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Abstract

Background—Delirium is a profound neuropsychiatric disturbance precipitated by acute illness. 

Although dementia is the major risk factor this has typically been considered a binary quantity 

(i.e., cognitively impaired versus cognitively normal) with respect to delirium risk. We used 

humans and mice to address the hypothesis that the severity of underlying neurodegenerative 

changes and/or cognitive impairment progressively alters delirium risk.

Methods—Humans in a population-based longitudinal study, Vantaa 85+, were followed for 

incident delirium. Odds for reporting delirium at follow-up (outcome) were modeled using 

random-effects logistic regression, where prior cognitive impairment measured by Mini-Mental 

State Exam (MMSE) (exposure) was considered. To address whether underlying 

neurodegenerative pathology increased susceptibility to acute cognitive change, mice at three 

stages of neurodegenerative disease progression (ME7 model of neurodegeneration: controls, 12 

weeks, and 16 weeks) were assessed for acute cognitive dysfunction upon systemic inflammation 
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induced by bacterial lipopolysaccharide (LPS; 100 μg/kg). Synaptic and axonal correlates of 

susceptibility to acute dysfunction were assessed using immunohistochemistry.

Results—In the Vantaa cohort, 465 persons (88.4 ± 2.8 years) completed MMSE at baseline. For 

every MMSE point lost, risk of incident delirium increased by 5% (p = 0.02). LPS precipitated 

severe and fluctuating cognitive deficits in 16-week ME7 mice but lower incidence or no deficits 

in 12-week ME7 and controls, respectively. This was associated with progressive thalamic 

synaptic loss and axonal pathology.

Conclusions—A human population-based cohort with graded severity of existing cognitive 

impairment and a mouse model with progressing neurodegeneration both indicate that the risk of 

delirium increases with greater severity of pre-existing cognitive impairment and neuropathology.
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neuroinflammation

Delirium is a severe neuropsychiatric syndrome characterized by acute cognitive deficits and 

inattention arising as a consequence of generalized illness.1,2 It affects 10%–31% of older 

hospitalized patients.3 Even higher prevalence has been reported in settings associated with 

frailty (e.g., nursing homes) or critical illness (e.g., intensive care units).4 As well as being 

profoundly distressing for patients, relatives, and care staff,5 delirium is associated with 

multiple poor outcomes: higher mortality, longer hospital stay, and increased 

institutionalization.6,7

Dementia is a strong risk factor for developing delirium,8 but the pathophysiology of this 

relationship is not well established. Part of the difficulty in investigating this in clinical 

samples is disentangling biological and neuropsychiatric constructs related to delirium (i.e., 

the acute precipitating disturbance) from the underlying dementia (i.e., the chronic 

predisposition). Hospital studies have usually relied on duration of dementia diagnosis9 or 

informant scales (e.g., Informant Questionnaire on Cognitive Decline in the Elderly or 

informant component of the Clinical Dementia Rating Scale) as ways of quantifying pre-

existing cognitive deficits.10,11 Though these studies have reported that delirium was more 

likely in persons with apparently more severe prior cognitive impairments, it is difficult to 

be conclusive about the reliability of such retrospective measures. One prospective study in 

hospitalized patients showed that severity of dementia progressively increases delirium 

risk.12

Separately capturing pre-existing cognitive function from incident delirium is heuristically 

(and probably mechanistically) important, but the ability to do this is limited in hospital 

samples for the reasons outlined above. Here, we present two different approaches (with 

different strengths and limitations) that together may offer new perspectives. Firstly, we use 

observational data from an epidemiologic cohort study, where the risk of incident delirium 

can be more reliably related to baseline cognitive function. This generates hypotheses that 

can then be tested in an experimental mouse model in which pre-existing cognition and 

pathology can be controlled more precisely. Interrogation of the contribution of specific 
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features of neurodegenerative pathology to cognitive frailty may add to understanding the 

basis of delirium risk associated with prior cognitive impairment. Although neither analytic 

method can directly demonstrate causation, there may be an argument for a degree of 

coherence between the two approaches.

We hypothesized that severity of pre-existing brain dysfunction progressively increases 

delirium risk and wanted to investigate this prospectively. We approached this by 

considering older humans from a population-based cohort13,14 who had been assessed with 

the Mini-Mental State Examination (MMSE).15 In parallel, we tested the hypothesis that 

severity of underlying neurodegenerative pathology would predispose to acute cognitive 

deficits using mice with none, intermediate, or severe neurodegenerative pathology upon 

challenging them with systemic inflammation or vehicle control (Table 1). We predicted 

increased susceptibility to acute dysfunction even before disease-associated cognitive 

impairment had emerged. We assessed the incidence of delirium in humans and delirium-

like cognitive dysfunction in mice at follow-up.

The findings of this investigation would provide important information on severity of 

cognitive decline as a graded risk factor in a true representative elderly population and a 

possible validation of a small animal model for delirium pathophysiology research. The 

overall purpose of these analyses is to broaden the methods available for addressing the 

clinical problem of predisposing cognitive impairment and its relationship to delirium risk.

METHODS

See the Supplementary Appendix (available online) for complete description of the methods.

Epidemiological Model (Human)

The Vantaa 85+ Study methods have been reported previously.16 All individuals aged 85 

years residing in the city of Vantaa were invited to participate, with 553 persons recruited 

(92% of those eligible). Cognitive function was simultaneously assessed by two neurologists 

at baseline and at four follow-up waves (3, 5, 8, and 10 years). Dementia diagnoses were 

based on the Diagnostic and Statistical Manual of Mental Disorders, Third edition, Revised 

(DSM-III-R).17

The method for incident delirium ascertainment has been described.13,14 At each Vantaa 

interview, the examining neurologists assessed participants and informant(s) for a history of 

any episodes of delirium, with reference to a checklist of DSM-III-R criteria for delirium 

diagnosis. The reported history and number of episodes of delirium were corroborated with 

hospital case notes that were available at the time of assessment. Accordingly, delirium 

history was retrospectively derived from multiple sources, and the overall diagnosis 

accepted if the examining neurologists judged that there was sufficient evidence from 

participant and informant recall and/or indication in the medical notes.

