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Abstract

Objectives—Delirium occurs in approximately 30% of critically-ill patients, and the risk of
dying during admission doubles in those patients. Molecular mechanisms causing delirium are
largely unknown. However, critical illness and the intensive care unit environment consistently
disrupt circadian rhythms, and circadian disruptions are strongly associated with delirium.
Exposure to benzodiazepines and constant light are suspected risk factors for the development of
delirium. Thus, we tested the functional role of the circadian rhythm protein Period 2 (PER2) in
different mouse models resembling delirium.

Design—Animal study.
Setting—University experimental laboratory.
Subjects—Wildtype, Per2”~ mice.

Interventions—Midazolam, lipopolysaccharide (LPS), constant light, nobiletin or sham treated
animals.

Measurements and Main Results—Midazolam significantly reduced the expression of PER2
in the suprachiasmatic nucleus (SCN) and the hippocampus of wildtype mice. Behavioral tests
following midazolam exposure revealed a robust phenotype including executive dysfunction and
memory impairment suggestive of delirium. These findings indicated a critical role of
hippocampal expressed PER2. Similar results were obtained in mice exposed to LPS or constant
light. Subsequent studies in Per2~”~ mice confirmed a functional role of PER2 in a midazolam-
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induced delirium-like phenotype. Using the small molecule nobiletin to enhance PER2 function,
the cognitive deficits induced by midazolam or constant light were attenuated in wildtype mice.

Conclusions—These experiments identify a novel role for PER2 during a midazolam or
constant light induced delirium-like state, highlight the importance of hippocampal PER2
expression for cognitive function, and suggest the PER2 enhancer nobiletin as potential therapy in
delirium-like conditions associated with circadian disruption.
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Introduction

Methods

Nearly 30% of patients admitted to an intensive care unit develop delirium, and these
patients are at an increased risk of dying (1). The identification, prevention, and treatment of
delirium are increasingly regarded as major public health priorities (1-9) but specific
treatments for delirium are unknown. Circadian rhythms orchestrate the mechanism by
which environmental factors can regulate biological functions (4). This system couples
environmental stimuli with a variety of physiological functions including the integrity of the
sleep-wake cycle, motor activity, arousal and cognition. This coupling makes circadian
rhythm proteins a logical target for studies exploring delirium pathophysiology. In fact,
previous work supports a three-domain model for delirium that includes generalized
cognitive impairment, disturbed executive cognition, and behavioral disruption, which are all
are under circadian control (4). Recent evidence suggests that the circadian rhythm protein
Period2 (PER2) is highly expressed in the hippocampus and therefore might play a role in
learning and memory (10). Furthermore, a mutation of the human PERZ gene leads to a
significant disruption of normal sleep (11). Circadian disruption and sleep fragmentation
often precede the development of delirium. Drugs such as benzodiazepines and constant
exposure to light appear to be among the worst offenders in causing sleep disruption and
increasing the risk of delirium (12, 13). Given the clinical significance of delirium and the
role of PER2 in the control of sleep, we hypothesized that PER2 might play a role in the
pathogenesis of delirium and that functional inhibition of PER2 would lead to a delirium-
like phenotype. Therefore, we tested our hypothesis in a murine model of midazolam-
induced behavioral impairment consistent with components of delirium in humans. We
found that midazolam-induced changes in behavior are associated with a significant
downregulation of PER2 in the hippocampus. Furthermore, genetic deletion of Per2resulted
in a phenotype that shares several features with acute delirium, but which was not worsened
by midazolam treatment. Finally, we successfully attenuated these cognitive deficits using a
novel PER2 enhancer.

Detailed information about the methods is presented in Appendix 1 (Supplemental Digital
Content 1)
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Mouse Experiments

Experimental protocols were approved by the Institutional Animal Care and Use Committee
[TACUC] at the University of Colorado Denver, USA and were in accordance with the NIH
guidelines for use of live animals.

