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ABSTRACT

Delirium is a severe acute neuropsychiatric syndrome that
commonly occurs in the elderly and is considered an
independent risk factor for later dementia. However, given
its inherent complexity, few animal models of delirium have
been established and the mechanism underlying the onset
of delirium remains elusive. Here, we conducted a
comparison of three mouse models of delirium induced by
clinically relevant risk factors, including anesthesia with
surgery (AS), systemic inflammation, and
neurotransmission modulation. We found that both
bacterial lipopolysaccharide (LPS) and cholinergic receptor
antagonist scopolamine (Scop) induction reduced neuronal
activities in the delirium-related brain network, with the
latter presenting a similar pattern of reduction as found in
delirium patients. Consistently, Scop injection resulted in
reversible cognitive impairment with hyperactive behavior.
No loss of cholinergic neurons was found with treatment,
but hippocampal synaptic functions were affected. These
findings provide further clues regarding the mechanism
underlying delirium onset and demonstrate the successful
application of the Scop injection model in mimicking
delirium-like phenotypes in mice.
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INTRODUCTION

Delirium is an acute brain dysfunction syndrome characterized
by a fluctuating level of disturbance in attention and
awareness and additional cognitive dysfunction, which often
develops in elderly patients during hospitalization or severe
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illness (Association American Psychiatric, 2013; Inouye et al.,
2014; Oh etal.,, 2017). Over 30% of critically ill patients
develop delirium, accompanied by an increased risk of
cognitive decline and dementia (Krewulak et al., 2018; Salluh
etal., 2015). At present, deliium can only be managed
symptomatically, with no cure -currently available. The
administration of antipsychotic medication for the treatment of
delirium in hospitalized patients does not result in noticeable
improvements, while nonpharmacological interventions have
become commonly used in clinical practice to produce
substantial benefits by targeting multiple risk factors
associated with delirium (Goldberg et al., 2020; Neufeld et al.,
2016). Leading factors that trigger delirium include surgery
and anesthesia, medications (e.g., anticholinergics and
benzodiazepines), dehydration, psychological stress, and
systemic inflammatory insults. However, their underlying
molecular pathways are poorly understood.

Several animal models have been developed to mimic
delirium based on individual risk factors (Abraham & Johnson,
2009; Peng etal., 2016; Qiu etal., 2016a). For example,
simple abdominal operation under prolonged anesthesia has
been used to induce typical postoperative delirium in animals
(Peng etal, 2016). In accordance with the inflammation
hypothesis, peripheral inflammatory stimulation  with
lipopolysaccharide (LPS) has been applied to elicit profound
immune responses in the brains of mice by microglial
activation (Cerejeira etal., 2010). Single-dose LPS is also
known to induce chronic neuroinflammation  with
neurodegeneration, mimicking  executive  dysfunction
associated with intensive care unit-related delirium (Abraham
& Johnson, 2009; Zivkovic etal, 2015). In addition,
pharmacologically induced delirium has also been established
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using “deliriant” hallucinogenic drugs (ltil & Fink, 1966; Rozzini
etal.,, 1988), including cholinergic antagonists such as
atropine and scopolamine (Scop) (Lakstygal et al., 2019). In
rodents and zebrafish, atropine and Scop are known to impair
stimulus sensitivity, sensory discrimination, vision, and
behavioral patterning, resulting in a delirium-like state (Qiu
et al., 2016a; Trzepacz et al., 1992).

However, the extent to which these animal models can
recapitulate delirium and the ability to differentiate delirium-like
phenotypes from potential side effects of drugs and
procedures remain uncertain. In the case of animal models
established through anesthesia and surgery (AS), the
cognitive deficits that arise could potentially be attributed to
postoperative cognitive decline (POCD) caused by prolonged
anesthesia (Chan et al., 2013; Li et al., 2021). Moreover, the
sedative effects and mood disorders induced by the
administration of LPS may interfere with cognitive function
assessment (O’Connor et al., 2009; Van Den Biggelaar et al.,
2007). Furthermore, the phenotypes induced by the
application of Scop may not exclusively represent delirium, as
Scop is also used to mimic other disorders with cognitive
impairment, such as Alzheimer's disease (AD) (Chen &
Yeong, 2020). Delirium affects multiple brain regions, and the
integrity of the brain network is compromised under a delirium
state (Choi et al., 2012; Fleischmann etal., 2019; Oh etal.,
2019). In the current study, we evaluated delirium mouse
models by mapping the neuronal activity of the brain network
and conducting behavioral tests. We performed comparative
analysis of AS-, LPS-, and Scop-induced delirium models, and
investigated their potential delirium-like  phenotypes.
Furthermore, to gain insights into the pathogenesis of delirium,
we evaluated the expression of proteins associated with
synaptic functions in these models. This study may provide
clues for improving the replication of delirium in mice, as well
as the mechanism involved in delirium onset.

