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Abstract

Delirium is a common and serious acute neuropsychiatric syndrome with core features of 

inattention and cognitive impairment, and associated features including changes in arousal, altered 

sleep-wake cycle, and other changes in mental status. The main risk factors are old age, cognitive 

impairment, and other comorbidities. Though delirium has consistent core clinical features, it has 

a very wide range of precipitating factors, including acute illness, surgery, trauma, and drugs. The 

molecular mechanisms by which these precipitating factors lead to delirium are largely obscure. In 

this article we attempt to narrow down some specific causal pathways. We propose a basic 

classification for the aetiological factors: (a) direct brain insults, and (b) aberrant stress 

responses. Direct brain insults are largely indiscriminate and include general and regional energy 

deprivation (eg. hypoxia, hypoglycaemia, stroke), metabolic abnormalities (eg. hyponatraemia, 

hypercalcaemia), and the effects of drugs. Aberrant stress responses are conceptually and 

mechanistically distinct in that they constitute adverse effects of stress-response pathways which, 

in health, are adaptive. Ageing and central nervous system disease, two major predisposing factors 

for delirium, are associated with alterations in the magnitude or duration of stress and sickness 

behaviour responses, and increased vulnerability to the effects of these responses. We discuss in 

detail two stress response systems that are likely to be involved in the pathophysiology of 

delirium: inflammation and the sickness behaviour response, and activity of the limbic-

hypothalamic-pituitary-adrenal axis. We conclude by discussing the implications for future 

research and the development of new therapies for delirium.
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1. Introduction

Delirium is a syndrome of acutely altered mental status which has the core elements of 

inattention and fluctuating course, and multiple associated features including altered arousal, 

disorganised thinking, perceptual disturbances, psychosis, and sleep-wake cycle disturbance 

(1;2). Delirium occurs in patients of all ages but the highest incidence is in older people with 

a background of chronic central nervous system (CNS) disease. It affects 20-30% of acutely 

admitted older general hospital inpatients, and is associated with adverse outcomes, 

including functional decline, permanent decrements in cognition, and mortality (2). In the 

last two decades there has a been a large rise in published studies of delirium, mainly 

focusing on clinical manifestations, risk factors, and outcomes, and prevention and treatment 

of delirium by specific programmes of enhanced clinical care and drug treatment (1;3-10). 

These studies have lead to a greatly increased knowledge of many fundamental features of 

delirium. However, there has been comparatively little work on the pathophysiology of 

delirium, which remains poorly understood. Published reviews give comprehensive 

overviews of the literature on delirium pathophysiology (11;12) and here we do not aim to 

provide such broad coverage. Rather, we take an exploratory approach. Our focus is on two 

areas of stress biology which appear highly relevant to delirium: the inflammatory response, 

and the activity of the limbic-hypothalamic-pituitary-adrenal (LHPA) axis. We go on to 

discuss how direct brain insults and aberrant stress responses might lead to delirium, and 

conclude by discussing the implications for future research and the development of new 

therapies.

2. Aetiologies of delirium

There is a great diversity of precipitating factors of delirium (11;12). Some of these factors 

manifestly result in brain injury and dysfunction, for example, haemorrhage or prolonged 

hypoglycaemia. However, the mechanisms of delirium in other clinical scenarios, such as 

that caused by mild urinary tract infection or psychological stress, are unclear. 

Understanding the physiological and molecular pathways from these diverse factors to the 

core features of delirium, such as inattention, is a fundamental issue in research on the 

mechanisms of delirium.

To help to identify these mechanisms, we suggest that delirium aetiologies can be classified 

into two major categories: (a) direct brain insults, eg. hypotension, hypoxia, hypercapnia, 

infarcts, brain haemorrhage, trauma, and drugs, and (b) aberrant stress responses, induced 

by aberrations in the normally adaptive systemic and CNS responses to stressors such as 

infection, surgical trauma, anxiety, etc. Although not an obvious binary classification, this 

proposal, which we clarify below, provides a conceptual framework by which we may be 

able to make predictions about the convergent and divergent clinical features of delirium and 

in which we may find commonalities in mechanisms. We will discuss direct brain insults 

only in so far as to justify this grouping, and will focus on aberrant stress responses.

2.1 Direct brain insults and delirium

For the purposes of this article, the term direct brain insults includes acute processes which 

compromise brain function by causing energy deprivation, metabolic abnormalities, trauma, 
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haemorrhage, or direct changes in neurotransmitter levels by drugs. Examples illustrating 

the breadth of this classification are provided in Table 1.

Hypoxaemia and systemic hypoglycaemia self-evidently cause acute brain dysfunction in 

multiple regions. This may lead to impairments in attention and cognition which meet 

criteria for delirium. Whether there are brain regions essential for attention which are 

particularly vulnerable to these general effects, or whether attention is affected simply 

because it requires the dynamic integration of many brain systems and connections (13;14) 

is uncertain. Localised energy deprivation, for example by thrombosis or haemorrhage of 

brain regions critical to attentional processes such as the caudate nucleus or frontal 

cholinergic pathways, may also cause attentional deficits and delirium (15-17). The basal 

ganglia may be particularly vulnerable because their vascular supply arises from small 

perforating vessels rendering them susceptible to the effects of cerebral small vessel 

occlusion by mechanisms including lipohyalinosis (connective tissue deposits in small 

vessel walls), microembolism and putatively, vasospasm (18). Another common clinical 

scenario in which delirium frequently present is septic shock. A recent study has 

demonstrated extensive white matter damage following this condition, perhaps secondary to 

reduced cerebral perfusion or increased blood-brain barrier permeability (19). Primary CNS 

pathologies, such as meningitis or encephalitis, are associated with acute mental status 

change and at least part of this is due to direct damage to the brain (20). These and other 

forms of direct brain insult involve energy deprivation, metabolic disturbance, or direct 

damage to the brain parenchyma, with secondary effects on neurotransmitters such 

acetylcholine (11). Thus there is no single mechanism, though certain mechanisms may 

occur more commonly because of increased vulnerability.

Drugs are another important cause of delirium and drug-induced delirium can be seen as a 

pharmacological direct brain insult. The triggering of delirium by drugs has been well 

described and indeed has been very informative in that it has highlighted some of the 

neurotransmitter systems that may be implicated. For example, anticholinergic drugs used to 

treat detrusor instability, and many other frequently prescribed drugs impair central 

cholinergic transmission(21). Similarly, drugs increasing dopaminergic tone, for example 

levodopa used in the treatment of Parkinson’s disease patients, can also precipitate delirium 

(22). The current consensus is that overactivity of the dopaminergic system and 

underactivity of the cholinergic system are prominent among the key factors in delirium (11) 

and any change in medication inducing significant alterations in these neurotransmitter 

systems may thus be thought of as a pharmacological insult.