Animal
C57BL/6J and Per2~~ mice were obtained from the Jackson Laboratories (14-16).

Transcriptional analysis
mRNA levels were determined by quantitative RT-PCR as described (17).

Immunohistochemistry

30-um coronal brain sections from untreated or midazolam treated mice were stained using
the PER2 antibody R39 made in rabbit as described previously (18).

Murine Model for delirium

Mice were injected with midazolam (PFIZER, 10 mg/kg i.p.), LPS (0111:B4 from E. coli;
InvivoGen, 100 pg/kg), or midazolam plus LPS. 24 or 72 hours later mice underwent
behavioral testing as described (19-22). In a subset of experiments mice were housed for 7
days under constant light conditions prior to behavioral testing (23, 24). A second, blinded
investigator analyzed the behavioral tests.

Data analysis

For multiple comparisons, one-way analysis of variance with Bonferroni adjustment was
performed, and for single comparison, the unpaired or paired Student t-test was applied.
Values are expressed as mean (SD). £<0.05 was considered statistically significant.

Results
Midazolam downregulates PER2 in the SCN and the hippocampus

We hypothesized that the circadian rhythm protein PER2 plays a role in midazolam-induced
behavioral changes and analyzed murine brain PERZ2 transcript levels after midazolam
administration. Two hours after midazolam administration, brain PER2 mRNA was
significantly downregulated (Fig. 1A). Next, to understand if midazolam administration also
directly affects other core components of the circadian system, we analyzed circadian Brain
and Muscle ARNT-Like 1 (BMALI1)mRNA tissue levels. However, midazolam had no
direct effect on BMAL 1 transcript, which normally oscillates in antiphase to PER2 (25, 26)
(Supplemental Digital Content 2). Because inflammation is an integral component of
delirium pathophysiology we next treated mice with LPS, which has been shown to have
long term effects on cognitive function (27-29). After 2 hours of LPS administration, PERZ2
transcript levels were significantly downregulated in murine brain tissue (Fig. 1B),
supporting our hypothesis that PER2 mechanisms are involved in delirium pathogenesis.
Next, we analyzed various brain regions to localize PER2 downregulation following
exposure to midazolam. Immunohistochemistry analysis 24 hours after midazolam
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administration revealed PER2 protein dominantly downregulated in the SCN or the
hippocampus of mice (Fig. 1C and D and Supplemental Digital Content 3). Key findings.
these data demonstrate that midazolam significantly downregulates PERZ2 in the SCN and
hippocampus with no effect on circadian antiphase expressed BMAL 1.

Midazolam induces cognitive deficits in mice

In humans, the hippocampus appears to play a critical role in the pathogenesis of delirium
(30). Based on this observation, we hypothesized that Midazolam-induced reduction in
hippocampal PER2 protein would lead to delirium-like murine behavioral changes,
including cognitive deficits. We therefore studied spontaneous alternation using a T-maze
(Supplemental Digital Content 4), a very sensitive test used to determine hippocampal
functioning (19) and to detect cognitive impairment (22). After 24 or 72 hours of midazolam
administration, mice showed significantly reduced spontaneous alternation in the T-maze
(Fig. 2A). Similarly, 24 hours after the administration of inflammation-inducing LPS,
spontaneous T-maze alternation was significantly compromised (Fig. 2B). However, 72
hours after LPS treatment, no effects on spontaneous alternation were observed (Fig. 2B). To
test if midazolam and LPS would have synergistic effects, we treated mice with both
midazolam and LPS. No additional effects on spontaneous alternation in the T-maze were
observed (Supplemental Digital Content 5). Key findings. these data demonstrate that
midazolam or inflammation, which downregulate brain PERZ levels, lead to significant
hippocampus dependent cognitive deficits, as observed in some types of delirium (31).