Experimental Mouse (Model)

An experimental mouse model was used to test the hypothesis that more severe underlying 

pathology would progressively increase the risk of acute cognitive impairment upon 

Davis et al. Page 3

Am J Geriatr Psychiatry. Author manuscript; available in PMC 2015 April 01.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



systemic inflammatory challenge. The ME7 prion mouse model is a well-established model 

of chronic neurodegeneration that leads to progressive synaptic loss, amyloid deposition, 

microgliosis, and robust neuronal loss with learning and memory deficits.18,19 The three 

experimental groups were as follows: mice injected with: (1) sham control substance 

(normal brain homogenate; NBH); (2) prion-infected brain homogenate (ME7 strain) 

surviving for 12 weeks to induce relatively selective hippocampal synaptic loss; or (3) 

surviving for 16 weeks to induce severe hippocampal and thalamic synaptic/

neurodegenerative pathology. These three categories (NBH, 12w ME7, 16w ME7) represent 

ordered grades of pre-existing neuropathology, but significantly all precede robust neuronal 

loss and major cognitive impairment. Each group was then injected intraperitoneally with 

either: (1) a low dose of lipopolysaccharide (LPS, 100 μg/kg), to mimic Gram-negative 

bacterial infection; or (2) sterile saline, as a control. All experiments were performed in 

compliance with the Cruelty to Animals Act (1876) and the European Community Directive, 

86/609/EEC.

Murine Cognitive Function—Cognitive function was assessed using T-maze alternation. 

This task, which requires attention to the maze arm initially visited, retention of this 

information for the 25-second intra-trial interval, and execution of the opposite turn to 

escape upon re-exposure to the maze, has been described in detail.20 Deficits on this task 

may reflect inability to modulate the amount of attention paid to recently experienced 

stimuli21,22 and thus could potentially be related to the acute, fluctuating inattention and 

other cognitive deficits seen in delirium precipitated by a general medical condition (Table 

1). Animals were trained (10 trials daily) and those achieving a criterion of 70% or greater 

alternation for 2 or more consecutive days were challenged with LPS or saline. Animals 

were tested every 20 minutes (3–9 hours post-LPS, 15 trials). Experiments were performed 

in Oxford and Dublin, by four different blinded experimenters to ensure robustness and 

reproducibility. Chance responding in this maze is 50% alternation and “acute impairment” 

was defined as 3 out of 5 correct in two or more blocks or 2 or fewer out of 5 correct in any 

one block. Differences in incidence, so defined, between groups were assessed using 

Fisher’s exact test.

Neuropathology—Mouse brains were wax-embedded and sectioned (10 μm). To 

demonstrate the relevant neuropathology, these were labeled with antibodies against 

synaptophysin (synaptic density marker) and neurofilament heavy chain and amyloid 

precursor protein (axonal damage markers). Sections were photographed and synaptic 

density and axonal pathology were recorded in the hippocampus and posterior nuclei of the 

thalamus. Antibody labelling was quantified by standardized methods (detailed in 

Supplementary Material; available online).

Statistical Analyses

Epidemiology—Odds for reporting delirium at follow-up (outcome) were modeled using 

random-effects logistic regression, adjusting for age, sex, and co-morbidity score based on 

the Charlson Index.23 Participants assessed in multiple waves were able to contribute to the 

model for each observation, and robust standard errors were estimated to account for the 
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clustered nature of these data. Time-in-study was used as the time metric and covariance 

matrices were unstructured.

In the majority of studies, the analytic properties of the MMSE are often limited by ceiling 

effects that result in highly skewed distributions. In our population of older individuals 

(mean age 88 years), however, the mean MMSE score (19.9) is very close to the median 

(21), so the assumptions hold for the Gaussian distribution required for modeling the MMSE 

as a continuous parameter (Supplementary Fig. 1; available online). Formal post-estimation 

tests of goodness-of-fit (Hosmer-Lemeshow) were applied to check any violation of 

assumptions.

Experimental Model

Cognitive function: The number of correct turns, scored over five trials, was considered as 

count data for each time point during the experiment, with a random-intercept multilevel 

Poisson model with indicator variables fitted for each time point. The number of correct 

turns was specified as the outcome, and experimental category (NBH, 12w ME7, 16w ME7) 

and challenge (saline or LPS) as exposures along with any interactions. The time points 

compared were between baseline, and challenge (3–5, 5–7, 7–9 hours) and recovery (22, 24 

hours) periods, respectively. The reference category was the average performance of NBH 

mice at baseline (i.e., −24 and −22 hours before LPS or saline), allowing comparisons to be 

made both within and between groups. Fluctuation about the mean performance post-acute 

challenge was calculated for each individual animal. A score of 60, 80, 60 (mean: 66.7) is 

given an index of 6.7 + 13.3 + 6.7 = 26.7, and 40, 80, 60 (mean: 60) is given 20 + 20 + 0 = 

40. Differences in fluctuation between experimental groups were assessed using the Mann-

Whitney test.

Pathology: Synaptophysin density and axonal varicosities in ME7 and NBH animals (12 

and 16 weeks) were compared by one-way analysis of variance (ANOVA) with Bonferroni 

corrections for post hoc pairwise comparisons.

RESULTS

Epidemiology

At baseline, 465 (84%) individuals had a completed MMSE. Mean MMSE was 19.9 (SD: 

7.0) points (normal distributions shown in Supplementary Fig. 1; available online), and 

mean age was 88.4 years (SD: 2.8). Women made up 364 of 465 (78%) of the cohort. 

Follow-up data on delirium incidence was available in 272, 153, 49, and 19 persons at 3, 5, 

8, and 10 years, respectively.

In total, 81 episodes of delirium were recorded at follow-up. Table 2 reports the odds of 

incident delirium as a function of baseline cognition; Figure 1 shows the probability of 

delirium over the range of observed MMSE scores. For every MMSE point lost, the risk of 

incident delirium increased by 5% (p = 0.02). For example, the probability of incident 

delirium at follow-up for an 85-yearold man with MMSE = 28 points at baseline would be 

0.12, rising to 0.29 for an equivalent individual with an MMSE score of 10 points at 
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baseline. Co-morbidity score did not influence likelihood of incident delirium (p = 0.63). 

Goodness-of-fit testing showed no problems with model calibration.

