014), 

FCz(η2
G) = 0.028 (p = 0.014) Cz(η2

G) = 0.058 (p = 0.00039), CPz(η2
G) = 0.100 (p = 

0.00001), Pz(η2
G) = 0.099 (p = 0.00001).

 3.4.3 Dexamphetamine effects on total power and PLF

Figure 3.2 presents the time by frequency power plots for placebo and 

dexamphetamine for the midline electrodes and the top figure of Figure 3.4 displays the 

effects of dexamphetamine and placebo on power for each of the 5 frequencies, pooled 

across electrodes, and the error bars indicate 95 % critical difference scores of the 

pairwise comparisons.
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Figure 3.2: Grand average time-frequency power maps to target stimuli for the midline 

electrodes (Fz, FCz, Cz, CPz, Pz). Frequency range is between 1 and 50 Hz. Increased power is  

shown in the red spectrum and decreased power in the blue spectrum. Power is in dB and 

baseline corrected to pre-stimulus period (-100 to -24 ms).

There was a main effect of dexamphetamine on power for the 3 Hz frequency 

indicating a reduction after dexamphetamine administration, F(1, 42) = 4.26, p = 0.045, 

η2
G = 0.016. There was no drug by channel interaction, F(4, 168) = 0.576, ε = 0.38, p = 

0.52, η2
G = 0.002. There was also a main effect of drug on gamma power, F(1, 42) = 

7.08, p = 0.011, η2
G = 0.050, as well as a drug by channel interaction, F(4, 168) = 3.72, ε 

= 0.51, p = 0.028, η2
G = 0.010. Effect sizes (and Holm-corrected t-tests) indicated that 

dexamphetamine increased gamma power more at posterior electrodes compared to 

anterior electrodes, Fz(η2
G) = 0.011 (p = 0.28), FCz(η2

G) = 0.025 (p = 0.21), Cz(η2
G) = 

0.062 (p = 0.0498), CPz(η2
G) = 0.095 (p = 0.013), Pz(η2

G) = 0.060 (p = 0.0498).

101



In contrast, we failed to detect a significant drug by channel interaction for the 

theta, F(4, 168) = 0.49, ε = 0.40, p = 0.56, η2
G = 0.001, alpha, F(4, 168) = 1.15, ε = 0.38, 

p = 0.31, η2
G = 0.002, or beta power, F(4, 168) = 0.93, ε = 0.49, p = 0.38, η2

G = 0.002. 

Nor did we detect a main effect of dexamphetamine for these frequencies; theta F(1, 42) 

= 1.06, p =
 0.31, η2

G = 0.004, alpha, F(1, 42) = 1.18, p =
 0.28, η2

G = 0.006, and beta, F(1, 

42) = 2.85, p = 
0.099, η2

G = 0.016.

Figure 3.3: Grand average time-frequency PLF maps to target stimuli for the midline 

electrodes (Fz, FCz, Cz, CPz, Pz). Frequency range is between 1 and 50 Hz. Larger PLF is 

shown in the red spectrum and smaller PLF in the blue spectrum. PLF ranges between 0 (no 

phase-locking) to 1 (complete phase-locking).

Figure 3.3 presents the time by frequency PLF plots for placebo and 

dexamphetamine for the midline electrodes and the bottom figure of Figure 3.4 displays 
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the effects of dexamphetamine and placebo on PLF. We failed to find a 

dexamphetamine by channel interaction on PLF for any of the frequencies; 3 Hz, F(4, 

168) = 2.29, ε = 0.45, p = 0.11, η2
G = 0.002, theta, F(4, 168) = 2.55, ε = 0.46, p = 0.090, 

η2
G = 0.003, alpha, F(4, 168) = 1.79, ε = 0.52, p = 0.17, η2

G = 0.006, beta, F(4, 168) = 

0.56, ε = 0.50, p = 0.57, η2
G = 0.003, and gamma, F(4, 168) = 1.07, ε = 0.52, p = 0.27, 

η2
G = 0.006. Nor were there any main effects of dexamphetamine on any frequency; 3 

Hz, F(1, 42) = 3.41, p = 0.072, η2
G = 0.017, theta, F(1, 42) = 0.078, p = 0.78, η2

G = 

0.0003, alpha, F(1, 42) = 0.53, p = 0.47, η2
G = 0.002, beta, F(1, 42) = 0.19, p = 0.66, η2

G 

= 0.001, and gamma, F(1, 42) = 0.10, p = 0.75, η2
G = 0.001.

Figure 3.4: Means for each of the separate frequency components within 50 ms of the mean 

peak P3 amplitude for each individual for each drug condition. The top presents total power 

and the bottom presents PLF. Error bars indicate the range for the paired t-test critical 

difference. * p < 0.05, ** p < 0.01 (n = 44).
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 3.4.4 CPz analysis and mixed-effects regressions

In addition to the drug by channel analysis above we also investigated the effects 

of dexamphetamine specifically at CPz because it showed the largest placebo P3 

amplitude and was therefore the electrode used in the mixed-effects regression analysis. 

Similar to the above analysis, at electrode CPz dexamphetamine reduced 3 Hz power, 

F(1, 42) = 5.19, p = 0.028, η2
G = 0.032, and increased gamma power, F(1, 42) = 10.21, p 

= 0.0026, η2
G = 0.097. In addition dexamphetamine reduced P3 PLF at CPz, F(1, 42) = 

4.26, p = 0.045, η2
G = 0.029. There were no other significant effects of dexamphetamine 

on the remaining time-frequency components at electrode CPz (all remaining F < 3.03, 

p > 0.09, η2
G < 0.026).

The results of the mixed effects regressions for power and PLF are presented in 

Tables 1 and 2 respectively. P3 amplitude was predicted as a function of drug, frequency 

component (the power or PLF for the frequency of interest ± 24 ms of the peak P3) and 

the interaction between drug and frequency component. The t-statistics are given for the 

comparison versus 0 for the placebo condition and the coefficients and t-statistics for 

dexamphetamine are presented as a comparison with the placebo coefficients.

As can be seen from the tables (Table 3.1 and Table 3.2), there were a number of 

significant relationships between P3 amplitude and different frequency components. 

Figure 3.5 presents these significant findings from the mixed-effects regression analysis. 

There were drug by frequency interactions for theta power and PLF whereby 

dexamphetamine significantly reduced the slope coefficients compared to placebo. 

There were also significant effects of frequency under placebo. PLF at 3 Hz was a 

significant positive predictor of P3 amplitude and alpha and gamma power were 

significant negative predictors of P3 amplitude. While there was no significant 

relationship between gamma PLF and P3 amplitude using the more conservative two-
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tailed test, the direction of the relationship was in the same direction as Ford et al., 

(2008). Therefore, we analysed this relationship with a one-tailed test. The effect of 

gamma PLF under placebo was then found to be a significant predictor of P3 amplitude 

(p = 0.046).

Table 3.1: Linear mixed-effects regression on P3 amplitude vs power of the various 
P3 components. * p < 0.05, ** p < 0.01, *** p < 0.001. 

Table 3.2: Linear mixed-effects regression on P3 amplitude vs phase-locking factor 
of the various P3 components. * p < 0.05, ** p < 0.01, *** p < 0.001.
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Frequency F  p slope t p
drug by  3 Hz F(1, 41) = 3.75 0.06 placebo 1.14 0.90 0.37

-2.55 -1.94 0.059

drug by theta F(1, 41) = 6.46 0.015 * placebo 1.11 2.34 0.024 *
-1.51 -2.54 0.015 *

drug by alpha F(1, 41) = 0.25 0.62 placebo -0.99 -2.50 0.017 *
0.22 0.50 0.62

drug by beta F(1, 41) = 0.05 0.82 placebo -0.41 -0.64 0.53
0.19 0.23 0.82

drug by gamma F(1, 41) = 0.96 0.33 placebo -1.79 -2.17 0.036 *
1.14 0.98 0.33

sig sig

dexamp

dexamp

dexamp

dexamp

dexamp

Frequency F  p slope t p
drug by  3 Hz F(1, 41) = 1.93 0.17 placebo 17.80 4.79 <0.0001 ***

-6.06 -1.39 0.17

drug by theta F(1, 41) = 5.61 0.023 * placebo 23.15 4.06 0.0002 ***
-14.98 -2.37 0.023 *

drug by alpha F(1, 41) = 1.55 0.22 placebo 14.38 1.74 0.089
-12.96 -1.24 0.22

drug by beta F(1, 41) = 0.46 0.50 placebo -17.91 -0.99 0.33
15.46 0.68 0.50

drug by gamma F(1, 41) = 1.78 0.19 placebo 26.30 1.73 0.091
-31.32 -1.33 0.19

sig sig

dexamp

dexamp

dexamp

dexamp

dexamp



Figure 3.5: Mixed-effects regression analysis for placebo and dexamphetamine predicting P3 

amplitude. There were significant drug by frequency component interactions for theta power 

(top-left, p = 0.015) and theta PLF (top-right, p = 0.023). There were also significant effects of 

several frequency components during the placebo session on P3 amplitude: gamma power 

(middle-left, p = 0.036); 3 Hz PLF (middle-right, p < 0.0001); alpha power (bottom-left, p = 

0.017). Gamma PLF was a significant predictor of P3 amplitude during placebo with a one-

tailed test (p = 0.046). See Tables 1 and 2 for mixed-effects analysis and coefficients.

 3.5 Discussion 

There was a reduction in 3 Hz power after participants were given 

dexamphetamine and 3 Hz PLF was also reduced at electrode CPz, the site of the largest 

P3 signal but not when all midline electrodes were used and therefore the 3 Hz PLF 
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finding should be treated with more caution. Individuals with schizophrenia have shown 

similar, albeit larger, reductions in both P3 components (Ford et al., 2008; Doege et al., 

2009; Shin et al., 2010). Dexamphetamine also reduced the relationship between P3 

amplitude with both theta power and theta PLF, similar theta PLF effects have been 

found in people with schizophrenia (Ford et al., 2008). The intersection in findings 

suggest a possible role of dopamine hyperactivity in 3 Hz power and 3 Hz PLF 

reductions in schizophrenia, as well as in the altered relationship between the P3 

amplitude and P3 theta PLF found in schizophrenia.

Despite these similarities, the effect sizes for these individual components were 

smaller than that seen in schizophrenia and there were no overall reductions in theta or 

beta frequencies. This is surprising given the robust dexamphetamine-induced P3 

amplitude reductions and for the low frequency components in particular because they 

most closely match the averaged P3 (Basar-Eroglu et al., 1992; Demiralp et al., 2001). 

There are several reasons for these differences: Firstly, it may be that the smaller effects 

for each individual component interact with each other, either additively or 

synergistically, to make up the larger dexamphetamine-induced P3 reduction. Secondly, 

the dose of dexamphetamine used in this study may not have been sufficient to alter the 

components to the level seen in schizophrenia, particularly when our participants did 

not report or display any overt psychotic symptoms. Other endophenotypes, e.g., 

prepulse inhibition of the startle reflex (Swerdlow et al., 2003), often need much higher 

doses before psychosis like effects are observed. Thirdly, it is not just dopamine that is 

implicated in the pathophysiology of schizophrenia. There is much evidence linking 

glutamatergic and GABAergic alterations with psychosis and pharmacological 

interventions targeting these systems have been shown to induce psychotic symptoms 

(Alpert and Angrist, 2003; Krystal et al., 2005) and reduce P3 amplitudes (Oranje et al., 
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2009). Lastly, there are two salient chronic dopamine-related alterations associated with 

schizophrenia that may not be particularly well modelled by a single acute dose of 

dexamphetamine. The first is schizophrenia has been characterised by chronic and 

periodic dopamine hyperactivity. Repeated dopamine activations have been linked with 

the emergence of sensitisation processes that are hypothesised to be an important 

element in psychosis (Glenthøj and Hemmingsen, 1997; Ujike, 2002). The second is the 

chronic administration of antipsychotic medications in the patient samples. While this 

alteration may not be a cause of the P3 reduction in schizophrenia (Bramon et al., 

2004), the evidence indicating that individual time-frequency components are not due to 

antipsychotic effects is less well established. So far studies that have investigated these 

individual components have recruited medicated patients (Roth et al., 2007; Ford et al., 

2008; Doege et al., 2009; Shin et al., 2010).

Nevertheless, the effects of dexamphetamine on P3 amplitude were robust and 

there were significant 3 Hz reductions. This is in contrast to previous research that has 

manipulated dopamine in healthy participants and generally failed to find significant 

effects. Sulpiride (Takeshita and Ogura, 1994), bromocriptine (Nishimura et al., 1995; 

Oranje et al., 2006), L-DOPA (Oranje et al., 2006) and dexamphetamine (Halliday et al., 

1994) have not previously demonstrated notable effects on P3 amplitude. Some studies 

did find an effect where smaller amplitudes were increased and larger amplitudes were 

reduced after both dopamine agonism and antagonism (Takeshita and Ogura, 1994; 

Nishimura et al., 1995). Note, that this may be due to the dose of the agonist being 

presynaptic receptor selective, reducing dopamine transmission (Martin-Iverson, 1999). 

Furthermore, it has not been demonstrated that this effect differs from a “regression to 

the mean” fallacy because the appropriate statistical test was not conducted, i.e., a test 

for the reduction in variance after treatment (Friedman, 1992). We have previously 
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suggested that these studies failed to find a significant directional P3 effect because the 

doses used were too low. For example, a direct comparison with the previous 

dexamphetamine study used a dose of 10 mg (Halliday et al., 1994), which equates to a 

dose of 0.14 mg/kg (given a 70 Kg person) compared to a dose approximately three 

times larger in the present study (0.45 mg/kg). In addition, Halliday et al., (1994) may 

not have found an effect because they used visual P3 stimuli (Halliday et al., 1994), 

which we have shown is relatively insensitive to catecholamine manipulation at these 

doses in humans (Chapter 2).

In contrast to the above with dopaminergic drugs, the region of the 

noradrenergic cell bodies that projects to forebrain areas via the dorsal noradrenergic 

bundle, the locus coeruleus (LC), has been implicated as a generator of the P3 

(Nieuwenhuis et al., 2005). Pharmacological support comes from clonidine-induced P3 

reductions in humans (Halliday et al., 1994) and monkeys (Swick et al., 1994), but not 

always consistently (Shelley et al., 1997). The inconsistencies in Shelley et al., (1997) 

may be because they used a more complex selective attention task to elicit the P3 that 

may have affected P3 generation or the recorded potential on the scalp compared to 

more simple versions of the oddball task.  However, clonidine is an adrenergic alpha2 

auto-receptor agonist, and the action of clonidine is to inhibit both noradrenaline and 

dopamine release (Murai et al., 1998), yielding an action that is functionally opposite to 

the effect of dexamphetamine. Combined with the results in the current study, it appears 

as though both moderate increases and decreases of central catecholamine release 

results in P3 reductions. Furthermore, dopamine and noradrenaline display cross-

affinity at each other's receptors that is physiologically relevant (Newman-Tancredi et 

al., 1997; Cornil et al., 2002) further complicating any isolation of dopamine and 

noradrenaline's effects on the P3. Despite the overlap between dopamine and 
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noradrenaline neurophysiology, there has been little compelling evidence of 

noradrenaline in the pathophysiology of schizophrenia (but see Yamamoto and 

Hornykiewicz, 2004). Nevertheless, noradrenaline could make a contribution to the P3 

findings in this study, and may suggest a different mechanism of P3 reduction induced 

by dexamphetamine compared to reductions seen in schizophrenia.

 3.5.1 Potential target of P3 amplitude and 3 Hz power reductions by 

dexamphetamine

There were larger effect sizes for P3 reductions by dexamphetamine at more 

posterior sites compared to anterior sites. This effect size distribution reflects the 

midline topographical differences between people with schizophrenia and control 

subjects (Michie et al., 1990; Jeon and Polich, 2001). We have previously hypothesised 

(Chapter 2) that the selective reduction by dexamphetamine on the auditory, but not 

visual, P3 amplitude implicates an auditory specific P3 generator. One candidate 

generator is the superior temporal gyrus (STG) (Knight et al., 1989; Verleger et al., 

1994; Linden, 2005) which shares a border on the inferior aspect of the temporo-parietal 

junction (TPJ). The finding of more effective reductions by dexamphetamine on the P3 

at posterior electrodes would seem to support the impairment of a generator around the 

STG/TPJ. However, source localisation has not been investigated for the individual 

frequency components and therefore other sources may be important targets of 

dexamphetamine. 

Initially, we suggested that P3 amplitude reductions by dexamphetamine may be 

because of slightly larger densities of D2 receptors than usual in the area of the STG 

(Goldsmith and Joyce, 1996; Okubo et al., 1999), that may inhibit cortical potentials 

(Tseng and O’Donnell, 2007). However, this does not appear to reconcile well with the 

lack of effect of bromocriptine on the P3 (Nishimura et al., 1995; Oranje et al., 2006); 
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although this may be a dosing issue as mentioned above and so may still be relevant. 

Another possible mechanism comes from an fMRI experiment by O'Daly et al., (2011) 

who demonstrated inappropriate recruitment of the STG during cognitive tasks in an 

amphetamine sensitisation model. The effect of sensitisation is to make the same dose 

more potent when repeated, i.e., a 20 mg dose (as used by O'Daly et al., 2011) after 

repeated administration could have the potency of a 30 mg dose, like the dose used in 

the current experiment (average dose = 32.7 mg). This more recent evidence suggests 

that the effects of dexamphetamine on the P3 are via an inability to synchronously 

recruit neurons for low frequency oscillations due to inappropriate recruitment of the 

TPJ. However, this link between dexamphetamine, the P3 and the TPJ has been inferred 

via indirect evidence, and in the absence of more definitive intra-cortical or 

simultaneous fMRI EEG recordings, we cannot exclude other targets of 

dexamphetamine on the P3.

A relationship between the P3 and the TPJ has also been noted in patients with 

schizophrenia. Significant positive correlations have been found between superior 

posterior temporal gyrus grey matter volumes and P3 amplitudes in schizophrenia 

(McCarley et al., 1993, 2002), and a significant source of the P3 deficit has been 

localised to the left TPJ (Potts et al., 1998; O’Donnell et al., 1999; Jeon and Polich, 

2001). Furthermore, negative correlations have been found between positive symptoms 

and mean current density sourced within the STG (Egan et al., 1994; Kawasaki et al., 

2007). These findings are consistent with a role of increased catecholamine transmission 

exerting its effects via the TPJ and with a link between dopamine hyperactivity and 

positive symptoms of psychosis. However, these apparent links come with a number of 

cautions. Firstly, there is still no definitive relationship between the P3 and an individual 

psychotic symptom or a subset of symptoms. Positive, negative and cognitive symptoms 
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have all been linked with the P3 (for examples of each see references cited in Jeon and 

Polich, 2003). Perhaps the closest link so far appears to be a relationship between the 

paranoid subtype of schizophrenia and the P3 (Jeon and Polich, 2003). Interestingly, 

paranoid delusions are one of the most common delusions that occur during stimulant 

psychosis (Srisurapanont et al., 2003). Secondly, the finding of reduced P3 amplitude is 

not unique to schizophrenia; patients with Alzheimer's disease, bipolar disorder and 

alcoholism also demonstrate reduced P3 amplitude (Polich et al., 1990; Pfefferbaum et 

al., 1991; O’Donnell et al., 2004). Thirdly, there does not appear to be any indication of 

a left lateralised deficit after dexamphetamine (Figure 3.1). This may be for reasons 

outlined above in relation to P3 differences between schizophrenia and the 

amphetamine model, e.g., insufficient dose, chronic dopamine hyperactivity, and other 

neurophysiological alterations (GABA/glutamate) could be responsible for the 

lateralised reduction in schizophrenia.

 3.5.2 3 Hz PLF reductions by dexamphetamine

While not as consistent spatially as the P3 amplitude and 3 Hz power effects, 3 

Hz PLF was reduced at the site of the largest P3 signal. 3 Hz PLF indexes variability in 

the peak latency of the P3 and is suggestive of shifting attentional and performance 

strategies (Pfefferbaum et al., 1983; Ford, 1999). Interestingly, despite the reduction in 

PLF under dexamphetamine, the same dose in healthy participants has not been shown 

to affect P3 latency (Chapter 2). This implies an attentional strategy which is at times 

more effective under placebo and at other times, less effective. One of the major 

hypothesised roles of increased dopamine activity is to label stimuli as important to 

direct attentional resources towards them (Robinson and Berridge, 2000; Howes and 

Kapur, 2009). Participants under dexamphetamine may have fluctuated between 

enhanced attention towards the task and at other times directed intently away from the 
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task, resulting in earlier and later 3 Hz components respectively. When participants were 

on placebo, attentional strategies may have been more consistent across trials.

A different interpretation of the reduction in PLF suggests that reductions in the 

timing of neural events is a function of the signal-to-noise ratio. Ongoing EEG activity, 

classified as noise, may impair the phase resetting properties that occur in response to 

stimulus events in schizophrenia (Winterer et al., 2004; Rolls et al., 2008). In this 

context, it has been suggested that dopamine hypofunction in the prefrontal cortex in 

patients with schizophrenia reduces GABAergic and glutamatergic currents, impairing 

signal-to-noise ratios, thereby increasing trial-to-trial variability (Rolls et al., 2008). 

This model links with Durstwitz and Seamans' (2008) dopamine D1 vs D2 receptor states 

(Rolls et al., 2008). A D2 receptor state, lowers the “energy barrier” to move from one 

state to another, reducing stability of the representations, while a D1 receptor state 

increases the “energy barrier” to effectively stabilise the network and increase its 

resilience to distractors. That there was increased 40 Hz power in our participants after 

dexamphetamine and a reduction in the 3 Hz signal would seem to support this 

interpretation, i.e., 40 Hz power could be thought of as “noise” with concomitant 

reductions in the lower frequency “signal” resetting properties.

 3.5.3 Dexamphetamine and gamma power

We found an increase in gamma power by dexamphetamine around the peak of 

the P3 but no effect on gamma PLF. This is consistent with our report of increased 

gamma power, but not PLF, after dexamphetamine administration on the 40 Hz auditory 

steady state response ERP (Chapter 4). The increase in gamma power after 

dexamphetamine was largest around electrode CPz, the same location where the P3 

amplitude was most effectively reduced. This may also be related to the fMRI findings 

by O'Daly et al., (2011); if there is inappropriate recruitment of the TPJ area during 
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cognitive tasks, it may be reflected by excess high frequency activity in ERP recordings. 

However, the origin of this particular source of gamma is not so well defined compared 

to, for example, the origin of gamma activity that arises during the auditory steady state 

response task (Mäkelä and Hari, 1987).

In contrast to the finding of increased gamma after dexamphetamine, Ford et al., 

(2008) found no difference between patients and controls on gamma power and Gallinat 

et al., (2004) found reduced gamma around the P3 in unmedicated patients. Gamma 

findings in patients with schizophrenia have been generally inconsistent across studies 

(Kwon et al., 1999; Uhlhaas et al., 2006; Basar-Eroglu et al., 2007; Bucci et al., 2007; 

Flynn et al., 2008; Johannesen et al., 2008). There is evidence to suggest that gamma 

activity may be positively correlated with positive symptoms such as reality distortion, 

thought withdrawal, auditory hallucinations, visual hallucinations, somatic 

hallucinations (Baldeweg et al., 1998; Lee et al., 2003, 2006; Spencer et al., 2004, 2008, 

2009). Perhaps the most consistent relationship found so far between positive psychotic 

symptoms and gamma activity has been a positive correlation between gamma PLF 

during the auditory steady state response and positive symptoms (Spencer et al., 2008, 

2009; Mulert et al., 2011). While these findings relate to the gamma PLF and not 

gamma power, this may be because patients were not hallucinating at the time of testing 

and the measures were reflective of the lifetime history of hallucinations. This led 

Spencer et al., (2009) to suggest that their findings may reflect a subthreshold level of 

dysfunction, that when free of effective dopamine antagonism by antipsychotic 

medications, could lead to the emergence of positive symptoms. In other words, neural 

timing alterations may not be sufficient to initiate hallucinatory symptoms, but by 

implication (lack of dopamine receptor antagonism), positive symptoms may come 

about during periods of excess dopamine activity (Laruelle and Abi-Dargham, 1999) by 
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driving an occurring representation into prominence via increasing its cortical trace 

(Wickens et al., 1996; Arbuthnott and Wickens, 2007). Interestingly, ketamine 

administration increases gamma power in animals and humans (Plourde et al., 1997; 

Hong et al., 2009; Páleníček et al., 2011). The findings that gamma activity is correlated 

with positive symptoms, and that two separate pharmacological models of psychosis 

increase gamma activity is suggestive of a role of gamma in psychotic symptoms.

The increase in gamma after dexamphetamine may also provide a possible 

explanation for some of the general reductions in gamma that have been found in 

patients with schizophrenia. For example, gamma reductions may be related to a 

neurophysiological homeostatic adaptation to chronic dopamine hyperactivity, that 

subsequently lead to reductions in the brain's ability to generate gamma. A similar 

notion was presented in (Spencer et al., 2009) with respect to NMDA receptors, also see 

(Lisman et al., 2008). Indeed, the primary action of dopamine in both the 

mesocorticolimbic and nigrostriatal pathways is as a modulator of GABAergic medium 

spiny efferent neurons that are primarily driven by glutamate afferents (Swerdlow et al., 

1987; Mallet et al., 2006) as well as modulating glutamate release in synapses with the 

same GABAergic neurons (Kiyatkin, 2002). This provides a plausible target for 

adaptive mechanisms induced by dopamine hyperactivity. Another possible explanation 

may be that gamma reductions are an effect of antipsychotic medications; few gamma 

studies have been conducted with antipsychotic naïve patients and where they have been 

done, the Ns have generally been small. In support of an effect of dopamine antagonism 

on gamma, acute administration of haloperidol to healthy participants reduces gamma 

activity to attended stimuli (Ahveninen et al., 2000). While the focus of gamma 

alterations in schizophrenia has almost exclusively focussed on glutamatergic and 

GABAergic processes, the findings of increased gamma power from the current results 
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suggests that dopaminergic processes are significant modulators of high frequency 

cortical activity.

 3.5.4 Conclusion

The administration of 0.45 mg/kg dexamphetamine to healthy participants 

reduced 3 Hz power and 3 Hz PLF and disrupted the usual relationship between theta 

PLF and P3 amplitude. These effects are similar to those seen in patients with 

schizophrenia, suggesting dopamine involvement. However, there were also several 

differences, including smaller effects induced by dexamphetamine on the 3 Hz measures 

compared to schizophrenia and no effects on theta PLF or power. Differences may be 

related to insufficient dose to affect the measures to the same extent as in schizophrenia, 

the alerations in schizophrenia may be via non-catecholaminergic mechansims, or the 

effects seen in schizophrenia may be related to more adaptive changes over the course 

of the disease. Dexamphetamine also significantly increased gamma power. This 

suggests an amplification by increased catecholamine transmission of processes that 

generate gamma frequencies and may lead to an increased susceptibility to positive 

psychotic symptoms. However, this effect may also indicate that gamma alterations in 

people with schizophrenia are related to antipsychotic medication effects.
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Chapter 4 - Dexamphetamine selectively increases 40 Hz 

ASSR power to target and non-target stimuli

 4 Preface

The previous 2 chapters demonstrated some similarities between people with 

schizophrenia and the effects of dexamphetamine in healthy participants on the P3. One 

of the findings in the previous chapter was an increase in gamma power at the peak of 

the P3. In this chapter, we evoke gamma and beta frequencies in our participants in an 

auditory steady state response task. People with schizophrenia have shown robust 

reductions in the 40 Hz response. Our aim in this chapter was to determine whether 

similar reductions would occur with dexamphetamine.

Publication: Albrecht, MA, Price, G, Lee, J, Iyyalol, R, Martin-Iverson, MT (In Press). 
Dexamphetamine selectively increases 40 Hz ASSR power to target and non-target 
stimuli. Journal of Psychiatry and Neuroscience

 4.1 Abstract

Background: An emerging endophenotype of schizophrenia is the reduction of both 

power and phase-locking of the 40 Hz acoustic steady state response (ASSR) and there 

have been a number of reports linking increased gamma activity with positive psychotic 

symptoms. Schizophrenia, and positive psychotic symptoms more specifically, have 

been closely linked to increased dopamine neurophysiology. Therefore we gave 

dexamphetamine to healthy participants to determine the effect that increased dopamine 

transmission would have on the ASSR.

Methods: We gave 44 healthy volunteers 0.45 mg/kg dexamphetamine in a double-blind 

placebo-controlled cross-over design. Stimuli were 20 and 40 Hz click trains presented 
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in an auditory odd-ball type stimulus format (probability of stimulus presentation: 0.2 

for targets, 0.8 for non-targets). 

Results: Dexamphetamine significantly increased the 40 Hz power for both target and 

non-target ASSR stimuli. Dexamphetamine did not significantly affect 40 Hz phase 

locking factor (PLF) nor did it significantly affect 20 Hz power and PLF. While there 

were significant effects of attention on power and PLF for 20 and 40 Hz ASSR, there 

were no significant interactions between dexamphetamine and attention.

Limitations: Dexamphetamine releases both noradrenaline and dopamine with equal 

potency. Further research with selective dopaminergic and noradrenergic agents will 

better characterise the effects of monoamines on gamma activity.

Conclusion: The results demonstrate a frequency-specific effect of dexamphetamine on 

the ASSR. This finding is consistent with previous research that has found an 

association between increased gamma and positive symptoms of psychosis. However, 

this result also raises the possibility that previous 40 Hz ASSR findings in people with 

schizophrenia may be confounded by effects of antipsychotic medication. Possible 

neural mechanisms by which dexamphetamine specifically increases 40 Hz power are 

also discussed.

 4.2 Introduction

An emerging endophenotype of schizophrenia is the reduction of both power and 

phase-locking of the 40 Hz acoustic steady state response (ASSR) (Kwon et al., 1999; 

Brenner et al., 2003; Light et al., 2006; Spencer et al., 2008, 2009; Teale et al., 2008; 

Vierling-Claassen et al., 2008; Krishnan et al., 2009; Maharajh et al., 2010). It is not just 

people with schizophrenia that display 40 Hz ASSR reductions. First-degree relatives 

(Hong et al., 2004), and people with schizoaffective disorder (Brenner et al., 2003), 

118



bipolar disorder (O’Donnell et al., 2004a), early onset psychosis (Wilson et al., 2007), 

or people presenting at first hospitalisation for affective disorders and schizophrenia 

(Spencer et al., 2008) also demonstrate similar deficits. These event-related potentials 

(ERPs) are generated by the entrainment of neural activity to the frequency of the 

driving stimulus. In humans, this response has a maximum in the gamma frequency 

range at approximately 40 Hz (Galambos et al., 1981; Pastor et al., 2002) indicating an 

optimal resonance frequency for neurophysiological processes.

 4.2.1 ASSR mechanisms, dopamine and schizophrenia

The ASSR has been sourced primarily in the primary auditory cortex and 40 Hz 

frequencies  also activate cerebellar structures that are not activated during other 

stimulation frequencies (Mäkelä and Hari, 1987; Herdman et al., 2002; Pastor et al., 

2002, 2006, 2008; Schoonhoven, 2003; Teale et al., 2003; Reyes et al., 2004; Simpson 

et al., 2005). The generation of gamma oscillations has been modelled in vitro to be the 

result of a network of GABAergic interneurons interacting with glutamatergic 

pyramidal neurons (Whittington et al., 1995; Traub et al., 1996; Bartos et al., 2007). 

Glutamatergic and GABAergic systems have both been implicated in the 

pathophysiology of schizophrenia (Javitt and Zukin, 1991; Tsai et al., 1995; McCarley 

et al., 1999; Benes and Berretta, 2001; Phillips and Silverstein, 2003; Coyle, 2004; 

Lewis et al., 2005), therefore it seems logical that researchers would posit links between 

gamma deficits in schizophrenia with both glutamatergic and GABAergic 

neurophysiology (Kwon et al., 1999; Light et al., 2006; Gonzalez-Burgos et al., 2010; 

Uhlhaas and Singer, 2010; Woo et al., 2010).

While many studies have focussed their reasoning of 40 Hz ASSR deficits in 

schizophrenia as deficits in GABAergic and/or glutamatergic neurons, the current 

prevailing model for the positive symptoms of psychosis is the dopamine hyperactivity 
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model. This is largely for four reasons. Firstly, current therapeutic agents for treating 

schizophrenia and other psychoses are all without exception dopamine D2 receptor 

antagonists or dopamine D2 receptor partial agonists. Dopamine D2-like receptor 

binding potencies of antipsychotics are highly correlated with average clinical doses 

(Seeman and Lee, 1975; Creese et al., 1976; Seeman et al., 1976), although whether this 

relationship is due to antipsychotic or adverse effects (e.g., extrapyramidal effects) 

remains unclear. Secondly, drugs that either increase dopamine transmission, delay 

clearance of dopamine from the synapse or act directly on dopamine receptors (e.g., 

amphetamine, cocaine and apomorphine respectively) all induce psychosis with 

paranoid features in healthy volunteers or in Parkinson’s patients with no history of 

schizophrenia (Angrist and Gershon, 1970; Ruggieri et al., 1989; Steiger et al., 1992). 

Thirdly, psychosis is precipitated by lower doses of stimulants in patients with 

schizophrenia than those required for otherwise healthy people (Lieberman et al., 1987). 

Fourthly, patients with schizophrenia have higher basal levels of dopamine (Abi-

Dargham et al., 2009) and greater amphetamine induced dopamine release than controls 

(Breier et al., 1997; Abi-Dargham et al., 1998, 2009).

Dopamine, glutamate and GABA hypotheses are not mutually exclusive. Indeed, 

the primary action of dopamine in both the mesocorticolimbic and nigrostriatal 

pathways is a modulator of GABA efferent neurons that are primarily driven by 

glutamate afferents. Dopamine also appears to play a role in modulating the glutamate 

release at those GABAergic neurons. Dopamine and glutamate are co-released from 

some neurons (Trudeau, 2004), dopamine receptors are found on glutamate and GABA 

neurons (Muly et al., 1998) and glutamate neurons innervate dopamine cells (Sesack et 

al., 2003). As such it is likely that all three systems play a role in schizophrenia and 

psychosis, but dopaminergic systems are far more localised compared to the ubiquity of 
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glutamatergic of glutamatergic and GABAergic neurons. This makes targeting the 

dopamine system for therapeutics a useful approach not just for the treatment of 

schizophrenia (Sesack et al., 2003) but also for studying mechanisms underlying 

psychosis.

Dopamine manipulation has also been found to affect gamma activity. 

Preclinical studies have generally found that increased dopamine activity increased 

gamma power (Schütt and Ba§ar, 1992; Brown et al., 2002b) and reduced dopamine 

activity decreased power (Weiss et al., 2003; Lee et al., 2004). This generality has also 

been found in human participants. Indirect increases in extracellular dopamine 

concentrations from genetic variability in dopamine transporter genes is associated with 

an increase in gamma activity to target/attended stimuli (Demiralp et al., 2007).