Midazolam affects locomotor activity in mice

Psychomaotor disturbances are another hallmark of human delirium (32). Therefore, we next
assessed locomotor activity after midazolam or LPS exposure using open-field studies (20)
(Supplemental Digital Content 6). Mice had significantly compromised locomotor activity
24 hours after midazolam administration compared to saline controls, but this difference was
abolished 72 hours after midazolam administration (Fig. 2C). Similarly, inflammation-
inducing LPS administration showed significantly reduced locomotor activity at 24 hours
but not at 72 hours following treatment (Fig. 2D). Testing for synergistic effects of
midazolam and LPS revealed significant additional changes in locomotor activity at 72
hours, but not at 24 hours following midazolam and LPS administration (Supplemental
Digital Content 7). Key findings. these data demonstrate that midazolam or inflammation
lead to a significant reduction in locomotor activity, indicating that functional brain PER2
inhibition could cause delirium-associated behavioral disruption, such as lethargy or anxiety.

Midazolam leads to memory deficits in mice

Another aspect of the delirium phenotype is working memory dysfunction, a component of
executive cognitive function (4). Thus, we next investigated memory function by using a
novel-object-recognition test where mice are habituated to two objects for two days (21).
Thereafter, one object is replaced by a new object and the preference to explore the novel
object is given as a percentage (Supplemental Digital Content 8). Mice with a normal
memory function will have a significantly higher preference for the novel object (Fig. 3A).
As observed with our test for locomotion, midazolam affected memory function only at 24
hours, where no significant preference for the novel object was found (Fig. 3B). In contrast,
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memory function was only compromised 72 hours following LPS treatment (Fig. 3C) and no
obvious synergistic effects of midazolam and LPS were observed at 24 or 72 hours (Fig.
3D). Key findings: midazolam or inflammation lead to significant memory deficits with no
synergistic effect of the two agents, further supporting our hypothesis that functional brain
PER?Z inhibition shows characteristics of a delirium-like phenotype (4).

Midazolam induced delirium-like phenotype is PER2 dependent

Having demonstrated that midazolam or LPS (28, 29) associated brain PER2 inhibition
induced a delirium-like phenotype, similar to a three-domain model for delirium that
includes generalized cognitive impairment, disturbed executive cognition, and behavioral
disruption (4), we next tested these concepts in mice with a genetic deletion of Per2. T-maze
alternation, open-field or novel-object-recognition tests showed significantly reduced
cognition, locomotion and memory function in Per2”~ mice at baseline, comparable to
midazolam-treated wildtype mice (Fig. 4A-D and Supplemental Digital Content 9).
Following treatment of Per2~~ mice with midazolam revealed no further effects in our
behavioral tests. However, while midazolam had no further effects, midazolam and LPS
administration together revealed significantly less locomotion in Per2”~ mice when
compared to saline treated Per2”~ mice (Fig. 4B), suggesting that LPS effects on locomotor
activity could also be mediated by systemic inflammation and generalized acute stress or
sickness (33). Nonetheless, our data suggest PER2 to be a key mediator of midazolam-
induced cognitive, locomotor, and memory deficits (Fig. 4A-D and Supplemental Digital
Content 9). Key findings. Per2 deficient mice have baseline deficits in cognition, locomotion
and memory that do not change after midazolam treatment, indicating that a midazolam-
induced delirium-Iike phenotype is PERZ2 dependent.

The novel PER2 enhancer nobiletin reverses midazolam or constant-light induced
delirium-like behaviors