MATERIALS AND METHODS

Reagents

Scopolamine hydrobromide was purchased from Selleck
Chemical (USA, S2508) and LPS from E. coli was purchased
from Sigma-Aldrich (USA, L2630). All other chemicals and
reagents were purchased from Sangon Biotech (China),
unless otherwise specified.

Animals

All surgical and experimental procedures were approved by
the Animal Care Committee of the State Key Laboratory of
Biotherapy, Sichuan University, China, and were conducted
following all institutional animal care and use committee
guidelines (Approval No. K2018071). C57BL/6 mice (8 weeks
of age, both sexes) were purchased from Hfk Bioscience
(China) and housed in a specific pathogen-free facility at the
State Key Laboratory of Biotherapy. The mice were allowed to
adapt to the breeding environment for at least one week. The
mice were housed in temperature-controlled rooms under a 12
h light-dark cycle, with water and food provided ad libitum. All
recipient mice were randomly divided into groups using WPS
Office (v2019, Kingsoft Office Software, China).

Animal models mimicking delirium

AS model (Peng etal., 2016): Anesthesia was started
between 0700h and 0800h. Specifically, the mice were placed
in a transparent acrylic chamber with 1.4% isoflurane (RWD

Life Science Inc, China, R510-22-10) in 100% oxygen to
simulate general anesthesia. Two hours after induction, the
mice were removed from the chamber, and isoflurane
anesthesia was maintained via a cone device. A longitudinal
midline incision was made from the xiphoid to the 0.5 cm
proximal pubic symphysis on the hairless skin, abdominal
muscles, and peritoneum. The incision was then sutured layer
by layer with a 5-0 absorbable surgical suture (Shinva, China,
S29371T). The wound was then stitched, and the mice were
kept warm with a heating pad (Deli, China, 10781603304) for
3—4 h post-surgery. Two AS model controls were established:
i.e., mice given anesthesia alone (AA) and mice maintained
under fasting and water deprivation conditions for 2 h
(Control).

LPS injection model (Abraham & Johnson, 2009): LPS from
E. coli was dissolved in 0.9% saline and intraperitoneally (i.p.)
injected (0.33 mg/kg) into mice. Mice receiving a similar
volume of 0.9% saline were used as the sham group (Sham-
LPS).

Scop injection model (Qiu etal, 2016b): Scopolamine
hydrobromide was dissolved in 0.9% saline and administered
intraperitoneally (15 mg/kg) to mice. Mice receiving a similar
volume of 0.9% saline were used as the sham group (Sham-
Scop).

Behavioral tests

As the different models develop delirium-like phenotypes at
different time points (Mouton et al., 2012; Peng et al., 2016;
Qiu et al., 2016b; Schreuder et al., 2017), the time points used
in this study were not consistent between models. For the AS
model mice, behavioral tests were carried out 6 h and 24 h
after treatment. For the LPS-injected mice, behavioral tests
were carried out 2 h and 18 h post-injection. For the Scop-
injected mice, behavioral tests were carried out 0.5 h and 6 h
post-injection.