 4.2.2 ASSR and attentional manipulations

It appears that dopamine modulation of gamma activity in humans may be 

dependent on attention. Haloperidol administration in human subjects significantly 

reduced gamma amplitude to attended stimuli but not unattended stimuli (Ahveninen et 

al., 2000). Initial attempts at modulating the ASSR with attention were unsuccessful, 

and concluding comments by Linden et al., (1987) remark that there is no evidence that 

the ASSR is affected by attention. It is not completely clear why this series of 

experiments failed to find an effect, but it may be due to having a small sample size and 

using a more stringent level of alpha than 0.05. More recently, several experiments have 

found attention manipulations to be successful in modulating the ASSR (Rockstroh et 

al., 1996; Ross et al., 2004; Skosnik et al., 2006). In an auditory odd-ball type paradigm, 

power and phase-locking factor (PLF) were larger to 40 Hz targets compared to 40 Hz 

frequent stimuli but no differences in signal power or PLF were observed during 20 Hz 

stimulation (Skosnik et al., 2007). Interestingly, the P3 wave elicited from auditory odd-
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ball experiments, an indicator of attention and working-memory (Kok, 2001), has been 

one of the most robust deficits found in patients with schizophrenia and psychosis more 

generally (Ford et al., 1992; Bramon et al., 2005) We have recently shown that 

dexamphetamine, a dopamine, noradrenaline and, to a much lesser extent, serotonin 

releaser (Philips et al., 1982; Hegadoren et al., 1994), can similarly reduce the auditory 

P3 in healthy participants (Chapter 2). 

As amphetamine administration can induce both the symptoms of psychosis and 

auditory ERP deficits, we investigated whether an increase in monoaminergic 

transmission would induce an ASSR deficit like that seen in schizophrenia, or, would 

result in an attention-dependent increase of 40 Hz activity, like the 40 Hz findings by 

Demiralp et al., (2007) and Ahveninen et al., (2000). Therefore, we gave 0.45 mg/kg of 

the monoamine releasing agent dexamphetamine (0.45 mg/kg) to healthy participants in 

order to determine the effect that increased monoamines will have on the 20 and 40 Hz 

ASSR and whether these effects are modulated by attention.

 4.3 Methods

 4.3.1 Participants

Forty-four healthy participants between the ages of 19 and 48 (mean age 23.8 

years) were recruited (Demographics in Table 1). Most participants were university 

students recruited from within the School of Medicine and Pharmacology at the 

University of Western Australia. Participants reported abstinence from alcohol for 24 

hours before testing and abstinence from other recreational drugs for 7 days, except for 

nicotine, which was permitted ad libitum to prevent withdrawal effects (Tait et al., 

2000). Exclusionary criteria were any self-reported psychiatric diagnosis, any 

cardiovascular disorder, epilepsy, a first-degree family member with schizophrenia or 
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known hypersensitivity to amphetamines.  Participants were also excluded if they were 

on any medication except for the contraceptive pill. All participants underwent a 

medical examination and were screened by the study psychiatrists (JL & RI) before 

taking part in the study using an informal mental state exam covering appearance, 

speech, thought content, cognition and risk. Participants were asked to eat a light 

breakfast (not standardised) before coming in for testing. Reimbursement for time was 

$50 for completing each day of the study.

Table 4.1 Participant demographic data

 4.3.2 Procedure

The experiment was a double-blind, placebo-controlled, cross-over trial of 

dexamphetamine sulphate administered orally (0.45 mg/kg). This dose was selected 

because it is at the upper end of amphetamine dosages used in human experiments while 

still being safe and ethical to use. The mean participant weight was 75 kg, which gave 

an average dose of dexamphetamine sulphate of 33.7 mg. Participants came into the 

centre for two testing sessions, one week apart. Twenty-three participants received 

placebo on the first session and 21 participants received dexamphetamine on the first 

session. Blood pressure and heart rate were recorded with an Omron automatic 

sphygmomanometer at 0, 75, 130, 180 and 270 minutes post dose. ASSR testing began 

at 240 minutes post-dose; the autonomic effects of dexamphetamine effects were 

evident at this time (see results). Ethical approval was obtained from the University of 
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N (%) Mean (Range)
Sex (F/M) 18/26 (41/59%)

23/21 (52/48%)
Smoke Tobacco (Yes/No) 7/37 (16/84%)
Ever Used Amphetamines (Yes/No) 23/21 (52/48%)

23.8 (19 – 48)
14.4 (12 – 20)

Weight (Kg) 75.1 (50 – 107)

Drug Order (Pla-Dex/Dex-Pla)

Age (yrs)
Education (yrs)



Western Australia Human Ethics Committee and the North Metropolitan Area Mental 

Health Services Human Research Ethics Committee. The Australian and New Zealand 

Clinical Trials Registry number is ACTRN12608000610336.

 4.3.3 Task

Participants sat upright approximately 60 cm from a computer monitor and were 

asked to focus on a cross-hair on the monitor to minimise eye movements. Stimuli were 

20 and 40 Hz click trains of 500 ms duration with an inter-stimulus interval of 500 ms. 

Trains were presented at 80 dB and each individual click consisted of 1 ms of white 

noise with instantaneous rise-fall time. Stimuli were presented in an auditory odd-ball 

type stimulus format (similar to Skosnik et al., 2007) and the probability of stimulus 

presentation was 0.2 for targets and 0.8 for non-targets, i.e., within each set of 10 

stimulus presentations, 2 target stimuli would be presented randomly amongst 8 

standard stimuli. There were two blocks of 200 click trains, i.e., 40 target stimuli and 

160 non-target stimuli. Blocks were counterbalanced such that 22 participants received 

20 Hz trains as target stimuli first with 40 Hz stimuli as standards and 22 participants 

received 40 Hz trains as target stimuli first with 20 Hz stimuli as standards. Participants 

were asked to count in their head the number of target click trains that occurred to make 

sure participants were attending to the sounds and counting the correct stimuli.

 4.3.4 Recording and processing

The EEG was recorded with a Neuroscan 32 channel system according to the 

extended 10-20 system using a Ag/AgCl electrode cap that included vertical and 

horizontal electro-oculograms for artefact rejection. The reference was linked earlobes 

and ground was at AFz. Impedance for all channels was kept below 6 kΩ. The hardware 

bandpass filter was set between 0.05 and 200 Hz, and the sampling rate was 1000 Hz. 
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EEG data were treated for artefacts in Neuroscan 4.3. This included automatic EOG 

artefact correction (Semlitsch et al., 1986), artefact rejection (individual epochs that 

exceeded ± 90 μV) and further filtering (bandpass filtered between 14 and 60 Hz to 

encompass the main frequencies of interest 20 Hz and 40 Hz). The mean number of 

epochs was similar across drug conditions. For rare stimuli under placebo the mean 

number of epochs included was 39.4 and for dexamphetamine was 39.3; for standard 

stimuli the mean number of epochs included was 157.2 for placebo and 157.8 for 

dexamphetamine. 40 Hz ASSR amplitude was largest at the mid-line electrode FCz (see 

Figure 4.1). Therefore this electrode was used for all analysis and figures.

The 40 Hz ASSR was analysed by convolution with complex Morlet wavelets 

(see Tallon-Baudry et al., 1996). The wavelet family ratio f/σf was equal to 7. The 

energy normalisation factor A was equal to σt
-1

 * (2/π)1/2 to correspond with the 

amplitude of the ERP. For evoked power analysis, epochs were averaged from 300 ms 

pre-stimulus onset to 800 ms post-stimulus onset and baseline corrected over the whole 

epoch. The averaged ERP then underwent wavelet transformation and power was 

calculated by squaring the absolute value of the convolution to give a time-frequency 

power map. For the phase-locking analysis, each individual epoch underwent Morlet 

wavelet convolution. This was then unit normalised and averaged to indicate phase 

stability (range from 0, non phase-locked, to 1, completely phase-locked) over time and 

frequency. PLF and power values were averaged over 100 ms bins between 0 and 600 

ms. Further baseline correction was not conducted as both power and PLF at FCz were 

both close to zero during the pre-stimulus period.
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Figure 4.1: Topographic maps of power (top) and PLF (bottom) during the 40 Hz target stimuli  

when participants were under placebo (left) and dexamphetamine (right). Both power and PLF 

values were averaged over the period between 100 and 500 ms post-stimulus onset.
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To determine whether unequal trial numbers for target versus standard stimuli 

would lead to differences in the signal-to-noise ratio between stimulus types, and 

therefore possibly confound interpretations drawn from the analysis of stimulus type, 

we randomly re-sampled 40 standard trials 5000 times to give a normal distribution of 

power and PLF values (see Skosnik et al., 2007). The average value of this distribution 

for each person was then compared to that participant's fully sampled average. Just as in 

Skosnik et al., (2007), we found a high correlation between re-sampled and fully 

sampled values for both power and PLF (r > 0.999, p < 0.0001). Further, when the re-

sampled values were entered into the repeated measures ANOVA, there were no 

appreciable differences in the results (e.g., the F-values for the main effect of drug for 

40 Hz power at 40 Hz stimulation for fully sampled epochs was 11.46 and for the re-

sampled epochs was 11.41). Therefore, the fully sampled results are reported below.

 4.3.5 Analysis

For power and PLF analysis, a separate ANOVA was conducted for the 20 and 

40 Hz response to 20 and 40 Hz stimulating frequencies as well as the 40 Hz harmonic 

to the 20 Hz stimulating frequency. The 40 Hz harmonic to 20 Hz stimuli has been 

shown to be a relatively robust response to 20 Hz stimulation frequencies and correlates 

with hallucination history (Spencer et al., 2008). Factor groupings for the ANOVA were 

drug order (placebo first & dexamphetamine first) * drug (dexamphetamine & placebo) 

* stimulus type (standard & target) * time (100 ms bins; 1-100, 101-200, 201-300, 301-

400, 401-500 & 501-600 ms). Drug order was treated as a between-subjects factor, all 

others were treated as within-subject factors.

All statistical analyses, figures and wavelet processing were done using R 

version 2.13.1 (R Development Core Team, 2011) with the aid of the “ez” and “car” 

packages for repeated measures ANOVAs (Fox and Weisberg, 2011; Lawrence, 2011), 
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and the “akima”, “plotrix” and “fields” libraries for figures (Lemon, 2006; Akima et al., 

2009; Furrer et al., 2011). Repeated measures ANOVAs were checked for violations of 

sphericity using Mauchly's test. Where significant departures occurred, tests were 

corrected using Greenhouse-Geisser corrections. Corrections for multiple comparisons 

were done using the Holm-Bonferroni method (Holm, 1979). The effect size reported in 

this paper is generalised eta squared, η2
G. The effects of sex, smoking status and 

previous amphetamine use on the ASSR were analysed as possible confounding 

variables. These analyses yielded no significant results and are not presented. 

 4.4 Results

 4.4.1 Autonomic measures

Systolic blood pressure, diastolic blood pressure and heart rate were analysed 

using paired t-tests at the times before and after ASSR testing (180 and 270 min post 

dose) to show that dexamphetamine was still active at these times. Dexamphetamine 

significantly increased all three responses at both the 180 and 270 min time points (all p 

< 0.0001).

 4.4.2 Effects of dexamphetamine on the ASSR

Illustrated in Figures 2 and 3 are the time-frequency plots of ASSR power and 

PLF for each drug by stimulus type by stimulation frequency condition. The Figure 

shows robust entrainment effects during stimulation periods and a predominant 40 Hz 

component for all conditions. Table 4.2 presents the ANOVA results for 40 Hz power 

and PLF for the main effect of drug, the interactions between drug and stimulus type, 

drug and time, and the three way interaction between drug, stimulus type and time for 
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20 Hz and 40 Hz stimuli. As can be seen from Table 4.2, for both 20 Hz and 40 Hz 

stimuli there were significant main effects of drug and significant drug by time 

interactions for 40 Hz power. The main effects indicated a general increase in 40 Hz 

power by dexamphetamine while the interactions indicate that this effect varies over 

time. Figure 4.4 illustrates the drug by time interactions for 40 Hz power. 

Dexamphetamine increased 40 Hz power at all time bins for the 40 Hz stimuli except 

for the 201-300 and the 501-600 ms time bins. A similar effect was shown for the 20 Hz 

stimuli, where 40 Hz power for all except for the last time bin (501-600 ms) were 

significantly increased by dexamphetamine. There were no effects of dexamphetamine 

on 40 Hz PLF (see Table 4.2).

There was no effect of dexamphetamine on 20 Hz power or PLF for 20 Hz 

stimuli. There were also no interactions between drug and stimulus type, drug and time, 

or the three way interaction between drug, stimulus type and time (see Table 4.2). To 

determine whether there was a differential effect of dexamphetamine on 20 Hz vs 40 Hz 

power, and to provide a more direct comparison of this effect, we conducted a drug 

(placebo, dexamphetamine) by frequency response (20 Hz response to 20 Hz stimuli, 40 

Hz response to 40 Hz stimuli) repeated measures ANOVA on the power measures for 

these frequencies. There was a significant drug by frequency response interaction, F(1, 

42) = 8.23, p = 0.006, η2
G = 0.009, indicating that dexamphetamine significantly 

increased 40 Hz power but not 20 Hz power.
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Figure 4.2: Grand average time by frequency power plots of each stimulus type by stimulus 

frequency by drug administration condition at electrode FCz. The top row displays power under  

placebo, the middle row displays power under dexamphetamine and the bottom row displays the  

placebo – dexamphetamine power difference values. Dexamphetamine significantly increased 

40 Hz power for both 40 Hz and 20 Hz stimuli but there were no drug effects on 20 Hz power. 

There were also significant main effects of stimulus type on 20 Hz and 40 Hz power for both 

stimulating frequencies.
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Figure 4.3: Grand average time by frequency PLF plots of each stimulus type by stimulus 

frequency by drug administration condition at electrode FCz. The top row presents PLF under 

placebo, the middle row displays PLF under dexamphetamine and the bottom row displays the 

placebo – dexamphetamine PLF difference values. There were no effects of dexamphetamine on 

either the 20 Hz or 40 Hz PLF. There were significant main effects of stimulus type on 20 Hz 

and 40 Hz PLF for both stimulating frequencies.
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Table 4.2: Dexamphetamine effects on 20 Hz and 40 Hz power and PLF to 20 Hz 
and 40 Hz stimuli and the 40 Hz harmonic to 20 Hz stimuli. η2

G = generalised eta2, 
* p<0.05, ** p<0.01, *** p<0.001

Table 4.3: The effects of stimulus type on the 20 Hz and 40 Hz ASSR. η2
G = 

generalised eta2, * p<0.05, ** p<0.01, *** p<0.001

132

20 Hz stimuli 40 Hz stimuli

F p F p
20 Hz Power

drug F(1,42) 0.87 0.36 0.002
drug:type F(1,42) 0.13 0.72 0.001
drug:time F(5,210) 0.52 0.76 0.001
drug:type:time F(5,210) 0.89 0.49 0.002

20 Hz PLF
drug F(1,42) 0.00 0.96 0.000
drug:type F(1,42) 0.18 0.68 0.000
drug:time F(5,210) 1.79 0.14 0.004
drug:type:time F(5,210) 0.88 0.47 0.002

40 Hz Power
drug F(1,42) 11.97 0.001 0.039 ** 11.43 0.002 0.037 **
drug:type F(1,42) 1.32 0.26 0.002 2.77 0.10 0.002
drug:time F(5,210) 6.06 0.0007 0.008 *** 4.14 0.006 0.006 **
drug:type:time F(5,210) 0.56 0.66 0.001 1.08 0.36 0.001

40 Hz PLF
drug F(1,42) 1.44 0.24 0.004 0.97 0.33 0.003
drug:type F(1,42) 1.91 0.17 0.002 3.34 0.07 0.001
drug:time F(5,210) 1.84 0.11 0.003 1.98 0.11 0.003
drug:type:time F(5,210) 0.38 0.86 0.000 0.55 0.69 0.001

η2
G

η2
G

20 Hz stimuli 40 Hz stimuli

F p F p
20 Hz Power

type F(1,42) 21.87 <0.0001 0.042 ***
type:time F(5,210) 0.52 0.63 0.001

20 Hz PLF
type F(1,42) 42.14 <0.0001 0.101 ***
type:time F(5,210) 0.23 0.91 0.001

40 Hz Power
type F(1,42) 9.42 0.004 0.005 ** 28.83 <0.0001 0.025 ***
type:time F(5,210) 0.31 0.87 0.000 11.54 <0.0001 0.010 ***

40 Hz PLF
type F(1,42) 28.66 <0.0001 0.030 *** 32.01 <0.0001 0.027 ***
type:time F(5,210) 1.86 0.12 0.003 8.09 <0.0001 0.009 ***

η2
G

η2
G



Figure 4.4: The effects of dexamphetamine on 40 Hz power over time at electrode FCz. Both 

standard and rare stimuli are pooled in the analysis as there was no drug by stimulus type 

interaction. Displayed are the means, ± standard error of the mean. Dexamphetamine 

significantly increased 40 Hz power for both stimulation frequencies for all time bins except for 

the last 501 – 600 ms time bin. Holm corrected p-values: * p<0.05, ** p<0.01, *** p<0.001. N 

= 44.

 4.4.3 Effects of stimulus type on the ASSR

Table 4.3, presents the ANOVA results for the main effect of stimulus type, and 

the interaction between stimulus type and time for 20 and 40 Hz power and PLF for 

both stimulation frequencies. As can be seen from Table 4.3, there was a significant 

interaction between stimulus type and time for 40 Hz power and PLF to 40 Hz stimuli. 

This interaction is illustrated in Figure 4.5, where the largest increases in PLF and 
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power by target stimuli were during the 301–400 and 401–500 ms range, with lesser 

effects surrounding these times. Also from Table 4.3 and Figures 4.2 & 4.3, target 

stimuli increased 20 Hz and 40 Hz PLF and power for both the 20 and 40 Hz 

stimulation frequencies.

Figure 4.5: The effects of stimulus type on 40 Hz PLF and 40 Hz power over time at electrode 

FCz. Both placebo and dexamphetamine are pooled in the analysis as there was no drug by 

stimulus type interaction. Displayed are the means, ± standard error of the mean for the 40 Hz 

responses averaged over the 20 Hz and 40 Hz stimuli. Target stimuli significantly increased 40 

Hz PLF and power for most time bins. Holm corrected p-values: * p<0.05, ** p<0.01, *** 

p<0.001. N = 44.
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 4.4.4 Relationship between Power and PLF

The relationship between power and PLF was examined by averaging across 

stimulus types and over the time period between 100 and 500 ms and entered into 

correlational analysis. There were significant correlations between power and PLF for 

the 40 Hz response during 20 Hz and 40 Hz stimulation under both placebo (20 Hz 

stimulation, r = 0.68, 95 % CI = 0.48 – 0.81; 40 Hz stimulation, r = 0.675, 95 % CI = 

0.47 – 0.81), and dexamphetamine (20 Hz stimulation, r = 0.59 (95 % CI = 0.35, 0.75; 

40 Hz stimulation, r = 0.68 95 % CI = 0.34 – 0.75). The 20 Hz response during 20 Hz 

stimulation was also significantly correlated under both placebo (r = 0.66, 95 % CI = 

0.47 – 0.81), and dexamphetamine (r = 0.76, 95 % CI = 0.60 – 0.86). Furthermore, as 

indicated by the 95 % CIs, dexamphetamine did not significantly alter this relationship.

 4.5 Discussion

Dexamphetamine administration increased 40 Hz power to target and non-target 

stimuli to both 20 Hz and 40 Hz stimulation rates. Despite this, we found no difference 

between dexamphetamine and placebo on 40 Hz PLF. This is contrasted to the 40 Hz 

ASSR findings in patients with schizophrenia who consistently display reduced 40 Hz 

power and reduced 40 Hz PLF ((Kwon et al., 1999) and others cited in the 

introduction). Therefore acute increases in monoamine (including dopamine) 

transmission is not likely to be a direct cause of the 40 Hz ASSR deficit in 

schizophrenia. However, there may be a link between dopamine, the 40 Hz ASSR and 

the positive symptoms of schizophrenia. Nested within the reduced 40 Hz ASSR in 

schizophrenia, an increase in 40 Hz ASSR activity has been associated with increased 

positive symptoms, particularly auditory hallucinations (Spencer et al., 2008, 2009).
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It should be noted that the relationship between positive symptoms and ASSR 

gamma findings in Spencer et al., (Spencer et al., 2008, 2009) has been driven by the 

PLF. However, as they note in their discussion, the correlation between gamma PLF and 

hallucinations was found on a measure reflecting the lifetime history of hallucinations in 

patients, who were not hallucinating during the study. Actively hallucinating patients 

have demonstrated high amplitude beta/gamma oscillations in the appropriate sensory 

cortex (Baldeweg et al., 1998; Ropohl et al., 2004) and there have been other studies 

indicating positive correlations between gamma and positive symptoms (Gordon et al., 

2001; Spencer et al., 2004). The contrast between Spencer et al.'s 5 findings of a 

correlation between gamma PLF and history of hallucinations, compared to those 

studies that found increased amplitude in patients actively experiencing hallucinations, 

may suggest that the gamma PLF reflects a proneness to hallucinatory experiences 

when there is ineffective dopaminergic antagonism to dampen gamma oscillations. It 

may be that increased dopamine transmission increases the excitability of neurons 

responsible for high frequency oscillations in the primary auditory cortex (the major 

ASSR generator, see introduction). When this is coupled with other neurophysiological 

deficits that are evident in schizophrenia, such as alterations in GABAergic and 

glutamatergic transmission leading to deficits in neural timing processes as indexed by 

PLF reductions in schizophrenia, it could lead to increased susceptibility to 

hallucinations. Our participants were healthy, non-psychotic, non-psychiatric 

participants. Therefore, the underlying deficit that may cause PLF disruptions was not 

there. However, we did find increased power after dexamphetamine administration, 

indicating that modulations of dopamine activity can significantly affect high frequency 

power.

Our finding of increased 40 Hz activity induced by dexamphetamine also raises 
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the possibility that the deficit seen in schizophrenia may be an effect of medication. All 

antipsychotics are dopamine D2 antagonists or partial agonists and can lead to cell loss 

(Ho et al., 2011), possibly impairing the neurocircuitry for generating gamma 

oscillations. At therapeutic doses for psychosis, these drugs have functionally opposite 

effects to the dopamine transporter reverser dexamphetamine. Evidence that the deficit 

may not be due to medication effects is the finding of similar 40 Hz ASSR reductions in 

non-medicated patients (Light et al., 2006) and in relatives of people with schizophrenia 

(Hong et al., 2004). There are confounding issues in the inferences drawn from these 

studies with non-medicated patients. The first is an issue of power; the number of non-

medicated patients recruited by these studies is small with the largest recruitment being 

9 unmedicated patients so far (Light et al., 2006). The second is that these patients may 

be from a different population to chronically medicated patients and therefore not 

representative of schizophrenia as a whole.

It is unknown how neural adaptations to chronic medication in patients 

compounds the 40 Hz ASSR findings. Studies that have examined medication effects 

have found inconsistent results. Hong et al., (2004) found increased 40 Hz ASSR with 

atypicals, notably clozapine. However, the initial study by Kwon et al., (1999), and a 

much larger study with 100 participants conducted by Light et al., (2006) found no 

differences between medication groups. Hong et al., (2004) suggested that the increased 

40 Hz ASSR from atypicals may be because the patients in the study were on clozapine 

which can stimulate glutamate and dopamine release (Chen and Yang, 2002). As shown 

in the present study an increase in dopamine release can lead to an increase in the 

strength of the 40 Hz ASSR, possibly explaining the results with clozapine compared to 

other antipsychotic drugs.
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 4.5.1 Frequency specific effect of dexamphetamine

Dexamphetamine significantly increased 40 Hz power but not 20 Hz power and 

did not affect the PLF for either. The increase in 40 Hz power was despite no significant 

difference between placebo and dexamphetamine on the relationship between PLF and 

power. However, only 46% of the variance was common between PLF and power after 

dexamphetamine treatment, so the correlation is not so high that there cannot be 

independent factors affecting the two measures differently. An increase in power of the 

40 Hz ASSR without a concomitant increase in PLF or 20 Hz power suggests that 

dexamphetamine is increasing the 40 Hz signal in a frequency-dependent manner by 

recruiting more neurons to fire synchronously. There is direct innervation of the primary 

auditory cortex by monoamine neurons (Campbell et al., 1987). Further an increase in 

synchronisation between these neurons has been demonstrated when the primary 

auditory cortex is activated via the ventral tegmental area (VTA), the region of the cell 

bodies of the major dopamine projections to cortical structures (Bao et al., 2001). 

Possible mechanisms behind the frequency-specific effect comes from in vitro work in 

hippocampal cells (CA1) by Ito & Schuman (2007). The authors demonstrate a 

frequency-dependent role of dopamine on pyramidal neuron efficiency. During low 

frequency stimulation, dopamine depressed excitatory inputs onto pyramidal neurons 

and GABAergic interneurons via presynaptic inhibition. During high-frequency 

stimulation, on the other hand, dopamine facilitated the steady-state current that was 

blocked by GABAA and GABAB receptor antagonists, suggesting that dopamine 

facilitation of excitatory drive is dependent upon disinhibition of neurons.

 4.5.2 Dexamphetamine & attention

We replicated the main effects of attention on the 40 Hz ASSR as described by 
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Skosnik et al., (2007). This included enhanced power and phase locking for target 40 Hz 

stimuli compared to standard stimuli. However, Skosnik et al., (2007) found no effect of 

stimulus type on power or PLF for the 20 Hz ASSR whereas the present study did. This 

may be due to increased power in our study gained from a larger sample size (present 

study N = 44 vs Skosnik et al. N = 15). Therefore, in addition to the effects of selective-

attention on the 40 Hz ASSR found by Skosnik et al., (2007), attention also enhances 20 

Hz ASSR power and PLF given sufficient power to detect the effect.

As mentioned by Krishnan et al., (2009), most studies on the ASSR in 

schizophrenia have not controlled for effects of attention. Krishnan et al., (2009) 

replicated the ASSR deficit in schizophrenia while participants had their attention 

directed towards the visual modality, i.e., while ignoring the ASSR stimuli. This 

suggests that the ASSR reduction in schizophrenia is unlikely to be due to the well 

known deficits in attention (Krishnan et al., 2009). This is contrasted by some of the 

previous research that have suggested an attention dependent effect of dopamine on 

gamma (Ahveninen et al., 2000; Demiralp et al., 2007). This research suggests that the 

enhancement of the 40 Hz ASSR by dexamphetamine may be through increased 

attention to the stimuli. In support, amphetamine administration can increase attention 

and is an effective pharmacotherapy for attention-deficit hyperactivity disorder 

(Bradley, 1937; Stevenson and Wolraich, 1989; Gillberg et al., 1997). However, there 

was little evidence that dexamphetamine selectively influenced the target stimulus, as 

would be expected if the drug was enhancing attention. While the lack of a significant 

drug by attention interaction in the present study may be due to insufficient power, the 

effect sizes for this effect were very small (PLF η2
G = 0.001; power η2

G = 0.002). A 

larger dose of dexamphetamine may prove necessary to establish a selective-attention 

effect on this task.
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Previous research has suggested that ASSR deficits may be due to effects on 

arousal (Griskova et al., 2007). The amplitude and phase of the ASSR was demonstrated 

to be larger during a low arousal state compared to a high arousal state (Griskova et al., 

2007). The authors assumed that the attention modulation in their study was sparse due 

to the study design and the instruction to not pay attention to the stimulation (Griskova 

et al., 2007). Despite this, the study failed to appropriately control for attention. In the 

high arousal condition, subjects read a book sitting up; this is an active attention control 

away from the stimulus. While in the low arousal condition, subjects reclined with their 

eyes closed and no distractor; this is an inactive attention control likely having the effect 

of making the auditory stimuli more salient and therefore less easy to ignore. A similar 

design (playing a visual electronic game vs listening to repetitive clicks) found effects 

attributed to attention (Kedzior and Martin-Iverson, 2006) later confirmed to be largely 

attentional in a more balanced attention condition (Scholes and Martin-Iverson, 2009b). 

As there are strong effects of attention on the ASSR, it seems more likely that attention 

differences accounted for the differences in arousal state in their study. Further, a 

primary effect of dexamphetamine is to increase arousal, yet dexamphetamine 

administration increased the 40 Hz ASSR. This is not congruent with the proposed 

effect of arousal on the ASSR. Finally, it is not entirely clear that a unitary concept of 

arousal has much real utility (Robbins, 1997).

 4.5.3 Limitations

There are three limitations that limit drawing relationships between the findings 

in the present study and the findings in schizophrenia. Firstly, dexamphetamine is 

equally effective at increasing synaptic concentrations of noradrenaline (compared to 

dopamine) and therefore may be a possible alternative for the effects of 

dexamphetamine on 40 Hz power. Noradrenaline has been shown to increase (Cape and 
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Jones, 1998) and decrease (Brown et al., 2005; Walling et al., 2010) gamma activity. 

Separating out the actions of dopamine and noradrenaline is difficult given that they 

have some affinity for each other’s receptors, and can be physiologically effective at 

each other's receptors (Newman-Tancredi et al., 1997; Cornil et al., 2002). While not 

conclusive, the evidence that dopamine is responsible for the effects on 40 Hz power 

has been pointed out above. Briefly; VTA activation has been shown to increase primary 

auditory cortical synchronisation (Bao et al., 2001), dopamine has demonstrated a 

frequency-dependent role on pyramidal neurons (Ito and Schuman, 2007), and there is 

the link between positive psychotic symptoms and gamma activity (Spencer et al., 2008, 

2009). More pharmacological studies targeting specific dopamine or noradrenaline post-

synaptic receptors would better elucidate the effects of these monoamines on gamma 

activity.

Secondly, the manipulations in the current experiment reflect acute changes in 

monoamine transmission, rather than the chronic and periodic dopamine hyperactivity 

associated with schizophrenia.

Thirdly, our participants did not display or report any psychotic-like symptoms 

and nor did we administer an instrument to record these symptoms directly. However, 

we have shown increased illusory experiences on the rubber hand illusion in a subset of 

participants used in the present study (Chapter 7). This illusion is reported to be 

increased in people with schizophrenia and has been shown to correlate with positive 

symptoms (Peled et al., 2000). Future experiments using pharmacological models of 

psychosis would benefit from the administration of a psychosis or psychosis like 

experience measuring instrument.
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 4.5.4 Conclusion

Dexamphetamine selectively increased the 40 Hz power for both target and non-

target ASSR stimuli but did not affect 40 Hz PLF or 20 Hz power and PLF. Further, 

while we found main effects of attention for both the 20 Hz and 40 Hz ASSR, there 

were no significant drug by stimulus type interactions. This suggests a frequency 

specific effect of dexamphetamine on the 40 Hz ASSR which may be related to the in 

vitro findings by Ito & Schuman (2007). Specifically, dexamphetamine may be 

increasing 40 Hz ASSR power via increasing firing efficiency of excitatory pyramidal 

neurons by a GABA dependent dampening of the inhibition of the pyramidal neurons. 

These findings may also have clinical relevance with respect to effects of antipsychotic 

medications on the ASSR and the relationship between dopamine, positive psychotic 

symptoms and 40 Hz ASSR as reported by Spencer et al., (2008, 2009). 
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Chapter 5 - Dexamphetamine-induced decrease in prepulse 

inhibition in humans is attention-dependent

 5 Preface

The preceding chapters have examined the effects of dexamphetamine on two 

robust endophenotypes of schizophrenia. This chapter explores a third endophenotype, 

the reduction in prepulse inhibition of the startle reflex. This measure has been shown to 

be reduced in schizophrenia, but not without methodological issues. Dopaminergic 

manipulations in humans have so far failed to find consistent effects. These difficulties 

may be due to insufficient dosages used in those studies, or to methodological issues. 

We aim to address these issues by increasing the dose of dexamphetamine used relative 

to other human studies and by also improving on the startle methodology. This chapter 

presents the initial prepulse inhibition findings in our participants given 

dexamphetamine.

The thesis author is second author for this paper, the first author is Kate Chitty.

 5.1 Abstract

A reduction in prepulse inhibition (PPI) of the acoustic startle response is an 

endophenotype of schizophrenia that can be induced in rodents when treated with 

dexamphetamine, consistent with the dopamine hypothesis of schizophrenia. The 

evidence for similar dexamphetamine-induced PPI decreases in humans is limited and 

controversial. Objective: To investigate human PPI after administration of a higher dose 

of dexamphetamine than used previously. The hypothesis was tested using a placebo-

controlled, within-subjects, cross-over design. PPI was investigated under two different 

attention conditions: a task requiring attention to the auditory prepulse and pulse stimuli 
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and a task requiring attention directed away from those stimuli towards visual stimuli. 

We found no differences in PPI between drug conditions when participants attended to 

the prepulse and pulse stimuli. However, PPI was decreased significantly by 

dexamphetamine when participants' attention was directed away from the prepulse and 

pulse stimuli towards the visual stimuli. These findings suggest that dexamphetamine 

affects PPI only when attention is directed away from the startling stimuli, similar to 

results in people with schizophrenia. These results provide support to amphetamine 

models of schizophrenia, as well as providing further evidence that PPI deficits relevant 

to central dopamine function in people are dependent on attention modulation.

 5.2 Introduction

Prepulse inhibition (PPI) is the reduction of the startle response elicited by a 

loud and sudden auditory stimulus, the pulse, when it is preceded 30-300 ms by a 

prepulse, a visual, auditory or tactile non-startling stimulus (Graham, 1975). PPI has 

been shown to be decreased in schizophrenia (Braff et al., 1978) and as such has been 

developed as a convenient interspecies measure to investigate the disorder. One specific 

area of interest is the dopamine (DA) hypothesis of schizophrenia, which proposes that 

a hyperactivity of DA in the mesolimbic system is involved in symptomatology, and 

possibly the aetiology, of the illness. This became a prominent focus of PPI 

investigations after infusion of DA agonists into the rat nucleus accumbens was found 

to produce a reliable decrease in PPI (Mansbach et al., 1988) and blocking this DA 

increase normalises PPI once more (Swerdlow et al., 1990). This suggests that DA in 

the mesolimbic system is responsible for the PPI deficits, providing support for the 

mesolimbic DA hypothesis of schizophrenia.

A number of studies have attempted to extend these findings to humans by 
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investigating the effect on PPI after pharmacologically manipulating DA activity. A 

major limitation to these studies is that the dose of DA agonists used is substantially 

lower than the minimum dose of 1.0 mg/kg required to elicit an effect in rodents 

(Mansbach et al., 1988) with the most robust effects occurring at 2.0 mg/kg (Salum et 

al., 2006). Hutchison and Swift (1999) found about a 12% decrease in PPI in healthy 

participants using 20 mg of the indirect DA agonist, dexamphetamine at 90min post-

drug ingestion, but not at 60 or 120 min, with the maximum effects on heart and pulse 

rates at 120 min. Similar studies have not seen significant decreases in PPI with similar 

measures of PPI and with similar doses (Swerdlow et al., 2002, 2003). 

Recent PPI research (Kedzior and Martin-Iverson, 2006, 2007; Scholes and 

Martin-Iverson, 2009b; Scholes and Martin Iverson, 2010)‐  in people with schizophrenia 

and in people that use cannabis daily or nearly daily have demonstrated that changes in 

PPI in these populations are secondary to attention deficits, and depend on the measure 

of PPI used (e.g., one measure may be sensitive to slight changes in startling stimulus 

intensity but insensitive to startle reflex capacity changes, and another insensitive to 

large changes in stimulus intensity, but sensitive to startle response capacity changes). 

These issues of dose, attention and measure of PPI led us to administer to healthy 

humans a substantially higher dose (0.45 mg/kg) of dexamphetamine than used 

previously, and to assess both sensitivity and response measures of PPI in participants 

attending to the relevant stimuli, or having their attention directed away from the 

auditory stimuli.