Random-effects models account for data missing at random. However, the 16% of baseline 

assessments with incomplete MMSE are likely to be non-random. Indeed, previous analyses 

showed this group to have a risk of delirium similar to those with MMSE scores in range 

less than 22 points (data not shown). Nonetheless, a sensitivity analysis, whereby missing 

MMSE scores were assigned an imputed value of 0 did not significantly change the 

estimated parameters or conclusions (Table 3).

Experimental Model

Acute Cognitive Dysfunction in Mice—Animals challenged with LPS display 

significantly lower arousal and marked hypoactivity (Supplementary Video 1; available 

online). Figure 2 shows performance of NBH and 12w and 16w ME7 mice over time on the 

T-maze alternation task during LPS or saline challenge. Although still greater than or equal 

to 80%, baseline performance was significantly lower in 16w ME7 than in NBH mice 

(relative risk [RR] for errors: 2.11, 95% confidence interval [CI] 1.43 to 3.13, p <0.01, 

Supplementary Tables 1,2; available online). ME7 12w were not significantly cognitively 

impaired with respect to NBH mice. We hypothesized that susceptibility to an acute stressor 

would increase with progressing disease (i.e., 16w > 12w > NBH). Testing an interaction 

between LPS challenge and disease stage demonstrated a difference in magnitude of LPS 

effect in each of the three categories (p <0.01, Supplementary Table 2; available online).

Defining a deficit as less than or equal to 60% alternation (i.e., ≤3/5 correct trials) in at least 

two blocks on the treatment day or less than or equal to 40% (≤2/5 correct trials) in any one 

block, LPS produces impairment in fewer than 4% of normal animals, in 36% of 12w 

animals, and in 77% of 16w animals. Thus, incidence of acute deficits increases with 

progressing underlying pathology (Fisher’s exact test, p <0.01). Importantly, susceptibility 

to acute disruption was present before baseline cognitive differences emerged (i.e., at 12w).

When challenged with LPS there was no deficit in normal (NBH) mice compared with 

saline challenge (errors at 3 hrs RR: 1.1 [p = 0.74]; at 5 hrs RR: 0.8 [p = 0.35], at 7hrs RR: 

0.6 [p = 0.12], Supplementary Table 3; available online). The same LPS challenge produced 

a transient deficit in function in 12-week ME7 mice (errors at 3 hrs RR: 1.8 [p = 0.02], 

recovering by 5 hrs) where as a prolonged and increased deficit is seen in 16-week ME7 

mice (errors at 3 hrs RR: 2.1 [p <0.01]; at 5 hrs RR: 2.4 [p <0.01]; at 7 hrs RR 2.2 [p <0.01], 

Supplementary Table 5; available online).

The trajectory of each individual LPS-treated animal is shown in Figure 3, according to 

experimental category. Performance in NBH was generally over 80% and decreases to 60% 

were not sustained for more than one block. Impairments were more severe and sustained in 

ME7 mice. Troughs in T-maze performance were most evident in 16w ME7 mice and could 

occur in any or all of the post-LPS trial blocks. Therefore cognitive dysfunction fluctuates 

with time. Figure 3B shows the median fluctuation about the mean, which represents the 

distance from the mean post-LPS performance of each individual animal for each block of 5 

trials post-challenge (see methods). LPS induced statistically significant fluctuation 
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increases in 12w ME7 animals (Mann-Whitney, z = −2.22, p = 0.03) and 16w ME7 animals 

(z = −4.02, p <0.001), but not in NBH animals (z = −1.4 p = 0.16).

Neuropathological Changes Underpinning Increased Risk—Synaptic loss is a 

strong correlate of cognitive decline in dementia.24,25 Synaptic density in the hippocampus 

(Fig. 4A–C and, higher power, D–F) decreases in prion-diseased mice at 12 weeks (Fig. 4B) 

and 16 weeks (Fig. 4C) post-inoculation compared with normal mice (Fig. 4A). The ratio 

between density in the stratum radiatum and the neocortex is shown in Figure 4M. Thus, 

synaptic integrity decreases with disease progression (one-way ANOVA, effect of disease 

stage: F(2,16)=86.54, p <0.0001) with significantly lower synaptic density in 12w than NBH 

(p <0.001), and a smaller further decrease at 16w (p <0.05).

There was significant thalamic synaptic loss in ME7 mice, particularly in the ventroposterior 

nuclei when compared with the posterior nucleus. Regarding the synaptic density ratio 

between these two structures (4n), a one-way ANOVA showed an effect of disease stage 

(F(2,19) = 45.75, p <0.0001). This synaptic loss was relatively mild at 12w (12w versus 

NBH, p <0.05; Fig. 4H), but significantly worse at 16w than at 12w (p <0.001; Fig. 4I). 

Furthermore, in 16w ME7 animals the external medullary lamina, an interthalamic white 

matter tract, showed many large spheroidal synaptophysin deposits (Fig. 4I), representing 

significant axonal/white matter pathology. One-way ANOVA (Fig. 4O) showed a main 

effect of disease stage (F(2,19) = 24.12, p <0.0001) and significant increase at 16w with 

respect to both NBH and 12w animals (p <0.001). This axonal pathology was not present at 

12w. Similar white matter synaptophysin deposits were observed in the fimbria (axons from 

basal fore-brain cholinergic areas to the hippocampus), and in the internal capsule (thalamic 

output to the cortical mantle) (Supplementary Fig. 2; available online). Therefore, 

susceptibility to robust cognitive dysfunction associates with the spread of pathology to the 

thalamus and to multiple white matter tracts.

Because altered axon morphology shows strong correlation with dementia status,26 we 

sought further evidence for axonal pathology in 16w ME7 animals. We labeled the thalamus 

with antibodies for axonal pathology (Fig. 5) in NBH and ME7 16w animals. Synaptic 

element accumulation in the external medullary lamina white matter (Fig. 5B) was 

associated with discontinuity of axons (Fig. 5D), loss of elongated neurofilament labeling 

and the appearance of spheroids/varicosities (Fig. 5F). Axonal pathology was also 

demonstrated by APP-positive axonal spheroids in the external medullary lamina (Fig. 5H). 

Thus, there were graded levels of synaptic and axonal pathology in ME7 animals, with the 

relationship 16w > 12w > NBH.