Thus, delirium can be caused by major insults such as hypoxia, hypoglycaemia, head injury 

and by certain classes of drugs. However, it can also be caused by more subtle insults, which 

may not be clinically apparent, on a background of pre-existing pathology or age-related 

changes. It is established that in patients with pre-existing cognitive impairment and other 

comorbidities, relatively mild precipitating factors can induce delirium (4;23). How these 

subtle peripheral insults interact with ongoing CNS pathology and result in delirium is one 

of the major questions in delirium pathophysiology and is discussed below.
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2.2 Aberrant stress responses and delirium

It has long been recognised that acute stress and non-CNS illness frequently affect attention, 

cognition, motivation, mood, perception and other aspects of mental function (24-26). These 

changes in mental status have evolved to be adaptive in healthy organisms. For example, 

acute mental stress increases vigilance at the cost of deterioration in more complex 

cognition, through the actions of monoamines, glucocorticoids and other mediators (27;28)

(Table 2). Similarly, systemic inflammation induces fatigue, reduced activity, anhedonia and 

reduced appetite. These changes are mediated through multiple routes of communication, 

including by pro-inflammatory cytokines and prostaglandins (29)(Figure 1). This 

constellation of changes, collectively termed sickness behaviour (25;30), appears to be 

initiated to conserve energy and minimize exposure to further infection or other stressors.

In health, these responses have evolved to be adaptive. However, dysfunction of the stress 

response and heightened inflammatory states are common with ageing and 

neurodegeneration (29;31). It is clear that prior pathology (dementia or ageing-related 

changes) and systemic insults such as stress, infection, injury and surgery often interact to 

induce delirium. The cholinergic, dopaminergic and noradrenergic systems, which play 

central roles in arousal, cognition and attention (32-34), are highly vulnerable to Alzheimer-

type and cerebrovascular pathology (34-36) thus making these systems more prone to the 

influences of stress and inflammation. Thus, we suggest that it is heuristically useful to class 

over-stimulation of stress responses, or pathological reaction of target tissues to stressors, as 

a second major category of mechanisms of delirium. This may take two distinct forms: (a) 

an exaggerated response of the target tissue to normal levels of stress or inflammatory 

signals or (b) an abnormally intense stress or inflammatory response, with increased and/or 

inappropriately sustained levels of signalling molecules such as cortisol. Recent research 

confirms that with ageing and some forms of pathology, there are exaggerated CNS 

responses to stress and inflammatory insults (29;37).

These acute stress responses are mediated by humoral and neural signalling pathways, and 

the interactions of these signals with CNS pathology makes this category mechanistically 

distinct from the ‘direct brain insults’ described above. This separate class of pathways to 

delirium is here given the general label of aberrant stress responses. In the remainder of this 

article we will focus on two major types of aberrant stress responses which can lead to 

attentional deficits and other forms of acute mental status change: exaggerated cytokine-

induced sickness behaviour, and limbic hypothalamic-pituitary-adrenal (LHPA) axis 

dysfunction.

2.2.1 The inflammatory response and delirium—As mentioned above the term 

sickness behaviour is used to describe a range of adaptive behavioural and metabolic 

changes occurring in animals during infection or other immune stimulation. The features of 

sickness behaviour include general malaise, decrements in cognition, decrements in 

locomotor and social activity, depression of mood, increased somnolence, reduced appetite, 

and in many cases a febrile response (38). Though the above symptoms are familiar to us all 

and certainly occur in humans exposed to infection, surgery or injury, sickness behaviour 
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has been studied mostly in rodents and its terminology is firmly rooted in the rodent 

literature.

The alterations of behaviour occurring during immune stimulation appear to be coordinated 

by CNS synthesis of pro-inflammatory mediators such as cytokines and prostaglandins and 

there are a number of routes by which a systemic inflammatory signal can be transduced into 

the brain without any compromise of the blood brain barrier (Figure 1). A discussion of 

these routes is beyond the scope of this paper, but it is well established that pathogens or 

pathogen-induced circulating inflammatory mediators can (a) interact directly with neurons 

in the circumventricular organs, which lack a patent blood brain barrier, (b) can activate 

endothelial cells of the brain vasculature to secrete soluble prostaglandins into the brain 

parenchyma or (c) can activate afferents of the vagus nerve and thus stimulate brain centres 

by a neural route. It has been shown that the degree of brain vascular endothelial and 

perivascular cell activation in human post-mortem brains is correlated with the degree of 

systemic inflammation(39). In addition, the blood-brain barrier exhibits structural and 

functional changes with ageing (40), diabetes (41), and in Alzheimer’s disease and vascular 

dementia (42-44) and this may inappropriately increase the strength of inflammatory 

signalling.

Whatever the most pertinent route in any given situation, what is clear is that peripheral 

inflammatory signals can reach the brain and their impact there will depend on the existing 

inflammatory state of the brain: if the brain is already inflamed by ongoing 

neurodegenerative disease then the CNS response is likely to be more severe. A number of 

authors have now reported exaggerated CNS inflammatory responses in aged and 

‘demented’ rodents to systemic inflammation induced by bacterial lipopolysaccharide 

(45-47). These systemic insults induce increased levels of the pro-inflammatory cytokine 

IL-1β at sites of prior CNS pathology, or more specifically at sites of prior microglial 

activation (48) (Figure 2).

Microglial cells are the brain’s resident macrophage population and are activated by chronic 

neurodegeneration to increase in number and to express markers of increased phagocytic 

activity (49-51). However these cells typically produce rather low levels of pro-

inflammatory cytokines, but are primed to respond more vigorously to further stimulation 

such as that produced by systemic inflammatory events (48;51;52) If the prior microglial 

activation exists in areas underpinning attention and other cognitive processes then acute 

deficits in these functions are likely. An example of this is provided in a recent human post-

mortem study, where abundant activated microglia were found in periventricular white 

matter lesions affecting pathways between prefrontal cortex and basal ganglia which are 

crucial for attention (53). There are reports of mild cognitive changes during upper 

respiratory tract infection (26), vaccination (54) and experimental endotoxinaemia (55;56) in 

humans, and these studies tend to report changes attributable to attentional deficits, 

including psychomotor slowing, delayed recall and difficulties in concentration. However it 

is clear that the same stimuli that induce sickness behaviour and these mild cognitive deficits 

can induce delirium in the elderly and patients with dementia (11;57). It has now been 

shown in rodents that systemic inflammation can interact with either chronic 

neurodegeneration (Cunningham et al., submitted) or ageing (58;59) to induce acute 
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cognitive deficits that are not induced by systemic insults in control animals. The interaction 

of systemic inflammation with ongoing degenerative changes is clearly key to many 

episodes of delirium and the interaction between systemic inflammatory mediators and the 

primed microglia of pre-existing CNS inflammation in areas of the brain underpinning 

attentional and other cognitive processes represents a strong possibility to explain such 

episodes. Previous authors have hypothesised that dementia and delirium feature 

inflammation as a common pathological mechanism (60) but it now seems, from these 

animal model studies, that the inflammation induced by superimposing an acute 

inflammatory stimulus upon an existing low grade microglial response is significantly more 

aggressive than either stimulus applied alone.