Bitsios et al., (2005) found that the effects of increased DA on human PPI 

depend on baseline PPI values that exhibit high inter-individual variability. Csomor 

(2008) has since shown that this variability in PPI is a function of variability in startle 

magnitude. Hince & Martin-Iverson (2005) demonstrated that much of this variability in 

145



rats is actually related to differences in sensitivity to startling stimuli. This dependence 

of PPI on the startling stimulus-intensity response has since been shown to also exist in 

mice (Stoddart et al., 2008) and humans (Scholes and Martin-Iverson, 2009a, 2009b, 

2010; Scholes and Martin Iverson, 2010; Scholes Balog and Martin Iverson, 2011)‐ ‐ ‐ . 

A sigmoid relationship between startle response magnitudes and stimulus 

intensity has been suggested to be an effective method of investigating PPI as it largely 

accounts for the large individual and interspecies differences (Hince and Martin-

Iverson, 2005; Martin-Iverson and Stevenson, 2005). Specific parameters extracted 

from the curve have been shown to be dissociable from each other, and depend on the 

startling stimulus intensity relative to each individual's (rodent or human) SIRM curve 

(Hince and Martin-Iverson, 2005; Scholes and Martin-Iverson, 2009a). Compared to 

traditional PPI methodology that uses only one stimulus intensity to elicit a startle this 

method can both standardize comparisons across individuals and provide more 

information about an individual’s startle.

The present study aims to further the knowledge on the influence of DA on PPI 

with a more thorough analysis of PPI, using the SIRM function, constraining attention 

either towards or away from the stimuli relevant to PPI, and administering the highest 

dose of dexamphetamine that has been used so far in human PPI studies. We 

hypothesise that increasing DA activity in healthy controls with dexamphetamine will 

decrease PPI, dependent on attention condition and the measure of PPI, similar to that 

observed previously in people with schizophrenia (Scholes and Martin Iverson, 2010)‐ . 

Such a result would indicate that schizophrenia-related decreases in PPI are likely a 

result of hyperactivity of DA. 
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 5.3 Materials and Methods

 5.3.1 Participants

This study was approved by the University of Western Australia Ethics 

Committee and the North Metropolitan Area Mental Health Services Human Research 

Ethics Committee. All participants were screened prior to enrolment in the study by the 

on-call psychiatrists (RI & JL); only participants who had no previous head injury or 

mental illness, no family history of schizophrenia and currently on no medication except 

for the contraceptive pill were included in the study. Written informed consent was 

obtained prior to the study and participants were made aware of the possible adverse 

effects of dexamphetamine. Twenty participants were recruited for the study. One 

participant was not able to be tested due to a pre-hypertensive baseline blood pressure 

reading. Nineteen participants completed the testing sessions. Participants were 

transported to and from the Centre for Clinical Research in Neuropsychiatry where the 

testing took place and were compensated $100 for their time. 

 5.3.2 Drugs

Dexamphetamine sulphate tablets (5 mg) were obtained from Sigma 

Pharmaceuticals Pty Ltd, Victoria, Australia. The tablets were then broken and put into 

5 and 2.5 mg capsules. Identical capsules were used to hold 5 mg of glucose powder. 

Once the participants were weighed, they were provided with 0.45 mg/kg of 

dexamphetamine or glucose powder made up with the appropriate amount of capsules 

rounded to the nearest 2.5 mg. 

 5.3.3 Startle response measurement

Responses were recorded using a standard National Instruments data acquisition 

(DAQ) card (DAQ 6062E; san Diego, USA). The stimuli were presented binaurally 

through a pair of stereo headphones (Sennheiser HD25-1), with 600 ms of baseline 
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recording before the startle stimulus and 400 ms after the startle stimulus was presented. 

The EMG response was initially filtered with a bandwidth of 30-1000 Hz, 

followed by a 50 Hz notch filter to eliminate mains power interference. Once signals 

were converted from analog to digital by the DAQ they were sampled at a rate of 1000 

Hz and then scored offline. The scoring programme prepared, processed and rectified 

the signals which were then filtered with a bandwidth of 78-240 Hz and a 60 Hz notch 

filter (the frequency at which the computer monitors operate). Computer algorithms then 

scored each trial and were visually checked by a scorer blind to the drug and stimulus 

conditions under which the data were recorded. The variables extracted from the blinks 

were as follows; baseline mean (used as the mean muscle activity (μV) recorded in the 

600 ms before the stimulus presentation), peak magnitude (the maximum EMG response 

(μV) recorded between 20-200 ms after startle stimulus), onset latency (latency of the 

peak EMG response measured in milliseconds after stimulus presentation, occurring 

between 20-200ms) and threshold for response onset (when the EMG activity was three 

standard deviations above the baseline mean, indicates the onset of the response). 

 5.3.4 Startle stimuli

The startling stimuli consisted of 40 ms white noise bursts, with near 

instantaneous rise-fall times, and intensities ranging from 80-115 dB in 5 dB increments 

against a 65 dB white noise background. Startling stimuli was sometimes preceded 60 

or 100 ms by a prepulse  of 74 dB with the same characteristics as that of the startling 

stimuli. This prepulse intensity was chosen when a preliminary methodological 

experiment found that 75 dB elicited maximum inhibition of the startle without eliciting 

a startle response. Since a previous study in our lab assessing prepulse intensity of 

people with schizophrenia used a 74 dB prepulse, we chose 74 dB so we could directly 

compare the data from the two studies while using a prepulse intensity within 1 dB of 
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that which produces maximum PPI. There were two blocks for each condition 

(ATTEND or IGNORE), each block consisted of three trials of each startling stimulus; 

two of each of these three trials were proceeded by the prepulse with stimulus onset 

asynchrony (SOA) of 60 ms and 100 ms. There was also one prepulse alone trial and 

one null trial in each block. This totalled 26 trials per block, totalling 52 trials lasting 

approximately 15 mins. The stimuli were presented in a random order for each set of 

stimuli.

 5.3.5 Procedure

All eligible participants were required to attend two five-hour sessions no less 

than five days apart in order to reduce any practice effects. The sessions started between 

9-9:30 h on the specified day. After the consent and physical exam, resting blood 

pressure and heart rate measurement were taken with an Omron M4 digital blood 

pressure monitor (Model HEM-722C1-C1(M4). All BP and HR readings conducted 

throughout the experiment were blind to the experimenter and participant. 

The participant then took the placebo or drug. They were able to relax for 75 min 

post-ingestion in order for the drug to take effect. During the relaxation time the 

participant watched a movie or read a book. Both were required to be relatively 

“neutral” so to not encourage an intense emotion. At 80 min post-ingestion, BP and HR 

measurements were taken. The participants were then set up for the PPI task. At 90 min 

post-ingestion the tasks started and continued for approximately 35 min. 

 5.3.6 PPI Attentional Manipulation Tasks. 

The PPI session consisted of three sections; a sound detection session, the 

ATTEND condition and the IGNORE condition. The sound detection session lasted 

approximately 5 minutes and involved playing all intensities (65-115 dB in 5 dB 

increments, presented in random order) through the headphones. The participants were 
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required to press a joystick button in response to the instructions presented on the screen 

in front of them; press button 1 if you heard one sound, press button 2 if you heard no 

sound. 

In the ATTEND condition the participants were instructed to pay very close 

attention to the sounds (pulse, pre-pulse + pulse and a null trial). A black screen was 

presented to the participant at the beginning of the trial and remained on for 9 s. The 

auditory stimuli were presented between 2.5 and 6.5 s after trial onset. Participants were 

instructed to press a button corresponding to the number of sounds they heard during 

stimulus presentation. In the IGNORE condition the participants were instructed to 

ignore the sounds and to count the number of hidden smiley faces within the neutral 

pictures displayed on the screen. The visual stimuli were deliberately chosen from the 

International Affective Picture Inventory to have neutral pleasantness/unpleasantness 

ratings and to produce low arousal. With 4.93 (0.96) and 3.77 (1.47) average (standard 

deviation) valence and arousal ratings, respectively. The instructions presented on the 

screen after the picture was presented asked the participants to press the button 

corresponding to the number of smiley faces they found from 1-5. There were 5 smiley 

faces in every picture. The prepulse and stimulus were presented at various times after 

the picture was presented. The order of attention condition was counterbalanced 

between participants. 

 5.3.7 Design and Statistical Analysis 

The experiment was a randomised, placebo-controlled, double-blind, 

counterbalanced, within-subject study. Participants were randomised into one of four 

conditions: dexamphetamine administration in their first tests and ATTEND as their first 

PPI condition; placebo administration in their first tests and ATTEND as their first PPI 

condition; dexamphetamine in their first test and IGNORE as their first PPI condition; 

150



and placebo in their first test and IGNORE as their first PPI condition. Curves of best fit 

were fitted to the data using the mean peak startle magnitudes from each of the 26 

prepulse-stimulus combinations as described previously (Scholes et al., 2010a). A four 

parameter logistic function was used for the non-linear regression analysis, an equation 

commonly used to determine dose-response relationships in pharmacology. The detailed 

fitting of the logistic function is described elsewhere (Hince and Martin-Iverson, 2005). 

Parameters of interest were then extracted from the SIRM curves including: (a) the 

upper asymptote, which represents the maximum response (RMAX), (b) the stimulus 

intensity required to produce half the maximal response, (ES50) (c) the theoretical rate of 

change at the ES50, which is also the point of maximum velocity and 0 acceleration (the 

Hillslope) and (d) the y intercept (y0). As the Hillslope values were not normally 

distributed due to a positive skew, they were log10-transformed, resulting in a normal 

distribution according to the Kolmogorov-Smirnov test. The Threshold, or minimum 

stimulation required to produce a response, was calculated using the following formula:

Threshold = ES50 - (RMAX-y0/Hillslope)

When Hillslope = 0 set values were used for the analysis: RMAX = the maximum 

observed response for the given individual, and ES50 and Threshold = 115.

Statistical analysis was conducted on the parameters extracted (RMAX, ES50, 

Threshold and Hillslope). Threshold and ES50 are measured in stimulus units and 

represent sensory components of the startle while the RMAX is measured in response 

units, reflecting a motor component of startle. The Hillslope has no units, and represents 

a "sensorimotor" component (i.e., the maximum change in the response to an increase in 

stimulus intensity), with higher levels referring to steeper curves (Stoddart et al., 2008). 

PPI was calculated for each measure. For RMAX this was determined by a % PPI 

score which is calculated as follows: %PPI= [(pulse alone trials – pulse+prepulse trials)/ 
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pulse alone trials) X 100]. This score most closely reflects the %PPI score that is 

traditionally used in the PPI literature. As the remaining variables are on a logarithmic 

scale (dB), the difference scores are calculated rather than percentage inhibition. For 

Threshold the difference PPI score was calculated: Difference Threshold = (Threshold 

of pulse+prepulse trials) – (Threshold of pulse alone trials); likewise for ES50 and 

Hillslope. 

The hypotheses concerning the effects of dexamphetamine and attention on 

PPIwere tested using a 2 (drug) X 2 (attention) X 2 (prepulse) repeated measures 

analysis of variance (ANOVA). There were three ANOVAs conducted; one with the 

pulse alone data, one with the pulse+prepulse data and one with the difference or % PPI 

scores all using the mean values obtained from the SIRM curves. The Greenhouse-

Geisser correction was used for departures from sphericity where indicated by 

Mauchly's test. Sidak's correction was used for pairwise comparisons. Alpha was set to 

0.05.

 5.4 Results

 5.4.1 Final sample

Nineteen participants completed the study. Three participants with a low mean 

startle response (<75 μV EMG response to the maximum startle intensity of 115 dB) on 

pulse alone trials were excluded, leaving four participants in each condition 

(dexamphetamine + attend first, dexamphetamine first + attend second, 

dexamphetamine second + attend first, dexamphetamine + attend second). Statistical 

analysis was conducted on 16 participants (nine male) aged 21-48 (M= 25.4, SD = 6.5). 

All participants were regular caffeine (M= 2.8 drinks/day, SD = 2.1) and alcohol (M= 

7.8 standard drinks/week, SD= 5.5) consumers. Half of the participants had previously 

152



taken amphetamines but none were current users. Two participants were smokers (M= 

11.5 cigarettes/day, SD= 12.0) and one participant was a current cannabis user (2 joints/ 

week). None of the substance use items were significantly correlated to any measure of 

PPI (data not shown).

 5.4.2 Physiological Effects of Dexamphetamine

Similar to Chapters 2 and 3, there were significant increases in heart rate, 

systolic and diastolic measurements at three recordings; 120, 180 and 270 min post 

ingestion (all p < 0.05). The 80 min measurement was not significantly different from 

baseline. 

 5.4.3 Curve Fitting: 

The mean fitted curves generated by the non-linear regression analysis are 

shown in Figure 5.1. The R2 for each individual curve fit was > 0.70. 

 5.4.4 Startle Measures on Pulse Alone trials: 

Figure 5.2 shows the mean pulse alone startle responses for the dependent 

variables extracted from the SIRM curves. There was no difference in RMAX (Figure 

5.2A) between the attention conditions (F1,12 = 0.23, p = 0.64) or the drug conditions 

(F1,12 = 1.16, p = 0.22) There was no difference in Thresholds (Figure 5.2B) between the 

attention conditions (F1,12 = 0.23, p = 0.643) or drug conditions (F1,12 = 1.16, p = 0.22). 

There were no significant differences in ES50 (Figure 5.2C) between either drug 

conditions (F1,12 = 1.14 , p = 0.31) or attention conditions (F1,12 = 0.039, p = 0.85) 

condition. The Hillslope (Figure 5.2D) was not affected in the startle alone trials by 

either drug (F1,12 = 0.11, p = 0.75) or attention (F1,12 = 0.004, p = 0.95) conditions. 

153



Figure 5.1: Stimulus-Intensity Response Magnitude (SIRM) curves for mean ignore (A) and 

attend (B) startle responses. The lines represent the curves generated from non-linear 

regression and the S.E.M of each startle stimulus intensity. The points represent the raw mean 

values. n = 16.
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Figure 5.2: Electromyographic response (± S.E.M) for pulse alone trials. Mean values for 

attention (ignore and attend) and drug (placebo and 0.45mg/kg dexamphetamine) conditions 

are presented for (A) RMAX for 115 dB startling stimulus, (B) Threshold, (C) ES50 (D) Log hill-

slope.

 5.4.5 Prepulse inhibition

Figure 5.3 shows the mean prepulse inhibition for each SIRM variable for each 

drug and attention condition. There was a significant drug by attention interaction on % 

PPI of RMAX (F1,15 = 5.13, p < 0.05, partial η2 = 0.26). Figure 3A shows that 

dexamphetamine significantly reduced the %PPI of RMAX in the IGNORE condition, but 

not in the ATTEND condition. There was no significant difference in PPI of thresholds 

(Figure 5.3B) between either attention (F1, 12 = 0.10, p = 0.76) or drug (F1, 12 = 0.17 p = 
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0.68) conditions. ES50 - There was no significant difference in PPI of ES50 (Figure 5.3C) 

for either attention (F1, 12 = 0.17, p = 0.68) or drug (F1, 12 = 0.102, p = 0.76) conditions. 

There were no main effects of drug (F1, 12 = 0.00, p = 0.99) or attention (F1,12 = 1.16, p = 

0.30) on PPI of Hillslopes (Figure 5.3D).

Figure 5.3: Electromyographic response inhibition scores (± S.E.M) represented as inhibition 

in prepulse trials as a percent of pulse alone trials (%PPI) or inhibition as a difference between 

pulse alone and prepulse trials (difference score). Mean values for attention (ignore and attend)  

and drug (placebo and 0.45mg/kg dexamphetamine) conditions are presented for (A) RMAX for 

115 dB startling stimulus, (B) Threshold, (C) ES50 and (D) log of hill-slope. Values represent 

mean inhibition scores ± S.E.M. * p < 0.05. n = 16.
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 5.4.6 Startle thresholds and onset latencies

A significant main effect of dexamphetamine on Threshold across both attention 

and all three prepulse conditions was observed. Figure 5.4 shows that dexamphetamine 

significantly shifted the threshold of the SIRM curves to the right (F1, 12 = 5.11, P < 0.05, 

partial η2 = 0.30). 

Figure 5.4: Mean non-linear regression fitted stimulus intensity response magnitude (SIRM) 

curves (± S.E.M) for drug (placebo and 0.45mg/kg dexamphetamine) conditions. The values are  

averaged across both attention and all prepulse conditions. The dotted lines intercept the curves  

at the mathematically determined threshold. The raw threshold measurements are indicated on 

the graph. * p < 0.05. n = 16.

There was also a significant main effect of attention on onset latencies (F1, 12 = 

6.70, p < 0.05, partial η2 = 0.36). The data presented in Figure 5.5 indicate that the onset 

latencies were significantly shorter in the ATTEND condition after dexamphetamine 

administrations, and not after the placebo. While the Drug by Attention interaction was 

not significant, this is likely a case of repeated measures ANOVA erroneously reporting 
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a significant main effect instead of an interaction; as has been shown to occur more 

frequently than expected by Monte Carlo simulations of a data set contrived to have an 

ordinal interaction (Strube and Bobko, 1989). There was no main effect of drug on 

latency (F1, 12 = 4.34, p = 0.059).

Figure 5.5: Startle response onset latencies in milliseconds after presentation of the pulse. A 

main effect of attention was found with a non-significant attention by drug interaction. Pairwise  

comparisons showed a significant attention effect on the dexamphetamine condition and not the  

placebo. Values represent mean latency ± S.E.M. ** p < 0.01. n = 16.

 5.5 Discussion

Four significant dexamphetamine effects were observed:(1) dexamphetamine 

decreased %PPI of RMAX in the IGNORE condition, but not in the ATTEND condition; 

(2) dexamphetamine increased the startling stimulus intensity threshold for the startle 
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response across both attention conditions; (3)dexamphetamine decreased latency of the 

startle response onset only in the ATTEND condition; (4) dexamphetamine significantly 

increased systolic and diastolic blood pressure and heart rate from 120-210 minutes 

post-drug ingestion.

The dexamphetamine-induced selective decrease of %PPI of RMAX only in the 

IGNORE condition that we observed (Figure 5.3A) is the same as previously shown for 

people with schizophrenia: a selective decrease in the response measure of PPI (RMAX) 

only when actively attending to non-startling (visual) stimuli (Scholes and Martin-

Iverson, 2010). This observation is consistent with the view that dexamphetamine 

produces effects on the CNS that are similar in some respects to those associated with 

schizophrenia, and supports amphetamine models of psychosis (e.g., Angrist and 

Gershon, 1970; Kokkinidis and Anisman, 1980; Robinson and Becker, 1986; 

Featherstone et al., 2007). In particular, these results in conjunction with those of 

Scholes and Martin-Iverson (2010) support the view advanced by Feldon and Weiner 

(1992) based on latent inhibition effects, that amphetamine and schizophrenia are both 

associated with a reduction in the ability to ignore task-irrelevant stimuli. Indeed, the 

reduction in PPI of RMAX in the IGNORE condition in similar experiments correlate 

highly with decreased performance on the Stroop colour-word subtest, indicating an 

inability to inhibit responses to irrelevant stimuli (Scholes and Martin-Iverson, 2009a). 

We propose a slight amendment to the hypothesis of Feldon and Weiner (1992): 

the attention-dependent effect of dexamphetamine on PPI of RMAX is due to 

dexamphetamine decreasing the participant’s ability to ignore salient stimuli irrelevant 

to the visual task being performed at the time. In the present experiment, the most 

salient stimuli were the intense auditory stimuli that are close to the level that produces 

maximal startle (i.e., those high intensity stimuli producing startle levels near to the 
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RMAX) because the visual stimuli were deliberately chosen from the International 

Affective Picture Inventory to have neutral pleasantness/unpleasantness ratings and to 

produce low arousal. One hypothesis is that treatment with dexamphetamine decreased 

the ability of the participants to ignore intense irrelevant, but not mild irrelevant, 

stimuli. 

A second hypothesis is that dexamphetamine disrupts selective attention and not 

sustained attention. The attentional modulation used in the present experiment is 

identical to that used by Scholes and Martin–Iverson (2010). The ATTEND task 

requires the participant to maintain attention to the auditory stimuli, therefore drawing 

on their ability to sustain attention. The IGNORE task requires the participant to attend 

to visual stimuli and ignore the competing auditory stimuli, drawing on their ability to 

selectively attend. In this light, and as concluded by Scholes & Martin-Iverson (2010), 

disturbed PPI under the IGNORE condition suggests a failure of selective attention and 

inappropriate allocation of attentional resources towards the auditory stimuli and away 

from the visual stimuli.

A third hypothesis is that the increased distractibility after dexamphetamine 

administration is specific for auditory stimuli (i.e participants were distracted by the 

pulse and the prepulse when they were asked to attend only to the visual stimuli but 

were not distracted by any visual stimuli when they were asked to attend to the sounds). 

We show (Chapter 2) that dexamphetamine induced selective reductions on the auditory 

P300 but not the visual P300, an index of attention and working memory resources 

(Donchin and Coles, 1988, 1998; Kok, 2001; Polich, 2007). Therefore, 

dexamphetamine may have stronger effects on attentional processes relating to auditory 

stimuli compared to visual stimuli. These three hypotheses are not mutually exclusive.

Dawson et al., (1993) originally proposed that schizophrenic deficits in PPI are 
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secondary to their well-documented deficits in attention. Furthermore, it has been 

suggested that attention deficits in schizophrenia largely consist of the inability to focus 

on targets and the inability to ignore distracting stimuli (Braff, 1993; Gur et al., 2007). 

The similar findings from healthy dexamphetamine controls in the present experiment 

on PPI supports the view that the PPI decreases are secondary to attention dysfunctions. 

Such reductions in PPI and increases in latent inhibition have been shown to be 

produced by increased DA in the nucleus accumbens (Feldon and Weiner, 1992; 

Swerdlow et al., 1992; Wan and Swerdlow, 1993). It appears most probable then that the 

effects on PPI are related to dopaminergic effects of dexamphetamine.

The apparent difference in the means of in the PPI of RMAX (about 25% 

difference) detected between the IGNORE and the ATTEND task in the placebo 

condition (Figure 5.3A), was not significant. A similar size difference in PPI of RMAX 

(about 30%) between the two attention conditions was significant in the studies by 

Scholes and Martin-Iverson (2009a; 2010). It may be that our study did not have 

sufficient power to detect a real difference, as the prior reports had an N of 32 healthy 

volunteers, as compared to our N of 16 healthy volunteers given placebo. Thus, one 

major limitation of the present study is that the power of the current sample size may 

not be sufficient to replicate the attentional effects reported in the previous studies, 

although the means in the different attention conditions are similar to the previous 

studies. 

We also observed a main affect of dexamphetamine on increasing the Threshold 

intensity for the startle response (Figure 5.4). Scholes and Martin-Iverson (2009a; 2010) 

found that people whose attention is drawn away from startling stimuli show a similar 

shift to right of the SIRM curve, shown as an increase in both Thresholds and ES50, but 

this is also accompanied with an increase in RMAX, while attention towards the startling 
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stimuli shift the curve to the left, but decreases the RMAX. We observed similar apparent 

directional effects of attention with ES50 and RMAX, neither of which were statistically 

significant. The previous study had about double the N for the control group than our 

study, and this power difference may be the reason why the attention effects in the 

present study were not significant. The Threshold measure is calculated from a formula 

that includes ES50, RMAX and Hillslope, and may reflect changes in any of those 

parameters, not just shifts of the curve. A Threshold increase suggests that 

dexamphetamine is decreasing the sensitivity of the startle circuit as a larger intensity 

stimulus is required to evoke the threshold response.

Dexamphetamine produced a significant reduction in onset latency only in the 

ATTEND condition (Figure 5.5). Dexamphetamine has been shown to decrease 

response times in auditory reaction tests (Zahn et al., 1980; Hamilton et al., 1983), an 

effect observed with all psychomotor stimulant drugs (Zahn et al., 1975). If auditory 

elicited reflexes are similar to voluntary responses to auditory stimuli, we would then 

expect that dexamphetamine would reduce the latency of the blink onset. However, this 

effect was specific to the auditory discrimination task, hence, dexamphetamine speeds 

up sensory processing when participants are already orientated toward the startling 

stimuli (the ATTEND condition) whereas there is no latency facilitation when 

participants are not focused on the sounds (the IGNORE condition). 

 5.5.1 Conclusion

A dose of dexamphetamine higher than that used in previous inconclusive 

reports on dexamphetamine effects on PPI in healthy people, in conjunction with the 

attentional manipulations and use of wide ranges of startling stimuli intensities, and at a 

time-point where dexamphetamine has significant effects on measures of sympathetic 

nervous system function, revealed a dexamphetamine effect on PPI in humans that is 
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similar to the attention-dependent reduction in PPI previously shown in people with 

schizophrenia (Scholes and Martin Iverson, 2010)‐ . It is proposed that the reduction in 

PPI observed in people given dexamphetamine and in those with schizophrenia are due 

to reduced ability to ignore salient stimuli. This provides further support for the validity 

of amphetamine models of psychosis, and to the dopamine hypothesis of schizophrenia. 
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Chapter 6 - Sex, drugs and electrophysiological 

endophenotypes of schizophrenia: the effects of 

dexamphetamine administration to healthy participants

 6 Preface

The preceding chapters have investigated each electrophysiological 

endophenotype of schizophrenia in isolation. This chapter seeks to link the effects of 

dexamphetamine on these measures together to determine if there are relationships 

amongst the findings. In addition, despite there being a number of differences between 

the sexes on the course and symptomatology of schizophrenia as well as on dopamine 

neurophysiology, sex differences are often neglected in pharmacological studies. An 

investigation into dexamphetamine-induced sex differences can further our 

understanding of the relationship between the amphetamine model and schizophrenia 

which also has certain notable sex differences.

 6.1 Abstract

Current models of psychosis have retained a central role for increased dopamine 

neurotransmission. Furthermore, sex differences in the clinical course of schizophrenia 

and in dopamine neurotransmission suggest that these differences may be an important 

factor to take into account when researching endophenotypes of schizophrenia. Despite 

this, little work has been done investigating the effects of increased catecholamine 

transmission on several endophenotypes of schizophrenia, particularly several measures 

at once, and the interaction of sex on these measures. We gave 0.45 mg/kg 

dexamphetamine to 51 healthy participants in a double-blind, placebo-controlled, cross-
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over design. Measures investigated were the startle reflex and prepulse inhibition of the 

startle reflex, auditory P300 and N100 to target stimuli, and the 40 Hz and 20 Hz 

auditory steady state response to target stimuli. Measures were grouped together 

according to a priori conceptions about their relationships with each other, and principal 

component (PC) scores were extracted from these groupings. Dexamphetamine 

administration resulted in significant drug by sex interactions on PC scores for the P300 

latency, low frequency P300, startle reflex maximum magnitude and startling stimulus 

potency. These effects may be related to regional sex differences of amphetamine-

induced dopamine release and/or regional differences in D1 and D2 dopamine receptor 

densities. Furthermore, startle threshold in the attention condition was increased by 

dexamphetamine, suggesting that an increase in catecholamine transmission reduced 

attention towards the auditory modality.

 6.2 Introduction

The current prevailing model of the neural substrates of positive symptoms of 

schizophrenia is one of dopamine hyperactivity primarily in the mesolimbic pathway 

(for a recent review see (Howes and Kapur, 2009)). The monoamine (dopamine, 

noradrenaline and, to a lesser extent, serotonin) releasing agent, dexamphetamine, 

significantly influenced three electrophysiological measures that are also affected in 

people with schizophrenia, the P300 event-related potential or ERP (Chapter 2), 

prepulse inhibition of the startle reflex or PPI (Chapter 5) and the 40 Hz auditory steady 

state response or ASSR (Chapter 4). These three electrophysiological measures are 

consistently found to be reduced in schizophrenia and are regarded as endophenotypes 

of the disorder (Bramon et al., 2004, 2005; Thaker, 2008; Uhlhaas and Singer, 2010). 

Under dexamphetamine, the auditory P300 and PPI results were consistent with 
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findings in people with schizophrenia, but 40 Hz ASSR power was not. However, the 

ASSR result could be viewed as consistent if positive psychotic symptoms are 

associated with an increase in gamma activity (~40 Hz) as reported by (Spencer et al., 

2008, 2009). Furthermore, we have also shown that dexamphetamine can induce a 

somewhat similar experiential phenomena as that found in people with schizophrenia 

(Peled et al., 2000), related to embodiment of external objects during the rubber hand 

illusion (Chapter 7). In addition, drug-naïve patients with schizophrenia exhibit both 

increased baseline dopamine release and increased amphetamine-induced release of 

dopamine (Abi-Dargham et al., 2009), and healthy volunteers can show sensitised 

amphetamine effects after repeated administration of amphetamine similar to those 

observed in people with schizophrenia (O’Daly et al., 2011) and similar to animal 

amphetamine models of psychosis (see for an early review (Robinson and Becker, 

1986)). Overall, this evidence suggests that dexamphetamine administration to healthy 

participants has both construct and face validity as a model of psychosis and therefore is 

a useful tool for exploring possible neural substrates for psychosis.

 6.2.1 Sex effects on dopamine and schizophrenia

A number of sex differences have been noted in the symptom profile of 

schizophrenia (Leung and Chue, 2000). Males have a greater likelihood of exhibiting 

more negative symptoms, more cognitive deficits, more substance abuse, they are more 

likely to have an earlier onset, have poorer premorbid functioning, and show greater 

neuroanatomical and neurophysiological abnormalities (Leung and Chue, 2000; Roy et 

al., 2001; Thorup et al., 2007; Grossman et al., 2008; Køster et al., 2008). In contrast, 

female patients display more affective symptoms, positive symptoms (auditory 

hallucinations & persecutory delusions), have a better long-term outcome in 

functioning, and respond more rapidly and with greater responsivity to antipsychotic 
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medication but have greater side effects (Angermeyer et al., 1990; Leung and Chue, 

2000; Thorup et al., 2007; Grossman et al., 2008; Køster et al., 2008). Consequently, 

estrogens have been investigated as promising treatments for psychosis (Felthous et al., 

1980; Kulkarni et al., 1996, 2008), although the evidence so far is not strong (Chua et 

al., 2005).

Sex differences in schizophrenia may be related to differences in dopamine 

neurophysiology. Indeed, evidence has been accumulating that indicates significant sex 

differences in dopamine neurophysiology. For example: females have lower COMT 

activity than males (Floderus et al., 1981; Boudikova et al., 1990; Chen et al., 2004), 

despite similar or even higher levels of COMT mRNA (Dempster et al., 2006); females 

have higher striatal presynaptic dopamine synthesis capacity (Laakso et al., 2002) and 

higher endogenous synaptic concentrations of dopamine (Pohjalainen et al., 1998); 

amphetamine-induced dopamine release is higher in females in the right globus pallidus 

and right inferior frontal gyrus as measured using [18F]-fallypride as a radiolabel 

(Riccardi et al., 2006), but higher in males in the ventral striatum (Munro et al., 2006); 

male rats have more overproduction of D1 receptors and sustain greater density into 

adulthood (Andersen et al., 1997), but no differences in D1 densities by gender have 

been found in humans (Cortés et al., 1989); and females have higher D2 receptor 

binding potentials/densities in the frontal cortex, primarily in the anterior cingulate 

cortex in older females (Kaasinen et al., 2001) but lower D2 receptor binding potentials 

have been found in younger females in the frontal cortex (Glenthoj et al., 2006). Besides 

age, other factors may lead to the inconsistency between these studies such as Kaasinen 

et al., (2001) adjusted for age and weight whereas Glenthoj et al., (2006) did not (see 

Best et al., 2005) for discussion of how these factors may lead to inconsistencies in sex 

differences with respect to dopamine transporter (DAT) imaging). No sex differences in 
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D2 receptor densities have been found in the human striatum (Farde et al., 1995; 

Pohjalainen et al., 1998). With a number of putative and unsettled (as yet) sex 

differences in dopamine neurophysiology, it is therefore important to take sex 

differences into account in studies that hypothesise dopaminergic involvement on the 

variables being measured.

 6.2.2 Sex differences and electrophysiology

Sex differences have been found for the P300 and PPI in the general population, 

although these have not always been consistent. For example, females have been shown 

to display larger P300 amplitudes (Polich and Martin, 1992; Hoffman and Polich, 1999; 

Hirayasu et al., 2000), equivalent P300 amplitudes (van Beijsterveldt et al., 1998) and 

even reduced P300 amplitudes (Gölgeli et al., 1999). For PPI, males have demonstrated 

greater PPI (Swerdlow et al., 1999), while in females, PPI can vary across the menstrual 

cycle (Swerdlow et al., 1997). Lastly, for gamma activity, females have generally 

displayed increased gamma activity compared to males (Karakaş et al., 2006; Güntekin 

and Basar, 2007), although no significant effects of sex have been reported for 40 Hz 

ASSR (Stapells et al., 1984, 1987). Sex differences in schizophrenia and dopamine 

neurophysiology may also emerge as differences on schizophrenia endophenotypes. 

There has been some evidence to suggest that this is the case for the 

electrophysiological measures, or similarly related measures, used in our studies. For 

the P300 ERP, Turetsky et al., (1998b) found a disturbance of the parietal P300 for male 

patients while female patients showed greater reductions in frontal regions. For PPI, 

males with schizophrenia show less PPI compared to healthy men but more PPI than 

females with schizophrenia (Swerdlow et al., 2006). PPI in women with schizophrenia 

is more controversial with reports of no difference in PPI from healthy women (Kumari 

et al., 2004), or significant decreases (Braff et al., 2005). Finally, for gamma activity, 
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Slewa-Younan et al., (2004) found a reduction of gamma phase synchrony (roughly 

equivalent to a phase-locking factor) in female patients relative to male patients with 

chronic schizophrenia (the controls' gamma were roughly in-between). However, they 

did not find this effect in first episode patients, suggesting that long-term treatment of 

antipsychotics may be responsible for this effect on gamma. They also found that in 

first-episode schizophrenia patients, females had shorter latency compared to males and 

this was not present in healthy subjects.

Despite the longevity of the dopamine theory of schizophrenia, no research (that 

we are aware of) has been conducted to determine the effect that dopaminergic 

manipulation will have on several endophenotypes of schizophrenia in humans at the 

same time and evaluating the relationships (if any) between the measures affected. This 

is in contrast to the literature on schizophrenia where studies are emerging that examine 

several electrophysiological measures/endophenotypes at once (e.g., Louchart-de la 

Chapelle et al., 2005; Price et al., 2006; Turetsky et al., 2009). It has been recommended 

that studies assess multiple measures at once to enable a better understanding of the 

mechanisms of the disorder (Turetsky et al., 2007). One outcome from studies 

incorporating multiple ERP measures is that there seems to be independence among 

measures. For example, while P50 amplitude, startle amplitude and PPI correlate with 

each other, these measures are distinct from P50 gating, P300 and mismatch negativity 

(Hall et al., 2006; Price et al., 2006; Turetsky et al., 2009). 

We have collected data on several electrophysiological measures from our 

participants given dexamphetamine. These include the startle reflex, PPI, P300, N100 

and the ASSR. This gives us a unique opportunity to examine the effect of increased 

catecholamine neurotransmission on several endophenotypes of schizophrenia at once 

and determine if there are any sex differences on these measures. Furthermore, the 
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relationships, if any, between the measures that are significantly affected by 

dexamphetamine can be examined to determine whether increased catecholamine 

release impacts on each of these measures independently or through some common 

mechanism.