DISCUSSION

This study has demonstrated a strong association between severity of existing cognitive 

impairment and future delirium risk in a true population-based sample of older humans, 

recapitulated in a mouse model of acute and fluctuating cognitive dysfunction.
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Prior Cognitive Impairment as a Risk Factor for Delirium

It is established that dementia or prior cognitive impairment is a significant risk factor for 

delirium.8 This risk factor has typically been dichotomized, however, such that patients are 

designated either cognitively impaired or cognitively normal. A strength of the current study 

is that subjects were assessed in respect of a continuum of cognitive function (in the case of 

humans) or graded categories of neurodegenerative pathology (in the case of mice). Both 

data sets demonstrate increasing susceptibility to acute deficits with increasing underlying 

cognitive or neurodegenerative pathology, providing empirical human and animal evidence 

that dementia-associated risk is not binary but rather is on a continuum. The use of MMSE 

rather than more comprehensive cognitive testing was a limitation, although scores were 

normally distributed and no ceiling effect was observed. Retrospective delirium 

ascertainment in Vantaa 85+ is a further limitation of the study. This is mitigated to an 

extent, however, by corroboration from multiple sources including hospital and primary care 

notes. Medical records have been validated for the diagnosis of delirium history,27 and the 

diagnostic accuracy for past episodes is likely to be higher if case notes are reviewed in 

conjunction with clinical interview, as is the case here. Missing data on MMSE at baseline 

was informative; here it was associated with higher delirium risk. This is consistent with 

other observations that inability to complete cognitive testing is associated with poorer 

outcomes.28,29 That the comorbidity burden does not appear to be significantly associated 

with delirium risk is in keeping with data showing that the association between delirium and 

adverse outcomes is over and above that expected for comorbidity burden alone.30 

Nevertheless, it is difficult to be definitive here as the present analysis lacks power to fully 

explore the effects of frailty and comorbidity on delirium and dementia.

Refinement and Validation of a Mouse Model of Delirium During Dementia

For the first time in any animal model of neurodegeneration, we have demonstrated 

progressively increased risk of acute cognitive dysfunction upon application of a 

standardized systemic inflammatory insult in animals with advancing synaptic and white 

matter pathology. Applying DSM-IV criteria for delirium, the mouse model demonstrated an 

acute onset, fluctuating, change in cognition not better accounted for by dementia, induced 

by LPS (a reasonable mimic of a general medical condition effecting physiological 

disturbance). The nature of cognitive/attentional impairment requires discussion. The T-

maze task used here relies on working memory31 and an ability to focus and shift attention 

between arms of the maze. Performance is proposed to reflect short-term reduction in 

attention to recently visited spatial locations.21,22 Thus animals either fail to attend to the 

location they are currently visiting on the sample run, or fail to remember or habituate to that 

location just 25 seconds later. This study is also the first, to our knowledge, to demonstrate 

fluctuating course in inflammation-induced cognitive dysfunction. In addition, LPS-treated 

ME7 animals show exaggerated hypoactivity (psychomotor disturbance), significantly 

reduced interaction with their environment (Supplementary Video 1; available online) and 

impaired acquisition of new spatial memories in a visuospatial Y-maze escape task,32 but 

preservation of long-term visuospatial memory if acquired prior to LPS treatment. These 

data, therefore, show psychomotor disturbance and fluctuating impairment of dynamic 

cognitive processes and may be consistent with human delirium data showing impairments 

on cognitive tasks involving online processing of novel, trial specific, information but 
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preservation of previously acquired long-term memories.33 We believe that the dysfunction 

occurring in this mouse model may fulfill the DSM-IV criteria adequately (Table 1) and 

given the constraints of examining cognitive function in markedly hypoactive animals, this 

T-maze task is appropriate for interrogating an individual<s ability to attend to and process 

cues from its environment to inform behavior. Our results are also consistent with recent 

data showing impaired reversal learning and attention after systemic inflammatory insult.34

The current mouse model mirrors the human epidemiological finding that greater severity of 

disease confers progressively increased risk for delirium. This represents a significant 

validation of this animal model, indicating that it has predictive value and reinforcing the 

impetus to use findings arising from this model to explore aspects of delirium 

pathophysiology. It is important to stress that heterogeneous clinical presentations cannot be 

modeled by a single experimental system. The model recapitulates hypoactivity, altered 

arousal and fluctuating cognitive deficits in domains relevant to delirium and as such 

addresses aspects of hypoactive delirium triggered by systemic inflammation superimposed 

on existing dementia. Generalizations beyond this should be treated cautiously.

Delirium Pathophysiology

We demonstrated an effect of severity of neuropathology on risk of acute and fluctuating 

cognitive deficits. The neuropathological features shown here may be directly relevant to 

delirium pathophysiology. Although the neuroanatomy of escape-from-water T-maze 

alternation has been little studied, the hippocampus is undoubtedly, but not exclusively, 

involved: there is evidence also for prefrontal cortex, thalamus, and amygdala involvement 

in impaired spontaneous alternation.35-38 Robust white matter pathology in the fimbria 

(Supplementary Data; available online), which connects the septum to the hippocampus, and 

disruption in this T-maze by muscarinic cholinergic receptor antagonism (scopolamine)39 

suggest roles for the septohippocampal pathway and cholinergic neurons, although robust 

cognitive dysfunction was more strongly associated with thalamic ventroposteromedial 

synaptic and white matter pathology (at 16 weeks). The thalamus processes sensory 

information before output to the cortex via the internal capsule, which is also pathologically 

affected here (Supplementary Data; available online), and thalamic ischemic lesions are also 

reportedly associated with delirium.40,41 Furthermore key arousal centers of the brain, the 

locus coeruleus noradrenergic and brainstem acetylcholinergic neurons, have opposite 

effects on spontaneous activity in the ventroposteromedial thalamus in rodents42 with 

corresponding effects on arousal (cortical activation and deactivation respectively).43 Thus, 

thalamic pathology might underpin the markedly suppressed arousal observed in ME7 + 

LPS mice32 (Supplementary Video 1; available online) and perhaps in humans. Although 

inattention is a core feature of delirium and requires frontal and parietal cortex 

communication,44 this cannot occur without sufficient arousal, which is generated in sub-

cortical structures.45 It has been reported that altered level of arousal is a strong predictor of 

inattention and associates with human delirium.46 Therefore, it is possible that sub-cortical 

structures affecting arousal have an important role in hypoactive delirium. Specific evidence 

for prior cortical pathology as a risk factor is sparse and conflicting: Frontotemporal 

dementia and early-onset Alzheimer disease (AD) constitute lesser risk factors for delirium 

than more distributed pathologies like vascular dementia and late-onset AD,9 while existing 
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impairment in executive function, which is frontal cortex dependent, selectively predisposes 

to delirium.47,48 Clearly, the neuroanatomical basis of increased delirium risk requires more 

research.