Two-trial recognition Y-maze test: The maze was made of
white polymethylmethacrylate and consisted of identical three
arms (5 cm wide, 35 cm long, 10 cm high) at 120° (SANS
Biological Technology, China, SA204). Visual cues were
placed on the walls of the maze. For the two-trial recognition
Y-maze test, the three equal arms were randomly designated
as the start arm, novel arm, and other arm using WPS Office
(v2019, Kingsoft Office Software, China). The test process
included two trials separated by a 1 h inter-trial interval, with
all testing performed during the light phase of the circadian
cycle. In the first trial (training), the mice were allowed to
explore two arms (the start and other arm) for 10 min, with the
novel arm blocked. In the second trial (retention), the mice
were placed back in the maze in the same start arm and
allowed to navigate for 5 min, with free access to all three
arms. Behaviors were video recorded (Panasonic, Japan)
during the 5 min trial, and the Supermaze™ video-tracking
system (v2.0, Xinruan, China) was used for analysis. Data
were expressed as a percentage of duration of novel arm
entries during the second 5 min trial.

Y-maze spontaneous alternation test: Each mouse was first
placed in the center of the Y-maze mentioned above and
allowed to explore freely for 8 min. The sequences and total
number of arm entries were recorded. An arm entry was
considered complete when the hind paws of the mouse were
placed entirely within the arm. The alternation percentage was
defined as the number of triads containing entries into all three
arms divided by the maximum possible alternations (total
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number of arms entered-2)x100).

Open field test: The open field is a square arena made of
white polymethylmethacrylate (25 cm wide, 25 cm long, 25 cm
high), divided into inner and outer fields (Med Associates Inc,
USA, ENV-017M-27 and ENV-510S). The mouse was placed
in the chamber for 5 min for acclimatization. Spontaneous
exploration of three 16-beam IR arrays located on the field
was then recorded for 1 h and analyzed using the default
settings of Activity Monitor v7 (Med Associates Inc. USA,
SOF-812). Data were expressed as ambulatory distance and
trajectory.

Rotarod treadmill test: Motor coordination of the animals
after operation and treatment was measured using a rotarod
for mice (SANS Biological Technology, China, SA102) under
accelerating rotor mode (4 to 40 r/min, with an acceleration of
7.2 r/min? for 6 min). The interval from when the animal
mounted the rod to when it fell off was recorded as the
retention time, and mice that lasted for 360 s on the
accelerating rotating rod were recorded as survivors. The
animals were subjected to three trials within a day, and mean
duration on the rod was recorded to obtain stable baseline
values.

Mouse tissue preparation

Mice were sacrificed by anesthetic overdose (2% chloral
hydrate and 8% ethyl carbamate), followed by intracardial
perfusion with ice-cold phosphate-buffered saline (PBS,
0.01 mol/L, pH 7.4). Brains were extracted and the
hippocampus was isolated and stored at -80 °C before use.
For immunohistochemistry, mice were intracardially perfused
with ice-cold PBS (0.01 mol/L, pH 7.4), followed by 4%
paraformaldehyde (PFA). Brains were extracted and kept in
4% PFA at 4 °C before use.

Synaptosome preparation

For hippocampal synaptosome preparation, two hippocampi
from the same mouse were homogenized in 400 uL of Buffer
A (10 mmol/L Tris-HCI, pH 7.4, 0.32 mol/L sucrose)
supplemented with the protease inhibitor phenylmethylsulfonyl
fluoride (PMSF) (Beyotime, China, ST507) on ice. Cell debris
and nuclei were pelleted by centrifugation at 1 250 xg for
10 min at 4 °C. The supernatants (S1) were collected and then
centrifuged at 12 500 xg for 20 min at 4 °C to obtain the crude
synaptosomes in the pellet (P2). P2 was resuspended in
200 pL of Buffer A, with layering onto a Ficoll gradient
containing 7% and 13% Ficoll 400 (Sigma, USA, F2637) and
Buffer A. After centrifugation at 45 000 xg for 45 min at 4 °C,
synaptosomes were identified at the 7%/13% Ficoll interface.
The interface was diluted with 400 pL of Buffer A and
centrifuged at 45 000 xg for 45 min at 4 °C to pellet the
synaptosomes. The synaptosomes were resuspended in 5%
sodium dodecyl sulfate (SDS) buffer and maintained at -80 °C
before use. The SDS-soluble synaptosome purity was tested
using immunoblotting against known markers for synaptic,
mitochondrial, and cytoskeletal fractions in Supplementary
Figure S1.