 6.3 Methods

 6.3.1 Subjects

We recruited 51 participants in the study. One participant was excluded due to 

pre-testing hypertension, other exclusions were done on a per task basis due to 

recording issues or excess recording artefact. The final n for P300 recordings was 44 

(17 female, mean age = 24, 23 participants received placebo first), for startle and PPI 

recordings was 46 (24 female, age 19-48 mean =23.7, 26 participants received placebo 

first) and for ASSR recordings was 44 (19 female, mean age = 23.8, 23 participants 

received placebo first). Participants reported abstinence from alcohol for 24 hours 

before testing and abstinence from other recreational drugs for 7 days, except nicotine, 

which was permitted ad libitum to prevent withdrawal effects (Tait et al., 2000). 

Exclusory criteria were any psychiatric diagnosis, any cardiovascular disorder, epilepsy, 

a first-degree family member with schizophrenia or known hypersensitivity to 

amphetamines. All participants underwent a medical examination and were screened by 

the co-authors (JL & RI) before taking part in the study. Reimbursement for time was 

$50 for completing each day of the study.

 6.3.2 Procedure

The experiment was a double-blind, placebo-controlled, cross-over trial of 

dexamphetamine sulphate (0.45 mg/kg). Participants came into the centre for two 
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testing sessions, one week apart. Blood pressure and heart rate were recorded with an 

Omron automatic sphygmomanometer at 0, 75, 130, 180 and 270 minutes post dose. 

PPI testing was conducted first at 100 minutes post-dose, the blood sample was taken at 

180 minutes post-dose, P300 testing began at 210 minutes post-dose, ASSR testing 

began at 240 minutes post-dose. The autonomic effects of dexamphetamine effects were 

evident at all time periods (see results). Ethical approval was obtained from the 

University of Western Australia Human Ethics Committee and the North Metropolitan 

Area Mental Health Services Human Research Ethics Committee. The Australian and 

New Zealand Clinical Trials Registry number is ACTRN12608000610336.

 6.3.3 Startle and PPI measures

See Chapter 5 and Scholes & Martin-Iverson (2010) for details of the PPI task, 

more in-depth curve fitting descriptions and PPI calculations for each of the measures. 

Briefly, startle sessions were conducted under two attention conditions (attend or 

ignore). The ignore condition aimed to direct attention away from the auditory stimuli 

via a visual search task, and the attend condition aimed to direct attention towards the 

auditory stimuli via an auditory detection task, with similar response requirements as 

the visual task. Parameters extracted from the SIRM curves included: (a) RMAX, the 

maximum startle response, (b) ES50, the stimulus intensity required to produced half the 

maximal response, (c) Hillslope, the rate of change at the ES50 (Hillslope was log10 

transformed), and (d) Threshold, the minimum intensity required to produce a response. 

Threshold (stimulus sensitivity) and ES50 (stimulus potency) represent sensory measures 

while RMAX (response maximum) reflects a motor measure. Constraints upon the fitting 

algorithm were imposed whereby RMAX was allowed to vary by up to 50 % of the 

observed maximum response, y0 could not go below 0, and ES50 could not go above 116 
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dB. If Hillslope was equal to 0, set values were used for the analysis: RMAX = the 

maximum observed response for the given individual, and ES50 and Threshold = 115.

 6.3.4 ERP measures, P300, N100 and ASSR

EEG recording and processing conditions are presented in more detail in 

Chapters 2, 3 & 4. For the P300 analysis, the mean number of target epochs after 

placebo per person was 28.0 and for dexamphetamine was 28.4. P300 was identified as 

the largest positive peak between 230 and 450 ms for each electrode (Fz, FCz, Cz, CPz, 

Pz) for each subject after undergoing a 40 Hz low pass filter. For the time-frequency 

analysis, electrode CPz was used as this had the largest P300 amplitude. The N100 ERP 

was also obtained from the odd-ball ERPs. This was defined as the most negative 

amplitude within 80 to 120 ms post stimulus onset. For the ASSR analysis, the mean 

number of target epochs after placebo was 39.4 and for dexamphetamine was 39.3. 40 

Hz ASSR magnitude was largest at the mid-line electrode FCz. Therefore this electrode 

was used for all ASSR analysis.

Both the P300 and ASSR data underwent convolution with complex Morlet 

wavelets (Tallon-Baudry et al., 1996). The frequencies that were analysed for the P300 

at electrode were defined as: Delta 3 Hz; Theta 4–7 Hz; Alpha 8–12 Hz; Beta 13–30 Hz; 

and Gamma 30–50 Hz. These were averaged over the range of frequencies for a 50 ms 

window which was centred on each participant's peak P300 latency. The 20 and 40 Hz 

frequencies produced by the target stimuli were analysed for the ASSR within six 

consecutive 100 ms bins, starting at 1 ms.

 6.3.5 Principal Components Analysis

Principal component analyses (PCA) were conducted on groups of the various 

measures that were considered a priori to be related. This was done to reduce the 
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number of variables entered into analysis and thereby reduce the risk of type I error, 

while increasing the signal of the underlying components (Jackson, 1991). This was 

particularly important for ERP variables which can have many time, channel and 

frequency elements. PCA was not done as one overall PCA because of the relatively 

small sample size for such a PCA and so that the effect of dexamphetamine on separate 

principal components (PCs) could be correlated to each other with dexamphetamine - 

placebo difference scores (otherwise the orthogonal nature of PCA may remove such a 

correlation). PCA was first done on the grouped measures (see below) recorded from 

participants after placebo and then repeated on the same measures under 

dexamphetamine. If PCs were consistent across both drug conditions they were 

combined. If inconsistent, inconsistent items were removed from the PCA and the PCA 

was re-conducted; inconsistent items were classified as items whose difference on the 

loadings was greater than 0.4. Component scores for all groupings were extracted from 

the first PC. Only the P300 and N100 amplitude and latency measures had two PCs 

extracted from them as there is robust support for the 2nd derived measure, i.e., an effect 

of electrode location on the P300 and N100. No other groupings have such strong a 

priori empirical support for a second PC. Loadings for the P300, N100, startle and PPI 

components are in Table 6.1 and loadings for the ASSR components are in Table 6.2.

 6.3.6 PPI and startle measures

Where consistent, PPI and startle measures were selected for individual PCs 

based upon Scholes & Martin-Iverson (2009a). Only two PCs were inconsistent with the 

PCs reported by Scholes & Martin-Iverson (2009a). These were the stimulus measures 

in the two attention conditions (attend and ignore) across stimulus conditions (pulse 

alone and prepulse + pulse). Therefore, these measures were split into an ES50 PC and a 

threshold PC for each attend condition, giving four PCs. The fifth PC included the RMAX 
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of pulse alone for the attend and ignore conditions. The sixth and seventh PC consisted 

of the response measures for each attend condition, PPI of hillslope and RMAX and the 

startle only hillslope for attend and ignore. For each of these PCAs only the first PC was 

extracted.

 6.3.7 P300 and N100 to auditory target stimuli

P300 and N100 measures from the midline electrodes (Fz, FCz, Cz, CPz, and 

Pz) underwent two separate PCAs each, one each for amplitude and one each for 

latency. For both P300 and N100, two PCs were extracted for the amplitude measures. 

The first PC was a general amplitude component and the second PC was a positional 

component, contrasting anterior with posterior electrodes. Two PCs were also extracted 

each for P300 and N100 latency. The first PC indicated a general latency component 

and the second PC contrasted the anterior to posterior position.

 6.3.8 P300 time-frequency measures

The time-frequency measures for the auditory target P300 were split into 3 

groups for PCA. The first group included the low frequency measures of delta and theta 

power and PLF. The second group contained alpha power and PLF. The third group 

included the high frequency measures of beta and gamma power and PLF. For the high 

frequency group, gamma PLF was removed due to inconsistency across placebo and 

dexamphetamine. The first PC was extracted from each set of measures.

 6.3.9 Auditory Steady State Response

Two separate PCAs were conducted on the 40 Hz auditory steady state response 

data. The first PCA included the power measures at 40 Hz for both 20 Hz and 40 Hz 

target stimuli for each of the 100 ms time bins from 1 to 600 ms post stimulus and the 
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second included the PLF measures for the same stimuli. The first PC was extracted from 

each PCA. A similar extraction was conducted for the 20 Hz ASSR, i.e., one PC for 20 

Hz power and one PC for 20 Hz PLF.

 6.3.10 Correlation analysis

PCs were then entered into a mixed design ANOVA. Sex was treated as a 

between-subjects factor (2 levels, male or female) and drug was treated as a within-

subjects factor 2 levels, placebo or dexamphetamine). PCs that revealed a significant 

effect of drug, or a drug by sex interaction underwent bivariate correlation analysis with 

each other. Due to the large number of comparisons, 36 for the 9 significant PCs, the 

Holm correction for multiple comparisons was used (Holm, 1979). 

Correlations were checked for trends in the residuals vs fitted plot, the 

standardised residuals vs quantiles Q-Q plot was used to test for normality of the 

residuals, and Cook's distance was used to exclude data with excess influence, i.e., a 

datum was removed if its Cook's distance was larger than 1 (Cook and Weisberg, 1982).
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Table 6.1: Component loadings for P300, startle and PPI measures. Each measure, 
as denoted by the breaks underwent a separate principal components analysis.
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Principal Component Measure Combined loadings Placebo loadings Combined loadings Placebo loadings
P3 amplitude 0.91 0.92 0.88 -0.39 -0.36 -0.46

0.97 0.97 0.97 -0.23 -0.23 -0.20
0.99 0.99 0.97 0.01 -0.01 0.07
0.97 0.97 0.97 0.21 0.19 0.22
0.90 0.90 0.91 0.40 0.42 0.35

P3 latency 0.61 0.73 0.52 0.68 0.63 0.72
0.74 0.74 0.73 0.55 0.62 0.51
0.87 0.88 0.87 -0.21 -0.31 -0.16
0.89 0.82 0.92 -0.32 -0.44 -0.25
0.71 0.70 0.72 -0.50 -0.42 -0.53

N1 amplitude 0.70 0.74 0.66 0.65 0.60 0.71
0.89 0.88 0.90 0.42 0.44 0.39
0.95 0.96 0.95 -0.06 -0.02 -0.11
0.91 0.91 0.92 -0.38 -0.39 -0.37
0.77 0.74 0.79 -0.55 -0.62 -0.48

N1 latency 0.56 0.57 0.55 0.76 0.68 0.77
0.86 0.90 0.83 0.20 0.02 0.32
0.88 0.92 0.87 -0.23 -0.02 -0.33
0.72 0.58 0.80 -0.55 -0.68 -0.50

Low frequency P3 P3 PLF @ theta 0.77 0.81 0.72
P3 PLF @ delta 0.67 0.73 0.54
P3 power @ theta 0.81 0.86 0.79
P3 power @ delta 0.59 0.57 0.61

Alpha frequency P3 P3 power @ alpha 0.76 0.76 0.77
P3 PLF @ alpha 0.76 0.76 0.77

High frequency P3 P3 power @ 3050 0.81 0.82 0.80
P3 power @ beta 0.80 0.73 0.86
P3 PLF @ beta -0.47 -0.34 -0.51

Threshold measures ignore PPI of threshold ignore 0.88 0.87 0.89
Startle only threshold ignore -0.88 -0.87 -0.89

Threshold measures attend PPI of threshold attend 0.86 0.89 0.80
Startle only threshold attend -0.86 -0.89 -0.80

ES 50 measures ignore PPI of ES50 ignore -0.93 -0.92 -0.94
Startle only ES50 ignore 0.93 0.92 0.94

ES 50 measures attend PPI of ES50 attend -0.92 -0.92 -0.93
Startle only ES50 attend 0.92 0.92 0.93

Response measures ignore 0.94 0.97 0.90
0.88 0.89 0.86
-0.60 -0.58 -0.63

Response measures attend 0.91 0.93 0.89
0.89 0.89 0.88
-0.66 -0.64 -0.67

0.92 0.91 0.93
0.92 0.91 0.93

1st Principal Component 2nd Principal Component
Dexamp loadings Dexamp loadings

P3 amplitude @ Pz
P3 amplitude @ CPz
P3 amplitude @ Cz
P3 amplitude @ FCz
P3 amplitude @ Fz

P3 latency @ Pz
P3 latency @ CPz
P3 latency @ Cz
P3 latency @ FCz
P3 latency @ Fz

N1 amplitude @ Pz
N1 amplitude @ CPz
N1 amplitude @ Cz
N1 amplitude @ FCz
N1 amplitude @ Fz

N1 latency @ CPz
N1 latency @ Cz
N1 latency @ FCz
N1 latency @ Fz

PPI of hillslope ignore
Startle only hillslope ignore
PPI of Rmax ignore

PPI of hillslope attend
Startle only hillslope attend
PPI of Rmax attend

Startle only Rmax Startle only Rmax attend
Startle only Rmax ignore



Table 6.2: Component loadings for the ASSR measures. As for Table 1, each 
measure, as denoted by the breaks underwent a separate principal components 
analysis.

 6.3.11 Autonomic measures

Blood pressure and heart rate data were analysed by linear mixed-effects 

modelling, with two within-subjects factors, drug (placebo or dexamphetamine) and 

time post-drug ingestion (0, 75, 130, 180, 270 minutes). The inclusion of a random 

effects term was tested using restricted maximum likelihood estimation (Pinheiro and 
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Principal Component Measure Combined loadings Placebo loadings
40 Hz ASSR power 20 Hz stimulation @ 100 ms 0.79 0.78 0.79

40 Hz stimulation @ 100 ms 0.83 0.77 0.86
20 Hz stimulation @ 200 ms 0.79 0.80 0.79
40 Hz stimulation @ 200 ms 0.89 0.81 0.91
20 Hz stimulation @ 300 ms 0.81 0.83 0.81
40 Hz stimulation @ 300 ms 0.78 0.75 0.80
20 Hz stimulation @ 400 ms 0.85 0.79 0.86
40 Hz stimulation @ 400 ms 0.84 0.70 0.90
20 Hz stimulation @ 500 ms 0.88 0.90 0.88
40 Hz stimulation @ 500 ms 0.81 0.72 0.83
20 Hz stimulation @ 600 ms 0.51 0.58 0.53
40 Hz stimulation @ 600 ms 0.68 0.57 0.70

40 Hz ASSR PLF 20 Hz stimulation @ 100 ms 0.61 0.61 0.60
40 Hz stimulation @ 100 ms 0.69 0.63 0.74
20 Hz stimulation @ 200 ms 0.71 0.71 0.70
40 Hz stimulation @ 200 ms 0.81 0.78 0.83
20 Hz stimulation @ 300 ms 0.69 0.68 0.72
40 Hz stimulation @ 300 ms 0.74 0.71 0.77
20 Hz stimulation @ 400 ms 0.68 0.63 0.74
40 Hz stimulation @ 400 ms 0.80 0.74 0.86
20 Hz stimulation @ 500 ms 0.78 0.81 0.77
40 Hz stimulation @ 500 ms 0.81 0.77 0.84
20 Hz stimulation @ 600 ms 0.34 0.41 0.32
40 Hz stimulation @ 600 ms 0.67 0.60 0.73

20 Hz ASSR power 40 Hz stimulation @ 100 ms 0.47 0.60 0.29
40 Hz stimulation @ 300 ms 0.50 0.55 0.44
20 Hz stimulation @ 400 ms 0.66 0.59 0.76
40 Hz stimulation @ 400 ms 0.49 0.48 0.60
20 Hz stimulation @ 500 ms 0.84 0.83 0.89
40 Hz stimulation @ 500 ms 0.63 0.63 0.63
20 Hz stimulation @ 600 ms 0.84 0.83 0.82
40 Hz stimulation @ 600 ms 0.79 0.82 0.81

20 Hz ASSR PLF 20 Hz stimulation @ 100 ms 0.37 0.34 0.39
40 Hz stimulation @ 100 ms 0.10 -0.10 0.33
20 Hz stimulation @ 200 ms 0.70 0.66 0.69
20 Hz stimulation @ 300 ms 0.79 0.79 0.82
40 Hz stimulation @ 300 ms 0.08 0.28 -0.10
20 Hz stimulation @ 400 ms 0.77 0.79 0.81
40 Hz stimulation @ 400 ms 0.17 0.20 0.16
20 Hz stimulation @ 500 ms 0.80 0.78 0.79
40 Hz stimulation @ 500 ms 0.02 0.12 -0.12
20 Hz stimulation @ 600 ms 0.63 0.47 0.73

1st Principal Component
Dexamp loadings



Bates, 2000; Baayen et al., 2008). This indicated the inclusion of a 'by participant' 

intercept term and a 'scalar random effects' term for the drug by participant interaction. 

After the random-effects terms were set, fixed-effects terms were analysed by refitting 

the model using maximum likelihood estimation. Significance of the fixed effects in the 

models were obtained via Markov chain Monte Carlo (MCMC) simulation (Baayen et 

al., 2008).

 6.3.12 HPLC

Blood samples were taken at 180 minutes post-dose to coincide with peak 

concentration (Angrist et al., 1987). The analysis was based on previous published time-

course studies of dexamphetamine plasma levels (Kristensen et al., 2002; Ilett et al., 

2007). Differences from the Ilett procedure were: 3,4-methylenedioxymethamphetamine 

HCl (> 99.9 % purity as assayed by GC-MS) was used as an internal standard and 14 % 

MeOH in 45 mM phosphate buffer was used as the mobile phase (pH 2.99; 1.7 

mL/min). The HPLC system was an HP agilent series 1100 and the column was an C18 

reverse phase column (Phenomenex, Gemini NX, 5μ, 150 * 4.6 mm). Ultraviolet 

detection wavelength was set at 206 nm. Concentration of dexamphetamine was 

interpolated from a standard curve of area under the curve (AUC) of analyte/AUC 

internal standard vs analyte concentration. The R2 for the standard curve was > 0.99 and 

the intercept was not significantly different from 0.

 6.3.13 Statistical packages

All statistical analyses and figures were conducted with R version 2.12 (R 

Development Core Team, 2011) using the “ez” and “car” packages for repeated 

measures ANOVAs (Fox and Weisberg, 2011; Lawrence, 2011) and the “FactoMineR” 

package for PCA (Husson et al., 2011). Corrections for multiple comparisons were done 
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using the Holm method (Holm, 1979).

 6.4 Results

 6.4.1 Autonomic effects

Plots of the means of the autonomic variables, as shown in Figure 6.1, indicated 

a 2nd order polynomial fit for the dexamphetamine data. Linear mixed-effects regression 

confirmed this with the exception of the heart rate data. For systolic and diastolic blood 

pressure there were significant drug by time interactions for the 2nd order coefficients 

(systolic pMCMC < 0.0001, diastolic pMCMC < 0.0001). Heart rate had a significant 

2nd order term across drug conditions (pMCMC = 0.0096), but no significant drug by 

time 2nd order term interaction. Therefore the interaction term was removed for the 2nd 

order term and the model refitted. The drug by time 1st order interaction was significant 

(pMCMC < 0.0001). Pair-wise comparisons indicated that dexamphetamine increased 

all measures in a time-dependent manner and there were clear drug effects at the time of 

each task.

 6.4.2 Dexamphetamine concentrations

Female participants had significantly higher plasma concentrations of 

dexamphetamine compared to males (mean [±SE] female concentration = 94.3 [±3.8] 

ng/mL, male concentration = 83.3 [±3.4] ng/mL, t[37.2] = 2.17, p = 0.36).
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Figure 6.1: Autonomic effects of dexamphetamine over time. Dexamphetamine increased 

systolic and diastolic blood pressure over time peaking at approximately 180 min post dose, 

while dexamphetamine continued to increased heart rate even at the end of the experiment. This 

shows that dexamphetamine was active at all times when experiments were taking place. * 

p<0.05, ** p<0.01, *** p<0.001.

 6.4.3 Drug by sex effects

There were four significant drug by sex interactions on the separate PCs. Figure 

6.2 displays these significant interactions for the relevant PCs. First, the general P300 

latency PC showed a significant drug by sex interaction, F(1, 42) = 4.95, p = 0.032, η2
G 

= 0.033. P300 latency was significantly reduced in males by dexamphetamine (p = 
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0.0043). Second, there was a significant drug by sex interaction on the low frequency 

P300 PC, F(1, 42) = 5.35, p = 0.026, η2
G = 0.022. Dexamphetamine significantly 

reduced the low frequency P300 PC in females (p = 0.015) but not in males (p = 0.66). 

Further analysis of the measures that made up the PC indicated that this interaction was 

driven by effects of dexamphetamine on PLF for delta, F(1, 42) = 4.19, p = 0.047, η2
G = 

0.025, and theta, F(1, 42) = 4.45, p = 0.041, ges = 0.023. Third, there was a significant 

drug by sex interaction for the startle only RMAX PC, F(1, 44) = 8.86, p = 0.0047, η2
G = 

0.023. This was shown as a significant reduction in RMAX for females (p = 0.0065) but 

not males (p = 0.33). Fourth, there was a significant drug by sex interaction on the ES50-

attend PC, F(1, 44) = 4.38, p = 0.042, η2
G = 0.044). ES50-attend PC scores were reduced 

by dexamphetamine for females by 0.63 but were increased for males by 0.46 (p = 

0.040).

There were no drug by sex interactions on any of the other PCs.

 6.4.4 Drug effects

There was one novel main effect of drug on the various PCs. Dexamphetamine 

increased the threshold-attend PC, F(1, 44) = 5.73, p = 0.021, η2
G = 0.061. Further 

inspection of the measures in this PC showed a significant increase by dexamphetamine 

on startle only threshold (p = 0.008), but no significant effect on PPI of threshold under 

attend (p = 0.33).

Previously we found a drug by attention interaction on PPI of RMAX. However, 

we failed to find a significant effect on a PC that contained a PPI of RMAX measure. 

Therefore we conducted a repeated-measures ANOVA with PPI of RMAX with both 

attention conditions to try and replicate our previous findings. This analysis yielded no 

significant drug by attention interaction, F(1, 44) = 0.87, p = 0.36, η2
G = 0.002, nor was 
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there a main effect of dexamphetamine, F(1, 44) = 0.087, p = 0.77, η2
G = 0.0002.

As mentioned in the introduction, the effects on the P300, 40 Hz ASSR and the 

high frequency P300 have already been reported. They are presented here because they 

were significant PCs included in the correlation analysis. Dexamphetamine significantly 

increased the high frequency P300 PC, F(1, 42) = 9.14, p = 0.004, η2
G = 0.084, and the 

40 Hz ASSR power PC, F(1, 42) = 13.88, p = 0.0006, η2
G = 0.054, and dexamphetamine 

significantly reduced the first P300 amplitude PC, F(1, 42) =20.93 4, p = 0.00004, η2
G = 

0.078 and the 2nd P300 amplitude PC that contrasted anterior and posterior electrode 

locations, F(1, 42) = 11.77, p = 0.001, η2
G = 0.055. 

There were no effects of dexamphetamine on N100 amplitude or latency, (all F < 

2.4, all p > 0.1).

 6.4.5 Correlations between significant PCs

There were no significant correlations between dexamphetamine concentrations 

and the difference scores between placebo and dexamphetamine on any of the principal 

PCs. PCs that displayed significant effects of drug or drug by sex interactions were 

investigated for significant correlations amongst each other. The PCs entered were: 1. 

40 Hz ASSR power, 2. 1st P300 amplitude, 3. 2nd P300 amplitude, 4. 1st P300 latency, 5. 

P300 low frequency, 6. P300 high frequency, 7. startle RMAX, 8. startle ES50-attend, and 

9. startle threshold-attend. This gave 36 contrasts to be corrected for using the Holm 

procedure. Significant correlations are displayed in Table 6.3. 
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Figure 6.2: Interaction plots for each of the significant drug by sex interactions. Displayed are 

the means (±SE). From top-left and clockwise; P300 latency was significantly reduced in males 

after dexamphetamine but not in females, the low frequency P300 PC was significantly reduced 

in females but not males, the startle RMAX PC was significantly reduced in females but not males,  

and for the ES50-attend PC, female scores were reduced while male scores were increased after 

dexamphetamine. * p< 0.05.
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Only 2 significant correlations between PC difference scores (placebo - 

dexamphetamine) survived after correcting for multiple comparisons. The startle 

RMAX PC was positively correlated with the ES50-attend PC. Figure 6.2 illustrates this 

relationship and indicates that as ES50 was shifted to the right by dexamphetamine, 

RMAX was increased and vice versa. Reported previously, and discussed in more detail 

elsewhere, is the relationship between the P300 amplitude and low frequency P300 

measures Chapter 3.

Table 6.3: Correlation analysis of the difference scores (dexamphetamine - placebo) 
for the 8 significant PCs. Only correlations with a significant uncorrected p-value 
are shown. Asterisks denote significant corrected p values, * p < 0.05, ** p < 0.01.

 6.5 Discussion

The administration of 0.45 mg/kg dexamphetamine to healthy participants 

resulted in four drug by sex interactions and two novel drug effects. Of the drug by sex 

interactions, P300 latency PC was reduced in males but not females, the low frequency 

P300 power and PLF PC was reduced in females but not males, the startling stimulus 

alone RMAX PC was significantly reduced in females but not males and the ES50-attend 

PC was shifted to the left in females (indicating a reduction in the stimulus intensity 

required to produce the half maximal response) and to the right in males after 

dexamphetamine. Of the effects of dexamphetamine there was a significant increase 

(reduction in sensitivity)
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Principal component 1 Principal component 2   r Uncorrected p Holm p
P3 general amplitude Low frequency P3 0.51 3.86 42 0.00039 0.014 *

Startle ES50-attend 0.46 3.47 44 0.0012 0.042 *
P3 latency general Low frequency P3 -0.46 -3.34 42 0.0018 0.060 .

Startle threshold-attend 0.34 2.42 44 0.020 0.65
P3 general amplitude Startle ES50-attend 0.33 2.09 37 0.043 1.0
40 Hz ASSR power Hi frequency P3 -0.32 -2.08 38 0.044 1.0
40 Hz ASSR power Startle threshold-attend -0.32 -2.07 38 0.046 1.0

  t df sig

Startle Rmax general

Startle Rmax general



Figure 6.3: The only significant correlation that survived corrections for multiple comparisons 

was the correlation between the dexamphetamine-placebo difference scores on the startle only 

RMAX PC and the ES50-attend PC. The startle RMAX PC includes the startle only RMAX for both 

attend and ignore conditions, while the ES50-attend PC includes the startle only ES50 and the 

prepulse inhibition of ES50. Holm corrected p = 0.014, uncorrected p = 0.00039.

of the PC comprising startling stimulus intensity thresholds when participants attended 

to those stimuli, but not when they ignored them. When all significant components were 

entered into a correlation analysis as difference scores (dexamphetamine - placebo), 

only one novel correlation remained significant after corrections for multiple 

comparisons. This was a positive correlation between the difference scores of the 

startling stimulus alone RMAX PC and the ES50-attend PC. 

We previously reported a significant dexamphetamine by attention interaction in 

PPI of the RMAX measure (Chapter 5), itself similar to a similar schizophrenia by 
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attention interaction (Scholes & Martin-Iverson, 2010). A dexamphetamine by attention 

interaction in PPI of the RMAX was not replicated in the present study. One possibility is 

that the former was due to a sampling error, as the present study had nearly triple the 

sample size. Exploratory analysis suggested another possibility: that the drug by 

attention interaction may be related to both sex and age, with only older males 

exhibiting the drug x attention effect. This possibility should be explored in further 

experiments 

 6.5.1 P300 latency and low frequency P300

Previously, we reported on the failure to reject the null hypothesis that 

dexamphetamine does not influence P300 latency (Chapter 2). However, that study had 

an insufficient sample size adequately determine whether there was a drug by sex 

interaction. Our current results indicate that there is an important sex difference that 

likely accounts for the failure to reject the null hypothesis in the previous study. Healthy 

male participants had a reduction in latency after dexamphetamine administration, 

opposite in direction to findings of an increase in latency in schizophrenia (Pfefferbaum 

et al., 1984; Jeon and Polich, 2003; Bramon et al., 2004). That dexamphetamine reduces 

P300 latency in male participants suggests faster stimulus categorisation (Kutas et al., 

1977; McCarthy and Donchin, 1981) and an enhancement of attentional resource 

allocation (Unsal and Segalowitz, 1995; Polich and Criado, 2006).

Dexamphetamine reduced the low frequency P300 PC in females compared to 

males. Follow-up analysis on this PC indicated that it was the PLF of delta and theta 

frequencies that were reduced in females. PLF at these frequencies is a measure of the 

“jitter”, or peak latency variability, of the P300 wave across trials. This “jitter” has been 

suggested to reflect fluctuating attentional and performance strategies during the P300 

task (Pfefferbaum et al., 1983; Ford, 1999). This indicates that at times female 
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participants have an attentional strategy that is more variable under dexamphetamine, 

but does not affect the overall speed of categorisation. In contrast, male participants 

displayed faster stimulus categorisation, but showed little effect on the variability of 

attentional strategy. 

A similar dexamphetamine-induced sex difference has been found during the 

Stroop task. Female participants demonstrated better initial performance than males, but 

deteriorated post-dexamphetamine administration, while male participants improved 

(Riccardi et al., 2011). Riccardi et al., (2011) suggests that this is consistent with the 

hypothesised inverted U-shaped curve of dopamine versus cognitive performance (Cai 

and Arnsten, 1997; Kimberg et al., 1997; Williams and Castner, 2006; Vijayraghavan et 

al., 2007). This is supported by the finding of larger amphetamine-induced dopamine 

release in females in areas related to Stroop performance (Leung et al., 2000; Riccardi et 

al., 2006). Similarly, in our study, we speculate that sex differences in the amphetamine-

induced dopamine release across brain regions may contribute to the drug by sex 

interactions on these measures (Munro et al., 2006; Riccardi et al., 2006).

 6.5.2 Startle sensitivity measures- threshold and ES50

We have previously found that dexamphetamine increases startling stimulus 

intensity thresholds when pooled across attention and prepulse condition Chapter 5. The 

current findings, with an increased sample size, indicate that this effect is specific for 

the condition in which participants attend to the startling stimuli. Scholes et al., (2010) 

reported a similar shift in patients with schizophrenia, but failed to reject the null 

hypothesis. In the present study, the drug effect on the ES50-attend PC was sex 

dependent, unlike the drug effect on the threshold-attend PC. Dexamphetamine shifted 

the ES50 in startling stimulus alone trials (a measure of stimulus potency) to the left and 

increased the PPI of ES50 in females, but in males, the ES50 in startling stimulus alone 
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trials was shifted to the right and PPI of ES50 was reduced. Previous research on 

attention modulation of startle parameters found shifts to the left on ES50 and threshold 

measures, and corresponding increases in PPI on these measures, occur when attention 

is directed towards the auditory modality (Scholes and Martin Iverson, 2010)‐ . This has 

been suggested to be due to an increase in the perceived intensity of less intense 

startling stimuli (Ison and Ashkenazi, 1980; Silverstein et al., 1981; Scholes and Martin‐

Iverson, 2010). In this light, a dexamphetamine-induced increase in threshold would 

suggest that dexamphetamine is reducing attention towards the auditory modality 

globally, and the effects of dexamphetamine on ES50 indicate that the attentional 

reduction is modified as a function of sex and intensity. That is, females pay more 

attention to the mid-range startling stimuli than do males after dexamphetamine, but 

both show reductions in attention to the less salient quieter stimuli.

Dexamphetamine - placebo difference scores on the ES50-attend PC correlated 

significantly with the RMAX PC. Attention towards the startling stimuli has been shown 

to reduce RMAX and this is suggested to be due to reductions in the unexpectedness of 

loud stimuli (Ekman et al., 1985; Foss et al., 1989; Scholes and Martin Iverson, 2010)‐ . 

This is consistent with the relationship between ES50 and RMAX, i.e., as ES50 is shifted to 

the right a reduction in the perceived intensity is due to a reduction in attention towards 

the stimuli. At the same time, RMAX is also increased, indicating an increase in the 

unexpectedness of loud stimuli due to a reduction in attention towards the stimuli and 

vice versa.

 6.5.3 Linking P300 and startle drug by sex effects

It seems somewhat contradictory that males demonstrate an enhanced attention 

response indexed by P300 latency, yet demonstrate a reduced attention response indexed 
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by the ES50, while females demonstrate an increased attention response on the ES50 

and reduced P300 PLF. These findings can be reconciliated with Durstewitz & 

Seamans's (2008) dual state model of dopamine receptor function. This model 

postulates two dynamic functional states characterised by the dominant action of either 

D1 or D2 receptors. The D1 dominant state is suggested to provide a “high energy 

barrier” to intrusion from distractors and plays a role in maintaining working memory 

representations, but this robustness to distractions reduces behavioural flexibility. In 

contrast, the D2 dominant state is a “low energy barrier” enabling fast switching 

between representations for cognitive flexibility at the expense of distracting inputs 

being more likely to garner attention. This hypothesis fits well with data on selective 

dopamine D2-like receptor agonists increasing the frequencies of different behaviours in 

rats, while D1-like receptor agonists inhibit the termination of behaviours once elicited 

(Martin-Iverson, 1991). 

Selective reductions in the startle RMAX PC in females but not males suggests a 

relative shift towards a D2 receptor state in females. This is suggested for two reasons. 

Firstly, research using selective D1 and D2 receptor agonists has shown that increased D1 

receptor activation increases startle (Meloni and Davis, 1999), and D2 receptor 

activation decreases startle (Martin-Iverson and Else, 2000). This suggests a D2 receptor 

mediated effect in our females given dexamphetamine. Secondly, findings of greater 

frontal D2 receptor densities in females (Kaasinen et al., 2001 although see Glenthoj et 

al., 2006) and other dopamine neurophysiological sex differences cited in the 

introduction are also supportive of a relatively stronger D2 mediated effect in females.

Different dopamine receptor states may be preferentially advantageous for the 

different tasks leading to the differences in outcome measures between the sexes. The 

P300 task has regular 2 second intertrial intervals, whereas the startle task has a variable 
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15 – 30 second inter-trial interval. As such P300 latency PC may be enhanced by the D1 

state that enhances sustained attention towards the P300 stimuli and resists distraction 

by non-task related stimuli, since the inter-trial interval is short, allowing sustained 

attention. However, the D1 state may produce performance decrements on the ES50 PC 

because there is more time in between trials to direct attention towards, and sustain 

focus on, stimuli that are not related to the startling stimuli (i.e., relatively long periods 

of time for outside distractions to capture attention). In contrast, the D2 state may be 

advantageous for performance during the startle testing because even though attention 

may be directed away from the startling stimuli, it is “switched back” faster and more 

efficiently to the startling stimuli. Furthermore, increased switching (or the reduced 

“energy barrier” to switching) may also explain the increased P300 PLF findings 

detailed above if increased P300 latency jitter reflects shifting attentional strategies. It 

should be noted that this conceptualisation relies upon relative shifts between males and 

females towards D1 and D2 receptor states respectively. Clearly, replications of this 

pattern of sex differences in similar and divergent tasks will be necessary.

 6.5.4 Dexamphetamine Levels

Plasma concentrations of dexamphetamine were significantly higher in females 

than males. Females have been shown to have an increased urinary pH compared to 

males, and this has been linked to lower levels of protein intake (Waters et al., 1967; 

Mooney and Walbourn, 2001). Higher alkaline urine reduces the excretion of 

amphetamine, increasing the half-life (Gunne and Änggård, 1973). However plausible 

this may be as an explanation for sex differences in plasma dexamphetamine levels, this 

is just one factor of many that could affect contribute to sex differences in 

pharmacokinetics (Soldin and Mattison, 2009).

There were no significant correlations between plasma dexamphetamine 

191



concentrations and difference scores (placebo - dexamphetamine) on PCs that showed 

significant drug effects. Lack of any relationships between plasma levels and the 

various electrophysiological measures may be due to the time-course of the experiment. 