The progressive loss of presynaptic terminals and the accumulation of white matter 

pathology shown here represent significant brain disconnectivity and quantifiable loss of 

“brain reserve”.49 Synaptic loss is a strong correlate of cognitive decline50 and neuronal 

pathology occurs many years before cognitive impairment in AD.51 The mouse data suggest 

that prior degenerative pathology increases risk for acute cognitive impairment even before 

baseline cognitive impairment has emerged and we propose that synaptic loss will predict 

susceptibility to delirium in humans. Interestingly, in healthy volunteer experiments acute 

systemic inflammation did not affect performance on the Stroop test of sustained attention/

executive function but successful performance under systemic inflammation recruited 

significantly more distributed brain areas.52 Recruitment of additional brain areas during 

systemic inflammation will likely be hindered by synaptic and axonal pathology such as that 

demonstrated in the current study and we hypothesize that existing synaptic loss is a major 

predisposing factor for the precipitation of delirium by mild/moderate infection in advanced 

age/dementia.

Although synaptic disconnection may be a major contributor to delirium risk, other aspects 

of dementia, such as microglial activation and chronic hypocholinergic function, are also 

likely to play significant roles. Both cyclooxygenase-1 inhibition and IL-1 receptor 

antagonist are protective in this model.53 Similarly, cholinergic lesions increase 

susceptibility to inflammation-induced cognitive deficits39 and there is evidence that 

acetylcholinergic tone modulates inflammatory responses both centrally and 

peripherally.54,55

Finally, delirium increases the risk of subsequent dementia,13,56,57 but the current data 

suggest that delirium unmasks an underlying neurodegenerative process rather than creates 

this neuropathology outright. The acute deficits triggered in this study were reversible and 

did not cause additional loss of synaptic terminals but LPS challenges have been deliberately 

mild here to facilitate cognitive testing. Significantly higher LPS doses do induce significant 

new pathology and alter disease-associated decline58-61 consistent with observations in the 

Vantaa 85+ cohort.13

CONCLUSION

The current data represent the clearest empirical demonstration that greater degrees of 

neurodegeneration at baseline increase the risk, duration, and severity of delirium. They 

support the established predisposing/precipitating factor model of delirium,62 and answer 

recent calls to elucidate predisposing factors further.8,63,64 We hypothesize that the axonal 

and synaptic pathology shown here constitute key factors contributing to the overall frailty 

of brain function and may underpin the failure of the degenerating brain to demonstrate 

resilience upon “stress-testing” with systemic inflammation. Epidemiological, experimental, 

and clinical efforts are vital to identify prevention and management strategies of this 
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common, distressing, and serious condition. Animal models may well have utility in 

unraveling molecular mechanisms.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgments

The financial support of The Wellcome Trust is gratefully acknowledged (CC SRF 090907 and DD 
WT090661/Z/09/Z). The authors would also like to acknowledge Tuomo Polvikoski and the generous contribution 
of all Vantaa 85+ participants and researchers. D.H.J.D. and A.M.J.M. are members of the University of Edinburgh 
Centre for Cognitive Ageing and Cognitive Epidemiology, part of the cross-council Lifelong Health and Wellbeing 
Initiative (G0700704/84698). Funding from the Biotechnology and Biological Sciences Research Council, the 
Engineering and Physical Sciences Research Council, the Economic and Social Research Council, and the Medical 
Research Council is gratefully acknowledged.

References

1. Inouye SK, Westendorp RG, Saczynski JS. Delirium in elderly people. Lancet. 2014; 383:911–922. 
[PubMed: 23992774] 

2. Maclullich AM, Anand A, Davis DH, et al. New horizons in the pathogenesis, assessment and 
management of delirium. Age Ageing. 2013; 42:667–674. [PubMed: 24067500] 

3. Siddiqi N, House AO, Holmes JD. Occurrence and outcome of delirium in medical in-patients: a 
systematic literature review. Age Ageing. 2006; 35:350–364. [PubMed: 16648149] 

4. Vasilevskis EE, Han JH, Hughes CG, et al. Epidemiology and risk factors for delirium across 
hospital settings. Best Pract Res Clin Anaesthesiol. 2012; 26:277–287. [PubMed: 23040281] 

5. Partridge JS, Martin FC, Harari D, et al. The delirium experience: what is the effect on patients, 
relatives and staff and what can be done to modify this? Int J Geriatr Psychiatry. 2013; 28:804–812. 
[PubMed: 23112139] 

6. Witlox J, Eurelings LSM, De Jonghe JFM, et al. Delirium in elderly patients and the risk of 
postdischarge mortality, institutionalization, and dementia: a meta-analysis. JAMA. 2010; 304:443–
451. [PubMed: 20664045] 

7. Fong TG, Jones RN, Marcantonio ER, et al. Adverse outcomes after hospitalization and delirium in 
persons with Alzheimer disease. Ann Intern Med. 2012; 156:848–856. W296. [PubMed: 22711077] 

8. Khan BA, Zawahiri M, Campbell NL, et al. Delirium in hospitalized patients: implications of 
current evidence on clinical practice and future avenues for research—a systematic evidence 
review. J Hosp Med. 2012; 7:580–589. [PubMed: 22684893] 

9. Robertsson B, Blennow K, Gottfries CG, et al. Delirium in dementia. Int J Geriatr Psychiatry. 1998; 
13:49–56. [PubMed: 9489581] 

10. Voyer P, McCusker J, Cole MG, et al. Influence of prior cognitive impairment on the severity of 
delirium symptoms among older patients. J Neurosci Nurs. 2006; 38:90–101. [PubMed: 
16681289] 

11. Kolanowski AM, Hill NL, Kurum E, et al. Gender differences in factors associated with delirium 
severity in older adults with dementia. Arch Psychiatr Nurs. 2014; 28:187–192. [PubMed: 
24856271] 