Immunoblotting

Samples were homogenized in cell lysis buffer (Beyotime,
China, P0013) supplemented with the protease inhibitor PMSF
(Beyotime, China, ST507) and centrifuged at 12 000 xg for 30
min at 4 °C. The supernatant was collected, and total protein
concentration was determined using a BCA protein assay kit
(Beyotime, China, P0011). Equal amounts of protein were
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separated in  4%—12%  bis-Tris gels with  3-(N-
morpholino)propanesulfonic acid (MOPS) running buffer at
140 V for 1 h, then transferred to polyvinylidene fluoride
(PVDF) membranes using the Trans-Blot system at 100 V for
1 h. The membranes were then washed with tris buffered
saline with tween 20 (TBST) (0.02 mol/L, pH 8.0) for 5 min at
room temperature (20 °C), shaken, blocked with 5% skim milk
in TBST (0.02 mol/L, pH 8.0) for 1 h at room temperature, and
incubated with primary antibodies diluted in TBST (0.02 mol/L,
pH 8.0) overnight at 4 °C with shaking. The following day, the
membranes were washed five times (5 min each) in TBST
(0.02 mol/L, pH 8.0) and incubated with peroxidase-
conjugated secondary antibodies diluted in TBST (0.02 mol/L,
pH 8.0) for 120 min at room temperature with shaking. The
membranes were then washed three times (20 min each) in
TBST (0.02 mol/L, pH 8.0), developed with enhanced
chemiluminescent (NCM Biotech, China, P10300), and
visualized using ChemiScope 6100 (CLiNX, China).
Chemiluminescence band intensity quantifications were
performed using Imaged (v1.53a, NIH, USA). In this study, the
following antibodies were used (diluted in 0.02 mol/L TBST,
pH 8.0): 1:1 000 for anti-PSD95 (Abcam, USA, ab18258);
1:1 000 for anti-synaptophysin (Millipore, USA, MAB5258-I);
1:1 000 for anti-GluR1 (Sigma-Aldrich, USA, AB1504); 1:1 000
for anti-NR1 (Abcam, USA, ab109182); 1:1 000 for anti-NR2A
(Abcam, USA, ab124913); 1:1 000 for anti-NR2B (Merck
Millipore, USA, AB1557P); 1:1 000 for anti-synapsin I
(Abcam, USA, ab64581); 1:1 000 for anti-CaMKII (Cell

Signaling Technology, USA, 3362); 1:1 000 for anti-phospho-
CaMKII(Ser286) (Abcam, USA, ab32678); 1:10 000 for anti-
mouse Ig (Sigma-Aldrich, USA, A9044); 1:10 000 for anti-
rabbit Ig (Sigma Aldrich, USA, A0545); and 1:10 000 for anti-p-
actin (Sigma-Aldrich, USA, A5441). All uncropped images of
western blots are shown in Supplementary Figure S2.

Immunohistochemistry
For c-fos protein (Fos) punctiform staining, which reflect
neuronal activities ~ 1.5 h before each time point, the brains
were extracted 2 h (Scop), 3.5 h (LPS), and 7.5 (AS) after
treatments. The brains were kept in 4% PFA at 4 °C for 24 h,
then removed to 30% sucrose, which was changed every 24 h
until the tissue sank to the bottom. Coronal slices (30 um
thick) were immunostained using rabbit anti-Fos antibodies
(Cell Signaling Technology, USA, 2250S). Immunostains were
amplified with Alexa Fluor488-labeled goat anti-rabbit
antibodies (Jackson ImmunoResearch Laboratories, USA,
111-545-144). Fully stained samples were imaged using a
SLIDEVIEW VS200 research slide scanner (Olympus, Japan)
with a 10x objective (numerical aperture, 0.5). Quantitative
analysis of Fos expression was performed using ImageJ
(v1.53a, NIH, USA) with default settings. Semiquantitative
analyses of Fos expression were performed for all brain areas
via visual inspection by two trained independent observers.
For Nissl staining and choline acetyltransferase (ChAT)
immunohistochemical analysis, brains were kept in 4% PFA
for three days. Coronal sections (3 um) were cut after
embedding in paraffin wax using a cryostat instrument (Leica,
German, RM2125). The mounted sections were incubated in
cresyl violet for 10 min at 25 °C or anti-ChAT (Abcam, USA,
ab18736) overnight at 4 °C, followed by anti-rabbit biotinylated
secondary antibody (Thermo Fisher Scientific, USA, 31460)
and chromogenic substrate 3,3 ' -diaminobenzidine (Abcam,
USA, ab64238). The sections were then dehydrated through