Blood samples were taken at 3 hours post-administration to coincide with peak 

dexamphetamine concentrations. However, tasks were conducted at various, albeit fixed 

per task, times post-drug ingestion, and therefore plasma may have fluctuated somewhat 

across the different tasks. Another possible explanation is the plasma concentrations 

may not have varied sufficiently to affect performance of the tasks across individuals.

 6.5.5 Independence of measures

There were only two significant correlations among the significant PC difference 

scores after corrections for multiple comparisons. A lack of a relationship between 

different measures is in general agreement with previous research evaluating multiple 

electrophysiological measures at once (Hall et al., 2006; Price et al., 2006; Turetsky et 

al., 2009). This suggests that each of these measures likely has very different neural 

substrates and that there is not likely to be one central mechanism whereby 

dexamphetamine affects these measures. However, it may be that any real relationships 

are relatively small and as such require more power than was available in this study.

 6.5.6 Summary

Dexamphetamine administration to healthy participants resulted in four drug by 

sex interactions. These effects may be due to regional sex differences of amphetamine-

induced dopamine release as well as D1 and D2 dopamine receptor densities, and appear 

consistent with Durstewitz and Seamans' (2008), dual-state model of dopamine receptor 

function. There was also a novel effect of dexamphetamine, the stimulus intensity 

threshold for the startle response when participants were attending to the startling 
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stimuli increased after dexamphetamine, indicating a reduction in attention towards 

lower intensity startling stimuli. Furthermore, lack of a relationship between 

electrophysiological PC difference scores is consistent with previous research indicating 

independence amongst measures.
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Chapter 7 - Dexamphetamine effects on separate constructs 

in the rubber hand illusion test

 7 Preface

Psychotic symptoms are subjective experiences, diagnosed on the basis of self-

reports and/or observations of behaviour, largely of a verbal nature, that provide only an 

indirect and not necessarily reliable source. Hallucinations and delusions can occur 

without any overt signs, although they are frequently accompanied by bizarre 

behaviours and speech. As such, psychosis, as a construct, is not an electrophysiological 

signal or measure, it is an inference of aberrant experiences that originate within the 

mind. The amphetamine model can increase its utility as a method for understanding the 

substrates of psychosis if it can induce similar perceptual experiences as those occurring 

for people suffering from psychosis, but, for ethical reasons, without having to induce a 

psychotic episode in a participant. The embodiment scale of the rubber hand illusion in 

particular has been shown to correlate with positive psychotic symptoms. The aim of 

this chapter was to test whether our participants given dexamphetamine would also 

show similar enhancements of the rubber hand illusion as that seen in people with 

schizophrenia.

Publication: Albrecht, MA, Martin-Iverson, MT, Price, G, Lee, J, Iyyalol, R, Waters, F 
(2011). Dexamphetamine effects on separate constructs in the rubber hand illusion test. 
Psychopharmacology doi: 10.1007/s00213-011-2255-y

 7.1 Abstract

Rationale: Corporeal awareness is an integral component of self-consciousness and is 

distorted in several neurological and psychiatric disorders. Research regarding the 

neural underpinnings of corporeal awareness has made much progress recently using the 
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rubber hand illusion (RHI) procedure. However more studies are needed to investigate 

the possibility of several dissociable constructs related to the RHI specifically, and 

corporeal awareness generally. 

Objectives: Considering dopamine's involvement in many perceptual-motor learning 

processes, as well as its apparent relationship with disorders such as schizophrenia that 

are linked to body ownership disturbances, we gave 0.45 mg/kg dexamphetamine (a 

dopamine transporter reverser) to 20 healthy participants to examine the effects of 

increased dopamine transmission on the RHI. Methods: The effect of dexamphetamine 

on separate quantitative constructs underlying RHI were examined including 

embodiment of rubber hand, loss of ownership of real hand, perception of movement, 

affect, deafference, and proprioceptive drift. The experiment was a double-blind, 

placebo-controlled, cross-over design. 

Results: Dexamphetamine increased participants' ratings of embodiment (particularly 

“ownership”) of the rubber hand and was associated with the experience of loss of 

ownership of the person's real hand. There were significant increases from 

asynchronous to synchronous stroking for the measures of movement and 

proprioceptive drift after placebo but not dexamphetamine. There were no changes in 

the measures of other constructs. 

Conclusions: These results show a novel pharmacological manipulation of separate 

constructs of the RHI. This finding may aid in our understanding of disorders that have 

overlapping disturbances in both dopamine activity and body representations, 

particularly schizophrenia.

 7.2 Introduction

Scientific studies about the self have suggested that it is intrinsically tied to a 
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sense of “one's own body” that arises from the multisensory integration of both top-

down and bottom-up processes (Coslett et al., 2002; Tsakiris et al., 2007b; Blanke and 

Metzinger, 2009; Tsakiris, 2010). The perception of one's own body refers to a 

subjective construct that that has also been termed 'corporeal awareness', ‘embodiment’ 

and ‘bodily consciousness’ (Berlucchi and Aglioti, 1997; Arzy et al., 2006; Longo et al., 

2008). Research into the neural substrates of corporeal awareness is particularly 

valuable because it appears to be integral to social behaviours, self-consciousness and 

cognition, and because disruptions of its functioning can result in bodily disorders in 

some neurological or psychiatric conditions (Bromage and Melzack, 1974; Vallar and 

Papagno, 2003; Zampini et al., 2004; Waters and Badcock, 2010). In particular, 

individuals with psychotic disorders suffer from disturbances in perception arising from 

both internal and external events that can lead to distortions of corporeal awareness. 

Given that the major theoretical framework for understanding psychosis has been one of 

dopamine hyperactivity (Howes and Kapur, 2009), we sought to examine in the current 

study the role of dopamine on corporeal awareness.

Experimental designs for measuring corporeal awareness frequently involve 

bodily illusions, in which the experience of an artificial limb is manipulated and is made 

to feel part of one’s own body. The ‘rubber hand illusion’(RHI) (Botvinick & Cohen 

1998) is induced by brushing a person’s hand, hidden from view, while synchronously 

stroking a rubber hand that is placed in a location that is compatible with the 

participant’s posture. Typically, people report that they can feel the brush’s strokes on 

the rubber hand, as well as a dissociation in the sense of location of their hand such that 

it feels not where it should be, but closer to (or in) the rubber hand. The RHI induces 

several corporeal experiences that may be dissociable. In support, Longo et al.'s (2008) 

principal components analysis on a 28-item questionnaire about the illusion yielded five 
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major orthogonal components:

(i) ‘Embodiment of the rubber hand’, referring to the sensation that the 

rubber hand belonged to, and was under the control of, the participant. 

This component was itself further decomposed into dissociable sub-

constructs relating to ownership, agency and location. 

(ii) ‘Loss of ownership of the person's own hand’, referring to items 

describing a reduction in perception of one’s own hand;

(iii) 'Movement’ referring to the perception of motion of the person's own 

hand, and of the rubber hand during the illusion; 

(iv) ‘Affect’, which incorporates items that relate to level of interest and 

emotional experiences elicited by the illusion;

(v) 'Deafference', or the experience of one’s hand being less vivid, or ‘more 

tingly’ than normal.

In addition to these subjective ratings, a quantitative measure of displacement in 

felt  hand location was also obtained by asking participants to point,  with their  eyes 

closed,  to  where  they  perceived  their  real  hand  to  be.  This  provides  a  measure  of 

‘proprioceptive drift’, a displacement of the proprioceptively perceived location of their 

body part from its actual location.

Other evidence supports the suggestion that the RHI comprises a cluster of 

constructs that may be dissociable. First, individual differences exist in healthy people 

showing differential performance in quantitative shifts, and subjective ratings across 

RHI domains (N. Holmes et al., 2006; Longo et al., 2008). Second, proprioceptive drift 

scores correlate with the sub-constructs relating to ownership and location, but not to 

any other construct (Longo et al., 2008). Third, ratings on embodiment and ownership 

are independent from ratings on body movement (Kammers et al., 2006; Tsakiris et al., 
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2006; N. Holmes & C. Spence 2007). Finally, synchronous and asynchronous stroking 

produced differential effects on scores across constructs, so that synchronous stroking 

typically produces higher ratings than asynchronous stroking.

These RHI constructs can be clustered into different domains of corporeal 

awareness that have separate underlying neural correlates (Head & G. Holmes 1911; N. 

Holmes & C. Spence 2007; Kammers et al., 2006; Longo et al., 2008; Paqueron et al., 

2003). Different theoretical models have different claims, but it is generally agreed that 

corporeal awareness includes: ‘body schema’ which is a dynamic sensory representation 

that reflects the position and movement of the body and limbs in space; ‘body 

embodiment’ (also known as body image) relating to conscious, top-down, cognitive 

representations which integrate perceptual experiences of one’s body into a sense that ‘it 

is mine’; and ‘body agency’ which is the sensation that one is in control of one’s 

actions. These are partly independent, although much interaction exists (Coslett et al., 

2002; Gallagher 2005; Paillard 1999; Schwoebel & Coslett 2005). The RHI constructs 

map onto these different representations, with 'movement' and 'proprioceptive drift' 

measuring body schema, 'embodiment of the rubber hand’ and ‘loss of ownership of the 

person's own hand’ referring to ‘body embodiment’ and ‘agency’ referring to the sense 

of control over the rubber hand. Affect and deafference do not map easily onto these 

body representations, but may accompany changes in corporeal awareness. Studies into 

the brain processes underlying corporeal awareness and the RHI using functional 

magnetic resonance imaging (fMRI) and transcranial magnetic stimulation (TMS) also 

support the suggestion of dissociable constructs (Farrer and Frith, 2002; Farrer et al., 

2003; Ehrsson et al., 2004, 2005, 2007; Blanke and Arzy, 2005; Tsakiris et al., 2008; 

Kammers et al., 2009).

Another useful approach for dissociating constructs of corporeal awareness is to 
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administer a drug with well-defined actions on the central nervous system (e.g., Morgan 

et al., 2010). Dexamphetamine is a relatively safe and effective drug that selectively 

releases dopamine, noradrenaline and, to a lesser extent, serotonin (Philips et al., 1982; 

Hegadoren et al., 1994). In large enough doses, amphetamine has been shown to induce 

psychosis in otherwise healthy individuals (Angrist and Gershon, 1970). The most 

robust hypothesis of the neural substrates of psychosis is one of dopamine hyperactivity 

leading to aberrant attribution of salience (e.g., see Howes & Kapur 2009 for a recent 

update and review). The major role of dopamine in the mesocorticolimbic system is to 

attribute importance to stimuli so as to enhance learning about predictions and outcomes 

(Robinson and Berridge, 1993; Berridge and Robinson, 1998; Hollerman and Schultz, 

1998; Waelti et al., 2001; Fletcher and Frith, 2009). Given that the illusion from the RHI 

is generated across time after repeated visuo-tactile stimulation, dopamine may make a 

contribution to the RHI by enhancing learning about these new perceptual associations, 

thereby producing stronger illusory effects. In support of this, individuals with 

schizophrenia have shown increased embodiment during the RHI (Peled et al., 2000). 

Unfortunately this RHI study did not include an asynchronous condition, but if 

dopamine is enhancing the process that forms associations, then increased dopamine 

activity may increase embodiment for both synchronous and asynchronous stroking by 

reducing the temporal threshold required for perceiving a causal relationship between 

the visual and the tactile stimulation. 

The aim of this study was to examine the effect of 0.45 mg/kg of 

dexamphetamine on the RHI in healthy participants. To our knowledge, this is the first 

dexamphetamine study of the RHI, therefore we conducted an exploratory investigation 

into the effects of dexamphetamine on the different RHI constructs. Due to the effects of 

dopamine on learning, we hypothesised that increased dopamine activity, through 
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dexamphetamine administration, would increase illusory effects of the RHI for both 

synchronous and asynchronous stroking conditions.

 7.3 Methods

 7.3.1 Participants

Twenty healthy participants between the ages of 18 and 25 (mean age 21.5 

years) were recruited (10 female). Participants reported abstinence from alcohol for 24 

hours before testing and abstinence from other recreational drugs for 7 days, except for 

nicotine, which was permitted in between testing so as to prevent withdrawal 

symptoms. Exclusory criteria were presence of any psychiatric disorder, cardiovascular 

disorder, epilepsy, a first-degree family member with schizophrenia and known 

hypersensitivity to amphetamines. All participants underwent a medical examination 

and were screened by the psychiatrists (JL or RI) before taking part in the study. 

Reimbursement for time was $50 for completing each day of the study.

 7.3.2 Procedure

The experiment was a double-blind, placebo-controlled balanced cross-over trial 

of dexamphetamine sulphate (0.45 mg/kg). The mean participant weight was 75 kg, 

which gave an average dose of dexamphetamine sulphate of 33.7 mg. Participants came 

into the centre for two testing sessions one week apart. Rubber hand testing began at 

240 minutes post-dose; Blood pressure and heart rate were recorded with an Omron 

automatic sphygmomanometer at 0, 75, 130, 180 and 270 minutes post-dose. Drug 

effects on blood pressure and heart rate were evident at that time (see Figure 7.1). 

Ethical approval was obtained from the University of Western Australia Human Ethics 

Committee and the North Metropolitan Area Mental Health Services Human Research 

Ethics Committee. The Australian and New Zealand Clinical Trials Registry number is 

ACTRN12608000610336.
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 7.3.3 Rubber Hand Illusion (Botvinick & Cohen 1998)

The participant sat with both arms on a table. The participant's right arm was 

concealed from the participant's view with a box covering their lower arm. A life-sized 

rubber hand was placed on the table beside the box, in a position that was compatible 

with the participant's posture. A towel was draped over the participant's right upper arm 

and was used to conceal the box, the participant's upper arm and the wrist portion of the 

rubber hand to give the impression that the rubber hand extended from the participant's 

body. The subject was asked to simply look at the rubber hand while the experimenter 

used a paintbrush to stroke the rubber hand and the participant's hand either 

synchronously (synchronous condition) or asynchronously (asynchronous condition). 

Each condition was conducted for 5 minutes. Stroke frequency was at 1 Hz and the full 

back of the hand and fingers were stroked. The number of strokes were not controlled 

for. At both the beginning and end of each condition, the participant was asked to close 

their eyes and point to where they thought the middle finger of their right hand was 

located in a horizontal plane. Participants used a slow movement in an imagined line in 

the space above their own and the rubber hand. Participants were asked to point on that 

line to the location they felt was in the correct position. The distance between the 

middle index finger of the real hand and the location indicated by the finger of the left 

hand, was measured with a ruler. The post- and pre- condition scores were then 

subtracted to give a measure of proprioceptive drift, or 'shift' in felt hand position. After 

each condition, the participant was given Longo's 28 item questionnaire to complete. 

 7.3.4 Analyses

Blood pressure and heart rate data were analysed by linear mixed-effects 

modelling, with two within-subjects factors, drug (placebo or dexamphetamine) and 

time post-drug ingestion (0, 75, 130, 180, 270 minutes) and participant as a random 
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effects term.

A 2*2*2 mixed design repeated measures ANOVA was conducted on the RHI 

constructs. Drug order was a between-subjects factor (placebo first or dexamphetamine 

first), while drug (placebo or dexamphetamine) and condition (synchronous or 

asynchronous stroking) were treated as within-subjects factors. All statistical analyses 

and figures were done using R version 2.11.1 (R Development Core Team, 2011) with 

the “ez” and “car” packages for repeated measures ANOVAs (Fox and Weisberg, 2011; 

Lawrence, 2011) and the “nlme” package for linear mixed effects (Pinheiro et al., 2008). 

All pairwise comparisons were two-tailed except where indicated. Corrections for 

multiple comparisons were done using the Holm method (Holm, 1979).

 7.4 Results

 7.4.1 Autonomic effects

A linear mixed-effects model was used to analyse effects of dexamphetamine 

upon systolic and diastolic blood pressure and heart rate. The data were expected to be 

quadratic, and plots of the means, as shown in Figure 7.1, confirmed this with the 

exception of the heart rate data. Therefore second order polynomials were fitted to the 

blood pressure data and a first order polynomial was fit to the heart rate data. For 

systolic and diastolic blood pressure there were significant drug by time interactions for 

the second order coefficients (systolic F[1,175] = 29.1, p < 0.0001; diastolic F[1,175] = 

5.9, p = 0.016). Heart rate only had a significant first order drug by time interaction 

(F[1,175] = 43.7, p < 0.0001). Dexamphetamine increased all measures in a time-

dependent manner, and importantly, there were clear drug effects at the time of RHI 

testing.
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Figure 7.1: Autonomic effects of dexamphetamine over time. Dexamphetamine increases 

systolic and diastolic blood pressure over time peaking at approximately 130 min post dose 

while increasing heart rate linearly. Time of testing was at approximately 240 min post dose. 

Asterisks indicate Holm corrected paired t-tests * p<0.05, ** p<0.01, *** p<0.001.

 7.4.2 Embodiment of the RHI

There were significant drug effects, showing that dexamphetamine significantly 

increased embodiment ratings when compared to placebo, F(1,18) = 12.8, p = 0.0022, 

partial η2 = 0.41. Synchronous stroking significantly increased the experience of 

embodiment compared to asynchronous stroking, F(1,18) = 27.3, p = 0.00006, partial η2 

= 0.60. Figure 7.2 illustrates the significant main effects of drug and stroking condition. 
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There was no drug by stroking-condition interaction, F(1,18) = 0.65, p = 0.43, partial η2 

= 0.04. There were no significant drug order effects or drug order interactions.

Figure 7.2: The effect of dexamphetamine and stroking on ratings of embodiment. The top row 

illustrates the main effect of drug and the main effect of stroking condition. Both 

dexamphetamine and synchronous stroking increased embodiment scores. The bottom row 

illustrates the effect of dexamphetamine by stroking condition on embodiment scores. There was  

no interaction between the drug and stroking condition. Solid horizontal lines indicate the 

group mean. N=20.

205



Figure 7.3: Strip plots for each of the Embodiment sub-scales; placebo versus dexamphetamine  

is on the left and asynchronous versus synchronous stroking is on the right. There was a main 

effect of stroking on all sub-scales, but there was only a main effect of drug on the ownership 

sub-scale. There were no drug by stroking interactions. N=20.

Next, we examined the effects of Dexamphetamine on ‘Embodiment of the 

rubber-hand’ sub-components (ownership, agency and location). Figure 7.3 shows that 

dexamphetamine had selective effects on these sub-components. Dexamphetamine 

significantly increased ratings on the ownership sub-scale when compared to placebo, 
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F(1,18) = 12.7, p = 0.0022, partial eta-squared = 0.41, but there were no main drug 

effects on agency, or location, F(1,18) = 3.9, p = 0.06, partial η2 = 0.18 and F(1,18) = 

2.3, p = 0.15, partial η2 = 0.11, respectively. All sub-scales demonstrated an increase 

with synchronous stroking compared to asynchronous stroking, consistent with findings 

in the literature (all p < 0.005). There were no drug by stroking-condition interactions 

for agency, ownership or location (all p > 0.05). There were no significant drug order 

effects or drug order interactions.

 7.4.3 Loss of ownership of own hand

There were significant effects of dexamphetamine on ratings of ‘Loss of 

ownership of own hand’, when compared to placebo, F(1,18) = 5.0, p = 0.039, partial η2 

= 0.22. There were also higher ratings during synchronous stroking compared to 

asynchronous stroking, F(1,18) = 25.4, p = 0.00009, partial η2 = 0.58. Figure 7.4 

illustrates the significant main effects of drug and stroking condition. There was no drug 

by condition interaction, F(1,18) = 0.017, p = 0.90, partial η2 = 0.00. There were no 

significant drug order effects or drug order interactions.

 7.4.4 Correlation between 'Embodiment of rubber hand' and 'Loss of 

ownership of own hand'

There were significant correlations between embodiment and loss that were 

independent of drug administration state, (placebo and dexamphetamine results 

combined, r = 0.55, t(18) = 2.8, p < 0.01; placebo alone, r = 0.63, t(18) = 3.5, p = 0.003; 

dexamphetamine alone, r = 0.51, t(18) = 2.5, p < 0.02). There were no significant drug 

order effects or drug order interactions.
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Figure 7.4: The effect of dexamphetamine and stroking on ratings of loss. The top row 

illustrates the main effect of drug and the main effect of stroking condition. Both 

dexamphetamine and synchronous stroking increased loss scores. The bottom row illustrates the  

effect of dexamphetamine by stroking condition on loss scores. There was no interaction 

between the drug and stroking condition. Solid horizontal lines indicate the group mean. N=20.

 7.4.5 Movement

There was a significant drug by stroking-condition interaction, F(1,18) = 6.7, p = 

0.019, partial η2 = 0.27. Figure 7.5 shows that placebo resulted in an increase in 

movement ratings in the synchronous condition when compared to the asynchronous 

condition but that there was no such increase associated with dexamphetamine. 
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Dexamphetamine, however, produced higher ratings in the asynchronous condition 

when compared to placebo (p < 0.05). There were no significant main effects of drug, 

F(1,18) = 2.8, p = 0.11, partial η2 = 0.13, or stroking-condition, F(1,18) = 2.4, p = 0.14, 

partial η2 = 0.11, nor was there a significant drug order effects or drug order 

interactions.

Figure 7.5: Drug by stroking condition interaction on the Movement scale. There was a 

significant interaction between drug and stroking condition whereby scores on the movement 

scale increased from the asynchronous to the synchronous condition under placebo and 

dexamphetamine increased movement ratings for the asynchronous but not the synchronous 

stroking conditions. Solid horizontal lines indicate the group mean. N=20.
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 7.4.6 Affect

There were significant main effects of stroking-condition, whereby synchronous 

stroking produced higher ratings compared to asynchronous stroking, F(1,18) = 9.4, p = 

0.007, partial η2 = 0.34. There was no main effect of drug, F(1,18) = 0.20, p = 0.66, 

partial η2 = 0.01, nor was there a drug by stroking-condition interaction, F(1,18) = 

0.069, p = 0.80, partial η2 = 0.00. There was, however, a drug order by drug interaction, 

F(1,18) = 5.1, p = 0.037, partial η2 = 0.22. Given that drug order by drug interactions 

can sometimes be better explained as an effect of session (week one vs week two), we 

re-examined the data. Participants had greater affect scores on the first compared to the 

second session (1st session mean ± standard error = 1.6 ± 0.15, 2nd session = 1.24 ± 0.11, 

p = 0.0069). There were no other significant drug order effects or drug order 

interactions.

 7.4.7 Deafference

There was no drug by stroking-condition interaction, F(1,18) = 0.60, p = 0.45, 

partial η2 = 0.03, no main effect of drug, F(1,18) = 0.91, p = 0.35, partial η2 = 0.05, and 

no main effect of stroking condition F(1,18) = 2.6, p = 0.12, partial η2 = 0.13. There 

were no significant drug order effects or drug order interactions.

 7.4.8 Proprioceptive Drift

There was no drug by stroking condition interaction, F(1,18) = 3.8, p = 0.07, 

partial η2 = 0.17. However, Strube & Bobko (1989) note that ANOVA for ordinal 

interactions lack power. Therefore pairwise comparisons were conducted. A planned 

pairwise comparison for the placebo condition showed that proprioceptive drift 

increased significantly between the asynchronous and the synchronous condition 

(asynchronous mean ± standard error = -0.35 ± 0.52, synchronous = 1.73 ± 0.70, p = 

0.02, one-tailed, a positive score indicates a shift towards the rubber hand) but there was 
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no significant difference under dexamphetamine (asynchronous mean ± standard error = 

0.26 ± 0.52, synchronous = 0.27 ± 0.69, p = 0.99). There was no main effect of drug, 

F(1,18) = 0.86, p = 0.37, partial η2 = 0.04, and no main effect of stroking condition, 

F(1,18) = 2.2, p = 0.15, partial η2 = 0.11. There were no significant drug order effects or 

drug order interactions.

 7.4.9 Drug by construct effects

Each of the different constructs (proprioceptive drift, embodiment, loss, 

movement, affect and deafferance) was scaled, centred and entered into a repeated 

measures ANOVA with construct as a factor to look for a drug by construct interaction. 

The ANOVA revealed a significant drug by construct interaction, F(5, 90) = 2.75, GGe 

= 0.68, p = 0.043, partial η2 = 0.11. Further repeated measures ANOVAs with pairs of 

constructs as a factor was conducted to identify which constructs showed a drug by 

construct interaction. ANOVA revealed significant drug by construct interactions 

between embodiment and proprioceptive drift, F(1, 18) = 11.73, p = 0.003, partial η2 = 

0.39, and embodiment and affect, F(1, 18) = 11.84, p = 0.003, partial η2 = 0.40.

 7.5 Discussion

The aim of the study was to examine the effects of 0.45 mg/kg dexamphetamine 

to healthy participants on illusory effects of the RHI. Firstly, the results in the placebo 

condition were similar to those of Botvinick & Cohen (1998) and Longo et al., (2008). 

Secondly, dexamphetamine caused differential effects across the different constructs 

underlying the RHI. Dexamphetamine increased the subjective experience of 

embodiment of the RHI, specifically ownership, and caused a greater sense of loss of 

ownership of the participants' own hand when compared to placebo. These enhanced 

effects were present for both the major illusory synchronous stroking condition, as well 
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as the asynchronous condition. By contrast, dexamphetamine disrupted the usual 

increase in scores between asynchronous and synchronous stroking on the 

proprioceptive drift and movement constructs. Furthermore, there were no effects of 

drug on affect and deafference. To our knowledge this is the first report of independent 

components of the RHI being manipulated pharmacologically.

 7.5.1 Body embodiment, and dopamine

Dexamphetamine produced increased ratings on embodiment of the rubber hand 

(specifically the ownership subscale), and increased ratings of loss of ownership of own 

hand. Both constructs map onto the broad representation of corporal awareness termed 

‘body embodiment’. Significant correlations between ratings of these two constructs, 

regardless of drug administration state, indicated that the two constructs are closely 

related. One explanation for this association was put forward by Longo et al., (2008) 

who suggested that the rubber hand is incorporated into awareness by suppressing (or 

displacing) the awareness of the existing hand, rather than adding by a 'supernumerary' 

hand (Ehrsson, 2009). According to Ehrsson (2009), when two rubber hands are used, 

so as to give the experience of having three right hands, the illusion is weaker than 

using one rubber hand because the sense of embodiment is spread over three hands. In 

other words, the neural representations arising from the rubber hand compete with each 

other for a sum of the total embodiment quota. That dexamphetamine increased the 

sense of embodiment over the rubber hand while decreasing feelings of ownership of 

the individual's own hand, above that of placebo, supports this notion of one unitary 

construct.

Together, these findings suggest a link between monoamines and conscious 

cognitive representations of corporeal awareness and sense of embodiment. The 

mechanism behind the RHI has been suggested to be a kind of Bayesian perceptual 
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learning where two perceptions are ‘bound’ when they co-occur with a high probability, 

whilst taking into account the 'prior' probabilities of a person's own history of perceptual 

experience, to give a 'posterior' probability of the perception of the rubber and the 

individual's own hand (Armel and Ramachandran, 2003; de Vignemont, 2010). The 

binding of neural activity that occurs simultaneously is a core feature of the Hebbian 

neural model of learning (Hebb, 1949), where a new 'cell assembly' or neural network is 

built from correlational neural activation by strengthening synaptic connections via long 

term potentiation (LTP) (see Cooper 2005; Martin et al., 2000). Both dopamine (mainly 

on dopamine D1 receptors Xu & Yao, 2010) and noradrenaline, via their interactions 

with glutamatergic receptors, have been shown to be important mediators of learning 

and LTP (Hopkins and Johnston, 1984, 1988; Heginbotham and Dunwiddie, 1991; 

Seamans et al., 1998; Gurden et al., 2000; Centonze et al., 2001; Reynolds et al., 2001; 

Castner and Williams, 2007) including Hebbian type synaptic learning (Shen et al., 

2008). Given that both dopamine and noradrenaline are found in the premotor cortex 

(Goldman-Rakic et al., 1990; Bergson et al., 1995), an area associated with the feeling 

of ownership during the RHI (Ehrsson et al., 2004, 2005, 2007), the increase in 

catecholamine release by dexamphetamine may be aiding synaptic processes that are 

responsible for the learning of perceptual ownership, and increased perception of 

embodiment, over the rubber hand.

An interesting parallel is that dopamine hyperactivity, including increased 

amphetamine-induced dopamine release (Laruelle et al., 1996), has been closely linked 

with schizophrenia (Seeman, 1987; Laruelle et al., 1999; Kapur, 2003). Individuals with 

schizophrenia have severe abnormalities in corporeal awareness (Waters and Badcock, 

2010) and show enhanced illusory effects of the RHI (Peled et al., 2000), underscoring 

common mechanisms between embodiment and dopamine activity. This link is made 
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stronger by findings showing that stimulant psychosis is more reflective of the positive 

than the negative symptoms of schizophrenia (Crow, 1980), emphasising the theoretical 

link between positive symptoms and abnormalities in the sense of self (S. Spence et al., 

1997; Waters & Badcock 2010).

Perhaps a common mechanism between embodiment, schizophrenia and 

increased dopamine activity may be related to the hypothesised role of dopamine in 

positive symptoms of psychosis. The aberrant release of dopamine and firing of 

dopamine neurons is suggested to lead to the attribution of importance to otherwise 

unimportant stimuli. Delusions are therefore the result of cognitive processes aimed at 

explaining the mislabelling of importance (Kapur, 2003; Kapur et al., 2005; Howes and 

Kapur, 2009). A similar mechanism may be occurring under dexamphetamine during the 

RHI. During the RHI subjects are asked to focus on a rubber hand that is being stroked. 

The feeling of being stroked on their own hand at the same time creates a discrepancy 

between prediction and experience. Events that violate expectancies can trigger a 

prediction error and depending on the circumstances is encoded by dopamine and 

labelled as important (Hollerman and Schultz, 1998; Roitman et al., 2001; Waelti et al., 

2001; Corlett et al., 2007). This facilitates the attribution of causal significance to the 

most salient stimulus occurring at the time of the event, in this instance, the vision of 

the brush stroke on the rubber hand. 

 7.5.2 Asynchronous condition

Dexamphetamine increased embodiment in both synchronous and asynchronous 

conditions. This is interesting, because the RHI illusion is typically stronger in the 

synchronous stroking condition because of precisely timed matching of visual and 

tactile stimulations; by contrast the reduced correlation of these inputs during the 

asynchronous condition usually decreases the illusion. One explanation for the current 
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finding is that dexamphetamine interferes with the perceived timing of the brush 

strokes, producing the experience that they occur closer together than what is actually 

the case. In support, studies have shown that individuals with schizophrenia experience 

the flow of time differently than healthy people (Waters and Jablensky, 2009). They 

need a larger inter-stimulus interval between two stimuli to experience them as “one-

after-the-other”, reflecting a lower time resolution for tactile stimuli (Foucher et al., 

2007; Giersch et al., 2009). Patients with Parkinson's disease (Artieda et al., 1992) and 

generalised dystonia (Aglioti et al., 2003) also display similar tactile discrimination 

deficits. In addition, these tactile timing deficits in Parkinson's have been shown to 

recover with the administration of L-DOPA (Lee et al., 2005). These findings, as well as 

others indicating a more general role of dopamine on time perception (e.g., Buhusi & 

Meck, 2002; Meck, 1986; Rammsayer, 1993, 1999, 2009), provide a possible 

explanation for the increase in embodiment under the asynchronous stroking during 

dexamphetamine administration.

Another explanation for increases during both stroking conditions by 

dexamphetamine may be related to a temporal extension of the efficacy of a stimulus to 

enhance perceptual learning (Seitz and Dinse, 2007). This perceptual learning can be 

augmented by a number of manipulations including focussing of attention and 

attribution of salience. If dexamphetamine is increasing attention or making stimuli that 

is focussed on more salient, it is likely that such an effect would increase the efficacy 

and duration of time that the vision of stroking remains above the learning threshold. 

There has been a number of reports of increased dopamine activity enhancing several 

perceptual and motor learning processes as well as evidence showing increased 

perceptual-motor cortical plasticity (Bütefisch et al., 2002; Dinse et al., 2003; Nitsche et 

al., 2004, 2006; Molina-Luna et al., 2009; Suppa et al., 2010; Hosp et al., 2011). 
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Perhaps enabling the delayed sensation of being stroked to be associated with the visual 

stimulus.

Yet another alternative is that the increased illusory ratings in both asynchronous 

and synchronous conditions by dexamphetamine occurs via mechanisms not related to 

the induction of the illusion. One possibility is that dexamphetamine may make 

participants more sensitive to changes in bodily perception resulting in increased 

reporting of illusory effects secondary to the illusion itself. In other words, the illusion 

may be occurring at the same strength under both dexamphetamine and placebo, but the 

report of the illusion is stronger. Also, self-report studies can often suffer from a number 

of different sources of bias which may have lead differences in the reporting of the 

illusion under dexamphetamine. However, dexamphetamine has not been shown to 

induce perceptual response biases in animals or humans (Koek and Slangen, 1983; 

MacNab et al., 1985). Further, in the present study, dexamphetamine did not 

significantly affect all measures to the same extent, there was no increased ratings on 

'affect' and the double-blinded design may have reduced much of this type of bias.

 7.5.3 Movement and proprioceptive drift

Under placebo, both proprioceptive drift and sensation of movement were 

increased on the synchronous compared to asynchronous stroking condition, replicating 

other results (Botvinick & Cohen 1998; Longo et al., 2008). By contrast, under 

dexamphetamine, there was no significant difference between stroking conditions, so 

that illusory effects were equal between stroking conditions. These constructs map 

closely onto a bodily construct termed 'body schema'. One area implicated in the 

experiences of body schema is the TPJ (Tsakiris et al., 2007a, 2008; Kammers et al., 

2009). The TPJ has little direct dopaminergic input (Corbetta et al., 2008) but it does 

have noradrenergic input from the locus coereleus (Nieuwenhuis et al., 2005). Despite 
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the lack of dopamine innervation, there have been a significant number of dopamine D2 

receptors found in the area of the TPJ (Goldsmith and Joyce, 1996; Farde et al., 1997) 

which are likely to be targeted by noradrenaline as there is cross-affinity between 

dopamine and noradrenaline (Newman-Tancredi et al., 1997; Andringa et al., 1999; 

Cornil et al., 2002; Lanau et al., 2002; Czermak et al., 2006; Kubrusly et al., 2007). D2 

receptor activation inhibits NMDA receptor evoked firing (Cepeda et al., 1993) and 

therefore might be expected to reduce cortical activity in the area of the TPJ. This may 

be a pharmacological equivalent of the effects found by inhibitory rTMS applied to the 

TPJ (Tsakiris et al., 2008; Kammers et al., 2009), leading to a loss of the usual integrity 

between embodiment and proprioceptive drift (Kammers et al., 2009). Interestingly, we 

have found that the same dose of dexamphetamine (0.45 mg/kg) reduces the amplitude 

of the auditory P300 event related potential (ERP) in humans (Chapter 2). This 

particular ERP has a specific generator on the inferior portion of the TPJ (Linden, 

2005), giving support to selective inhibitory effects by dexamphetamine on the TPJ.

Although the TPJ provides an interesting explanation for our findings, it is just 

one neural correlate associated with body schema, and the mapping of this construct 

onto neural sources is likely to be more diffuse than just the TPJ (Ehrsson et al., 2004, 

2005; Tsakiris et al., 2007a; Tsakiris, 2010). The major projections of dopamine neurons 

involve prefrontal regions as well as motor and sensory regions via the substantia nigra. 