Though this evidence originates in the rodent literature, the theory is broadly consistent with 

several studies in humans. Beloosesky and co-workers (61) have shown that the extent of 

complications post-hip fracture surgery in elderly patients was correlated with the degree of 

pre-existing impaired mental status. Other studies have shown that while elevation of the 

pro-inflammatory cytokines IL-6 and IL-8 is correlated with occurrence of delirium in acute 

admissions of elderly medical patients to hospital, the existence of prior cognitive 

impairment was a stronger predictor of delirium (57). Thus it seems likely that more severe 

systemic inflammatory responses are more likely to induce delirium, but pre-existing 

pathology in cognitive circuitry is a stronger predictor and thus the interaction between these 

two factors is key. This represents a fundamental shift in outlook from the search for 

specific peripheral inflammatory markers that predict episodes of delirium (62;63) and in a 

sense is more in line with the idea of overlap between dementia and delirium, wherein 

systemic inflammation acts as a stressor that can initiate an acute exacerbation of underlying 

dementia.

2.2.2 The limbic-hypothalamic-pituitary-adrenal axis and delirium—Another 

hypothesis of delirium pathophysiology is that pathologically sustained high levels of 

cortisol occurring with acute stress can precipitate and/or sustain delirium (11;64). This 

hypothetical mechanism of delirium can be categorised as an aberrant stress response 

alongside the inflammatory response and the sickness behaviour syndrome. There is 

substantial indirect evidence and some direct evidence supporting this hypothesis, which 

will now be reviewed.

Glucocorticoids (cortisol in humans, corticosterone in rodents) are the central hormones in 

the mammalian stress response, and levels increase with diverse stressors, such as surgery, 

trauma, systemic inflammation and pain (65;66). Glucocorticoids act via cytoplasmic 

receptors and also by modulation of membrane receptors (67). Cytoplasmic receptors are the 

high affinity mineralocorticoid receptor (MR), present in only a few brain regions, and the 

lower affinity glucocorticoid receptor (GR), present throughout the brain (especially 

hippocampus, cerebellum, and prefrontal cortex). MR are occupied with basal levels of 

glucocorticoids, but GR are occupied only with stress levels of glucocorticoids, and during 

the peak of the circadian rhythm. A prompt post-stress return of glucocorticoids to basal 

levels, leaving GR mostly unoccupied, is achieved through inhibitory feedback loops 

involving the medial prefrontal cortex, the hippocampus, and the limbic-hypothalamic-

pituitary-adrenal (LHPA) axis (68;69). Efficient feedback regulation is crucial, because 
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sustained high levels of glucocorticoids, chronically activating the normally mainly 

unoccupied low affinity GR, can cause several serious adverse effects on the brain and other 

tissues (65). Importantly, the types of patients who are at risk of delirium, that is, older 

patients with baseline cognitive impairment, may develop sustained high cortisol levels after 

major stressors because feedback regulation of the LHPA axis is impaired (68;70-73).

The effects of glucocorticoids on cognition and other mental functions are consistent with a 

role for these hormones in delirium. In experimental studies, short-term (days, weeks) high 

doses of glucocorticoids given to healthy young adults cause impairments of attention and 

declarative memory (74-76). Furthermore, glucocorticoids are widely used clinically and 

can cause delirium in the short-term (days), and affective disorders and cognitive 

impairments in the medium term (weeks)(77;78). In Cushing’s disease (sustained high 

cortisol due to ACTH-secreting adenoma), patients develop brain atrophy and multiple 

cognitive deficits, and are at high risk of affective disorders and psychosis. The brain 

atrophy and cognitive impairments are only partially reversible with treatment (79). Some 

intervention studies are supportive of the effects of glucocorticoids on cognition. In rodents, 

reducing neuronal exposure to glucocorticoid levels from mid-life attenuates hippocampal 

atrophy and cognitive decline (80;81). In humans, reducing intraneuronal cortisol by 

carbenoxolone inhibition of 11ß-HSD1 improves performance on a test of prefrontal cortical 

function in healthy elderly men (82). Blockade of GR has also been found to improve 

performance on prefrontal-cortical tasks in patients with bipolar illness (83). In summary, a 

role for dysfunction of the LHPA in delirium is suggested by two lines of evidence: (a) 

sustained high cortisol levels occur in some older people, particularly those with cognitive 

impairment following stress, and (b) sustained high cortisol levels are known to cause 

cognitive impairment and other neuropsychiatric deficits, particularly in older adults.

There are some studies which have directly examined LHPA function in delirium. These 

studies have measured at abnormalities in cortisol levels and/or LHPA axis dynamics 

(variations in circadian rhythm, dexamethasone suppression test (DST)) (11;64). In a study 

of 80 patients aged 70-90 undergoing abdominal surgery, Kudoh and co-workers found that 

patients who developed post-operative delirium (total N=17) had higher post-operative 

plasma cortisol levels immediately after surgery, and at 24 and 48 hours post-operatively 

(84). They reported similar relationships between cortisol and delirium in patients with 

schizophrenia (85) and alcoholism (86). In an earlier study, three of seven patients 

undergoing elective surgery developed delirium post-surgery and all showed prolonged high 

cortisol levels and loss of normal circadian rhythm in contrast to the other patients (87). 

O’Keeffe and Devlin (88) studied the relationship between delirium and the DST in 16 

elderly patients with lower respiratory tract infection. Seven of the nine patients with 

delirium, and only one of the seven non-delirious patients, were non-suppressors. Illness 

severity was not significantly different between the groups. McKeith found in a study of 

hospitalised older adults that delirium was associated with non-suppression of cortisol in the 

DST in the six cases studied (89), and in a larger study of 178 hospitalised patients with 

dementia, episodes of delirium were significantly associated with non-suppression (90). 

Similar results were found in stroke patients, in whom non-suppression of cortisol in the 

DST was also associated with a higher risk of delirium (91;92).
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In conclusion, there is some evidence that dysregulation of the LHPA axis plays a role in 

delirium, though definitive data are still lacking. Furthermore, there are some challenges to 

this hypothesis. Loss of circadian rhythm and higher levels of cortisol are observed in 

depression (93), but most patients with depression do not suffer from delirium. However, it 

is possible that LHPA dysregulation in depression is less severe in depression than in 

delirium (88;94). Additionally, exogenous glucocorticoid administration only results in 

delirium in a minority of patients (77). However, it remains an important aspect of our 

hypothesis that some individuals are predisposed to severe adverse effects of 

glucocorticoids, due to pre-existing pathology such as that present in Alzheimer’s disease.