12. Fick DM, Steis MR, Waller JL, et al. Delirium superimposed on dementia is associated with 
prolonged length of stay and poor outcomes in hospitalized older adults. J Hosp Med. 2013; 
8:500–505. [PubMed: 23955965] 

13. Davis DH, Muniz Terrera G, Keage H, et al. Delirium is a strong risk factor for dementia in the 
oldest-old: a population-based cohort study. Brain. 2012; 135(Pt 9):2809–2816. [PubMed: 
22879644] 

Davis et al. Page 11

Am J Geriatr Psychiatry. Author manuscript; available in PMC 2015 April 01.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



14. Rahkonen T, Eloniemi-Sulkava U, Halonen P, et al. Delirium in the non-demented oldest old in the 
general population: risk factors and prognosis. Int J Geriatr Psychiatry. 2001; 16:415–421. 
[PubMed: 11333430] 

15. Folstein MF, Folstein SE, McHugh PR. Mini-mental state—practical method for grading cognitive 
state of patients for clinicians. J Psychiatr Res. 1975; 12:189–198. [PubMed: 1202204] 

16. Polvikoski T, Sulkava R, Rastas S, et al. Incidence of dementia in very elderly individuals: a 
clinical, neuropathological and molecular genetic study. Neuroepidemiology. 2006; 26:76–82. 
[PubMed: 16352910] 

17. American Psychiatric Association. Diagnostic and Statistical Manual of Mental Disorders. ed 3. 
American Psychiatric Association; Washington, DC: 1987. revised (DSM-III-R)

18. Guenther K, Deacon RM, Perry VH, et al. Early behavioural changes in scrapie-affected mice and 
the influence of dapsone. Eur J Neurosci. 2001; 14:401–409. [PubMed: 11553290] 

19. Cunningham C, Deacon R, Wells H, et al. Synaptic changes characterize early behavioural signs in 
the ME7 model of murine prion disease. Eur J Neurosci. 2003; 17:2147–2155. [PubMed: 
12786981] 

20. Murray C, Sanderson DJ, Barkus C, et al. Systemic inflammation induces acute working memory 
deficits in the primed brain: relevance for delirium. Neurobiol Aging. 2012; 33:603–616.e3. 
[PubMed: 20471138] 

21. Sanderson DJ, Bannerman DM. The role of habituation in hippocampus-dependent spatial working 
memory tasks: evidence from GluA1 AMPA receptor subunit knockout mice. Hippocampus. 
2012; 22:981–994. [PubMed: 21125585] 

22. Sanderson DJ, McHugh SB, Good MA, et al. Spatial working memory deficits in GluA1 AMPA 
receptor subunit knockout mice reflect impaired short-term habituation: evidence for Wagner’s 
dual-process memory model. Neuropsychologia. 2010; 48:2303–2315. [PubMed: 20350557] 

23. Charlson ME, Pompei P, Ales KL, et al. A new method of classifying prognostic comorbidity in 
longitudinal studies: development and validation. J Chronic Dis. 1987; 40:373–383. [PubMed: 
3558716] 

24. Masliah E, Terry RD, Alford M, et al. Cortical and subcortical patterns of synaptophysinlike 
immunoreactivity in Alzheimer’s disease. Am J Pathol. 1991; 138:235–246. [PubMed: 1899001] 

25. DeKosky ST, Scheff SW. Synapse loss in frontal cortex biopsies in Alzheimer’s disease: 
correlation with cognitive severity. Ann Neurol. 1990; 27:457–464. [PubMed: 2360787] 

26. Perez-Nievas BG, Stein TD, Tai HC, et al. Dissecting phenotypic traits linked to human resilience 
to Alzheimer’s pathology. Brain. 2013; 136:2510–2526. [PubMed: 23824488] 

27. Inouye SK, Leo-Summers L, Zhang Y, et al. A chart-based method for identification of delirium: 
validation compared with interviewer ratings using the confusion assessment method. J Am 
Geriatr Soc. 2005; 53:312–318. [PubMed: 15673358] 

28. Eeles EM, White S, Bayer T. Inability to complete cognitive assessment is a marker of adverse 
risk. Age Ageing. 2009; 38:633–634. author reply 634-635. [PubMed: 19628679] 

29. Yates C, Stanley N, Cerejeira JM, et al. Screening instruments for delirium in older people with an 
acute medical illness. Age Ageing. 2009; 38:235–237. [PubMed: 19110484] 

30. Eeles EM, Hubbard RE, White SV, et al. Hospital use, institutionalisation and mortality associated 
with delirium. Age Ageing. 2010; 39:470–475. [PubMed: 20554540] 

31. Rawlins JN, Olton DS. The septo-hippocampal system and cognitive mapping. Behav Brain Res. 
1982; 5:331–358. [PubMed: 7126316] 

32. Cunningham C, Campion S, Lunnon K, et al. Systemic inflammation induces acute behavioral and 
cognitive changes and accelerates neurodegenerative disease. Biol Psychiatry. 2009; 65:304–312. 
[PubMed: 18801476] 

33. Brown LJE, Ferner HS, Robertson J, et al. Differential effects of delirium on fluid and crystallized 
cognitive abilities. Arch Gerontol Geriatr. 2011; 52:153–158. [PubMed: 20356638] 

34. Culley DJ, Snayd M, Baxter MG, et al. Systemic inflammation impairs attention and cognitive 
flexibility but not associative learning in aged rats: possible implications for delirium. Front Aging 
Neurosci. 2014; 6:107. [PubMed: 24959140] 

Davis et al. Page 12

Am J Geriatr Psychiatry. Author manuscript; available in PMC 2015 April 01.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



35. Lalonde R, Dumont M, Staufenbiel M, et al. Spatial learning, exploration, anxiety, and motor 
coordination in female APP23 transgenic mice with the Swedish mutation. Brain Res. 2002; 
956:36–44. [PubMed: 12426044] 

36. Franowicz JS, Kessler LE, Borja CM, et al. Mutation of the alpha2A-adrenoceptor impairs 
working memory performance and annuls cognitive enhancement by guanfacine. J Neurosci. 
2002; 22:8771–8777. [PubMed: 12351753] 