After we determined midazolam-induced changes in behavior to be PER2 dependent, we
next pursued a treatment strategy to enhance brain PER2 levels and function. Previous
studies identified nobiletin, a flavonoid from citrus peels, as a highly potent and specific
PER2 enhancer (34). In fact, treatment of mice with nobiletin and midazolam significantly
increased brain PER2 transcript levels and reversed midazolam mediated downregulation of
PER2 (Supplemental Digital Content 10). Using nobiletin together with midazolam ina T-
maze alternation, open-field or novel-object-recognition test completely abolished
midazolam induced behavioral changes (Fig. 5A—C). To evaluate whether nobiletin could
also improve cognitive deficits in other delirium-like models such as prolonged light
exposure to mimic artificial lighting in critical care units (35), we used a mouse model
where mice were housed under constant light for 7 days to reduce brain PER2 levels (23)
and impair hippocampal function (24). Constant light significantly impaired hippocampal
mediated cognitive and memory performance, which was fully reversed in nobiletin treated
mice (Fig. 5D and Supplemental Digital Content 11). In contrast, no differences in open-
field behaviors were found under constant light conditions (Supplemental Digital Content
11), as reported by other investigators (24). Interestingly, nobiletin treatment significantly
reduced locomotor activity under constant light conditions, which might be the result of a
potential sedative effects of flavonoids (36), despite being a cognitive enhancer (37). Key
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findings. these data suggest that nobiletin could be used to reverse the effects of midazolam
on brain PER?Z2 expression and cognitive function and might be therapeutic in delirium-Iike
models caused by circadian rhythm disruption, such as constant artificial lightning
commonly seen in critical care units.

Discussion

In the present study, we investigated the putative role of the circadian rhythm protein PER2
in the pathogenesis of delirium using mouse models with induced behavioral impairments
consistent with several important components of delirium observed in humans. We identified
a critical role for hippocampal expressed PER2 and could reverse hippocampal-mediated
cognitive deficits in a delirium-like mouse model using a novel PER2 enhancer. Taken
together, these studies identify a novel PER2 mechanism in delirium-like cognitive
alterations in mice.

PER?2 is expressed in a circadian pattern in the SCN, the primary pacemaker in the
mammalian brain (38). The SCN controls the circadian rhythms of locomotion, metabolism,
and behavior (4). Per2~ mice show disrupted circadian oscillations and loss of behavioral
rhythms. Recent evidence from mice suggests that PER2 might also play a role in learning
and memory due to a robust PER2 expression in the hippocampus (10). However, Per2~~
mice do not show deficits in learning (39). Interestingly, studies in humans suggest a critical
role of the hippocampus in the pathogenesis of delirium (30). Moreover, a specific PER2
point mutation in humans leads to a significant disruptive sleep disorder, which can be
recapitulated in mice (40). Interrupted sleep can cause circadian disruption resulting in
cognitive deficits, and has been linked to delirium in humans (41). Mouse models with
disrupted circadian rhythms show similar delirium-like phenotypes (24). The importance of
PER2 for circadian rhythmicity has been illustrated in mouse studies, showing that the
precise rhythmicity of PER2 is essential for driving cellular circadian oscillations (42). In
humans, melatonin levels, a surrogate for a functional circadian rhythm, are consistently low
in patients with delirium (13). Furthermore, melatonin tests are used to detect sleep
disruption caused by the human PERZ mutation (43). In fact, melatonin treatment may
improve delirium in humans (13). However, while disrupted circadian rhythms seem to play
an important role in the pathogenesis of delirium, a molecular mechanism has not been
identified yet.

In the current study, we show that midazolam or inflammation, each reported to induce
delirium in humans (44, 45), lead to a significant dysregulation of PER2 in the SCN and the
hippocampus of mice. These findings are consistent with other reports of PER2
dysregulation in the mouse brain following single exposure to anesthetics (46) or LPS (47).
Moreover, patients with severe inflammation exhibit lower PER2 and altered melatonin
plasma levels (48). While there are no reports to date of midazolam affecting PER2
expression in humans, benzodiazepines do alter sleep patterns and increase the risk of
circadian disruption and delirium in humans (13, 49). Using behavioral studies in mice
exposed to LPS or midazolam, we found significantly reduced cognitive function, locomotor
activity, and memory function with no other pronounced behavioral changes. These findings
are in line with current phenomenological models of delirium in humans (31, 32). Therefore,
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we conclude that functional inhibition of PER2 in mice using midazolam or LPS induces a
delirium-like phenotype similar to that seen in humans, and that PER2 upregulation might
represent a potential target to reduce the deliriogenic effects of midazolam or inflammation.