2.2.3 Interactions between inflammation and the LHPA axis—In a simplistic view 

of the interaction between the stress and inflammatory responses, inflammatory mediators 

such as IL-6 induce activation of the LHPA axis. This then results in secretion of 

glucocorticoids, occupation of GR and subsequent downregulation of inflammatory 

responses via blocking of nuclear factor κB (NfκB)-induced transcriptional activation. There 

is certainly clear evidence that an acute stress response can protect against inflammatory 

damage in the brain (95). Recent studies, however, show that chronic unpredictable stress 

can actually exacerbate inflammatory actions in the brain (96;97). LPS induces transcription 

of inflammatory genes in rats, and blocking GC action using RU-486 further augments these 

increases. However, if the animals are exposed to chronic stress prior to LPS challenge, 

blocking GC action now blunts the inflammatory response (98). It now appears that the 

influence of LHPA axis activation on CNS inflammation may depend on both temporal 

profiles and concentration of glucocorticoids (96). Thus, stress and sickness behaviour 

responses could conceivably interact to further exacerbate the CNS effects of systemic 

inflammation (Figure 2). Psychological as well as physiological stress may also have a role 

to play. In one recent example surgical stress induced changes in mood and memory and 

marked post-surgical impairments in memory could be predicted from changes in memory 

on the morning of surgery, before any medical intervention had taken place (99). This 

suggests that the psychological stress associated with anticipation of surgery may have 

important effects on CNS, perhaps mediated both by inflammatory processes and 

glucocorticoids (100). The stress response from the surgery itself then may compound these 

adverse effects. Similarly it has been shown that the deleterious CNS effects of 

immunotherapy with interferon-α are exaggerated in patients with a background of 

psychosocial stress (101). These intriguing findings may have important implications for 

delirium, but much research is required to unravel these interactions even at an experimental 

level, before we can evaluate their significance in patients.

3. Conclusions and discussion

A fundamental goal in delirium research is characterising the physiological and molecular 

pathways which lead from the wide range of precipitants to the relatively stereotyped 

syndrome (at least with respect to the core features) of delirium. In this article we have 

suggested that the precipitants of delirium can usefully be divided into two conceptually 

distinct classes: (a) direct brain insults, and (b) aberrant stress responses. The rationale for 

this classification is that these categories have different implications for research and the 
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development of therapies. The category of direct brain insults reflects dysfunction or 

damage of the brain resulting from mainly indiscriminate effects such as hypoxia or 

metabolic disturbance. The category of aberrant stress responses is distinct in that this 

includes the harmful effects of acute stress responses which, in health, are adaptive. Much 

evidence suggests that these adaptive processes have the potential to become deleterious 

when they are exaggerated or sustained or when they affect a brain already compromised by 

disease states.

This categorisation of delirium aetiology may be of benefit in suggesting new strategies for 

prevention and treatment of delirium. Choice of prevention or therapy of direct brain insults 

clearly depends on the major processes suspected in a given clinical situation, such as peri-

operative hypoxia or hypotension, or the toxic effects of drugs. Broadly speaking, 

preventing and treating delirium here is concerned with general brain protection measures 

which must apply in every clinical situation: avoiding energy deprivation, metabolic 

disturbance, drug toxicity, etc. These strategies have explicitly been addressed in existing 

studies (8;9) and are central to optimal clinical care. However, therapies for aberrant stress 

responses might involve alternative and more specific strategies such as using drugs to 

reduce the magnitude or duration of the stress response, block signalling pathways, or 

reduce the neural consequences of stress responses. Behavioural interventions such as 

repeated orientation of patients and encouraging presence of relatives known to the patient 

may operate through reducing psychological stress, with concomitant effects on cortisol 

levels, etc., but this has not been examined experimentally.

Another central question in delirium pathophysiology is understanding the mechanisms 

underlying phenomenology. For example, given that sickness behaviour involves reductions 

in mood, motivation and activity, it could be predicted that delirium resulting from this 

pathway might be more likely to be hypoactive. A systematic categorisation of sickness 

behaviour responses in elderly patients would be extremely useful in this regard. In addition 

it is likely that further investigation of delirium symptoms, such as attention and apathy, 

which individually would not merit a diagnosis of delirium, will increase understanding of 

the mechanisms through which these symptoms arise in the aged population.

The pathophysiology of delirium is under-researched and poorly understood. However, as 

general interest in delirium continues to grow, this situation appears likely to improve. One 

highly promising avenue is examining ways in which insights from research on the 

mechanisms of acute mental status change in relation to stress biology can inform new 

studies on the mechanisms of delirium.

Acknowledgements

AM was supported an MRC Clinician Scientist Fellowship. The UK Medical Research Council and the University 
of Edinburgh provide core funding for the MRC Centre for Cognitive Ageing and Cognitive Epidemiology which 
supported this research. CC was supported by a Wellcome Trust Career Development Fellowship.

MacLullich et al. Page 9

J Psychosom Res. Author manuscript; available in PMC 2015 January 30.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



References

(1). Meagher DJ, Moran M, Raju B, Gibbons D, Donnelly S, Saunders J, Trzepacz PT. 
Phenomenology of delirium - Assessment of 100 adult cases using standardised measures. British 
Journal of Psychiatry. 2007; 190:135–41. [PubMed: 17267930] 

(2). Young J, Inouye SK. Delirium in older people. British Medical Journal. 2007; 334(7598):842–
846D. [PubMed: 17446616] 

(3). Trzepacz PT, Baker RW, Greenhouse J. A symptom rating-scale for delirium. Psychiatry 
Research. 1988; 23(1):89–97. [PubMed: 3363018] 

(4). Inouye SK, Charpentier PA. Precipitating factors for delirium in hospitalized elderly persons - 
Predictive model and interrelationship with baseline vulnerability. JAMA - Journal of the 
American Medical Association. 1996; 275(11):852–7.

(5). Marcantonio ER, Goldman L, Mangione CM, Ludwig LE, Muraca B, Haslauer CM, Donaldson 
MC, Whittemore AD, Sugarbaker DJ, Poss R, Haas S, Cook EF, Orav J, Lee TH. A clinical-
prediction rule for delirium after elective noncardiac surgery. JAMA-Journal of the American 
Medical Association. 1994; 271(2):134–9.

(6). McCusker J, Cole M, Abrahamowicz M, Primeau F, Belzile E. Delirium predicts 12-month 
mortality. Archives of Internal Medicine. 2002; 162:457–63. [PubMed: 11863480] 

(7). Cole M, McCusker J, Dendukuri N, Han L. The prognostic significance of subsyndromal delirium 
in elderly medical inpatients. J Am Geriatr Soc. 2003; 51:754–60. [PubMed: 12757560] 

(8). Inouye SK, Bogardus ST, Charpentier PA, Leo-Summers L, Acampora D, Holford TR, Cooney 
LW. A multicomponent intervention to prevent delirium in hospitalized older patients. New 
England Journal of Medicine. 1999; 340:669–76. [PubMed: 10053175] 

(9). Marcantonio ER, Flacker JM, Wright RJ, Resnick NM. Reducing delirium after hip fracture: A 
randomized trial. J Am Geriatr Soc. 2001; 49:516–22. [PubMed: 11380742] 

(10). Kalisvaart KJ, de Jonghe JFM, Bogaards MJ, Vreeswijk R, Egberts TCG, Burger BJ, 
Eikelenboom P, van Gool WA. Haloperidol prophylaxis for elderly hip-surgery patients at risk 
for delirium: A randomized placebo-controlled study. J Am Geriatr Soc. 2005; 53(10):1658–66. 
[PubMed: 16181163] 

(11). Trzepacz, P.; van der Mast, R. The neuropathophysiology of delirium. In: Lindesay, J.; 
Rockwood, K.; Macdonald, A., editors. Delirium in Old Age. Oxford University Press; Oxford: 
2002. p. 51-90.