gradient alcohol (50%, 75%, 95%, and 100%) and cover-
slipped with neutral balsam (Solarbio, China, 96949-21-2),
followed by clearance in xylene. Fully stained samples were
imaged using a Pannoramic MIDI II (3DHISTECH, Hungary)
with 20x objective (numerical aperture, 0.5). Three images per
section were evaluated and quantified using the default
settings in ImageJ (v1.53a, NIH, USA).

Electrophysiology

Long-term potentiation (LTP) was measured, as described
previously (Chen et al., 2017). Mice were deeply anesthetized
with urethane (1.5 g/kg) at onset of delirium-like syndrome
(30 min) and transcardially perfused with artificial cerebral
spinal fluid (ACSF) (in mmol/L: NaCl 124, KCI 2.8,
NaH,PO,.H20 1.25, CaCl, 2.0, MgSO, 1.2, Na-vitamin C 0.4,
NaHCO; 26, Na-lactate 2.0, Na-pyruvate 2.0 and D-glucose
10.0, pH=7.4). The hippocampal slices were then coronally
sectioned (400 pm) with a vibratome (Leica, Germany,
VT1200S) with 95% O, and 5% CO,, and incubated in ACSF
for 2 h to 4 h at 35 °C. A bipolar stimulating electrode was
placed at the Schaffer collaterals of dorsal hippocampus CA3
pyramidal neurons, and a recording pipette filled with ACSF
was placed at the ipsilateral striatum radiatum of the
hippocampal CA1 area. An input-output curve was measured
at different current stimulations (0.05 to 0.4 mA) and test field
excitatory postsynaptic potentials (fFEPSPs) were evoked at a
frequency of 0.05 Hz and stimulus intensity adjusted to around
50% of the maximal response size. After a 30 min stable
baseline, theta burst stimulation (TBS) was given to induce
LTP. TBS consisted of two trains of stimuli (at 20 s intervals),
with each train composed of five bursts (four pulses at 100 Hz
in each burst) at an inter- burst interval of 200 ms. Data
acquisition was performed with PatchMaster (HEKA
Elektronik, Germany, v2.73). The average of the three stimuli
within 1 min was used for statistical analysis.

Statistical analysis

Data are shown as individual values. Statistical analysis was
performed using GraphPad Prism (v8.0 for Windows,
GraphPad Software, USA) and presented as meantstandard
error of the mean (SEM). Statistical methods are described
individually in the figure legends. P-values of less than 0.05

were considered significant.
RESULTS

Neuronal activity reduction in mouse models of delirium
Delirium induces brain network dysfunction (Rapazzini, 2016;
Van Montfort etal., 2019; Young, 2017), which should be
considered when modeling this disorder in mice. Neuronal
activity is indicative of brain network functionality, and Fos is
widely used as a neuronal activity marker following peripheral
stimulation (Bullitt, 1990; Guo et al., 2018; Zhang et al., 2002).
Based on unbiased semiquantitative analysis, we measured
the number of Fos+ neurons in selected brain regions
previously linked with delirium (Dixon etal., 2018; Kawano
etal., 2018; Tsai etal., 2020; Van Montfort etal., 2019;
Young, 2017).

Our results indicated that AS did not reproduce the brain
network dysfunction phenotype observed in delirium.
Compared with the Control and AA groups, AS had no
additional impact on the number of Fos+ neurons across the
brain (Table 1; Figure 1A). In contrast, the number of Fos+
neurons in the lateral orbital cortex (LO), cingulate cortex
(Cg1&Cg2), agranular insular cortex (AlV), hippocampal CA1
region (CA1), and hippocampal CA3 region (CA3) was
significantly lower in mice treated with LPS than in the Sham-
LPS group (Table 1; Figure 1A). Fos+ neurons were also
increased in the central amygdala (CeA), a region responsible
for processing sensory information for emotional integration
and aversive effects (Table 1; Figure 1A). In the Scop-treated
mice, most brain regions examined, including the prefrontal
cortex (PFC), LO, ventral orbital cortex (VO), Cg1&Cg2, AlV,
CA1, and CAS3, exhibited reduced Fos+ neuronal activity,
indicating brain network dysfunction (Table 1; Figure 1A).