37. Roozendaal B, McReynolds JR, McGaugh JL. The basolateral amygdala interacts with the medial 
prefrontal cortex in regulating glucocorticoid effects on working memory impairment. J Neurosci. 
2004; 24:1385–1392. [PubMed: 14960610] 

38. Lalonde R. The neurobiological basis of spontaneous alternation. Neurosci Biobehav Rev. 2002; 
26:91–104. [PubMed: 11835987] 

39. Field RH, Gossen A, Cunningham C. Prior pathology in the basal forebrain cholinergic system 
predisposes to inflammation induced working memory deficits: reconciling inflammatory and 
cholinergic hypotheses of delirium. J Neurosci. 2012; 32:6288–6294. [PubMed: 22553034] 

40. McManus J, Pathansali R, Stewart R, et al. Delirium post-stroke. Age Ageing. 2007; 36:613–618. 
[PubMed: 17965033] 

41. Stewart JT, Quijije N, Sheyner I, et al. Delirium without focal signs related to a thalamic stroke. J 
Am Geriatr Soc. 2010; 58:2433–2434. [PubMed: 21143449] 

42. Hirata A, Aguilar J, Castro-Alamancos MA. Noradrenergic activation amplifies bottom-up and 
top-down signal-to-noise ratios in sensory thalamus. J Neurosci. 2006; 26:4426–4436. [PubMed: 
16624962] 

43. Hirata A, Castro-Alamancos MA. Neocortex network activation and deactivation states controlled 
by the thalamus. J Neurophysiol. 2010; 103:1147–1157. [PubMed: 20053845] 

44. Corbetta M, Shulman GL. Control of goal-directed and stimulus-driven attention in the brain. Nat 
Rev Neurosci. 2002; 3:201–215. [PubMed: 11994752] 

45. Berridge CW, Waterhouse BD. The locus coeruleus-noradrenergic system: modulation of 
behavioral state and state-dependent cognitive processes. Brain Res Brain Res Rev. 2003; 42:33–
84. [PubMed: 12668290] 

46. Tieges Z, McGrath A, Hall RJ, et al. Abnormal level of arousal as a predictor of delirium and 
inattention: an exploratory study. Am J Geriatr Psychiatry. 2013; 21:1244–1253. [PubMed: 
24080383] 

47. Rudolph JL, Jones RN, Grande LJ, et al. Impaired executive function is associated with delirium 
after coronary artery bypass graft surgery. J Am Geriatr Soc. 2006; 54:937–941. [PubMed: 
16776789] 

48. Greene NH, Attix DK, Weldon BC, et al. Measures of executive function and depression identify 
patients at risk for postoperative delirium. Anesthesiology. 2009; 110:788–795. [PubMed: 
19326494] 

49. Satz P. Brain reserve capacity on symptom onset after brain injury: a formulation and review of 
evidence for threshold theory. Neuropsychology. 1993; 7:273–295.

50. Terry RD. Cell death or synaptic loss in Alzheimer disease. J Neuropathol Exp Neurol. 2000; 
59:1118–1119. [PubMed: 11138931] 

51. Jack CR Jr, Knopman DS, Jagust WJ, et al. Hypothetical model of dynamic biomarkers of the 
Alzheimer’s pathological cascade. Lancet Neurol. 2010; 9:119–128. [PubMed: 20083042] 

52. Harrison NA, Brydon L, Walker C, et al. Neural origins of human sickness in interoceptive 
responses to inflammation. Biol Psychiatry. 2009; 66:415–422. [PubMed: 19409533] 

53. Griffin EW, Skelly DT, Murray CL, et al. Cyclooxygenase-1-dependent prostaglandins mediate 
susceptibility to systemic inflammation-induced acute cognitive dysfunction. J Neurosci. 2013; 
33:15248–15258. [PubMed: 24048854] 

54. Kalb A, von Haefen C, Sifringer M, et al. Acetylcholinesterase inhibitors reduce 
neuroinflammation and -degeneration in the cortex and hippocampus of a surgery stress rat model. 
PLoS One. 2013; 8:e62679. [PubMed: 23671623] 

55. Tracey KJ. Reflex control of immunity. Nat Rev Immunol. 2009; 9:418–428. [PubMed: 19461672] 

56. Fong TG, Jones RN, Shi P, et al. Delirium accelerates cognitive decline in Alzheimer disease. 
Neurology. 2009; 72:1570–1575. [PubMed: 19414723] 

Davis et al. Page 13

Am J Geriatr Psychiatry. Author manuscript; available in PMC 2015 April 01.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



57. Davis DH, Kreisel SH, Muniz Terrera G, et al. The epidemiology of delirium: challenges and 
opportunities for population studies. Am J Geriatr Psychiatry. 2013; 21:1173–1189. [PubMed: 
23907068] 

58. Cunningham C, Wilcockson DC, Campion S, et al. Central and systemic endotoxin challenges 
exacerbate the local inflammatory response and increase neuronal death during chronic 
neurodegeneration. J Neurosci. 2005; 25:9275–9284. [PubMed: 16207887] 

59. Kitazawa M, Oddo S, Yamasaki TR, et al. Lipopolysaccharide-induced inflammation exacerbates 
tau pathology by a cyclin-dependent kinase 5-mediated pathway in a transgenic model of 
Alzheimer’s disease. J Neurosci. 2005; 25:8843–8853. [PubMed: 16192374] 

60. Semmler A, Frisch C, Debeir T, et al. Long-term cognitive impairment, neuronal loss and reduced 
cortical cholinergic innervation after recovery from sepsis in a rodent model. Exp Neurol. 2007; 
204:733–740. [PubMed: 17306796] 

61. Semmler A, Okulla T, Sastre M, et al. Systemic inflammation induces apoptosis with variable 
vulnerability of different brain regions. J Chem Neuroanat. 2005; 30:144–157. [PubMed: 
16122904] 

62. Inouye SK, Charpentier PA. Precipitating factors for delirium in hospitalized elderly persons: 
predictive model and interrelationship with baseline vulnerability. JAMA. 1996; 275:852–857. 
[PubMed: 8596223] 

63. Kamholz BA. E pluribus unum. J Am Geriatr Soc. 2011; 59(suppl 2):S234–S236. [PubMed: 
22091565] 

64. Sanders RD. Delirium, neurotransmission, and network connectivity: the search for a 
comprehensive pathogenic framework. Anesthesiology. 2013; 118:494–496. [PubMed: 23263017] 

Davis et al. Page 14

Am J Geriatr Psychiatry. Author manuscript; available in PMC 2015 April 01.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



FIGURE 1. 
Delirium risk in relation to prior MMSE. The probability of delirium is plotted against 

previous MMSE score, where each point is an observation of delirium risk at follow-up. The 

model-predicted coefficient for delirium risk is described as a straight line with a negative 

slope, showing an inverse relationship.
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FIGURE 2. 
Acute cognitive impairments induced by LPS are more severe in animals with more 

advanced neurodegenerative disease. Performance of NBH (normal) mice, ME7 animals 12 

weeks post-inoculation, or ME7 animals 16 weeks post-inoculation upon challenge with 

saline or LPS (100 μg/kg), plotted with intervals showing the standard error of the mean. 