(12). Flacker JM, Lipsitz LA. Neural mechanisms of delirium: Current hypotheses and evolving 
concepts. Journals of Gerontology Series A-Biological Sciences and Medical Sciences. 1999; 
54(6):B239–B246.

(13). Buzsaki G. The structure of consciousness - Subjective awareness may depend on neural 
networks in the brain supporting complex wiring schemes and dynamic patterns of activity. 
Nature. 2007; 446(7133):267. [PubMed: 17361165] 

(14). Gunstad J, Cohen RA, Paul RH, Gordon E. Dissociation of the component processes of attention 
in healthy adults. Archives of Clinical Neuropsychology. 2006; 21(7):645–50. [PubMed: 
16887323] 

(15). Benke T, Delazer M, Bartha L, Auer A. Basal ganglia lesions and the theory of fronto-subcortical 
loops: Neuropsychological findings in two patients with left caudate lesions. Neurocase. 2003; 
9(1):70–85. [PubMed: 16210227] 

(16). Figiel GS, Krishnan KRR, Doraiswamy PM. Subcortical structural changes in ECT-induced 
delirium. Journal of Geriatric Psychiatry and Neurology. 1990; 3:172–6. [PubMed: 2282134] 

(17). Swartz RH, Sahlas DJ, Black SE. Strategic involvement of cholinergic pathways and executive 
dysfunction: Does location of white matter signal hyperintensities matter? J Stroke Cerebrovasc 
Dis. Jan; 2003 12(1):29–36. [PubMed: 17903901] 

(18). Lammie GA. Pathology of small vessel stroke. British Medical Bulletin. 2000; 56(2):296–306. 
[PubMed: 11092081] 

(19). Sharshar T, Carlier R, Bernard F, Guidoux C, Brouland JP, Nardi O, de la Grandmaison GL, 
Aboab J, GRAY F, Menon D, Annane D. Brain lesions in septic shock: a magnetic resonance 
imaging study. Intensive Care Medicine. 2007; 33(5):798–806. [PubMed: 17377766] 

MacLullich et al. Page 10

J Psychosom Res. Author manuscript; available in PMC 2015 January 30.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



(20). Maschke M, Kastrup O, Forsting M, Diener HC. Update on neuroimaging in infectious central 
nervous system disease. Current Opinion in Neurology. 2004; 17(4):475–80. [PubMed: 
15247545] 

(21). Tune LE, Egeli S. Acetylcholine and delirium. Dementia and Geriatric Cognitive Disorders. 
1999; 10(5):342–4. [PubMed: 10473936] 

(22). Young BK, Camicioli R, Ganzini L. Neuropsychiatric adverse effects of antiparkinsonian drugs - 
Characteristics, evaluation and treatment. Drugs & Aging. 1997; 10(5):367–83. [PubMed: 
9143857] 

(23). Kalisvaart KJ, Vreeswijk R, de Jonghe JFM, van der Ploeg T, van Gool WA, Eikelenboom P. 
Risk factors and prediction of postoperative delirium in elderly hip-surgery patients: 
Implementation and validation of a medical risk factor model. J Am Geriatr Soc. 2006; 54(5):
817–22. [PubMed: 16696749] 

(24). Arnsten AFT, Li BM. Neurobiology of executive functions: Catecholamine influences on 
prefrontal cortical functions. Biological Psychiatry. 2005; 57(11):1377–84. [PubMed: 15950011] 

(25). Dantzer R. Cytokine-induced sickness behaviour: a neuroimmune response to activation of innate 
immunity. European Journal of Pharmacology. 2004; 500(1-3):399–411. [PubMed: 15464048] 

(26). Bucks RS, Gidron Y, Harris P, Teeling J, Wesnes KA, Perry VH. Selective effects of upper 
respiratory tract infection on cognition, mood and emotion processing: A prospective study. 
Brain Behavior and Immunity. 2008; 22(3):399–407.

(27). Joels M, Karst H, Krugers HJ, Lucassen PJ. Chronic stress: Implications for neuronal 
morphology, function and neurogenesis. Frontiers in Neuroendocrinology. 2007; 28(2-3):72–96. 
[PubMed: 17544065] 

(28). Ramos BP, Arnsten AFT. Adrenergic pharmacology and cognition: Focus on the prefrontal 
cortex. Pharmacology & Therapeutics. 2007; 113(3):523–36. [PubMed: 17303246] 

(29). Perry VH, Cunningham C, Holmes C. Systemic infections and inflammation affect chronic 
neurodegeneration. Nature Reviews Immunology. 2007; 7(2):161–7.

(30). Hart BL. Biological basis of the behavior of sick animals. Neuroscience and Biobehavioral 
Reviews. 1988; 12(2):123–37. [PubMed: 3050629] 

(31). Horan MA. Aging, Injury and the hypothalamic-pituitary-adrenal axis. Aging Clock. 1994; 
719:285–90.

(32). Sarter M, Parikh V. Choline transporters, cholinergic transmission and cognition. Nature 
Reviews Neuroscience. 2005; 6(1):48–56.

(33). Aston-Jones G, Cohen JD. An integrative theory of locus coeruleus-norepinephrine function: 
Adaptive gain and optimal performance. Annual Review of Neuroscience. 2005; 28:403–50.