To gain more insight into the role of PER2 in the context of delirium, we studied Per2™~
mice, which revealed a phenotype that shares similarities with acute delirium, but with no
further effects following midazolam treatment. Per2”~ mice have a significantly shorter
night period, like humans with a PER2 mutation. In addition, Per27~ is associated with
changes in daily locomotor activity and disturbance of the resting period (50), further
supporting our findings. While our findings in mice may not be generalizable across species,
the presented evidence from mice and humans suggests that disrupted PER2 expression
could also play a role in the development of some types of delirium in humans.

To test the possibility that PER2 represents a therapeutic target, we tested the novel PER2
enhancer, nobiletin. Nobiletin, a natural polymethoxylated flavone, was recently identified
as a PER2 amplitude-enhancing small molecule (34). We found that nobiletin fully
abolished midazolam-induced cognitive deficits in mice. Furthermore, we also found
nobiletin to be therapeutic in a mouse model of constant light exposure, which impairs
hippocampal-mediated cognitive functions (24). These results suggest that nobiletin could
improve cognitive dysfunction in different settings of circadian disruption.

This study has some obvious limitations. First, delirium is a very complex disease state and
therefore it is difficult to model delirium in mice (9). In addition, we found characteristic
differences in our behavioral tests using different interventions, indicating that multiple
mechanisms may be involved. In fact, LPS can cause general sickness which may
independently affect locomotion (33). As such, many mechanisms might be involved in the
pathogenesis of delirium in mice or humans that cannot simply be explained by a PER2
deficiency. In addition, human data on PER2 expression in patients with delirium are
unavailable and only indirect measures of circadian disruption exist. Therefore, before a
clear connection between human PER2 and delirium can be made, further research on sleep
and circadian PER2 expression in patients are warranted.

Conclusion

In conclusion, our studies provide the first mechanistic evidence that murine PER2 plays a
critical role in midazolam-induced behavioral impairment that resembles key characteristics
of delirium in humans. Using nobiletin as a PER2 enhancer, we abolished the cognitive
dysfunction observed in mice following midazolam or constant light exposure. Future work
should explore the role of PER2 expression in human sleep and delirium and the effects of
midazolam administration, light exposure, and inflammation on PER2 levels in human
patients. In addition, further validation of animal models of delirium would help strengthen
the intriguing but yet unproven link to human delirium.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Midazolam downregulates PER2 in the SCN and the hippocampus
Wildtype mice (C57BL6/J) were injected with either midazolam (10 mg/kg i.p.) or LPS (100

pg/kg i.p.) and compared to saline treated controls. Brain tissue was harvested, mMRNA was
isolated using RNeasy Mini Kit (Qiagen), cDNA was generated using miScript RT 11 kits
(Qiagen), and transcript levels were determined by quantitative real-time RT-PCR (iCycler
or iCycler 1Q; Bio-Rad Laboratories Inc.). In a subset of experiments immunohistochemistry
staining for PER2 in the SCN or hippocampus was performed. (A) Brain PER2transcript
levels (n=4 animals) 2 hours following midazolam administration. (B) Brain PER2transcript
levels (n=3 animals) 2 hours following LPS administration. (C, D) Immunohistochemistry of
PER2 in the SCN or hippocampus 24 hours following midazolam administration (original
magnification, X200, scale bars indicate 100 um, n=8 animals). All data are presented as
mean + SD; SCN=suprachiasmatic nucleus, LPS=Lipopolysaccharide.
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Figure 2. Midazolam induces cognitive deficits and reduces locomotion in wildtype mice
Wildtype mice (C57BL6/J) were injected with either midazolam (10 mg/kg i.p.) or LPS (100