The PFC, Cg1&Cg2, hippocampus, and CeA regions are
considered as hub nodes within the brain network associated
with delirium (Dixon et al., 2018; Kaboodvand et al., 2018),
Thus, these regions were selected for further analysis. Within
the hippocampus, excitatory synapses in the CA3 region are
decreased in delirium (Cursano et al., 2021), and thus were
included in the analysis. Consistently, AS did not alter the
number of Fos+ neurons, indicating limited impact on neuronal

Table 1 Semiquantitative analysis of Fos+ neurons in delirium-related brain regions

Region Anesthesia with surgery Lipopolysaccharide Scopolamine
Control AA AS Sham-LPS LPS Sham-Scop Scop
PFC ++ ++/+++ ++/+++ ++/+++ ++ ++/+++ +/++
LO ++/+++ ++/+++ ++/+++ ++/+++ +/++ ++/+++ +
VO +/++/+++ +/++/+++ +/++/+++ ++/+++ ++ ++/+++ +/++
Cg1&Cg2 ++/+++ ++/+++ ++/+++ +++ ++ +++ ++
RSC +++ +++ +++ +++ +++ +++ +++
PtA ++/+++ ++/+++ ++ ++/+++ ++ ++/+++ ++
AlV ++/+++ ++/+++ +/++/+++ +++ +/++ +++ +/++
CeA +/++ ++ ++ +/++ +++ ++ ++
CA1 ++/+ ++/+ ++/+ ++ + ++ +
CA3 ++/+ ++ ++/+ ++ + ++ +
MS ++/+ ++/+ +/++ ++ ++/+ +++/++ +++/++

For each given region, number of Fos+ neurons was assigned on a four-point scale: (0), no Fos+ neuronal nuclei; (+), sparsely distributed Fos+
neuronal nuclei (0-50); (++), intermediate number of Fos+ neuronal nuclei (50-300); (+++), high number of Fos+ neuronal nuclei (300—1 000).
Biological replicates were obtained from three to four mice, and for each mouse, results from three slices were averaged. Brain regions were
labeled according to the Mouse Brain in Stereotaxic Coordinates Atlas (3rd Edition). PFC: Prefrontal cortex; LO: Lateral orbital cortex; VO: Ventral
orbital cortex; Cg1&Cg2: Cingulate cortex (Cg1&Cg2); RSC: Retrosplenial cortex; PtA: Parietal association cortex; AIV: Agranular insular cortex;
CeA: Central amygdala; CA1: Hippocampal CA1 region; CA3: Hippocampal CA3 region; MS: Medial septum.
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Figure 1 Quantification of Fos+ neuronal number in delirium-associated core brain regions

A: Representative heatmaps showing distribution of Fos (+) neurons in three delirium mouse models. Coronal plane shows mapped Fos expression
signal overlaid on a reference atlas (adapted from Allen Mouse Brain Atlas) (Chon etal, 2019; Wang etal.,, 2020). B: Representative
photomicrographs of Fos+ neurons in PFC, Cg1&Cg2, CA3, and CeA after treatments. Scale bars: 200 ym, 100 ym, and 50 ym, as indicated.
C-E: Quantification of Fos+ neuronal number in PFC, Cg1&Cg2, CA3, and CeA after AA or AS treatment for 7.5 h (C), LPS treatment for 3.5 h (D),
and Scop treatment for 2 h (E). P-values were calculated with t-test (LPS and Scop) or one-way analysis of variance (ANOVA) with post-hoc Tukey’
s multiple comparisons test (AA and AS): ns: No significance; ": P<0.05; ": P<0.01. n is shown in the bars. Error bars indicate SEM. PFC: Prefrontal