(34). Backman L, Nyberg L, Lindenberger U, Li SC, Farde L. The correlative triad among aging, 
dopamine, and cognition: current status and future prospects. Neurosci Biobehav Rev. 2006; 
30(6):791–807. [PubMed: 16901542] 

(35). Roman GC, Kalaria RN. Vascular determinants of cholinergic deficits in Alzheimer disease and 
vascular dementia. Neurobiology of Aging. 2006; 27(12):1769–85. [PubMed: 16300856] 

(36). German DC, Manaye KF, White CL, Woodward DJ, Mcintire DD, Smith WK, Kalaria RN, 
Mann DMA. Disease-specific patterns of locus-ceruleus cell loss. Annals of Neurology. 1992; 
32(5):667–76. [PubMed: 1449247] 

(37). Sapolsky RM. Glucocorticoids, stress, and their adverse neurological effects: relevance to aging. 
Experimental Gerontology. 1999; 34:721–32. [PubMed: 10579633] 

(38). Dantzer R, Capuron L, Irwin MR, Millers AH, Ollat H, Perry VH, Rousey S, Yirmiy R. 
Identification and treatment of symptoms associated with inflammation in medically ill patients. 
Psychoneuroendocrinology. 2008; 33(1):18–29. [PubMed: 18061362] 

(39). Uchikado H, Akiyama H, Kondo H, Ikeda K, Tsuchiya K, Kato M, Oda T, Togo T, Iseki E, 
Kosaka K. Activation of vascular endothelial cells and perivascular cells by systemic 
inflammation-an immunohistochemical study of postmortem human brain tissues. Acta 
Neuropathologica. 2004; 107(4):341–51. [PubMed: 14762673] 

(40). Mooradian AD. Potential Mechanisms of the Age-related-changes in the blood-brain-barrier. 
Neurobiology of Aging. 1994; 15(6):751–5. [PubMed: 7891831] 

MacLullich et al. Page 11

J Psychosom Res. Author manuscript; available in PMC 2015 January 30.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



(41). Starr JM, Wardlaw J, Ferguson K, MacLullich A, Deary IJ, Marshall I. Increased blood-brain 
barrier permeability in type II diabetes demonstrated by gadolinium magnetic resonance imaging. 
Journal of Neurology Neurosurgery and Psychiatry. 2003; 74:70–6.

(42). Hanyu H, Asano T, Tanaka Y, Iwamoto T, Takasaki M, Abe K. Increased blood-brain barrier 
permeability in white matter lesions of Binswanger’s disease evaluated by contrast-enhanced 
MRI. Dementia and Geriatric Cognitive Disorders. 2002; 14:1–6. [PubMed: 12053125] 

(43). Bowman GL, Kaye JA, Moore M, Waichunas D, Carlson NE, Quinn JF. Blood-brain barrier 
impairment in Alzheimer disease - Stability and functional significance. Neurology. 2007; 
68(21):1809–14. [PubMed: 17515542] 

(44). Skoog I, Wallin A, Fredman P, Hesse C, Aevarsson O, Karlsson I, Gottfries CG, Blennow K. A 
population study on blood-brain barrier function in 85-year-olds - Relation to Alzheimer’s 
disease and vascular dementia. Neurology. 1998; 50(4):966–71. [PubMed: 9566380] 

(45). Sly LM, Krzesicki RF, Brashler JR, Buhl AE, McKinley DD, Carter DB, Chin JE. Endogenous 
brain cytokine mRNA and inflammatory responses to lipopolysaccharide are elevated in the 
Tg2576 transgenic mouse model of Alzheimer’s disease. Brain Research Bulletin. 2001; 56(6):
581–8. [PubMed: 11786245] 

(46). Cunningham C, Boche D, Perry VH. Transforming growth factor beta 1, the dominant cytokine 
in murine prion disease: influence on inflammatory cytokine synthesis and alteration of vascular 
extracellular matrix. Neuropathology and Applied Neurobiology. 2002; 28(2):107–19. [PubMed: 
11972797] 

(47). Godbout JP, Chen J, Abraham J, Richwine AF, Berg BM, Kelley KW, Johnson RW. Exaggerated 
neuroinflammation and sickness behavior in aged mice after activation of the peripheral innate 
immune system. Faseb Journal. 2005; 19(7):1329–+. [PubMed: 15919760] 

(48). Cunningham C, Wilcockson DC, Campion S, Lunnon K, Perry VH. Central and systemic 
endotoxin challenges exacerbate the local inflammatory response and increase neuronal death 
during chronic neurodegeneration. Journal of Neuroscience. 2005; 25(40):9275–84. [PubMed: 
16207887] 

(49). Perry VH, Matyszak MK, Fearn S. Altered antigen expression of microglia in the aged rodent 
CNS. Glia. 1993; 7(1):60–7. [PubMed: 8423063] 

(50). Betmouni S, Perry VH, Gordon JL. Evidence for an early inflammatory response in the central 
nervous system of mice with scrapie. Neuroscience. 1996; 74(1):1–5. [PubMed: 8843071] 

(51). Sly LM, Krzesicki RF, Brashler JR, Buhl AE, McKinley DD, Carter DB, Chin JE. Endogenous 
brain cytokine mRNA and inflammatory responses to lipopolysaccharide are elevated in the 
Tg2576 transgenic mouse model of Alzheimer’s disease. Brain Research Bulletin. 2001; 56(6):
581–8. [PubMed: 11786245] 

(52). Combrinck MI, Perry VH, Cunningham C. Peripheral infection evokes exaggerated sickness 
behaviour in pre-clinical murine prion disease. Neuroscience. 2002; 112(1):7–11. [PubMed: 
12044467] 

(53). Simpson JE, Ince PG, Higham CE, Gelsthorpe CH, Fernando MS, Matthews F, Forster G, 
O’Brien JT, Barber R, Kalaria RN, Brayne C, Shaw PJ, Stoeber K, Williams GH, Lewis CE, 
Wharton SB. Microglial activation in white matter lesions and nonlesional white matter of ageing 
brains. Neuropathology and Applied Neurobiology. 2007; 33(6):670–83. [PubMed: 17990995] 

(54). Smith AP, Thomas M, Brockman P, Kent J, Nicholson KG. Effect of influenza B-virus infection 
on human performance. British Medical Journal. 1993; 306(6880):760–1. [PubMed: 8490339] 

(55). Krabbe KS, Reichenberg A, Yirmiya R, Smed A, Pedersen BK, Bruunsgaard H. Low-dose 
endotoxemia and human neuropsychological functions. Brain Behavior and Immunity. 2005; 
19(5):453–60.

(56). Reichenberg A, Yirmiya R, Schuld A, Kraus T, Haack M, Morag A, Pollmacher T. Cytokine-
associated emotional and cognitive disturbances in humans. Archives of General Psychiatry. 
2001; 58(5):445–52. [PubMed: 11343523] 

(57). Rooij SE, van Munster BC, Korevaar JC, Levi M. Cytokines and acute phase response in 
delirium. Journal of Psychosomatic Research. 2007; 62(5):521–5. [PubMed: 17467406] 

MacLullich et al. Page 12

J Psychosom Res. Author manuscript; available in PMC 2015 January 30.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



(58). Barrientos RM, Higgins EA, Biedenkapp JC, Sprunger DB, Wright-Hardesty KJ, Watkins LR, 
Rudy JW, Maier SF. Peripheral infection and aging interact to impair hippocampal memory 
consolidation. Neurobiology of Aging. 2006; 27(5):723–32. [PubMed: 15893410] 

(59). Kohman RA, Tarr AJ, Sparkman NL, Day CE, Paquet A, Akkaraju GR, Boehm GW. Alleviation 
of the effects of endotoxin exposure on behavior and hippocampal IL-1 beta by a selective non-
peptide antagonist of corticotropin-releasing factor receptors. Brain Behavior and Immunity. 
2007; 21(6):824–35.