Differential effects of dexamphetamine on body schema and body embodiment may be 

because of differences in the attentional bias of these dopamine neurons. Several lines 

of evidence suggest that dopamine neurons are more sensitive to tactile stimuli 

compared with visual stimuli; chemical lesions of the ascending nigro-striatal dopamine 

neurons cause reversible neglect to all orienting stimuli except for tactile stimuli and the 

orienting to tactile stimuli does not recover (Ljungberg and Ungerstedt, 1976); patient's 
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with Parkinson's show a number of proprioceptive deficits, and depending on the task, 

these recover with dopamine replacement therapy (Almeida et al., 2005; Li et al., 2010; 

Schneider et al., 1987); and deficits in proprioceptive processing in Parkinson's occur 

earlier than deficits in visual processing (Keijsers et al., 2005). This sensitivity to tactile 

stimuli may amplify the sensory input of the brush strokes on the participant's own hand 

rather than amplifying the visual input. The visual input, which provides the information 

about where the rubber hand is, likely drives the perceived shift in location of the 

person's own hand. The association between the sight and touch still occurs to give the 

experience of the illusion, but the location of their own hand is not lost.

 7.5.4 Conclusion

The results point to a link between dopamine and the experience of body 

embodiment. We speculate that these selective effects on the rubber hand by 

dexamphetamine may occur through a Hebbian type LTP mechanism that is enhanced 

by dopamine and noradrenaline. Further studies with selective dopamine and 

noradrenaline agonists and antagonists will help identify specific sites of action. 

Concomitant experiences of loss of the person's own hand are likely due to competition 

of perceptual resources with the rubber hand. By contrast, there was complex stroking-

condition effects under dexamphetamine on movement and proprioceptive drift, which 

may be related to the neural mapping of D2 receptor concentrations in areas around the 

TPJ. These findings are consistent with studies that suggest corporeal awareness is a 

complex and multi-dimensional experience, and that separate subjective constructs can 

be dissociated using experimental manipulations. By decomposing this experience 

pharmacologically, we can improve our understanding of abnormalities in bodily 

experience that occur in clinical populations.
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Chapter 8 – General Discussion

 8 Summary of findings

The main effects of dexamphetamine found in this thesis were:

P3 ERP

1. A reduction of auditory P3a (rare stimulus) and P3b (target stimulus) ERP 

amplitudes, but no effect on the visual P3a or P3b

2. The P3b reduction was more potent at posterior electrode sites compared to 

anterior electrode sites

3. A reduction of 3 Hz power and PLF at the peak of the P3b

4. The relationship between P3b amplitude and P3b theta power and PLF under 

dexamphetamine was weaker compared to placebo

5. An increase in gamma (30 – 50 Hz) power at the peak of the P3b

ASSR

6. An increase in 40 Hz ASSR power, but there were no significant effects on 40 

Hz PLF or 20 Hz power or PLF nor were there drug by attention interactions

Startle and PPI

7. An increase in startling stimulus alone thresholds when participants were 

attending to the startling stimuli

8. A positive correlation between the difference scores (dexamphetamine - 

placebo) of the startling stimulus only RMAX PC and the ES50-attend PC

Rubber hand illusion

9. An increase in the experience of embodiment of the rubber hand, particularly on 

measures related to ownership of the rubber hand
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10. A reduction in the perception of the participant's own hand that correlated with 

an increase in embodiment of the rubber hand

11. A reduction in the usual association between movement, proprioceptive drift and 

embodiment, i.e., no increase in the movement and proprioceptive measures 

after synchronous stroking during dexamphetamine administration

There were also a several drug by sex interactions:

1. P3b latency was reduced in males after dexamphetamine but not females;

2. The low frequency P3b PLF PC was reduced by dexamphetamine in females but 

not males;

3. Dexamphetamine reduced startling stimulus alone RMAX in females but not 

males;

4. Dexamphetamine shifted ES50 measures when participants attended to the 

startling stimuli to the left in females and to the right in males;

5. Dexamphetamine plasma concentrations were higher in females than in males.

The effects of dexamphetamine on each measure and their relationships to the 

dopamine model of psychosis will be discussed individually before summarising the 

general limitations of the amphetamine model of schizophrenia/psychosis.

 8.1 P3 

Dexamphetamine administration to healthy participants resulted in reduced 

auditory target, non-target and standard stimulus elicited P3 amplitudes. Although 

dexamphetamine-induced P3 reductions for each stimulus type did not differ 

percentage-wise, the effect size for the target stimuli was larger than the effect sizes for 
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rare and standard stimuli. Follow-up analysis on the target P3 amplitude (P3b) indicated 

that dexamphetamine-induced reductions were greatest at relatively posterior, compared 

to anterior, electrode sites. In addition, the time-frequency analysis suggested that 

reductions of both power and PLF at the 3 Hz frequency were significant contributors to 

the amplitude reductions induced by dexamphetamine. In contrast to the auditory P3 

reductions, we failed to reject the null hypothesis that there was no effect of 

dexamphetamine on the visual P3. The effects of dexamphetamine on the auditory P3 

are contrasted with previous studies that have failed to detect a dopamine-modulating 

effect on P3 amplitudes. One reason for the lack of effect in the other studies may have 

been because the dosage used was too low (Halliday et al., 1994; Oranje et al., 2006). In 

particular, the dexamphetamine study by Halliday et al., (1994) used 10 mg 

dexamphetamine compared to our average dose of 33 mg. Furthermore, Halliday et al., 

(2006) may also have failed to find an effect because they used visual stimuli, which we 

have shown is less sensitive to dopamine manipulation compared to auditory stimuli as 

demonstrated in chapter 2.

While presenting no direct neuroanatomical data, we suggest that the reduction 

by dexamphetamine on P3 amplitudes may be due to inhibitory effects of 

dexamphetamine on the TPJ, specifically the superior temporal gyrus. We support this 

suggestion with 5 arguments:

1. The dissociation between auditory and visual effects suggests a relatively 

specific auditory P3 generator. One such generator, the superior temporal gyrus, 

shares a border with the TPJ (Knight et al., 1989; Verleger et al., 1994; Linden, 

2005).

2. Reductions induced by dexamphetamine on P3 amplitude were largest at 

posterior (CPz & Pz) compared to anterior electrodes (Fz & FCz) (Chapter 3), as 
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would be expected if the TPJ area was involved.

3. Recent fMRI evidence has shown inappropriate recruitment of the superior 

temporal gyrus in an amphetamine sensitisation model (O’Daly et al., 2011), 

suggesting that the effects of dexamphetamine on the P3 are via an inability to 

synchronise low frequency oscillations that originate within the TPJ.

4. 3 Hz power reductions were found after dexamphetamine administration, 

indicating less total numbers of synchronous neurons firing in response to P3 

stimuli (instead of reductions being due to variability in the timing of P3 

generation as indexed by PLF), consistent with the findings of O'Daly et al., 

(2011) in point 3.

5. Dopamine D2 receptor binding is largest in the hippocampus and temporal cortex 

(excluding non-cortical brain regions) than many other cerebral cortical areas 

(Okubo et al., 1999). These receptors are in highly organised bands, particularly 

within the superior temporal cortex (Goldsmith and Joyce, 1996), providing a 

relevant target for neurotransmitter effects of dexamphetamine to act on. 

Furthermore these bands have a disrupted organisation in people with 

schizophrenia (Goldsmith et al., 1997).

It should be noted that the 3 Hz P3b PLF was also reduced, suggesting that there 

is a neurophysiological mechanism for P3 reduction other than a reduction in the 

number of synchronously activated neurons. The recent findings by O'Daly et al., (2011) 

may be a good candidate explanation for the effects on the PLF as well (i.e., a general 

inability to synchronise low frequency neural activity in the TPJ because of 

inappropriate induction of ongoing cortical activity).

While not as consistent spatially as the P3 amplitude and 3 Hz power effects, 3 

Hz PLF was reduced at the site of the largest P3 signal. There are two interpretations for 
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the construct that is measured by the low frequency PLF. The first suggests that PLF 

reduction is related to shifting attentional and performance strategies (Pfefferbaum et 

al., 1983; Ford, 1999). The effects of dexamphetamine on the 3 Hz PLF indicate an 

attentional strategy which is more effective at times under placebo and less effective at 

other times. The second hypothesis suggests that reductions in the timing of neural 

events is related to the signal-to-noise ratio. The ongoing EEG activity is classified as 

noise that could impair the phase resetting properties in response to stimulus events 

(Winterer et al., 2004; Rolls et al., 2008). This model links with Durstwitz and Seamans' 

(2008) dopamine D1 vs D2 receptor states (Rolls et al., 2008) and is described in more 

detail in Chapter 6 and below in Section 8.3.5. That there was increased 40 Hz power in 

our participants after dexamphetamine and a reduction in the 3 Hz signal would seem to 

support this interpretation, i.e., 40 Hz power could be thought of as “noise” with 

concomitant reductions in the lower frequency “signal” resetting properties.

It should also be noted, that reductions in the P3 by dexamphetamine may not 

necessarily be associated with a so-called “impairment” of cognitive or brain function. 

That is, attentional and working-memory processes may not be disturbed at this dose of 

dexamphetamine, especially when we did not observe performance reductions and 

dexamphetamine administration is associated with increases in attention and vigilance 

(Newhouse et al., 1989). Dexamphetamine may have affected other components of the 

context updating process. As one reviewer of this thesis suggested, P3 amplitude 

reductions by dexamphetamine may be more related to perceived probability of 

stimulus presentation which is well known to influence P3 amplitude (See 

Introduction).

 8.1.1 P3 sex differences

 Dexamphetamine-induced reductions of P3b 3 Hz and theta PLFs were more 
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pronounced in females compared to males. Reductions in PLF are an index of increased 

variability in the peak latency of the P3 and likely reflects shifting attentional and 

performance strategies (Pfefferbaum et al., 1983; Ford, 1999). This suggests an 

attentional strategy in females that at times is more effective under dexamphetamine and 

less effective at other times, but with no overall effect on P3 latency, i.e., an increase in 

latency variability. In contrast, male participants demonstrated a reduction in P3 latency 

after dexamphetamine. This suggests that increased catecholamine transmission 

enhances stimulus categorisation speed (Kutas et al., 1977; McCarthy and Donchin, 

1981) and/or enhances the allocation of attentional resources (Unsal and Segalowitz, 

1995; Polich and Criado, 2006) in males. 

Similar dexamphetamine-induced sex differences have been found during the 

Stroop task. Female participants demonstrated better initial performance than males, but 

deteriorated post-dexamphetamine administration, while male participants improved 

(Riccardi et al., 2011). Riccardi et al., (2011) suggests that this is consistent with the 

inverted U-shaped curve of dopamine versus cognitive performance (Cai and Arnsten, 

1997; Kimberg et al., 1997; Williams and Castner, 2006; Vijayraghavan et al., 2007). 

The finding of larger amphetamine-induced dopamine release in females in areas related 

to Stroop performance (Leung et al., 2000; Riccardi et al., 2006) supports this view too. 

Similarly, in our study, sex differences in dexamphetamine-induced dopamine release 

across brain regions may contribute to the drug by sex interactions on these measures, 

and this sex difference may be related to the higher plasma levels of dexamphetamine in 

females.

 8.1.2 Relationship with psychosis

The reduction of the auditory P3 after dexamphetamine displays a number of 

similarities to the reductions found in people with schizophrenia (Blackwood et al., 
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1987; Duncan, 1988). The similarities include: 

1. Larger P3 reductions in parietal sites compared to frontal sites (Michie et al., 

1990; Salisbury et al., 1999).

2. Reductions in P3b 3 Hz power (Ford et al., 2008; Doege et al., 2009).

3. Reductions in P3b 3 Hz PLF (Ford et al., 2008).

4. Reduced relationship between P3b theta PLF and P3b power (Ford et al., 2008).

The overlapping findings between our participants given dexamphetamine and in 

people with schizophrenia suggests a common mechanism for the similarities. The 

findings in this thesis point towards dopamine hyperactive being at least partly 

responsible. Interestingly, significant positive correlations have been found between 

superior posterior temporal gyrus grey matter volumes and P3 amplitudes in 

schizophrenia (McCarley et al., 1993, 2002), and a significant source of the P3 deficit 

has been localised to the left TPJ (Potts et al., 1998; O’Donnell et al., 1999; Jeon and 

Polich, 2001). In addition, Kawasaki et al., (2007) demonstrated a negative correlation 

on the brief psychiatric rating scale's (BPRS) measure of positive symptoms and the 

mean current density sourced within the left superior temporal gyrus (one border of the 

TPJ), condensing the cortical focus of similar findings by Egan et al., (1994). These 

findings are generally consistent with a role of increased catecholamine transmission 

exerting its effects via the TPJ and the link between dopamine hyperactivity and 

positive symptoms of psychosis. However, there is still no definitive relationship 

between the P3 and an individual psychotic symptom. The finding of reduced P3 

amplitude is not unique to schizophrenia and there was no apparent left lateralised 

deficit in our participants given dexamphetamine, but there is in schizophrenia.

 8.1.3 Dexamphetamine & schizophrenia differences

There were also a number of differences between findings in schizophrenia and 
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the effects of dexamphetamine in healthy participants. The differences include: 

1. Visual P3 reductions have been reported in people with schizophrenia, although 

with generally much weaker effect sizes (Brecher et al., 1987; Pfefferbaum et 

al., 1989; Ford et al., 1994; Mathalon et al., 2000; Ergen et al., 2008; Lee et al., 

2010), but were not found in our participants after ingesting dexamphetamine

2. Increased P3 latency in people with schizophrenia has been found (Pfefferbaum 

et al., 1984; Bramon et al., 2004) but dexamphetamine reduced in P3 latency in 

healthy males.

3. The relationship between P3b alpha and P3b amplitude is different in 

schizophrenia (Ford et al., 2008) than in those in our study administered 

dexamphetamine.

4. P3b theta power and PLF reductions are found in people with schizophrenia 

(Ford et al., 2008) but not with dexamphetamine.

5. Dexamphetamine increased P3b gamma power but it is not increased in people 

with schizophrenia (Ford et al., 2008).

The first four points will be discussed with reference to the general limitations of 

this thesis and the amphetamine model of schizophrenia in Section 8.6. The fifth point 

will be discussed in the next section on gamma.

 8.2 40 Hz Power

Dexamphetamine administration increased two measures of 40 Hz power. The 

first was an increase in the 40 Hz power during the ASSR to both target and non-target 

stimuli. The second was an increase in 40 Hz power in response to target odd-ball 

stimuli (P3b). Despite the increase in power after dexamphetamine, we found no 

difference between dexamphetamine and placebo on 40 Hz PLF during the ASSR and 
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the P3. Power and PLF are usually highly correlated, especially within an ERP context 

because precisely timed stimulus-locked neural activity is more likely to survive the 

averaging process. However, the variance in common between the two measures is less 

than 100%, so mechanisms could potentially affect one independent of the other, as 

demonstrated in our results.

 8.2.1 Mechanisms for 40 Hz power increases by dexamphetamine

An increase in 40 Hz power, but not PLF, suggests that dexamphetamine is 

bolstering the 40 Hz signal by recruiting more neurons to fire synchronously. An 

increase in cortical synchronisation between neurons has been demonstrated after VTA 

stimulation, the region of the cell bodies of the major dopamine projections to cortical 

structures (Bao et al., 2001). We suggest that a possible mechanism whereby gamma 

power is increased but not beta (~ 20 Hz) frequencies (as these frequencies displayed 

little modulation by dexamphetamine) is via a frequency-specific facilitation of GABA-

sensitive currents (Ito and Schuman, 2007). In the Ito and Schuman (2007) study, 

dopamine depressed low frequency excitatory input in hippocampal pyramidal cells via 

presynaptic inhibition, but facilitated GABA-sensitive steady-state currents at higher 

frequencies of stimulation. This indicates that dopamine facilitation of excitatory drive 

occurs specifically for higher frequencies and is dependent upon neural disinhibition. 

This hypothesis could be tested by the co-administration of dexamphetamine, or other 

dopaminergic agent, with a GABA receptor antagonist.

 8.2.2 Gamma, dexamphetamine and the arousal hypothesis

It is difficult to interpret the effects of dexamphetamine on electrophysiological 

measures without mentioning the concept of “arousal”. However, this is not a concept 

that has any very clear definition, used universally. It may mean different things in 

different research areas. For example, Pribram argued that arousal, behavioural 
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activation and effort were separable but interacting systems controlling attention, with 

“arousal” being coordinated by the amygdala, behavioural activation by the basal 

ganglia, and effort by the hippocampus (Pribram and McGuinness, 1975), but more 

recent three-dimensional views of emotion would subsume all of those under a single 

unitary view of arousal (Mehrabian, 1995a). Some have argued that there is no real 

utility in the concept of arousal as various elements of arousal are mediated, to some 

degree independently, by different central and peripheral nervous system structures 

(Vanderwolf and Robinson, 1981; McNaughton and Gray, 2000). On the other hand, in 

the past two decades, there has been a widespread application in the human emotion 

research field to subscribe to a simplified emotion categorisation into three orthogonal 

components: arousal, hedonia and dominance (Mehrabian, 1995a, 1995b; Mehrabian 

and Ljunggren, 1997). However, even within this context, the categorisation is 

artificially imposed by the types of questions asked. For example, if questions include 

those referring to sexual arousal as well as questions regarding general arousal are 

included after presentation of pleasant and unpleasant stimuli from the International 

Affective Picture Inventory, the responses to sexual arousal and arousal questions are 

quite different to sexual pictures as well as to non-sexual pictures (Savery and Martin-

Iverson, 2004; Savery, 2007). The effects of psychomotor stimulants may be complex 

and involve a variety of psychological mechanisms, but dexamphetamine increases 

"arousal", whether arousal is defined as increasing wakefulness, alertness, behavioural 

readiness, activation of the sympathetic nervous system, or increased emotional 

intensity. 

The effects of dexamphetamine on the 40 Hz ASSR are inconsistent the 

proposed role of “arousal” on the ASSR by Griskova et al., (2007). This role was based 

on research that found an increased ASSR during what was called a “low arousal” 
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condition compared to a “high arousal” condition (Griskova et al., 2007). However, the 

study failed to appropriately control for attention which can seriously confound 

interpretations derived from these results (see PPI section in the introduction). In the 

high arousal condition, subjects read a book sitting up; this manipulation is an active 

attention control away from the stimulus (similar to the ignore condition in the startle 

and PPI experiment). The low arousal condition was defined by subjects reclining with 

their eyes closed, but with no distractor similar to the book reading condition. Thus it is 

quite possible that this was an attention manipulation: the “low-arousal” condition may 

have made the auditory stimuli more salient and less easy to ignore. 

The results presented in this thesis do not support the Griskova et al., (2007) 

arousal hypothesis. Dexamphetamine administration increased 40 Hz ASSR power. This 

directly contradicts their proposed role of arousal on the ASSR. It appears more likely, 

that attention differences are responsible for the effect ascribed to arousal by Griskova 

et al., (2007) as there are strong effects of attention on the ASSR as presented in this 

thesis and elsewhere (Skosnik et al., 2007).

 8.2.3 Gamma and schizophrenia

An increase in gamma power in response to ASSR and P3b stimuli by 

dexamphetamine is contrasted by reductions in 40 Hz ASSR power and PLF (Kwon et 

al., 1999) as well as no differences between patients with schizophrenia and controls on 

overall P3b gamma activity (Ford et al., 2008) and conflicting reports in a number of 

other studies (Uhlhaas et al., 2006; Basar-Eroglu et al., 2007; Bucci et al., 2007; Flynn 

et al., 2008; Johannesen et al., 2008). Direct comparisons of the effects of 

dexamphetamine on EEG measures in healthy volunteers to those effects found in most 

studies of schizophrenia are complicated by the fact that in by far the majority of 

schizophrenia studies, the people are under the influence of antipsychotic drugs 
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(dopamine receptor antagonists) at the time of the EEG measurements, and that very 

few of those patients are actively experiencing psychosis at the time of the 

measurements. Therefore, increased monoamine (including dopamine) transmission is 

not likely to be a direct cause of the gamma deficits reported in schizophrenia. 

There is evidence to support a role of increased gamma in the generation of 

positive psychotic symptoms (Baldeweg et al., 1998; Gordon et al., 2001; Lee et al., 

2003a, 2003b; Lee et al., 2006; Ropohl et al., 2004; Spencer et al., 2004). Perhaps most 

relevant to the results reported in this thesis is that nested within reductions of the 40 Hz 

ASSR, increased 40 Hz ASSR activity is positively correlated with positive psychotic 

symptoms, particularly auditory hallucinations (Spencer et al., 2008, 2009; Mulert et al., 

2011). While the findings by Spencer et al., (2008, 2009; 2011) were predominantly 

driven by the 40 Hz PLF, they note in their discussion that this correlation was found on 

a measure reflecting the lifetime history of hallucinations in patients despite the patients 

not actively experiencing hallucinations during the study. This led Spencer et al., (2009) 

to suggest that their findings may reflect a subthreshold level of dysfunction that leads 

to the generation of hallucinations in the absence of effective dopamine antagonism 

(i.e., when the patients were not medicated, as they are in the studies quoted). The 

susceptibility factors could be alterations in GABAergic or glutamatergic systems as 

proposed by a number of researchers (see Introduction). The susceptibility factors may 

also result from homeostatic adaptations that occur in response to chronic dopamine 

hyperactivity that lead to reductions in the brain's ability to generate gamma. A similar 

notion was presented in Spencer et al., (2009) with respect to NMDA receptors, and see 

also (Lisman et al., 2008). The underlying neurophysiological alterations and 

susceptibility factors may increase the likelihood of positive symptoms of psychosis 

emerging during periods of dopamine hyperactivity (see Laruelle and Abi-Dargham, 
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1999). 

With evidence suggesting a relationship between increased gamma and positive 

symptoms (above), increased dopamine transmission and gamma (Chapters 3 and 4), as 

well as increased dopamine transmission and positive symptoms (see Introduction), this 

three-way relationship may relate to a potential mechanism for the emergence of 

psychotic symptoms. The PLF deficits that are measured in patients to externally driven 

stimuli (e.g., Kwon et al., 1999) indicates an impairment of neural timing that may be 

related to more general perceptual timing deficits (Todd et al., 2003; Waters et al., 2004; 

Waters and Jablensky, 2009) and failures of self-monitoring (Blakemore et al., 2000; 

Fletcher and Frith, 2009). Failures in self-monitoring and synchronisation of areas 

associated with self-produced speech have been linked with the proneness to experience 

hallucinations (Ford et al., 2007). However, by itself, reductions in neural timing 

processes may not be sufficient to initiate hallucinatory symptoms because PLF have 

not been linked to patients actively experiencing hallucinations; it is more reflective of 

the proneness to hallucinate (Spencer et al., 2008, 2009). Hallucinatory symptoms may 

come about when there is excess dopamine activity to drive an occurring representation 

into prominence by increasing its cortical trace (Wickens et al., 1996; Arbuthnott and 

Wickens, 2007). An increased cortical trace of the representation may be reflected by 

the enhanced 40 Hz power after dexamphetamine. In support, 40 Hz activity has been 

linked with conscious perception (Joliot et al., 1994), a stronger memory trace (Osipova 

et al., 2006), and is enhanced by attention (Chapter 4 and Skosnik et al., 2007). In 

addition, hallucinations have often been linked to self-monitoring and other memory 

dysfunctions, as well as difficulties suppressing irrelevant memory traces (Badcock et 

al., 2005; Waters et al., 2004). 

Given that abnormal timing mechanisms might contribute in a significant way to 
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cognitive difficulties and perceptual distortions that underlie hallucinatory experiences 

(Waters, 2011), PLF and timing explanations provide a plausible explanation for an 

inability to self-attribute emerging cortical representations, while dopamine enhances 

the trace of the representation and labels (inappropriately) the representation as 

important/to be paid attention to. This aspect of dopamine may be what drives 

subthreshold levels of dysfunction into problematic psychotic symptoms. It also may 

explain why antipsychotics often do not completely abolish psychotic symptoms, but 

make them less noticeable and less distracting; the importance of the representation as 

well as the representation itself has been dimmed, but the representations themselves 

remain.

The 40 Hz findings in this thesis may also provide a possible explanation for 

some of the general gamma reductions in schizophrenia. As mentioned in chapter 3, 

gamma reductions may be related to a neurophysiological homeostatic adaptation to 

chronic dopamine hyperactivity. Another possible explanation may be that gamma 

reductions are an effect of antipsychotic medications, as antipsychotics have 

functionally opposite effects of dexamphetamine at therapeutic doses. Haloperidol, a 

prototypic neuroleptic, administration to healthy participants reduces gamma to attended 

stimuli (Ahveninen et al., 2000). Few gamma studies have been conducted with 

antipsychotic naïve patients, and where they have been done, the Ns have been too 

small for reliability. For example, the largest unmedicated sample size so far for the 

ASSR has been 9 patients (Light et al., 2006). The focus of the underlying cause of 

gamma alterations in schizophrenia has been predominantly directed towards 

glutamatergic and GABAergic processes (Kwon et al., 1999; Light et al., 2006; 

Gonzalez-Burgos and Lewis, 2008; Uhlhaas and Singer, 2010; Woo et al., 2010) 

because of strong in vitro links between high frequency oscillations and GABAergic and 
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glutamergic interactions (Whittington et al., 1995; Traub et al., 1996; Bartos et al., 

2007). However, dopamine dysfunction is a core component of schizophrenia and 

psychosis and an effective modulator of gamma, as well as functioning in the brain 

primarily to modulate GABA and glutamate transmission, implicating dopamine as a 

potentially important factor of gamma alterations in schizophrenia.

Dexamphetamine administration resulted in an increase in startling stimulus 

alone thresholds when participants were attending to the startling stimuli and affected 

ES50 during the attend condition and startle RMAX in a sex-dependent manner. For the 

ES50 measures in females, dexamphetamine shifted the ES50 in startling stimulus alone 

trials to the left and increased the PPI of ES50 in females. In contrast, the startling 

stimulus alone ES50 was shifted to the right and PPI of ES50 was reduced after 

dexamphetamine in males. Dexamphetamine reduced RMAX in females but not in males. 

In addition, there was a positive correlation between the difference scores 

(dexamphetamine - placebo) of the startling stimulus only RMAX and the ES50.

 8.2.4 Startling stimuli thresholds

The increase in threshold after dexamphetamine when participants were 

attending to the startling stimuli is consistent with the direction of the shift in patients 

with schizophrenia as found in Scholes and Martin-Iverson (2010), despite failing to 

reject the null hypothesis. Increases in startling stimulus thresholds have been linked 

with reductions in attention towards the startling stimuli (Scholes and Martin-Iverson, 

2009; Scholes and Martin Iverson, 2010)‐ . This has been suggested to be because 

attention increases the perceived intensity of lower startling stimuli and increasing the 

likelihood of crossing the threshold to initiate the startle reflex (Ison and Ashkenazi, 

1980; Silverstein et al., 1981; Scholes and Martin Iverson, 2010)‐ . This suggests that the 

effects of dexamphetamine on startle thresholds was to reduce attention to the auditory 
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modality for the less salient stimuli.

 8.2.5 PPI of RMAX under ignore

In the initial study with 16 participants, we found a dexamphetamine by 

attention interaction in PPI of the RMAX measure (chapter 5). However, when a larger 

sample size was used, we failed to replicate the drug by attention interaction. This is 

consistent with previous amphetamine and PPI studies in humans (Hutchison and Swift, 

1999; Swerdlow et al., 2002, 2003). Higher doses may be necessary to reduce PPI in 

humans, just as higher dosages are often needed in animals to reduce PPI (see 

Introduction). Given that PPI seems insensitive to doses suitable to administer safely 

and ethically in humans, it is unlikely that a reduction in PPI will be found using a 

single dexamphetamine dose in humans given the small effect sizes found so far. Future 

experiments could investigate an amphetamine sensitisation model of amphetamine's 

effects on PPI, bypassing the need to increase doses to possibly unsafe thresholds of 

dexamphetamine in order to detect an effect on PPI in humans (e.g., see O’Daly et al., 

2011). Exploratory analysis suggested another possibility, that the drug by attention 

interaction may be related to sex and age. In support, adult rats, show deficits in PPI in 

response to amphetamine administration but not adolescent rats (Brunell and Spear, 

2006). We recruited too few older subjects to adequately address this issue in this thesis 

but this should be pursued in future amphetamine experiments.

 8.2.6 Sex differences on startle measures

A reduction of the startling stimulus alone RMAX by dexamphetamine across 

conditions was evident for females but not males. We suggested that this may be related 

to differing D1 and D2 densities between the sexes and/or the shift towards a dominant 

D2 receptor state in females after dexamphetamine relative to a dominant D1 receptor 

state in males (see also Section 8.3.5). The reduction in RMAX in females is consistent 
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with a dominant D2 receptor state as D2 agonists reduce the startle reflex (Martin-

Iverson and Else, 2000), while D1 agonists increase the startle reflex (Meloni and Davis, 

1999). Furthermore, there is some evidence of increased D1 receptors in male rats 

globally (Andersen et al., 1997) and increased D2 receptor densities in the anterior 

cingulate cortex of human females (Kaasinen et al., 2001) although see (Cortés et al., 

1989) and (Glenthoj et al., 2006) respectively. 

There was also a drug by sex interaction for the ES50 PC when participants were 

attending to the startling stimuli. This finding indicated that attention was enhanced by 

dexamphetamine in females for moderately startling stimuli but reduced in males (Ison 

and Ashkenazi, 1980; Silverstein et al., 1981; Scholes and Martin Iverson, 2010)‐ . When 

linked with the threshold findings, it suggests that dexamphetamine is reducing 

attention towards the auditory modality for less intense startling stimuli and that this 

reduction is modified as a function of sex and intensity as demonstrated by the ES50 

drug by sex interaction. That is, females pay more attention to the mid-range of startling 

stimuli than do males after dexamphetamine, but both display reduced attention to the 

quieter startling stimuli.

 8.2.7 Relationships among startle/PPI measures after dexamphetamine

There was one significant correlation between dexamphetamine - placebo 

difference scores on startle reflex measures that displayed a significant effect of 

dexamphetamine. This was a correlation between ES50 measures when participants 

attended towards the startling stimuli and startling stimulus alone RMAX measures. This 

correlation supports the hypothesis that attention towards the startling stimuli reduces 

RMAX by reducing the unexpectedness of loud stimuli (Ekman et al., 1985; Foss et al., 

1989; Scholes and Martin Iverson, 2010)‐ . That is, as ES50 is shifted to the right a 

reduction in the perceived intensity is due to a reduction in attention towards the stimuli. 
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At the same time, RMAX is also increased, indicating an increase in the unexpectedness 

of loud stimuli due to a reduction in attention towards the stimuli and vice versa.

 8.2.8 Linking P3 and startle drug by sex effects

The combined drug by sex interactions on the P3, startle reflex and PPI 

measures point towards dexamphetamine inducing a dominant D2 receptor state in 

females relative to a dominant D1 receptor state in males, most likely due to differences 

in basal receptor densities of the two subtypes between males and females. Durstewitz 

& Seamans's (2008) dual state model of dopamine receptor function suggests two 

different functional states characterised by the dominant action of either D1 or D2 

receptors. The D1 dominant state is suggested to provide a “high energy barrier” to 

intrusion from distractors and plays a role in maintaining working memory 

representations and the D2 dominant state is a “low energy barrier” enabling fast 

switching between representations for cognitive flexibility. This hypothesis fits well 

with data on selective dopamine D2-like receptor agonists increasing the frequencies of 

different behaviours in rats, while D1-like receptor agonists inhibit the termination of 

behaviours once elicited (Martin-Iverson, 1991). This also fits with evidence that 

patients with positive symptoms tended to switch more than controls and patients with 

negative symptoms, while patients with negative symptoms displayed more 

perseveration (Yogev et al., 2003).

The findings that indicated this relationship in participants given 

dexamphetamine were: 

1. The reduction in startling stimulus alone RMAX in females but not males, 

indicated both enhanced attention during the startle task and that D2 agonism is 

usually associated with a reduction the startle reflex.

2. Attention was enhanced in males for the P3 (as indexed by latency) but reduced 
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during the attend condition of the startle reflex and PPI testing (as indexed by 

the ES50),

3. Attention was more variable in females for the P3 (as indexed by the P3 PLF) 

but enhanced during the attend condition when taking part in the startle reflex 

and PPI testing (as indexed by the ES50). 

The different dopamine receptor states may be preferentially advantageous for 

each of the different tasks leading to these sex differences. The P3 latency may be 

enhanced by the dominant D1 state because the inter-trial interval is short, which 

continuously directs sustained attention towards the P3 stimuli while resisting 

distraction by non-task related stimuli. However, the D1 state may produce performance 

decrements on the ES50 measures because there is more time in between trials to direct 

attention towards, and sustain focus on, stimuli that are not related to the startling 

stimuli. In contrast, the D2 state may be advantageous for performance during the startle 

testing because even though attention may be directed away from the startling stimuli, it 

is “switched back” faster and more efficiently to the startling stimuli. Furthermore, 

increased switching (or the reduced “energy barrier” to switching) may also explain the 

increased P3 PLF findings detailed above if increased P3 latency jitter reflects shifting 

attentional strategies. It should be noted that this conceptualisation relies upon relative 

shifts between males and females towards D1 and D2 receptor states respectively. 

Clearly, replications of this pattern of sex differences in similar and divergent tasks will 

be necessary to confirm or disprove the hypothesis.

 8.3 The Rubber Hand Illusion

Dexamphetamine increased the primary construct of the RHI, “embodiment of 

the rubber hand”. There was also a corresponding increase in loss of ownership of the 
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participants' own hand. Interestingly, these enhanced effects were present for both the 

major illusory synchronous stroking condition and the asynchronous condition. By 

contrast, dexamphetamine disrupted the usual increase in scores between asynchronous 

and synchronous stroking on proprioceptive drift and the movement construct.

 8.3.1 Body embodiment, and dopamine

Dexamphetamine produced increased ratings on embodiment of the rubber hand 

(specifically the ownership subscale), and increased ratings of loss of ownership of own 

hand. These two constructs were closely related regardless of drug administration state 

and supports the notion that there is a total embodiment “quota” (i.e., sufficient 

representational space for only two hands as being “owned”). That is, as the rubber hand 

is incorporated into own body awareness, it suppresses the own body awareness of the 

existing hand (Longo et al., 2008), rather than adding a 'supernumerary' hand (Ehrsson, 

2009). Furthermore, this suggestion appears to hold when healthy participants are given 

dexamphetamine. It is unknown whether other drugs may increase the “embodiment 

quota”.

The effects of dexamphetamine on the RHI indicate a link between increased 

catecholamine transmission and the learning of new body representations. The 

mechanism leading to the RHI has been described as a Bayesian perceptual learning 

process that is mediated by both top-down and bottom-up processes (Armel and 

Ramachandran, 2003; de Vignemont, 2010). Dopamine and noradrenaline may be 

enhancing this perceptual learning processes in a manner similar to that proposed by 

Hebb (Hebb, 1949); i.e., a new neural network is built to represent the rubber hand by 

strengthening the connections that occur during simultaneous sensory input. This is 

likely to occur through the major neural learning mechanism of long term potentiation 

(LTP) (Cooper, 2005). Both dopamine and noradrenaline have been demonstrated to 
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mediate learning and LTP (Hopkins and Johnston, 1984, 1988; Heginbotham and 

Dunwiddie, 1991; Seamans et al., 1998; Gurden et al., 2000; Centonze et al., 2001; 

Reynolds et al., 2001; Castner and Williams, 2007) including Hebbian type synaptic 

learning (Shen et al., 2008). Furthermore, the area most strongly associated with 

feelings of ownership during the RHI, the premotor cortex (Ehrsson et al., 2004, 2005, 

2007), is partly innervated by dopamine and noradrenaline neurons (Goldman-Rakic et 

al., 1990; Bergson et al., 1995), providing strong evidence that the effects of 

dexamphetamine on embodiment have the anatomical potential for reasonably direct 

effects on the major neural correlate of the illusion.