cortex; Cg1&Cg2: Cingulate cortex; CA3: Hippocampal CA3 region; CeA: Central amygdala.
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activity (Figure 1B, C). In contrast, LPS injection significantly
lowered the number of Fos+ neurons in the CA3 region (LPS:
40 per ym? vs. Sham-LPS: 97 per um?, P=0.032), but induced
a three-fold increase in the CeA (LPS: 37 per ym? vs. Sham-
LPS: 6 per um? P=0.004, Figure 1B, D). No changes were
detected in the PFC or Cg1&Cg2 after LPS treatment
(Figure 1B, D). In comparison, the Scop-injected mice
exhibited a reduction in Fos+ neurons in the PFC (Scop: 50
per ym? vs. Sham-Scop: 149 per ym? P=0.003), Cg1&Cg2
(Scop: 76 per ym? vs. Sham-Scop: 184 per um? P=0.011),
and CA3 (Scop: 27 per um? vs. Sham-Scop: 114 per pm?
P=0.012, Figure 1B, E), indicating significant disruption in
brain network function, mimicking observations in delirium
patients.

Scop caused cognitive dysfunction without impairing
locomotor function

Upon delirium onset after treatment, we assessed attention
disturbance, a typical cognitive impairment in delirium
(Association American Psychiatric, 2013), by detecting
working memory lesions (Field etal., 2012; Murray etal.,
2012; Skelly etal.,, 2019) using the Y-maze spontaneous
alternation test (Figure 2A-D) and spatial memory (Kraeuter
etal, 2019) using the two-trial recognition Y-maze test
(Figure 2E—H).

In the Y-maze spontaneous alternation test, neither the AS
group nor the AA group demonstrated a significant impact on
working memory (Figure 2B). In contrast, the LPS-treated
mice showed signs of working memory inhibition (LPS:
15.24% of alternation vs. Sham-LPS: 58.01%; P=0.004;
Figure 2C). Similarly, the Scop-treated mice showed
significantly impaired working memory (Scop: 22.43% vs.
Sham-Scop: 55.06%, P=0.018; Figure 2D). Therefore, both
LPS and Scop treatment can result in attention disturbance,
mimicking human delirium phenotypes.

All three treatments impaired spatial memory (Figure 2F-H).
While the Control group mice spent 50.4% of their spatial
recognition time in the novel arm, this percentage decreased
to 33.0% in the AA-treated mice (P=0.027) and 33.9% in the
AS-treated mice (P=0.037). However, no differences were
observed between the AA- and AS-treated mice (P=0.987,
Figure 2F), indicating that spatial memory dysfunction was
more likely related to the anesthesia procedure rather than
follow-up surgery. Both the LPS- and Scop-treated mice spent
significantly less time in the novel arm compared to their
respective controls (LPS: P=0.014, Figure 2G; Scop: P=0.031,
Figure 2H), indicating that both treatments caused a
disturbance in awareness.

As the Y-maze is affected by locomotion disability (Prieur &
Jadaviji, 2019), we tested motor behaviors using the open field
(Figure 2I-L) and rotarod treadmill tests (Figure 2M—R). Both
the AS- and LPS-treated mice exhibited reduced locomotor
activities, as evidenced by the reduced ambulatory distances
of travel compared to their controls, which may have
contributed to their Y-maze performances (Figure 2J-K). The
AA- and AS-treated mice exhibited similar reductions in
locomotor activities, again indicating that anesthesia may be
the main factor affecting mouse behavior. However, the Scop-
treated mice were hyperactive, as evidenced by the
significantly prolonged travel distance (Figure 2L). Additional
rotarod treadmill tests were conducted to examine compulsory
motor functions, with no deficits found in any model
(Figure 2M-0). This finding suggests that the decreased or

increased motor activities observed in the open field test may
reflect willingness rather than physical disability. Therefore,
only the cognitive dysfunction observed in the Y-maze test
under Scop treatment cannot be explained.

Cognitive impairments are reversible and associated with
limited neuronal loss

One key feature of delirium is that its symptoms are transient
and reversible, a critical distinction from dementia and other
cognitive declines (Fong etal., 2015). To test whether the
delirium mouse models met this criterion, we examined
working and spatial memory at multiple time points.

Consistent with the clinical presentation of delirium, both
working and spatial memory impairment recovered
spontaneously in all models (Figure 3A-F). When tested 24 h
after the AS procedure (vs. 6 h shown in Figure 2B, F), the
mice showed no significant differences compared to the
controls in Y-maze spontaneous alternation test (Figure 3A)
and two-trial recognition Y-maze test performance (Figure
3D). Similarly, the LPS- and Scop-treated mice also showed
recovery in the same cognitive tests (Figure 3B, C, E, F).