ug/kg i.p.) and compared to saline treated controls. 24 or 27 hours later mice underwent
behavioral studies using a T-maze alternation test or open-field line-crossing determination.
(A) T-maze alternation in %, 24 or 72 hours after a single dose of midazolam. (B) T-maze
alternation in %, 24 or 72 hours after a single dose of LPS. (C) Numbers of squares crossed
for 10 minutes (line crossing) 24 or 72 hours after a single dose of midazolam. (D) Numbers
of squares crossed for 10 minutes (line-crossing) 24 or 72 hours after a single dose of LPS.
All data have n=5 individual animals and are presented as mean + SD,
LPS=Lipopolysaccharide, Pvalue denotes t-test and * denotes one-way ANOVA (see also
Supplemental Digital Content 1).
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Figure 3. Midazolam induces loss of memory in wildtype mice
Wildtype (C57BL6/J) were injected with either midazolam (10 mg/kg i.p.), LPS (100 ug/kg

i.p.) or midazolam and LPS and compared to saline treated controls. 24 or 27 hours later
mice underwent behavioral studies using novel-object-recognition tests. (A) Preference in %
for a novel object after 2 days habituation to two old objects 24 hours after a single dose of
saline in wildtype mice. (B) Preference in % for a novel object after 2 days habituation to
two old objects 24 or 72 hours after a single dose of midazolam in wildtype mice. (C)
Preference in % for a novel object after 2 days habituation to two old objects 24 or 72 hours
after a single dose of LPS in wildtype mice. (D) Preference in % for a novel object after 2
days habituation to two old objects 24 or 72 hours after a single dose of LPS + midazolam in
wildtype mice. All data have n=>5 individual animals and are presented as mean + SD,
LPS=Lipopolysaccharide, P value denotes t-test (see also Supplemental Digital Content 1).
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Figure 4. Midazolam induced delirium is PER2 dependent
Wildtype (C57BL6/J) or Per2~~ mice were injected with either midazolam (10 mg/kg i.p.),

LPS (100 pg/kg i.p.) or midazolam and LPS and compared to saline treated controls. 24
hours later mice underwent behavioral studies using T-maze alternation test, open-field line-
crossing determination or novel-object-recognition tests. (A) T-maze alternation in % 24
hours after a single dose of midazolam or LPS + midazolam. (B) Numbers of squares
crossed for 10 minutes (line-crossing) 24 hours after a single dose of midazolam or LPS +
midazolam. (C, D) Preference in % for the novel object after 2 days habituation to the old
object 24 hours after a single dose of midazolam. All data have n=5 individual for wildtype
mice and an n=8 individual animals for Per2~~ mice and are presented as mean + SD,
LPS=Lipopolysaccharide Pvalue denotes t-test and * denotes one-way ANOVA (see also
Supplemental Digital Content 1).
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Figure 5. Nobiletin abolished midazolam or constant light induced cognitive deficits
Wildtype (C57BL6/J) mice were injected with either midazolam (10 mg/kg i.p.) or

midazolam + nobiletin (1 mg/kg i.p.) and compared to saline treated controls. 24 hours later
mice underwent behavioral studies. In a subset of experiments mice were exposed to 7 days
of constant light and tested for behavioral changes 24h later. (A) T-maze alternation in % 24
hours after a single dose of midazolam or midazolam + nobiletin. (B) Numbers of squares
crossed for 10 minutes (line crossing) 24 hours after a single dose of midazolam or
midazolam + nobiletin. (C) Preference in % for a novel object after 2 days habituation to
two old objects 24 hours after a single dose of midazolam or midazolam + nobiletin. (D) T-
maze alternation in % 24 hours after 7 days at constant light conditions with and without
nobiletin. All data on behavioral tests have n=5 individual wildtype mice and are presented
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as mean + SD, NOB=nobiletin, £value denotes t-test and * denotes one-way ANOVA (see
also Supplemental Digital Content 1).
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