Criterion baseline performance (≥70%) was ascertained for all challenged animals, and these 

were then tested 15 times (every 20 minutes for >5 hours: 3h–9h post LPS) post-challenge 

as well as for 10 further trials 24 hours post-challenge. Statistically significantly different 

RR for errors are denoted by *p <0.05 and **p <0.01.
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FIGURE 3. 
Systemic inflammation induces fluctuating cognitive deficits only in animals with existing 

neurodegenerative disease. [A] Individual trajectories of performance in mice given LPS 

challenge, given in each experimental group. Plots are jittered on the y-axis to distinguish 

overlapping plots. [B] Fluctuation about the mean correct performance (% trials) according 

to experimental group. NBH normal brain homogenate (controls), 12w ME7 mice, and 16w 

ME7 mice. Mann-Whitney: NBH-LPS versus NBH-saline, p = 0.16; ME7 12w-saline versus 

ME7 12w-LPS, p = 0.03 (denoted *); ME7 16w saline versus ME7 16w-LPS, p <0.001 

(denoted ***).

Davis et al. Page 17

Am J Geriatr Psychiatry. Author manuscript; available in PMC 2015 April 01.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



FIGURE 4. 
Synaptic integrity deteriorates as a function of disease progression. Formalin fixed, paraffin-

embedded brains from NBH and ME7 animals, at 12 and 16 weeks post-inoculation, were 

sectioned (10 μm) and labelled with antibodies against synaptophysin (Sy38). [A–C] Gross 

view of hippocampus of normal, 12w, and 16w, showing severe synaptic loss in the strata of 

the CA1 and dentate gyrus, but preservation of the DG -> CA3 projection. [D–F] Higher 

power pictures of these strata, used for quantification in the hippocampus (M) according to 

the equation Tcc − Trad/Tcc − TCtx (G–I; see Supplementary Methods; available online) 10× 

pictures of the thalamus at approximately bregma −2.5 (AP), showing the external 

medullary lamina (eml), ventroposterior nucleus (VP) and the posterior nucleus (Po) and 

clear synaptic loss in the VP at 16 weeks. [J–L] Higher power pictures of these areas, used 

for quantification of thalamic synaptic density according to the equation Teml − TVP/Teml − 

TPo (N; see Supplementary Methods; available online) and % sy38-positive area within the 

eml (O). Pairwise comparisons to ME7 12 week animals by Bonferroni post-hoc tests after 

significant main effect of disease stage by one-way ANOVA. *p <0.05, ***p <0.001.
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FIGURE 5. 
Axonal pathology in animals at 16 weeks of disease progression. Formalin fixed, paraffin-

embedded brains from NBH and ME7 animals, 16 weeks post-inoculation, were sectioned 

(10 μm) and labelled with antibodies against synaptophysin (Sy38 [A,B]), phosphorylated 

neurofilament heavy chain (SMI-31 [C,D]); unphosphorylated neurofilament heavy chain 

(SMI-32[E,F]) and amyloid precursor protein (APP695 [G,H]). Photograph with 10× 

objectives, except [G,H]: photograph under 100× oil immersion objective. Scale bar for [A–

F] shown in [F] = 250 μm, and that in [H] serves for panels [G] and [H] (25 μm). vp thal: 

ventroposterior thalamic nucleus; eml: external medullary lamina.
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TABLE 1
Comparison of Animal and Population Study Designs

Mouse (N)
Population

Samples (N)

Group NBH (46)
ME7 12w (56)
ME7 16w (95)

MMSE score,
range 0–30 (468)

Components of outcome assessed Acute change,
fluctuation

Impaired working
memory/attention
Induced by LPS

Acute change, fluctuation
Inattention, cognition

General medical
precipitant

Notes: NBH: normal brain homogenate control mice; ME7: prion; MMSE: Mini-Mental State Examination.
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TABLE 2
Logistic Regression Model Showing Odds of Incident Delirium in Relation to Baseline 
Cognitive Function

OR 95% CI p Value*

MMSE, per point 0.95 (0.92–0.99) 0.018

Age, per year 1.08 (1.00–1.18) 0.056

Sex, women cf. men 2.36 (1.03–5.40) 0.037

Comorbidity score 1.04 (0.90–1.19) 0.636

Notes: N = 468 in 257 clusters. Goodness of fit for model residuals p = 0.053 (Pearson χ2 = 426.77).

*
2-tailed p value used in testing the null hypothesis that the coefficient (parameter) is 0, Wald χ2 for 4 degrees of freedom = 20.72. MMSE: Mini-

Mental Status Examination.
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TABLE 3
The Effect of Missing MMSE at Baseline (Unclassifiable Participants) on Delirium 
Outcomes

OR 95% CI p value*

MMSE, per point 0.965 (0.933–0.998) 0.036

Age, per year 1.073 (0.988–1.167) 0.093

Sex, women cf. men 2.211 (1.003–4.877) 0.049

Comorbidity score 1.029 (0.893–1.185) 0.693

Notes: Logistic regression model showing odds of incident delirium according to baseline cognitive function, including participants with 
incomplete MMSE assessments, where this was imputed as lowest score (MMSE = 0). N = 492 in 237 clusters. Goodness of fit for model residuals 

p = 0.085 (Pearson χ2 = 444.55).

*
2-tailed p value used in testing the null hypothesis that the coefficient (parameter) is 0, Wald χ2 for 4 degrees of freedom = 17.97. MMSE: Mini-

Mental Status Examination.
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