 8.3.2 40 Hz activity and the RHI

Given that it is multimodal integration that is the driving force behind the RHI, it 

is not surprising that an EEG correlate of sensory integration has been investigated in 

relation to the RHI. Gamma activity may be a correlate of perceptual integration and 

conscious perception (Singer and Gray, 1995; Engel and Singer, 2001; Melloni et al., 

2007). One ERP study has found increased gamma synchrony amongst electrodes 

during synchronous stimulation compared to asynchronous (Kanayama et al., 2007). 

However, there was no correlation between 40 Hz synchrony and subjective reports of 

the strength of the illusion. A lack of correlation is likely due to there being a small 

sample size (n = 10) and an overly simple questionnaire to adequately encompass the 

full experience of the illusion. Despite this limitation, this interpretation is consistent 

with the hypothesised role of gamma oscillations as representing a component of 

“cross-talk” necessary for integrating information across brain areas.

This is also consistent within the context of a Bayesian perceptual learning 

process (Armel and Ramachandran, 2003; de Vignemont, 2010) and the 

neurophysiological processes outlined above hypothesising links between the RHI and 
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LTP, LTD. That is, if dexamphetamine is facilitating the neural processes that bind 

stimuli together, perhaps through the formation of new neural cell assemblies or 

networks (modulating LTP and LTD effects) from simultaneous neural activity, we 

should expect to see an electrophysiological correlate of this “cross-talk” or neural 

network like that indexed by increased gamma synchronisation across cortical areas. 

Indeed, in their study into the effects of ketamine on the RHI, Morgan et al., (2011) 

associated the increased embodiment of the rubber hand with the increase in 40 Hz EEG 

activity that occurs after ketamine administration (Plourde et al., 1997; Lazarewicz et 

al., 2010; Páleníček et al., 2011). If this were the case, then it may also be an 

explanation for the findings in participants given dexamphetamine.

 8.3.3 Dopamine, schizophrenia and the RHI

Increased embodiment during the RHI and faster speed of onset of the illusion 

has been found in people with schizophrenia (Peled et al., 2000, 2003). Furthermore, 

increases in items relating to embodiment and ownership of the rubber hand correlated 

with reports of positive psychotic symptoms (Peled et al., 2000) and preliminary 

analysis in our lab indicates a relationship between embodiment measures and 

psychosis-like events in a control population (K. Graham, personal communication, 

16/12/2011). The increased reports of embodiment in people with schizophrenia and 

similar findings in this thesis with dexamphetamine, suggests that dopamine 

hyperactivity is responsible for these RHI effects. As mentioned above, increased 

catecholamine transmission may enhance synaptic processes that mediate learning new 

body representations. This is consistent with the hypothesised role of dopamine in 

aiding learning by enhancing the importance attributed to stimuli that predict important 

events (Robinson and Berridge, 1993, 2000; Hollerman and Schultz, 1998; Waelti et al., 

2001; Schultz, 2007). The important event during the RHI that, somewhat surprisingly, 
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predicts the tactile sensation, is the visual stimulus of the rubber hand being stroked. 

The increased synaptic concentration of dopamine facilitates the attribution of causal 

significance to the most important predictive stimulus occurring at the time of felt 

stimulation.

 8.3.4 Asynchronous condition

Dexamphetamine increased embodiment in both synchronous and asynchronous 

conditions. Typically the illusion is stronger during the synchronous stroking condition 

because of precisely timed matching of visual and tactile stimulations; by contrast the 

reduced correlation of these inputs during the asynchronous condition usually results in 

a lesser experience of the illusion. There are several possible reasons for why 

dexamphetamine increased embodiment during both stroking conditions:

1. Dexamphetamine may interfere with intermodal time perception such that the 

experience of the tactile and visual occur closer together than what is actually 

the case. People with schizophrenia experience the flow of time differently 

(Waters and Jablensky, 2009) and need a larger inter-stimulus interval two 

stimuli to experience them as “one-after-the-other” (Foucher et al., 2007; 

Giersch et al., 2009). This dilution of temporal resolution likely relates to more 

fundamental deficits in temporal discrimination (Todd et al., 2003). Similar 

deficits have been found in patients with Parkinson's disease (Artieda et al., 

1992) that recovers with L-DOPA (Lee et al., 2005). Furthermore, a number of 

other experiments have found a general role of dopamine on time perception 

(e.g., Buhusi & Meck, 2002; Meck, 1986; Rammsayer, 1993, 1999, 2009).

2. Dexamphetamine may extend the temporal delay threshold that enhances the 

efficacy of stimuli to enhance perceptual learning (Seitz and Dinse, 2007). This 

is related to the salience attribution role of dopamine, i.e., salience attribution 
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could increase the efficacy and duration that a stimulus remains above a learning 

threshold. In addition, there has been a number of reports of increased dopamine 

activity enhancing perceptual and motor learning processes and perceptual-

motor cortical plasticity (Bütefisch et al., 2002; Dinse et al., 2003; Nitsche et al., 

2004, 2006; Molina-Luna et al., 2009; Suppa et al., 2010; Hosp et al., 2011).

3. Morgan et al., (2011) suggest that increased 40 Hz activity by ketamine may be 

responsible for the increased illusion during the asynchronous stroking. This 

provides a parallel hypothesis to that suggested above of alterations in time 

perception. Neither of these possibilities can be excluded on the basis of current 

evidence, both are consistent with each other, and are not mutually exclusive.

4. Dexamphetamine may increase participants' sensitivity to changes in bodily 

perception resulting in increased reporting of illusory effects secondary to the 

illusion itself. In other words, the illusion may be occurring at the same strength 

under both dexamphetamine and placebo, but the report of the illusion is 

stronger. 

5. Dexamphetamine may increase reports of the illusion through a response bias on 

the questionnaire, e.g., dexamphetamine may increase responding systematically 

towards “strongly agree”.

However, it seems unlikely that dexamphetamine is increasing reports of the 

illusion via the last two mechanisms. Firstly, dexamphetamine has not been shown to 

induce perceptual response biases in animals or humans (Koek and Slangen, 1983; 

MacNab et al., 1985). Secondly, dexamphetamine did not significantly affect all 

measures to the same extent, e.g., 'affect' and 'deafference' ratings were not enhanced by 

dexamphetamine. Lastly, the double-blinded design may have reduced much of this type 

of bias. Therefore the effects of dexamphetamine on the RHI are likely to be mediated 
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through central catecholamine mechanisms that aid the underlying processes that 

enhance the phenomenological experience of the illusion.

 8.3.5 Movement and proprioceptive drift

Proprioceptive drift and sensations of movement are usually increased during 

synchronous stroking compared to asynchronous stroking (Botvinick & Cohen 1998; 

Longo et al., 2008). The findings in this thesis are consistent with this previous research 

when participants were administered placebo but not when they were administered 

dexamphetamine. The constructs of movement and proprioceptive drift are suggested to 

map onto the construct 'body schema' (see introduction). One brain area implicated in 

the proprioceptive components of the body schema construct is the TPJ (Tsakiris et al., 

2007, 2008; Kammers et al., 2009). Virtual lesions using inhibitory rTMS around the 

TPJ reduced proprioceptive drift but did not affect embodiment (Tsakiris et al., 2008; 

Kammers et al., 2009). As mentioned above, inhibition of the TPJ by dexamphetamine 

may be the mechanism for the P3 reductions by dexamphetamine and supports the 

hypothesis that the TPJ is inhibited by dexamphetamine. That is, dexamphetamine 

administration may be a pharmacological equivalent of the effects found by inhibitory 

rTMS applied to the TPJ. As Kammers et al., suggest in their discussion, the role of the 

IPL (the part of the TPJ they targeted) in the illusion is to recalibrate the perceived 

position of the hand during the induction of the RHI. The P3 has been thought of as a 

neural signature of the mechanisms that update contextual representations of the 

environment (Polich and Criado, 2006). One possible convergence of the RHI and P3 

findings may be that TPJ inhibition impairs the body embodiment processes' ability to 

update the body schema's representation, thereby inhibiting the shift in position of the 

person's own hand.

Although the TPJ provides an interesting explanation for the findings in chapter 
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7, the inhibition of the TPJ is only one neural correlate associated with body schema. 

The mapping of a complex construct like body schema is likely to involve a more 

diffuse set of regions than just the TPJ (Ehrsson et al., 2004, 2005; Tsakiris et al., 2007; 

Tsakiris, 2010). Differential effects of dexamphetamine on body schema and body 

embodiment may be because of differences in the attentional bias of the dopamine 

neurons that project to motor and sensory regions via the substantia nigra. For example, 

chemical lesions of the ascending nigro-striatal dopamine neurons causes irreversible 

neglect to tactile stimuli while the neglect to other sensory modalities is able to recover 

(Ljungberg and Ungerstedt, 1976); Parkinson's patients display proprioceptive deficits 

that can recover with dopamine replacement therapy (Almeida et al., 2005; Li et al., 

2010; Schneider et al., 1987); and proprioceptive processing is disrupted in Parkinson's 

before the deficits in visual processing (Keijsers et al., 2005). This differential 

sensitivity to tactile stimuli may amplify the tactile input of the brush strokes on the 

participant's own hand relative to the visual input. The visual input, which provides the 

information about where the rubber hand is, likely drives the perceived shift in location 

of the person's own hand but dexamphetamine reduces the weighting of this 

information. The association between the sight and touch still occurs to give the 

experience of the illusion, but the location of their own hand is not shifted.

 8.4 Limitations of this thesis and the amphetamine model of psychosis

Some of the limitations associated with interpreting the effects of 

dexamphetamine on each of the measures in this thesis have been mentioned in their 

respective sections. Nevertheless, it is worthwhile summarising these limitations here to 

provide an overall view of the relationship between the amphetamine model of 

psychosis and schizophrenia.
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 8.4.1 Selectivity of dexamphetamine

Perhaps most significant for the amphetamine model of psychosis, is that 

amphetamine is not a purely selective dopamine receptor agonist. Noradrenaline is 

released equally as well as dopamine by dexamphetamine. This is significant because as 

yet, there has been no compelling evidence for a role of noradrenaline in schizophrenia 

or psychosis. This may confound interpretations drawn from this thesis because 

noradrenergic pathways may be a possible alternative for the effects of 

dexamphetamine. For example, the P3 ERP and gamma activity have been shown to be 

affected by noradrenergic manipulation. The P3 in particular has been closely linked 

with the major noradrenergic neural system, the locus coeruleus (LC), via lesion studies, 

direct recordings and pharmacological studies (Glover et al., 1988; Pineda et al., 1989; 

Halliday et al., 1994; Swick et al., 1994; Nieuwenhuis et al., 2005). Similarly 

noradrenergic manipulation has been shown to increase (Cape and Jones, 1998) and 

decrease (Brown et al., 2005; Walling et al., 2010) gamma activity. 

However, separating out the separate actions of dopamine and noradrenaline is 

difficult given that they have some affinity for each other’s receptors, and can be 

physiologically effective at each other's receptors (Newman-Tancredi et al., 1997; 

Cornil et al., 2002). Furthermore, there are a number of indicators which suggest that 

the effects of dexamphetamine on the P3 and the 40 Hz ASSR are primarily due to the 

effects of dopamine release. The P3 has been linked predominantly with dopamine 

receptor genes (Hill et al., 1998; Mulert et al., 2006; Vogel et al., 2006), with the 

expection of Liu et al., (2009), who found an association with the presynaptic alpha2a 

receptor gene. However, the alpha2a receptor is a presynaptic receptor affecting both DA 

and noradrenaline release. Gamma activity has been linked with VTA enhanced cortical 

synchronisation (Bao et al., 2001) and dopamine administration in vitro demonstrated a 
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frequency specific increase on pyramidal neuron excitability (Ito and Schuman, 2007). 

Lastly, so far there has been no compelling evidence of a critical role of noradrenaline in 

schizophrenia or psychosis, despite early theories to that effect (Gomes et al., 1980; 

Hornykiewicz, 1982). More pharmacological studies targeting specific dopamine or 

noradrenaline post-synaptic receptors would better elucidate the effects of these 

monoamines on gamma activity.

Dexamphetamine is also a releaser of serotonin, but not to the same extent as 

either dopamine or noradrenaline. However, in contrast to the lack of a significant 

theoretical framework for a role of noradrenaline in schizophrenia and psychosis, there 

are a number of researchers who have put forward serotonin models of psychosis 

(Vollenweider et al., 1998; Colpaert, 2003; Geyer and Vollenweider, 2008). Indeed, 

serotonin agonists have demonstrated PPI reductions (Bubeníková et al., 2005a; 

Vollenweider et al., 2007; Páleníček et al., 2010) and also show sex differences 

(Bubeníková et al., 2005a; Páleníček et al., 2010). Most evidence indicates a role for 

serotonin in reducing extrapyramidal side-effects of dopamine antagonists but evidence 

that it contributes to therapeutic effects is minor (Meltzer and Massey, 2011), especially 

when it is considered that the atypical drugs do not appear to differ from typical in terms 

of efficacy (Lieberman et al., 2005; Jones et al., 2006; Lewis and Lieberman, 2008; 

Crossley et al., 2010). At this point, it is not clear whether or not any serotonin effects 

of dexamphetamine would contribute to its utility as a model of schizophrenia or not.

 8.4.2 Non-catecholamine mechanisms in schizophrenia and psychosis

A number of measures did not show similar effects to that seen in schizophrenia. 

For example, a reduction in PPI of RMAX when participants directed their attention away 

from the startling stimulus was not reduced after dexamphetamine and some P3b time-

frequency components were not altered by dexamphetamine. Apart from the reasons 
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mentioned previously relating to age, sex and dose, and the fact that most of the 

research on schizophrenia is on medicated people, PPI may be more sensitive to 

reductions from neurophysiological alterations that are not related to dopamine release. 

NMDA receptor antagonists have demonstrated P3 reductions (Oranje et al., 2009) and 

PPI reductions (Mansbach, 1989; Bubeníková et al., 2005b; Páleníček et al., 2011), 

although the PPI findings in humans have been inconsistent with no effects on PPI (van 

Berckel et al., 1998) and even increases have been found (Duncan et al., 2001; Abel et 

al., 2003). Nevertheless, it is unlikely that a complex disease like schizophrenia has a 

unitary transmitter dysfunction, or even a group of transmitters like the catecholamines.

 8.4.3 Acute and chronic antipsychotic effects

As mentioned earlier, one multi-layered confounding issue that possibly limits 

the relationships that can be drawn between schizophrenia and the amphetamine model 

of psychosis is the presence of antipsychotic medications in the patient population. The 

simplest confound in this respect is that antipsychotics may induce changes that are 

functionally opposite to that induced by amphetamines. The more complicated 

confound, and the one more likely to reflect reality, can be framed as: “How does long-

term endogenous (and periodic) dopamine hyperactivity interact with chronic 

administration of antipsychotics? And, how does this relate to an amphetamine model of 

psychosis?”. For example, the reduction in 40 Hz ASSR power in schizophrenia may be 

due to the direct effects of antipsychotic medications, the long term adaptations to 

chronic medications or a complex interaction between long-term, episodic dopamine 

hyperactivity and chronic antipsychotic administration. While there are reasons to 

accept that 40 Hz ASSR power reductions are a naturally occurring phenomenon in 

schizophrenia, the evidence is not yet as comprehensive as the P3 reductions and the 

findings in this thesis suggest that dopamine hypoactivity may result in reduced power. 
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Furthermore, chronic antipsychotic administration has been linked to neural atrophy 

(Ho et al., 2011), especially of GABA neurons (Fibiger and Lloyd, 1984) further 

complicating the issue. These potential confounding issues should be kept in mind when 

interpreting the findings of a pharmacological model of schizophrenia.

 8.4.4 Insufficient dose to induce a psychotic state

Another limitation of this thesis refers to the fact that we did not evoke a 

psychotic state in our participants. No participant that took part in our studies reported 

to us any positive psychotic symptom. This may be a reason for failing to reject the null 

hypothesis for some particular PPI measures, the N100 and the visual P3, i.e., an 

insufficient dose was given to induce a psychotic state and, therefore, to affect these 

measures. As mentioned in the PPI section, an amphetamine sensitisation model may be 

more productive in demonstrating similar schizophrenia like effects without requiring 

borderline unsafe doses of dexamphetamine. However, it is ethically problematic to aim 

to give participants a psychotic episode.

A related issue to the use of an insufficient dose to elicit frank psychotic 

symptoms, is the issue of using a dose of dexamphetamine that is high enough to elicit 

symptoms that may be noticed by the participant and/or the researcher during the study. 

For example, some participants were noticeably more talkative during one day of the 

experiment compared to the other day, while others reported increased jaw clenching (a 

common amphetamine effect). A reduction in the blind's integrity is sometimes 

unavoidable in pharmacological experiments that potentially elicit noticeable drug 

effects. Nevertheless, care was made to conduct all processing with the blind intact, and 

with procedures that were as automatic as possible or with well-defined scoring rules in 

an attempt to minimise any processing bias. As to the participants themselves, they were 

asked at the end of each session whether they thought they received amphetamine or 
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placebo, and most guessed correctly. 

 8.4.5 Experimental design; order of endophenotypes

Finally, a further limitation of this thesis is that the order of the endophenotypes 

was conducted in a pre-set order and was not counterbalanced between participants. 

This may mean that the effects of dexamphetamine were qualitatively and/or 

quantitatively different at the time each of the individual endophenotypes were 

measured. Therefore, making direct comparisons between measures may be confounded 

by the time since administration of dexamphetamine.

 8.5 Conclusion

The administration of 0.45 mg/kg dexamphetamine to healthy participants 

resulted in a number of electrophysiological and phenomenological similarities to that 

seen in people with schizophrenia and psychosis. For the measure that is one of the 

most robust electrophysiological findings in schizophrenia, the reduced P3, 

dexamphetamine elicited similar reductions in amplitudes for auditory but not visual 

stimuli. The reductions of the P3 in people with schizophrenia and in healthy 

participants given dexamphetamine both implicate the area surrounding the TPJ as a 

target for the reductions, further identifying similarities between the amphetamine 

model of psychosis and schizophrenia. On the emerging endophenotype of 

schizophrenia, the reduction in power and phase-locking of the 40 Hz ASSR, 

dexamphetamine increased 40 Hz power. This effect suggests that the reductions in 40 

Hz activity during the ASSR may be a response to antipsychotic medications, or, 40 Hz 

power increases may couple with underlying neural timing deficits to bring psychotic 

symptoms into prominence during periods of dopamine hyperactivity. The effects of 
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dexamphetamine on the startle reflex and PPI parameters, as well as effects on P3 

latency and low frequency P3b PLF, suggest that dexamphetamine is inducing a 

dominant D2 receptor state in females relative to a dominant D1 receptor state in males. 

Lastly, the effects of dexamphetamine on the phenomenological measures used in this 

thesis, the RHI, indicated a similar enhancement of the incorporation of external objects 

into the participant's body representation as that seen in people with schizophrenia. The 

mechanism for the embodiment effects are likely due to enhanced perceptual learning 

processes aided by increases in dopamine transmission. Another mechanism, which is 

not mutually exclusive, is suggested by Morgan et al., (2011) and relates increased 40 

Hz activity with increased embodiment during the RHI. Finally, the reduction in the 

usual integration between embodiment and proprioceptive processes during the RHI 

suggests that dexamphetamine is exerting effects similar to that found by inhibitory 

rTMS on the TPJ. 

However, there were a number of differences between the effects of 

dexamphetamine and findings in schizophrenia. These differences could be due to: the 

lack of specificity of dexamphetamine as a dopamine specific drug; some of the 

findings in schizophrenia may not have a catecholaminergic basis; an insufficient dose 

of dexamphetamine was administered to affect these measures; or a combination of 

chronic dopamine antagonism, periodic dopamine hyperactivity and other 

neurophsyiological alterations in schizophrenia may produce complex effects on these 

measures that are not simply investigated by increased catecholamine transmission. 

Despite these differences, the dexamphetamine model of schizophrenia was able to 

induce a number of similar alterations in electrophysiological and experiential measures 

of psychosis. Therefore the results in this thesis, when combined with the existing 

literature, suggests that dexamphetamine administration to healthy participants has both 
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construct and face validity as a pharmacological model of psychosis in humans.
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Appendix I - The Rubber Hand Illusion: Manipulating Our 

Sense of Body Experience

This book chapter reviewing the rubber hand illusion was written during the period of 
candidature. 
Publication: Albrecht, MA, Graham, K, Martin-Iverson, MT, Waters, F (In Press). The 
rubber hand illusion: Manipulating our sense of body experience. In Consciousness: 
States, Mechanisms and Disorders. Nova Publishing

This work was equally co-authored by Kyran Graham and the author of this thesis

Abstract

Our sense of bodily-self involves an ongoing interaction of multi-sensory experiences 

and an integration of top-down and bottom-up processes. The perception of one's own 

body refers to a subjective construct that has also been termed 'corporeal awareness', 

‘embodiment’ and ‘bodily consciousness’. One experimental manipulation that is well 

placed to investigate multiple processes underlying our sense of self, is the Rubber 

Hand Illusion. During this illusion participants are asked to watch a rubber hand being 

stroked, while their own hand is simultaneously being stroked, out of the participant's 

vision. The conflicting information arising from visual and tactile stimuli gives rise to 

an experience whereby participants report a dissociation in the location of their own 

hand, and the perception that the rubber hand is now an extension of their body. This 

particular “expansion of consciousness” comprises several experiences categorised by 

Longo et al., (2008). The defining experience of the Rubber Hand Illusion is the 

experience of “Embodiment” over the rubber hand. This experience incorporates 

feelings of ownership and control over the rubber hand as well as a positional 

experience of the rubber hand. Negatively correlated with embodiment is an experience 

of a loss of sensation of the participant's own hand, presumably via replacement with 

the rubber hand. There are also affective/emotional experiences directed towards the 

rubber hand that arise during the illusion. Research into the mechanisms and neural 

substrates of the Rubber Hand Illusion has been advancing steadily, giving us an 

increased understanding of the processes that make up our sense of self-experience. The 

follow-on effects arising from a deeper understanding the Rubber Hand Illusion offer 

profound insights into what happens when self-experiences are disrupted in some 
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neurological or psychiatric conditions. For example, individuals with psychotic 

disorders suffer from distortions of perception that lead to difficulties in self-

recognition. Neurologic conditions such as ‘alien hand’ syndrome, and out-of-body 

experiences, also show fundamental disruptions in body ownership and self-awareness. 

Similar disruptions of sensory integration can be induced in otherwise healthy people 

given pharmacological agents that interfere with top-down and bottom-up processes. 

Whether distortions are organically, or pharmacologically-induced, both lines of 

evidence can tell us something of the underlying neural processes that give rise to our 

experience of the self. The literature from the rubber-hand illusion thus provides 

important knowledge for understanding the processes of self-consciousness and sense of 

bodily-self. 

Introduction

Imagine a rubber hand sitting on the table in front of you. It is obvious to you 

know the rubber hand is not your own, and that you would feel nothing if someone else 

touched it. Under normal circumstances, it is hard to imagine how the rubber hand 

could ever be your own. There is a procedure, known as the rubber hand illusion (RHI), 

used in neuroscience and psychology that can create the powerful illusion that a touch 

on the rubber hand is like a touch on your own skin. Furthermore, this illusion can make 

a person feel as though the rubber hand that they are looking at is actually their own 

hand.

The procedure of the RHI involves sitting with a rubber hand that is aligned in a 

position next to your hand but displaced by a small distance. Your hand is also obscured 

from sight behind a screen, so that you see the rubber hand close to where your hand 

should be. The experimenter then strokes both hands. If the strokes on the rubber and 

the real hand are well synchronised, you will most likely report the sensation that you 

feel the strokes where the rubber hand was, that your own hand has moved closer in 

space to the rubber hand, or even that the rubber hand is your own hand. Amazingly, the 

illusion will occur even if the rubber hand is not of the same size, colour or gender as 

the participant's, or even if the participant’s hand has unique features such as warts or 

nail polish that are not present on the rubber hand (Armel and Ramachandran, 2003; 

Austen et al., 2004). Even more incredibly, under the right conditions, a hand does not 

need to be used at all, as simultaneous stroking of inanimate objects, like a block of 
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wood, can induce a similar experience (Armel and Ramachandran, 2003; Hohwy and 

Paton, 2010).

The use of hand illusions in human psychology has a long history. The first 

publication to use a procedure similar to the RHI was in the first half of the 20th 

century; participants were made to feel as if a single fake finger, poking through a cloth 

covering their own hand, was their own (Tastevin, 1937). Other similar procedures have 

utilised prisms (Hay et al., 1965; Shimoio, 1987; Mon-Williams et al., 1997), mirrors 

(Ramachandran et al., 1995) or the experimenter’s hand (Nielsen, 1963; Welch, 1972) to 

displace the observed location of one’s hand. The RHI, in its current form, was first 

reported in the literature by Botvinick and Cohen (1998)3.Yet what can be learnt from 

what appears to be a simple parlour trick? 

The RHI can be a tool to investigate processes linked to self-recognition. This 

chapter provides an comprehensive review on research findings on the RHI. 

Specifically, we review (i) the psychological constructs that the RHI assesses, (ii) 

dimensional categories (phenomenology) of the RHI, (iii) the experimental measures 

assessed by the RHI, (iv) the links between body representations such as body image 

and body schema and the RHI, (v) the neural correlates of the RHI as assessed with 

fMRI, PET, EEG and TMS studies, and (iv) pharmacological and psychiatric studies of 

the RHI. Finally, we discuss the possibilities for future research.

The   ‘  self  ’   and     the     body  

For the vast majority of healthy people, the perception of their body as their own 

is an assumed constant that occurs with little or no conscious effort. Yet our ability to 

function as autonomous agents is underpinned by recognising what makes up “I” and 

being able to distinguish between the self (a construct that forms an intermittently 

interrupted “stream of consciousness” making a life-long single narrative) and others. 

The subjective experience of the body has been variously referred to as embodiment, 

corporeal awareness, bodily consciousness and self-recognition (for consistency, this 

3 Since the publication of Botnivick & Cohen's (1998) article, multiple variants of the 
RHI have been developed and presented in the literature. The basic premise of all 
variants is the stimulation of a second, non-self hand that is displaced by some distance 
from the participant’s real hand, which is out of sight. For clarity, all variants will be 
referred to as the RHI and the non-self hand as the rubber hand, unless otherwise 
specified.
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will be referred to as “self-recognition”; (Berlucchi and Aglioti, 1997; Arzy, Overney, et 

al., 2006; Longo et al., 2008; Waters and Badcock, 2010). Self-recognition is a critical 

aspect of the self as it generates the perception of one’s self (including thoughts and 

actions) as residing within the boundaries of the body (Arzy, Overney, et al., 2006). The 

importance of self-recognition is seen in the debilitating symptoms of various disorders 

that affect one or more aspects of self-recognition. Examples include the complete 

disappearance of one half of the body from conscious awareness in people with 

unilateral neglect (Gallagher and Cole, 1995; Gallagher, 2005; Giummarra et al., 2008), 

the unwanted, often bizarre, movements of a limb in people with alien hand syndrome 

(Kumral, 2001; Biran and Chatterjee, 2004; Kritikos et al., 2005; Biran et al., 2006), and 

the desire to have one’s own healthy limb amputated in people with body integrity 

identity disorder because the limb feels foreign (Dyer, 2000; Berger et al., 2005; First, 

2005). 

As can be seen from the above examples, changes can occur to just one limited 

aspect of self-recognition; that is, just as self-recognition is one component of the 

experience of the self, self-recognition itself is separable into multiple constructs. 

Changes in self-recognition were first observed during the late 19th and early 20th 

centuries in people with epilepsy or central nervous system (CNS) lesions (Feré, 1890; 

Lemos, 1898; Gowers, 1901; Head and Holmes, 1911; Pick, 1922) but it was Head & 

Holmes (1911) who first proposed that self-recognition is divisible into separable 

components (for clarity these will be referred to as body representations). There are 

many difficulties involved in the research of self-recognition in clinical populations. 

Firstly, some of the evidence on disorders of self-recognition are observed in cases of 

pronounced trauma to the CNS or body, e.g., brain lesions due to stroke, spinal cord 

damage or limb amputation. Controlled, experimental manipulations of CNS trauma are 

unethical in humans and are difficult to replicate in animal models, if not impossible, 

due to the self-report nature of many aspects of self-recognition. Secondly, these 

disturbances are often transient in nature, making them difficult to observe when they 

do occur. Thirdly, while studies on clinical populations can provide valuable 

information about the function of the nervous system, they do not assess self-

recognition during normal functioning and therefore may have limited implications for 

non-clinical, healthy populations. Finally, disorders of self-recognition are often limited 

to one aspect of self-recognition and this hinders the investigation of the interaction that 
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occurs between multiple aspects and their contribution to self-recognition. These 

limitations have driven the development of experimental models that accurately and 

reliably assess self-recognition in healthy people. The strength of the RHI is that it is 

capable of manipulating both individual body representations and assessing their 

interactions (the nature of which will be described later). It is from being able to 

manipulate both categories that the RHI has become one of the most important models 

in the research of self-recognition.

Phenomenology     of     the     RHI  

The defining feature of the RHI is a feeling of embodiment of the rubber hand. 

The RHI is usually administered under two conditions and in both conditions the 

person's own hand is out of sight. The first is the synchronous condition in which the 

stroking of the rubber and real hands is simultaneous. The second is the asynchronous 

condition in which each stroke is placed on different locations of each hand and/or the 

strokes are not applied simultaneously. The experience of embodiment predominantly 

occurs during the synchronous condition such that participants report that the rubber 

hand begins to feel as if it is their own hand and that they feel the strokes on the rubber 

hand and not their own (Botvinick and Cohen, 1998). Due to the subjective nature of the 

experience, a self-report assessment is given via a questionnaire containing items that 

aim to best represent the experience. Longo et al., (2008) constructed a 28-item 

questionnaire that was found to be separable into five dissociable aspects of the 

phenomenology of the illusion as assessed by principal components analysis. These five 

components are:

1. Embodiment, the experience of the rubber hand as belonging to and being 

part of the participant, as well as being under their control. This component 

can be further broken down into sub-constructs that involve feelings of 

agency, location and ownership over the rubber hand.

2. Loss of the participant's own hand, the reduction in perception of the 

participant’s own hand during stimulation.

3. Movement, relating to the perceived motion of either the participant’s own 

hand or the rubber hand.

4. Affect, relating to the degree of interest in, and emotional experiences 
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towards, the rubber hand.

5. Deafference, the experience of the participant’s own hand as being less vivid 

than normal and a decrease in sensory perception of their own hand.

Each of the above components is dependent upon the synchronicity of the tactile 

stimulation; embodiment, loss of ownership and affect are all rated higher during the 

synchronous condition while deafference is generally rated higher during the 

asynchronous condition (Longo et al., 2008). The original study found movement to be 

rated higher during the asynchronous condition, although the opposite has been found in 

other studies (Albrecht et al., 2011). 

A companion measure of the RHI, which has the benefit of being (somewhat) 

more objective, is known as proprioceptive drift. Before stroking starts, the 

experimenter asks the participant to, without looking, indicate where they feel their own 

hand to be (or more specifically, usually the middle finger) with the hand that has not 

been stroked and the distance between the felt location and the actual location is 

recorded. After stroking the participant’s hand as described before, a second 

measurement of the ‘felt’ location of their hand is conducted. The post-stimulation 

measurement is then subtracted from the pre-stimulation measurement, and any 

difference is termed ‘propriceptive drift’. Synchronous stimulation typically results in 

the felt location of the real hand as being closer to the rubber hand, whereas there is 

little to no proprioceptive drift during the asynchronous condition. The degree of 

proprioceptive drift is related to the length of delay between stimulation of the real hand 

and rubber hand; delays less than 400 ms produce drift significantly different from zero 

(Shimada et al., 2009) but delays above 400ms do not (Tsakiris et al., 2006; Shimada et 

al., 2009). 

There are further ways to manipulate proprioceptive drift. Firstly, proprioceptive 

drift can occur after as little as 4 to 12 seconds of viewing a posturally compatible 

rubber hand (Holmes and Spence, 2005), and this can occur without an accompanying 

embodiment of the rubber hand (Holmes et al., 2006; Holmes and Spence, 2007). 

Incremental changes in proprioceptive drift are also possible; greater drift was found for 

a posturally compatible rubber hand than a posturally incompatible hand, which in turn 

was greater than that of a wooden block (Holmes et al., 2006). Also, the degree of 

proprioceptive drift between synchronous and asynchronous conditions can be predicted 

by the rating of embodiment of the rubber hand but not by any other construct (Longo et 

302



al., 2008). Finally, proprioceptive drift is dependent upon the nature of the stimulation 

of the hands. If just one finger is stroked on the rubber and real hand, drift will occur for 

that finger only and not for non-stimulated fingers (Tsakiris and Haggard, 2005). In 

contrast, if the participant actively moves one of their own finger’s (as opposed to being 

stroked with a brush) proprioceptive drift occurs for the whole hand (Tsakiris et al., 

2006). 

In summary, the phenomenology of the RHI is characterised by several major 

constructs that are dissociable from one another: embodiment of the rubber hand, loss of 

the person's own hand, an affective/emotional component, perceptions of movement 

between the rubber hand and the person's own hand and a quantitative change in the felt 

location of one’s own hand.

Body     schema,     body     image     and     the     RHI  

As discussed previously, it has long been recognised that self-recognition is 

composed of dissociable body representations. Despite early attempts to clarify the 

situation, e.g. (Gallagher, 1986), one of the defining characteristics of current self-

recognition research is that there is little consensus regarding how many body 

representations there are, the characteristics of each and the nature of interactions 

between them (see the following for reviews; (Gallagher, 2005; Dijkerman and de Haan, 

2007; de Vignemont, 2010; Kammers et al., 2010a, 2010b p.201). Despite the 

conceptual difficulties, there are two body representations that have been well-

characterised; body schema and body image. 

Body schema is generally defined as an unconscious, dynamic representation of 

the movement and position of the limbs and body in 3D space (Cole and Paillard, 1995; 

Gallagher and Cole, 1995; Coslett et al., 2002; Schwoebel and Coslett, 2005). It arises 

from the bottom-up integration of multiple streams of sensory information, particularly 

the proprioceptive and tactile modalities (Gallagher and Cole, 1995; Kammers et al., 

2006). By contrast, body image relates to a conscious, top-down representation that 

integrates bottom-up, perceptual experiences of one's body with higher cognitive 

functions. This includes attitudes about one’s and other’s bodies, beliefs about bodies in 

general and the lexical-semantic representations used to describe the names and 

functions of body parts and their relation to non-self objects (Coslett and Schwoebel, 
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2002; Coslett et al., 2002; Schwoebel and Coslett, 2005). 

This description of how body schema and body image contribute to the 

phenomenology of the RHI will begin by discussing a common description of the 

bottom-up processes of sensory integration. Visual input is generally more heavily 

weighted than other sensory modalities during sensory integration (Tastevin, 1937; 

Witkin et al., 1952; Hay et al., 1965; DiZio et al., 1993). Neurons that are responsive to 

the spatial location of body parts in the premotor and parietal cortices preferentially 

encode inputs that have greater spatial acuity, visual input having greater spatial acuity 

than proprioception (Graziano, 1999; Graziano et al., 2000; Giummarra et al., 2008). 