(60). Eikelenboom P, Hoogendijk WJG. Do delirium and Alzheimer’s dementia share specific 
pathogenetic mechanisms? Dementia and Geriatric Cognitive Disorders. 1999; 10:319–24. 
[PubMed: 10473931] 

(61). Beloosesky Y, Hendel D, Weiss A, Hershkovitz A, Grinblat J, Pirotsky A, Barak V. Cytokines 
and C-reactive protein production in hip-fracture-operated elderly patients. Journals of 
Gerontology Series A-Biological Sciences and Medical Sciences. 2007; 62(4):420–6.

(62). Marcantonio ER, Rudolph JL, Culley D, Crosby G, Alsop D, Inouye SK. Serum biomarkers for 
delirium. Journals of Gerontology Series A-Biological Sciences and Medical Sciences. 2006; 
61(12):1281–6.

(63). Adamis D, Treloar A, Martin FC, Gregson N, Hamilton G, Macdonald AJD. APOE and 
cytokines as biological markers for recovery of prevalent delirium in elderly medical inpatients. 
International Journal of Geriatric Psychiatry. 2007; 22(7):688–94. [PubMed: 17203511] 

(64). Olsson T. Activity in the hypothalamic-pituitary-adrenal axis and delirium. Dementia and 
Geriatric Cognitive Disorders. 1999; 10:345–9. [PubMed: 10473937] 

(65). Seckl JR, Olsson T. Glucocorticoid hypersecretion and the age-impaired hippocampus - cause or 
effect. Journal of Endocrinology. 1995; 145:201–11. [PubMed: 7616153] 

(66). Epstein J, Breslow MJ. The stress response of critical illness. Critical Care Clinics. 1999; 15:17–
+. [PubMed: 9929784] 

(67). Borski RJ. Nongenomic membrane actions of glucocorticoids in vertebrates. Trends in 
Endocrinology and Metabolism. 2000; 11:427–36. [PubMed: 11091121] 

(68). MacLullich AMJ, Ferguson KJ, Wardlaw JM, Starr JM, Deary IJ, Seckl JR. Smaller left anterior 
cingulate cortex volumes are associated with impaired hypothalamic-pituitary-adrenal axis 
regulation in healthy elderly men. Journal of Clinical Endocrinology and Metabolism. 2006; 
91(4):1591–4. [PubMed: 16464941] 

(69). Herman JP, Figueiredo H, Mueller NK, Ulrich-Lai Y, Ostrander MM, Choi DC, Cullinan WE. 
Central mechanisms of stress integration: hierarchical circuitry controlling hypothalamo-
pituitary-adrenocortical responsiveness. Frontiers in Neuroendocrinology. 2003; 24:151–80. 
[PubMed: 14596810] 

(70). Otte C, Hart S, Neylan TC, Marmar CR, Yaffe K, Mohr DC. A mete-analysis of cortisol response 
to challenge in human aging: importance of gender. Psychoneuroendocrinology. 2005; 30:80–91. 
[PubMed: 15358445] 

(71). MacLullich AMJ, Deary IJ, Starr JM, Ferguson KJ, Wardlaw JM, Seckl JR. Plasma cortisol 
levels, brain volumes and cognition in healthy elderly men. Psychoneuroendocrinology. 2005; 
30:505–15. [PubMed: 15721061] 

(72). Deleon MJ, Mcrae T, Tsai JR, George AE, Marcus DL, Freedman M, Wolf AP, McEwen B. 
Abnormal cortisol response in Alzheimers-disease linked to hippocampal atrophy. Lancet. 1988; 
2:391–2.

(73). Roberts NA, Barton RN, Horan MA, White A. Adrenal function after upper femoral fracture in 
elderly people: persistence of stimulation and the roles of adrenocorticotrophic hormone and 
immobility. Age Ageing. Sep 1.1990 19:304–10. [PubMed: 2174640] 

(74). Lupien SJ, McEwen BS. The acute effects of corticosteroids on cognition: Integration of animal 
and human model studies. Brain Research Reviews. 1997; 24:1–27. [PubMed: 9233540] 

(75). Wolkowitz OM, Reus VI, Weingartner H, Thompson K, Breier A, Doran A, Rubinow D, Pickar 
D. Cognitive effects of corticosteroids. American Journal of Psychiatry. 1990; 147:1297–303. 
[PubMed: 2399996] 

MacLullich et al. Page 13

J Psychosom Res. Author manuscript; available in PMC 2015 January 30.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



(76). Newcomer JW, Selke G, Melson AK, Hershey T, Craft S, Richards K, Alderson AL. Decreased 
memory performance in healthy humans induced by stress-level cortisol treatment. Archives of 
General Psychiatry. 1999; 56:527–33. [PubMed: 10359467] 

(77). Sirois F. Steroid psychosis: a review. General Hospital Psychiatry. 2003; 25:27–33. [PubMed: 
12583925] 

(78). Brown ES, Woolston DJ, Frol A, Bobadilla L, Khan DA, Hanczyc M, Rush AJ, Fleckenstein J, 
Babcock E, Cullum CM. Hippocampal volume, spectroscopy, cognition, and mood in patients 
receiving corticosteroid therapy. Biological Psychiatry. 2004; 55:538–45. [PubMed: 15023583] 

(79). Forget H, Lacroix A, Cohen H. Persistent cognitive impairment following surgical treatment of 
Cushing’s syndrome. Psychoneuroendocrinology. 2002; 27:367–83. [PubMed: 11818172] 

(80). Yau JLW, Noble J, Hibberd C, Rowe WB, Meaney MJ, Morris RGM, Seckl JR. Chronic 
treatment with the antidepressant amitriptyline prevents impairments in water maze learning in 
aging rats. Journal of Neuroscience. 2002; 22:1436–42. [PubMed: 11850470] 

(81). Landfield PW. Brain aging correlates: retardation by hormonal-pharmacological treatments. 
Science. 1981; 214:581–4. [PubMed: 6270791] 

(82). Sandeep TC, Yau JLW, MacLullich AMJ, Noble J, Deary IJ, Walker BR, Seckl JR. 11 beta-
Hydroxysteroid dehydrogenase inhibition improves cognitive function in healthy elderly men and 
type 2 diabetics. Proceedings of the National Academy of Sciences of the United States of 
America. 2004; 101:6734–9. [PubMed: 15071189] 

(83). Young AH, Gallagher P, Watson S, Del Estal D, Owen BM, Ferrier IN. Improvements in 
neurocognitive function and mood following adjunctive treatment with mifepristone (RU-486) in 
bipolar disorder. Neuropsychopharmacology. 2004; 29:1538–45. [PubMed: 15127079] 

(84). Kudoh A, Takase H, Katagai H, Takazawa T. Postoperative interleukin-6 and cortisol 
concentrations in elderly patients with postoperative confusion. Neuroimmunomodulation. 2005; 
12(1):60–6. [PubMed: 15756054] 

(85). Kudoh A, Takahira Y, Katagai H, Takazawa T. Schizophrenic patients who develop 
postoperative confusion have an increased norepinephrine and cortisol response to surgery. 
Neuropsychobiology. 2002; 46:7–12. [PubMed: 12207140] 

(86). Kudoh A, Katagai H, Takase H, Takazawa T. Increased cortisol response to surgery in patients 
with alcohol problems who developed postoperative confusion. Alcoholism-Clinical and 
Experimental Research. 2004; 28:1187–93.