During the synchronous condition of the RHI there is incongruent visual and tactile 

input and visual information is given precedence over the tactile information (termed 

‘visual capture’) in integrating this mismatched information, resulting in the perceived 

shift of the felt location of one’s real hand towards that of the rubber hand. It has been 

proposed that the process that forms body schema may be a bottom-up Bayesian-type 

perceptual binding system. In this system, two or more perceptions are “bound” when 

their co-occurrence has a high probability. This probability is dependent upon the prior 

probabilities of this co-occurrence and the weighting of each input, both of which are a 

product of one’s personal history of perception (Armel and Ramachandran, 2003; de 

Vignemont, 2010; Kammers et al., 2010). The strength of this model is that it both 

explains how visual input shifts proprioception during the synchronous condition of the 

RHI and also the reduction in proprioceptive drift in the asynchronous condition; the 

increased delay between the visual and tactile information decreases the probability of 

co-occurrence and there is no perceptual binding. A third important aspect of this model 

is that the prior probabilities are generated by an internal model of the body that is 

developed through learning and past perception, this top-down cognitive model being 

an integral part of body image.

However, this common characterisation of proprioceptive drift does not match 

well with the empirical data. If ‘visual capture’ was an important aspect of 

proprioceptive drift, and visual stimuli were dominant over proprioceptive stimuli, than 

the proprioceptive drift should be biased towards the visual stimuli (the rubber hand) 

and away from the proprioceptive cues as to where the hand is. This does not usually 

occur. Indeed, proprioceptive drift is seldom as far as 50% of the distance to the rubber 

hand (E.g., 21.7% of the distance to the “rubber hand” from the real hand in the best 
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case with synchronous stimulation with the index finger in Tsakiris et al., 2006). Thus, it 

appears that visual stimuli contribute to the spatial localisation of the hand when eyes 

are closed, but memories of the visual location do not dominate over the proprioceptive 

cues. As far as proprioceptive drift is concerned, it is clear that a visual spatial map 

contributes to the spatial localisation when eyes are closed, but does not dominate, 

otherwise the perceived localisation would be greater than 50% towards the “rubber 

hand”. Differential weighting of stimuli in favour of visual stimuli for spatial 

localisation may be important when the eyes are open, and for the process of 

embodiment (see below), but in the measurement of proprioceptive drift, “visual 

capture” or dominance of visual stimuli does not appear to be present, and contributes to 

spatial localisation in a less dominant fashion.

Embodiment, the incorporation of the rubber hand into body image, is a 

phenomenon that can be dissociated from other aspects of the RHI that represent body 

schema. Firstly, there is a distinct temporal difference between the onset of 

proprioceptive drift (~4-6 seconds) (Holmes et al., 2006) and the onset of the full 

illusion (~11 seconds) (Ehrsson et al., 2004). Proprioceptive drift also appears to 

continue to increase after the rubber hand has been embodied (Botvinick and Cohen, 

1998; Tsakiris and Haggard, 2005; Tsakiris, Schütz-Bosbach, et al., 2007). Secondly, 

under certain conditions, proprioceptive drift can occur without embodiment of the 

rubber hand (Holmes and Spence, 2007) and embodiment of the rubber hand can occur 

without proprioceptive drift (Kammers et al., 2009). These data add to the less 

significant role of visual stimuli in proprioceptive drift than in embodiment to support 

the view that embodiment is separable from proprioceptive drift.

So what processes underlie embodiment? Embodiment and loss of own hand are 

significantly correlated: as embodiment of the rubber hand increases there is a reduction 

in the perception of one’s own hand (Botvinick and Cohen, 1998; Longo et al., 2008; 

Ehrsson, 2009; Albrecht et al., 2011). Longo et al., (2008) proposed that the 

embodiment of the rubber hand is achieved at the expense of perception of one’s own 

hand by suppressing or displacing awareness of the real hand, rather than from the 

addition of a supernumerary limb. In support of this, Ehrsson (2009) used two rubber 

hands to elicit the experience of owning three right hands. While each hand was 

embodied, the level of embodiment was less than that elicited from the stimulation of a 

single rubber hand. This indicates that the embodiment was spread over the three hands 
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and that the neural representations of each rubber hand were competing for a part of a 

finite “pool” of embodiment. The duplication of a single tactile stimulus on the real 

hand into two stimuli on two embodied rubber hands lends further support to the 

probabilistic nature of the RHI; the most probable location of the real hand is estimated 

to be in two positions through a process that allows for bi- (or tri-) phasic distributions 

(Deneve and Pouget, 2004; Ma et al., 2006). 

Although the RHI can dissociate between body image and body schema, it 

should not be assumed that illusion is dependent upon only one of the body 

representations. Indeed, it is apparent that dissociation of the two is only achieved under 

certain conditions and that the RHI, and all its individual components, is not the 

outcome of one process but the interaction between multiple bottom-up and top-down 

processes. Assessment of the interactions between body representations has mostly been 

achieved by manipulating the visual stimulus. An example of top-down cognitive 

processes (body image) shaping bottom-up sensory integration (body schema) is seen in 

the consistent finding that the RHI is dependent upon the orientation of the rubber hand 

in relation to the participant’s hand. When the rubber hand is in a position that is 

posturally incompatible with the participant’s hand (i.e. at a 90° angle), both the illusion 

and proprioceptive drift are attenuated, regardless of the synchronicity of the tactile 

stimulation (Farne et al., 2000; Pavani et al., 2000; Austen et al., 2004; Ehrsson et al., 

2004; Tsakiris and Haggard, 2005; Holmes et al., 2006). This occurs because the angle 

of the rubber hand creates a mismatched representation when integrated with the visual 

and proprioceptive information of the participant’s real hand. When this representation 

is compared to the long-term representation of the hand in the body image, the 

incompatibility of the input results in the perception of the real hand as being in its 

actual location. 

Other evidence from the RHI has revealed the nature of the influence of body 

schema on body image. As briefly discussed earlier, the RHI is resistant to the visual 

appearance of the rubber hand; the rubber hand can be of a different size, skin tone and 

gender to the participant’s own hand and can have or lack unique characteristics such as 

freckles or jewellery and both proprioceptive drift and embodiment will occur after 

synchronous stimulation (Armel and Ramachandran, 2003; Austen et al., 2004; Longo 

and Haggard, 2009). Indeed, participants will often describe their own hand taking on 

the characteristics of the rubber hand; one participant who volunteered for the authors 
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reported that they could feel the veins on a realistic prosthetic hand moving with their 

heartbeat. Taking this further, the object being stimulated does not even need to be a 

hand for the illusion to occur: Armel & Ramachandran (2003) were able to elicit the 

illusion when they replaced the rubber hand with brush strokes on a desk. Hohwy & 

Paton (2010) were not only able to elicit the illusion on a non-hand object but also when 

the object was in a position that would be impossible for any normal body part. This 

evidence indicates that the effect of the existing body image on integrating sensory 

processes to arrive at embodiment is weaker than what has been suggested by Tsakiris et 

al., (2005). Or, in other words, a person's body image is more labile than previously 

proposed. As Hohwy & Paton (Hohwy and Paton, 2010) suggest, once there are more 

solutions to the “visuotactile conflict”, as can be learnt during the RHI, it becomes 

easier to disregard the existing internal body image model and replace it with 

increasingly odd and bizarre models. This is perhaps best summarised by Schwabe & 

Blanke (2008) and quoted by Hohwy & Paton (2010): “online processing of body-

related multisensory information in the brain is more like ongoing puzzle solving of 

which the normally experienced embodied self-location is just a fragile and only 

temporarily stable solution, which is a setting that is naturally suited for the Bayesian 

approach to sensory information processing”.

The     body     in     the     brain:     neural     correlates     of     the     RHI  

Like all psychological, cognitive and experiential phenomena, there is a neural 

correlate that has the potential to be mapped onto an experience. For example, recent 

evidence into visual perception has shown that even a relatively crude method like 

functional magnetic resonance imaging, crude compared to the intricacies of the human 

brain, can approximately recreate what a person is looking at (Nishimoto et al., 2011). 

Even the complex experiences associated with the RHI, with multiple sensory and 

cognitive components, have a number of neural correlates that are beginning to be 

unravelled. Research into the underlying neural substrates of self-recognition can be 

particularly valuable because it is integral to social behaviours, self-consciousness and 

cognition. A defining boundary between the self and other is a necessary component of 

human beings conceptualising themselves as unique agents in an “external” 

environment. The implications of disruptions of self-recognition are seen in the 

symptoms of a number of neurological and psychiatric conditions (Bromage and 
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Melzack, 1974; Vallar and Papagno, 2003; Zampini et al., 2004; Waters and Badcock, 

2010). A deeper understanding of these processes may therefore help us to understand 

some quite complex disorders.

As mentioned previously, it is difficult, if not impossible, to have a fully 

comprehensive animal model of complex experiential phenomena. In particular, a 

model such has the RHI relies predominantly on the person reporting on their 

experience. Therefore, human studies, so far, are the only studies that can explore the 

correlates between subjective experiences and illusions and the brain, assuming that the 

self-reports have some degree of correlation with those subjective experiences. 

Research into human neural correlates of the RHI has been conducted via four main 

experimental paradigms; functional magnetic resonance imaging (fMRI) or positron 

emission topography (PET), transcranial magnetic stimulation (TMS), 

electroencephalography (EEG), and psychopharmacology. These methods have 

supported the notion of multiple dissociable but interrelated components that build self-

recognition.

I. fMRI and PET studies into the RHI

fMRI is a non-invasive imaging procedure that measures the change in 

blood flow in the brain. This change in blood flow has been closely correlated with 

neural activity as actively firing neurons have greater demands for glucose and oxygen 

than less active neurons. The signal detected by fMRI is relatively small and requires 

many repetitions of the experience or experimental manipulation to provide an adequate 

signal-to-noise ratio. The advantages of fMRI are that it is non-invasive and has high 

spatial resolution (on the order of millimetres). However, there are a number of 

disadvantages to fMRI that could confound research into the RHI, the most significant 

being that fMRI is an indirect measure of neural activity. Therefore the evidence gained 

from fMRI is largely correlational. This can make it difficult to appropriately infer 

causation because there may be other non-neural processes (E.g., regulation of 

cerebrovasculature) that give similar signals. There are also significant issues relating to 

false-positives. One paper found that it was possible to get a statistically significant 

fMRI signal from a dead salmon exposed to emotionally salient stimuli (Bennett et al., 

2011). It is not likely that dead salmon exhibit emotional processing or any sort of 

processing for that matter. 
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A series of experiments by Ehrsson et al., (2004, 2005, 2007) into the fMRI 

correlates of the RHI found that the reported experience of embodiment was 

significantly correlated with increased activity in the ventral premotor cortex. Similar 

findings were made in a purely somatic version of the RHI (see Ehrsson et al., 2005 for 

a description of the somatic RHI). Ehrsson et al., (2007) later found that threatening the 

rubber hand by making stabbing motions with a needle elicited activity in brain regions 

related to the experience of anxiety. Furthermore, the strength of the anxiety-related 

response was correlated with the illusion-induced activity in the premotor cortex. A 

similar correlation was observed between the insula and left intraparietal cortex 

(Ehrsson et al., 2004, 2005, 2007).

In discussing their findings, Ehrsson et al., (2004) note that the premotor cortex 

is a good candidate for the neural centre of the multisensory representation of one's 

body. The premotor cortex is anatomically connected to visual and somatosensory areas 

(Rizzolatti et al., 1998) and it is known that activity of premotor neurons is increased 

when the hand is touched or when visual stimuli are near the hand (Graziano et al., 

1994; Lloyd et al., 2003). Ehrsson et al., (2004) suggest that during the initiation of the 

RHI, the premotor activity may be reflective of the resolution of conflicting visual 

representations of the hand with internal somatosensory representations.

In an analogous measure to that used by Ehrsson et al., Tsakiris et al., (2007a) 

have used PET scans to investigate the neural correlates of the RHI. This measure is 

sensitive to radioisotope decay, and participants taking part in cognitive neuroscience 

studies are typically injected with fluorodeoxyglucose, a radioactive glucose substitute. 

When neurons are active, they use up glucose, and blood flow is increased to the active 

neurons to replenish glucose stores. Fluorodeoxyglucose gets taken up as a glucose 

substrate into these regions, where a PET scanner can measure the increase in 

radioactive decay. Using PET, Tsakiris et al., (2007) have found increased activity in the 

right posterior insula and right frontal operculum that correlated with proprioceptive 

drift. Increased activity in the posterior insula has been found to occur when actions are 

attributed to oneself (Farrer and Frith, 2002; Farrer et al., 2003; Tsakiris et al., 2007b) 

and is also related to representations of egocentric reference frame and first person 

perspective (Fink et al., 2003). However, it should be noted that drawing relationships 

between brain areas and embodiment based upon proprioceptive drift may not yield an 

accurate interpretation of the correlates of embodiment. While proprioceptive drift is 
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usually correlated with embodiment and there may be a certain amount of overlap 

between the constructs, they are not always related as described above. For another 

example, Morgan et al., (2011) found the usual increase in embodiment after 

synchronous vs asynchronous stroking but found no such effect on proprioceptive drift. 

Further, as will be described below, TMS and psychopharmacological agents can 

differentially affect these measures. Indeed, dissociation amongst self-recognition 

constructs has been one of the central themes of this chapter and in a number of the 

research papers already cited.

II. Transcranial Magnetic Stimulation studies

TMS is a method to affect electrical currents in the brain via induction with a 

strong, reasonably well targeted, magnetic pulse. TMS is particularly useful because it 

is a direct manipulation of the cerebral cortex and therefore it is much easier to draw 

causative relationships. Furthermore, in contrast to direct intracranial electrical 

stimulation of the cortex, there is no need for highly invasive surgery to manipulate 

cortical activity. It is difficult for TMS, however, to target brain tissue deeper than the 

surface of the cortex. A single pulse of TMS, at a sufficient intensity, induces a 

depolarisation event. This can result in secondary neural activity generated in response 

to the TMS pulse (E.g., TMS over the motor cortex can invoke an involuntary muscle 

twitch). There are also repetitive TMS methods (rTMS) that can activate or inhibit the 

underlying cortical tissue depending on the parameters of the stimulation. Inhibition 

generally occurs with slow stimulation rates of approximately one Hz (one TMS pulse 

per second), whereas activation can occur at higher stimulation frequencies. The most 

commonly used type of rTMS to investigate the neural correlates of the RHI involves 

the inhibitory type to evoke a pseudo/virtual-lesion. This lesion is temporary and no 

acute or permanent cortical damage occurs. With this method, it is possible to study 

what effect removing, or suppressing, a particular part of the cortex has on illusory 

perception and self-recognition.

Using this inhibitory rTMS technique above the inferior parietal lobe, a junction 

that is makes up the superior portion of an area called the temporo-parietal junction 

(TPJ), Kammers et al., (2009) demonstrated a dissociation between the constructs of 

embodiment and proprioceptive drift. In this study, rTMS over the TPJ was contrasted 
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with sham rTMS4. After active rTMS, participants reported the same level of 

embodiment as the sham rTMS, but they showed marked reductions in proprioceptive 

drift immediately after the conclusion of RHI stimulation. However, after 

proprioceptive update (initiated by a series of active reaching perceptual judgements, 

where the participant reached for a point in space), there was no difference between the 

real and sham rTMS on prioprioceptive drift even though there was significant 

proprioceptive drift compared to the asynchronous condition. The authors suggest that 

the inferior parietal lobe (or TPJ) is involved in immediate perceptual relocation of our 

body (proprioceptive drift) but not for eventual relocation. The restored proprioceptive 

drift after motor activation with the person's hand may be due to the interaction between 

motor and perceptual systems allowing an update of the body representation normally 

subserved by the TPJ (Kammers et al., 2009). 

III. Electroencephalographic studies of the RHI

The EEG records electrical activity as it occurs on the scalp of the person. This 

electrical activity is comprised of a number of sources including muscles of the neck 

and jaw, muscles of the eyes and the electrical activity that is generated by the brain. 

The EEG signal that is generated by the brain is a summation of many neurons acting in 

unison. This is the primary advantage of the EEG; it records electrical activity of the 

underlying neural events as they happen. The high temporal resolution that accompanies 

the EEG is on the order of milliseconds, compared to the temporal resolution of fMRI, 

which is measured in seconds (it should be noted that it is not the MRI that has the 

delay, it is the underlying hemodynamic response that delays the resolution). Such a 

high temporal resolution can give an index of the many different stages that occur 

during stimulus processing, from the very early and basic sensory activity that occurs 

between 0 and 100 ms post-stimulus onset, to higher order contextual integration of 

stimuli occurring 300 ms and onwards. However, EEG signals suffer from poor spatial 

resolution. This is an ongoing problem within the EEG field; how do you accurately 

identify a source of cortical activity when there are an infinite number of source 

possibilities that could make up the signal that is observed on the scalp?

4 TMS machines make a clicking sound when they send out magnetic pulses. Therefore, sham TMS has 
often involved holding a non-active or magnetically shielded coil over the same position while the 
TMS machine activates to make the same clicking sounds but without a magnetic pulse reaching the 
brain.
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EEG studies into the RHI have generally been event-related potential (ERP) 

experiments. This is a method that repeats the stimulus presentation to the participant 

(anywhere between 15 to 1000 times) and the resulting EEG is epoched and averaged 

with reference to the stimulus onset, reducing the amount of “noise” or ongoing cortical 

activity in favour of isolating the time-locked signal. Press et al., (2008) found an 

enhanced negative ERP component, 140 ms after synchronous visual and tactile 

stimulation compared to asynchronous stimulation. This enhanced component was also 

elicited when the object being stimulated was a non-hand object, suggesting that the 

early ERP component is independent of top-down body representations. They also 

found effects on later ERP components, from 200 ms onwards, where a sustained 

negativity was found for trials where the rubber hand or object was on the same side as 

the participant's hand that was being stimulated. These later effects suggest a role for the 

effect of top-down processes on visuotactile integration. As the authors admit, even 

though the methodology that they used was similar to past successful attempts at 

inducing the RHI, correlating this ERP component with the experience of embodiment 

over the rubber hand or object is uncertain, particularly when they administered no 

questionnaire on illusory experiences. However, their results and interpretations appear 

to be consistent with the results of Armel & Ramachandran (2003) and Hohwy & Paton 

(2010).

Given that it is multimodal integration that is the driving force behind the RHI, it 

is not surprising that an EEG correlate of sensory integration has been investigated in 

relation to the RHI. 40 Hz (gamma) neural electrical activity is suggested to be a 

correlate of perceptual integration and conscious perception (Singer and Gray, 1995; 

Engel and Singer, 2001 p.2; Melloni et al., 2007). Kanayama et al., (Kanayama et al., 

2007) found increased phase synchrony amongst electrodes at 40 Hz frequencies during 

synchronous stimulation compared to the control conditions. An increase in phase 

synchrony indicates that separate areas of the brain are firing/oscillating with more 

consistency at higher (~ 40 Hz) frequencies. This implies that there is more 

communication between brain areas during synchronous stimulation compared to 

asynchronous stimulation. However, there was no correlation between 40 Hz synchrony 

and subjective reports of the strength of the illusion. A lack of correlation is likely due 

to there being a small sample size (n = 10) and an overly simple questionnaire to 

adequately encompass the full experience of the illusion. Despite this limitation, 40 Hz 
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oscillations in the brain likely represent the “cross-talk” between brain regions that is 

necessary for integrating information across sensory modalities.

Psychopharmacological     studies     of     the     RHI     and   its relation to   psychosis  

Another useful method for investigating the neural substrates of self-recognition 

is to administer a drug with well-characterised actions and then see how that drug 

interacts with the various behavioural, psychological and cognitive processes. The 

targets of most psychopharmacological agents are the chemical transmission events that 

occur within the synapses. From within the synapse there are a number of ways that 

both pre- and post-synaptic processes can be modulated by drugs to result in changes to 

post-synaptic electric potential summation. The effect of this is to either increase or 

decrease the chance of generating an action potential so that a particular neuron fires. In 

this manner drugs are a useful method to investigate the chemical signalling systems of 

the brain. However, the specificity of a drug can be a limiting factor in the quality of 

information that can be gained. For example, a drug like alcohol has very low 

specificity for any chemical system. The primary targets of alcohol are GABA 

receptors, NMDA receptors and Ca2+ channels. The first two targets are two of the most 

numerous receptors in the central nervous system and Ca2+ channels are the very basis 

by which neurons release neurotransmitters to interact with post-synaptic neurons. 

Therefore, alcohol is not a good drug to investigate specific neural systems because it is 

likely to affect every neural system.

Psychopharmacological studies are particularly useful for studying psychiatric 

disorders. Some disorders, like schizophrenia, have hypotheses that link symptoms to 

either specific neural systems or specific receptor targets. In schizophrenia, there is a 

robust hypothesis that positive psychotic symptoms, i.e., hallucinations and delusions, 

are a result of dopamine hyperactivity (Beninger, 2006; Howes and Kapur, 2009). There 

are a number of reasons for this, but chiefly among them is the fact that all current 

medications that are used to treat psychosis are dopamine D2 receptor antagonists (or 

partial agonists) (Horacek et al., 2006; Seeman, 2006), drugs that activate dopamine 

receptors or increase synaptic concentrations of dopamine can induce psychosis 

(McCormick and McNeel, 1963; Angrist and Gershon, 1970; Damasio et al., 1971; 

Ruggieri et al., 1989), and people with schizophrenia display a number of alterations in 

pre-synaptic dopamine concentrations which have been shown to correlate with positive 
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symptoms (Laruelle et al., 1996, 1999; Breier et al., 1997; Laruelle and Abi-Dargham, 

1999).

Interestingly, it has been demonstrated that people with schizophrenia have an 

increased illusory response to the RHI and an onset of the illusion five times faster than 

that of controls (Peled et al., 2000, 2003). The RHI items that patients rated 

significantly higher were related to experiences of embodiment and ownership over the 

rubber hand. In addition, embodiment ratings correlated significantly with hallucinatory 

symptoms (and positive symptoms more generally), as measured by the PANSS, but 

there were no relationships between the RHI and negative symptoms. The authors 

suggest that it is a reduction in top-down “connectivity” that leads to an increased 

illusory experience because this would result in less modulation over the “false 

overconnections” that occur during the bottom-up processes of the RHI (Peled et al., 

2000). Within the wider context of psychosis and the RHI, they suggest that 

mechanisms responsible for positive psychotic symptoms may have overlaps with 

mechanisms causing the enhancement of the RHI.

As mentioned previously, the preeminent model of positive symptoms of 

psychosis is the dopamine model. As such, dopamine transmission may be a common 

mechanism that subserves both positive psychotic symptoms and increased illusory 

experiences found in people with schizophrenia during the RHI. In addition, it was 

mentioned previously that the primary brain region associated with embodiment of the 

RHI is the premotor cortex (Ehrsson et al., 2004). One of the major dopamine neural 

bundles has projections that innervate this area (Goldman-Rakic et al., 1990; Bergson et 

al., 1995). To investigate the role of dopamine on the RHI, we gave healthy participants 

a dopamine-releasing agent, dexamphetamine, and assessed the RHI at a time near the 

peak of the plasma levels (Albrecht et al., 2011). When participants were administered 

dexamphetamine, they reported stronger illusory effects compared to when they were 

administered a placebo. Further, the construct that seemed most affected by 

dexamphetamine was the embodiment construct, much like that found in people with 

schizophrenia. In order to link these findings together, it is important to shed light on the 

role of dopamine in the brain. Currently, the major hypothesised role of dopamine is to 

attribute importance to stimuli that predict important events (Robinson and Berridge, 

1993, 2000; Hollerman and Schultz, 1998; Schultz, 2007), by encoding differences 

between expected outcomes and actual outcomes, called prediction errors (Waelti et al., 
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2001; Gradin et al., 2011). In schizophrenia this system has been hypothesised to be 

faulty, leading to the inappropriate attribution of importance to otherwise unimportant 

stimuli (Howes and Kapur, 2009). Symptoms, like delusions, arise as a result of the 

cognitive explanation for this strange attribution of importance (Kapur, 2003; Beninger, 

2006). With respect to the RHI, subjects are asked to focus on the visual stimulus of the 

rubber hand being stroked. The increased synaptic concentration of dopamine facilitates 

the attribution of causal significance to the predictive visual stimulus that occurs at the 

time of felt stimulation.

If taken within the context of a Bayesian perceptual learning process (Armel and 

Ramachandran, 2003; de Vignemont, 2010), it seems likely that dexamphetamine is 

facilitating the component that binds stimuli together, by promoting the prediction-error 

learning of associations. There are a number of probable molecular mechanisms that 

could be candidates for this process. For example, a Hebbian account of learning (Hebb, 

1949) suggests that the binding together of new neural cell assemblies, or networks, can 

arise from simultaneous neural activity from divergent sources as long as they co-occur 

together with high probability. The process by which this occurs is via strengthening the 

synaptic connections between neurons via long-term potentiation (LTP) (Martin et al., 

2000; Cooper, 2005). LTP is a neurophysiological process whereby there is lasting 

enhancement of signalling between two neurons and is currently regarded as one of the 

leading neural processes that subserves plasticity, learning and memory (Bliss and 

Collingridge, 1993; Lynch, 2004). Dopamine has been demonstrated to be an important 

mediator of these molecular learning processes. There has been much research linking 

particular sub-types of dopamine receptors with learning, memory and LTP (Seamans et 

al., 1998; Centonze et al., 2001; Castner and Williams, 2007; Xu and Yao, 2010) as well 

as evidence linking dopamine with Hebbian type learning (Shen et al., 2008).

However, the dopamine model of schizophrenia is not the only model of 

schizophrenia. The N-methyl-D-aspartae (NMDA) receptor hypofunction model is 

another useful model to investigate neurophysiological processes underlying 

schizophrenia. The core component of this model is that the administration of an 

NMDA receptor antagonist to healthy participants results in similar cognitive 

disturbances and symptomatology to that of schizophrenia (Javitt and Zukin, 1991; 

Olney et al., 1999; Phillips and Silverstein, 2003). Initially, it was the drug 

phencylcidine (PCP) that alerted psychiatrists and researchers to the psychotomimetic 
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effects of NMDA antagonists (Luby et al., 1959). However, due to its long history of 

use in medicine and a well-characterised safety profile, more recent studies use the 

similar NMDA antagonist ketamine to model schizophrenia-like symptoms. For 

example, in a comprehensive study into the psychotogenic effects of ketamine in 

healthy participants, Krystal et al., (1994) found increased positive and negative 

symptoms as well as cognitive deficits in a number of neuropsychological tests that are 

similarly reduced in schizophrenia. 

The NMDA receptor hypofunction model has also been investigated with the 

RHI. Morgan et al., (2011) administered an intravenous dose of ketamine to healthy 

participants and found increased embodiment of the rubber hand and increased 

proprioceptive drift compared to placebo. The authors suggest that because both 

ketamine administration (Páleníček et al., 2011) and the RHI (Kanayama et al., 2007) 

are associated with an increase in 40 Hz EEG activity, 40 Hz enhancement by ketamine 

could lead to increased cross-modal binding between the visual and tactile modalities. If 

this where the case, then it may also be an explanation for the findings in participants 

given dexamphetamine. In separate studies, we have found that dexamphetamine 

increases two differently elicited measures of 40 Hz activity in healthy participants 

(Albrecht et al., In review; Albrecht et al., In review).

Interestingly, in both the study on ketamine and the RHI and our study using 

dexamphetamine, the illusion during the asynchronous stroking condition was 

significantly enhanced. The RHI is typically weaker in the asynchronous condition 

because there is a reduced correlation of the visual and tactile inputs, making it harder 

to draw a causal relationship. Our interpretation of this finding was to suggest that 

dexamphetamine interferes with the perceived timing of the brush strokes (Albrecht et 

al., 2011). The consequence of this would be that the brush strokes appear to the 

participant to be closer together in time, reducing the cross-modal discrepancy. In 

relation to models of psychosis, people with schizophrenia have been shown to 

experience the flow of time differently than healthy people (Waters and Jablensky, 

2009) and larger inter-stimulus intervals are needed between two stimuli to experience 

them as “one-after-the-other” (Foucher et al., 2007; Giersch et al., 2009). However, 

Morgan et al., (2011) provided a very different interpretation. They suggested that it is 

the ketamine-induced augmentation of gamma activity leading to increased cross-modal 

binding that increases the RHI during asynchronous stroking. Neither of these 
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possibilities can be excluded on the basis of current evidence; both are consistent with 

each other and are not mutually exclusive. Solving this problem will be an issue for 

future research and is outlined in the following section.

Convergence     of     findings     and     future     studies  

There are a number of areas of research that would lead towards a better 

understanding of the neural systems involved and promote convergence of various 

findings towards a unified theory of the RHI. If the ventral premotor cortex is the neural 

area that is largely responsible for the experience of the rubber hand as belonging to the 

individual, then the strength of the fMRI signal should also increase during 

manipulations that increase the strength of the RHI. Of the manipulations that have been 

discussed in this chapter, an increased ventral premotor signal should appear when 

participants are undergoing the RHI after the administration of dexamphetamine and/or 

ketamine. Further, people with schizophrenia should also show increased ventral 

premotor activity during the RHI. The ventral premotor cortex findings would gain 

further support if direct manipulations of the premotor cortex resulted in alterations to 

the experience of ownership over the rubber hand. One particularly useful method that 

has been discussed in this chapter is inhibitory rTMS which can create virtual lesions of 

particular cortical regions near the surface. An inhibitory rTMS lesion to the ventral 

premotor cortex should result in reductions of embodiment of the rubber hand. 

Furthermore, if there were simultaneous decreases in ratings of other aspects of the RHI 

(e.g. agency or ownership), then it would suggest that successful multimodal integration 

in the ventral premotor cortex may be a necessary condition for the occurrence of the 

RHI, and that this cortical area may be a “gateway” between top-down and bottom-up 

representations of the hand. 

In addition to increased and/or intact ventral premotor cortical activity being 

necessary for the experience of ownership during the RHI, there should also be 

increases in the two EEG/ERP parameters that have so far been linked to the RHI. The 

first ERP finding of a long-latency enhanced negative ERP after synchronous, but not 

asynchronous, visual and tactile stimulation during the RHI should also occur in 

response to drug treatments resulting in increased illusory experiences and in patient 

groups that show increased illusory effects, i.e., schizophrenia. Indeed Peled et al., 

(Peled et al., 2003) has demonstrated an increase in the long latency ERP in people with 
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schizophrenia in response to the RHI. Similar findings in people administered ketamine 

and dexamphetamine would support the involvement of this particular evoked potential 

in the RHI. The second ERP finding of increased high frequency cortical 

synchronisation should be similarly affected by drug treatments. In particular, if the role 

of high frequency cortical activity is to bind sensory experiences together, an increase in 

this activity would be necessary for the induction of the RHI (Kanayama et al., 2007). 

To support the hypothesis of Morgan et al., (Morgan et al., 2011), that ketamine 

increases the RHI during both synchronous and asynchronous stroking due to its effects 

on high frequency activity, the increased RHI effect would need to be correlated with 

high frequency cortical activity.

The findings of increased illusory activity in people with schizophrenia are 

especially interesting. However, there is, as yet, no sign or symptom that is 

specific/exclusive to schizophrenia and in many situations it is more informative to 

discuss specific symptoms, rather than a disease as a whole. One example of this is the 

effectiveness of antipsychotic medications for treating positive psychotic symptoms in 

comparison to their small or negligible effect on negative and cognitive symptoms of 

schizophrenia. In relation to the RHI, it is very unlikely that an increase in embodiment 

during the RHI is unique to schizophrenia. With evidence linking the effects of 

dexamphetamine and ketamine with an enhanced RHI this points to the possibility that 

it is specifically positive symptoms that may be linked to increased embodiment of the 

RHI. Therefore, positive symptoms of psychosis related to psychiatric disorders, such as 

bipolar disorder, or even perhaps schizotypal personality disorder and first-degree 

relatives of people with schizophrenia may show increased RHI effects.

There are a number of classes of drugs that have yet to be investigated in relation 

to the RHI. The effects of psychedelic drugs would be a fascinating avenue for further 

research. Such drugs have been reported to increase ratings on a scale known as 

“oceanic boundlessness” (Vollenweider et al., 1997; Dittrich, 1998). The oceanic 

boundlessness scale measures derealisation phenomena and ego-dissolution associated 

with a pleasurable emotional state. In particular, ego-dissolution refers to dissolving the 

usual boundaries that make up the perception of where our bodies are as well as a 

feeling of unifying with the cosmos. It seems likely that drugs that increase this kind of 

perception would also lead to increased ratings of embodiment during the RHI. That is, 

if one of the primary effects of a drug is to increase a subject's spatial 
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field/incorporation of vast quantities of external reality into consciousness (or at least 

give that impression), then it would be relatively simple to incorporate a rubber hand 

into a subject's body image. Lastly the evidence that a dopamine-releasing agent and an 

NMDA receptor antagonist similarly affect the RHI seems irresistible from a 

psychopharmacological point of view. Would a dopamine antagonist, or an NMDA 

agonist result in opposite effects on the RHI, i.e., a reduction in embodiment? Further, 

the interaction between these two neurotransmitter systems on the RHI is also still 

unknown. Previous research has found a synergistic effect of combined 

dexamphetamine and ketamine administration on other neuropsychological measures 

(Krystal et al., 2005) but it is not known if this effect is due to the action of the drugs on 

separate or common pathways. Evidence for a common pathway between the two 

neurotransmitter systems could be found if a dopamine antagonist or NMDA agonist 

attenuated the increased RHI induced by an NMDA antagonist or dopamine agonist, 

respectively. 

Conclusion

Self-recognition is a critical aspect of the self as it generates the perception of 

one’s self (including thoughts and actions) as residing within the boundaries of the body 

(Arzy, Thut, et al., 2006). Notably, this is disturbed in people suffering from psychosis 

and in healthy people when they are given psychotomimetic (psychosis-mimicking) 

drugs. The research on the RHI may tell us something about the mechanisms by which 

self-recognition may be distorted. Susceptibility to positive symptoms, such as 

delusions and hallucinations, may be especially well indexed by alterations in the RHI. 

In particular, symptoms where the perception of the self extends well outside the body, 

or where one's thoughts might be perceived as leaking outside the body, or where 

actions that have nothing to do with the person are attributed the person, might be 

usefully investigated by the RHI. Hallucinations are a somewhat converse phenomena, 

whereby experiences that occur entirely within the body are interpreted to be originating 

from outside the body. As Hohwy & Paton (2010) suggest, the transition from unusual 

experiences to delusional beliefs might be facilitated by a fragile body image which is 

able to be explained away easily in response to conflicting information and excess 

importance is attributed to sensory integration rather than on top-down influences. 

Given that two pharmacological agents used to investigate schizophrenia have found 

comparable RHI effects to that found in people with schizophrenia, and that these drugs 
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increase the experience of the illusion during the control condition (asynchronous 

stroking), this suggests that alterations in dopamine and/or NMDA receptor function 

may aid in the development of these strange experiences. How this mechanism occurs, 

either through increased learning at a molecular level, increased cross-talk as measured 

by high frequency oscillations or via some other mechanism that involves the seemingly 

critical premotor cortical region for enhanced RHI effects awaits to be seen. 

References for this book chapter are embedded within the main thesis reference section 
as there is large overlap.
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