(87). Mcintosh TK, Lothrop DA, Lee A, Jackson BT, Nabseth D, Egdahl RH. Circadian-rhythm of 
cortisol is altered in postsurgical patients. Journal of Clinical Endocrinology and Metabolism. 
1981; 53:117–22. [PubMed: 7240369] 

(88). O’Keeffe ST, Devlin JG. Delirium and the dexamethasone suppression test in the elderly. 
Neuropsychobiology. 1994; 30:153–6. [PubMed: 7862262] 

(89). McKeith IG. Clinical use of the DST in a psychogeriatric population. British Journal of 
Psychiatry. 1984; 145:389–93. [PubMed: 6487912] 

(90). Robertsson B, Blennow K, Brane G, Edman A, Karlsson I, Wallin A, Gottfries CG. 
Hyperactivity in the hypothalamic-pituitary-adrenal axis in demented patients with delirium. 
International Clinical Psychopharmacology. 2001; 16:39–47. [PubMed: 11195259] 

(91). Gustafson Y, Olsson T, Asplund K, Hagg E. Acute confusional state (delirium) soon after stroke 
is associated with hypercortisolism. Cerebrovascular Diseases. 1993; 3:33–8.

(92). Marklund N, Peltonen M, Nilsson TK, Olsson T. Low and high circulating cortisol levels predict 
mortality and cognitive dysfunction early after stroke. Journal of Internal Medicine. 2004; 
256:15–21. [PubMed: 15189361] 

(93). Swaab DF, Bao AM, Lucassen PJ. The stress system in the human brain in depression and 
neurodegeneration. Ageing Research Reviews. 2005; 4(2):141–94. [PubMed: 15996533] 

(94). Rush AJ, Giles DE, Schlesser MA, Orsulak PJ, Parker CR, Weissenburger JE, Crowley GT, 
Khatami M, Vasavada N. The dexamethasone suppression test in patients with mood disorders. 
Journal of Clinical Psychiatry. 1996; 57(10):470–84. [PubMed: 8909334] 

(95). Nadeau S, Rivest S. Glucocorticoids play a fundamental role in protecting the brain during innate 
immune response. Journal of Neuroscience. 2003; 23(13):5536–44. [PubMed: 12843254] 

MacLullich et al. Page 14

J Psychosom Res. Author manuscript; available in PMC 2015 January 30.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



(96). Sorrells SF, Sapolsky RM. An inflammatory review of glucocorticoid actions in the CNS. Brain 
Behavior and Immunity. 2007; 21(3):259–72.

(97). de Pablos RM, Villaran RF, Arguelles S, Herrera AJ, Venero JL, Ayala A, Cano J, Machado A. 
Stress increases vulnerability to inflammation in the rat prefrontal cortex. Journal of 
Neuroscience. 2006; 26(21):5709–19. [PubMed: 16723527] 

(98). Munhoz CD, Lepsch LB, Kawamoto EM, Malta MB, Lima LD, Avellar MCW, Sapolsky RM, 
Scavone C. Chronic unpredictable stress exacerbates lipopolysaccharide-induced activation of 
nuclear factor-kappa B in the frontal cortex and hippocampus via glucocorticoid secretion. 
Journal of Neuroscience. 2006; 26(14):3813–20. [PubMed: 16597735] 

(99). Shapira-Lichter I, Beilin B, Ofek K, Bessler H, Gruberger M, Shavit Y, Seror D, Grinevich G, 
Posner E, Reichenberg A, Soreq H, Yirmiya R. Cytokines and cholinergic signals co-modulate 
surgical stress-induced changes in mood and memory. Brain Behav Immun. Mar; 2008 22(3):
388–98. [PubMed: 17959355] 

(100). Bierhaus A, Humpert PM, Nawroth PP. Linking stress to inflammation. Anesthesiology Clinics 
of North America. 2006; 24(2):325–+. [PubMed: 16927932] 

(101). Anisman H, Poulter MO, Gandhi R, Merali Z, Hayley S. Interferon-alpha effects are 
exaggerated when administered on a psychosocial stressor backdrop: Cytokine, corticosterone 
and brain monoamine variations. Journal of Neuroimmunology. 2007; 186(1-2):45–53. [PubMed: 
17428549] 

MacLullich et al. Page 15

J Psychosom Res. Author manuscript; available in PMC 2015 January 30.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



Figure 1. Inflammation: routes of communication from the periphery to the central nervous 
system
This illustrates three major routes of by which information on peripheral inflammation is 

signalled to the central nervous system. There are multiple other potential routes and 

mediators.
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Figure 2. From peripheral insult to delirium: possible pathways
This figure shows some of the pathways linking peripheral inflammation and other insults to 

changes in the central nervous system occuring on a background of neurodegenerative 

disease. These signalling pathways are hypothesised to lead to delirium.

Abbreviations

CRH: corticotropin-releasing hormone; EP1-4: prostaglandin E2 receptors; GCs: 

glucocorticoids; GR: glucocorticoid receptor; IFN: interferon; IL: interleukin; IL-1RI: 

interleukin 1RI receptor; LHPA: limbic-hypothalamic-pituitary axis; PAMPs: pathogen-

associated molecular patterns; PGE2: prostaglandin E2
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Table 1
Examples of direct brain insults

Process Examples

Energy deprivation Hypoxia (systemic)

Hypoglycaemia

Hypotension

Cerebral thrombosis/infarction

Metabolic derangement Hypo/hypernatraemia

Hypercalcaemia

Hyperammonaemia

Hyperglycaemia

CNS trauma Diffuse axonal injuy

Haemorrhage

Penetrating injury

Infection Primary CNS infection

Haematogenous invasion of CNS

Neoplasm Primary CNS tumours

Metastases

Drug toxicity Cholinergic antagonists

Dopamine agonists

GABA agonists

Opioids
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Table 2
Stress response systems

System Sample mediators

Limbic-hypothalamic-pituitary-adrenal axis Corticotropin Releasing Hormone

ACTH

Cortisol

Vasopressin

Sympathetic nervous system Acetylcholine

Noradrenaline

Adrenaline

Inflammatory system TNF-α

IL-1β

IL-6

IL-8

PGE2

IFNα/IFNβ

Abbreviations: TNF-α: tumour necrosis factor alpha; IL: interleukin; IFN: interferon, PGE2 prostaglandin E2.
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