The transient cognitive impairment observed above
indicates that no permeant neuronal loss occurred in the
models. Therefore, we further evaluated the loss of neurons in
delirium-related core brain regions (PFC, Cg1&Cg2, CeA, and
CA3) using Nissl staining. Results showed that none of the
treatments resulted in neuronal loss (Figure 4A-D), consistent
with the spontaneous recovery in mice.

Cholinergic deficiency has long been considered a key
participant in the pathogenesis of delirium, as impaired
neurotransmission of acetylcholine in the brain is associated
with typical changes in attention, cognition, and emotion
among patients with delirium (Hshieh etal., 2008; Ruxton
et al., 2015). As such, we measured the density of cholinergic
neurons in the medial septum (MS), an important node of the
cholinergic network, using ChAT staining. Consistent with total
neuron counting, comparable levels of cholinergic neurons
(ChAT-positive) were found in all mouse models of delirium
(Figure 4E-J). These observations indicate that the reversible
cognitive impairment seen in mice may not be mediated by
direct neuronal loss.

Potential synaptic dysfunction may be responsible for
reversible cognitive impairment

Given the lack of neuronal loss, it is likely that synaptic
function was affected by the various treatments. We purified
the synaptosome-enriched fraction of the hippocampus and
analyzed the subcellular distribution of synaptic proteins by
immunoblotting. Upon the manifestation of delirium-like
behaviors after Scop treatment, the SDS fractions derived
from the synaptosomes exhibited reduced stable anchoring of
NR2A and phosphorylation of CaMKII at position 286 (NR2A:
P=0.017; p-CaMKIl: P=0.023; p-CaMKIl/CaMKIl: P=0.032,
Figure 5C), indicating altered synaptic plasticity. Of note,
synaptic  protein abundance differed between the
synaptosomes and total protein. Both AS and LPS treatment
did not significantly change the abundance of synaptic
proteins in the synaptosomes compared to their respective
controls (Figure 5A, B). However, both treatments significantly
reduced PSD95 abundance in total extracts of the
hippocampus (Supplementary Figure S3). To further confirm
the impacts on synaptic plasticity, we examined the effect of
the Scop-induced model on LTP in CA3-CA1 synapses.
Consistent with the neuroethological phenotypes, Scop-

Zoological Research 44(4): 712-724,2023 717



>

m

<=

Control

~50001

4000

w
=3
=3
=3

Ambulatory distance (cm
2 3
o o
(=] o

o

=)
S

@
S

=3
S

IS
=3

N
S

Percentage of alternation (%)

o -3
=) o

N
o

Relative entry time
(% of total time)

n
=]

AA

© Control

= AA
® AS

o'

o
(=]

Time (min)
ns
| — |
400 -

@ o 5
~ o ns
Q r
£ 300 oo
g ;I; o 0900
200 =
|53
= %00
2
S
e}
o

O Control AA  AS

O

o
=1

IL! s\i 80y —
ns c [e]
ns o o
o 0%o T 60t O7o
c
2 o
© 40 o
e
o
()
(o]
20
[
[
O
o
0 2o
Control AA  AS Sham-LPS LPS

@

=]
(EO
(o]
o

N

N

Percentage of alternation (%)
o

®
o

© O
[e]e]
o

o
o

0Sham-Scop cop

G H
r
— 80 60 N
o . —_—
0] — 3 [0} o 00
ns g GEJ 60 o g g 000 5
1 £ £ o
o o X |3 o el o
oo 3 o
%) 0o o8 pe o
0o 2% 2%
© kS X o ke \°20
© =20 [T
o 14
12 il oL L
Control AA  AS Sham-LPS LPS Sham-Scop Scop
AS Sham-LPS LPS Sham-Scop Scop
K L
75‘5000 [ Sham-LPS | »Sham-Scop
S = LPS S ®Scop
@ 4000 ©4000
o [$]
% c
7 3000 %3000
© °
22000} 22000 |
kS| © T :|
3 =
31000 21000 |
€ ] 3
< L - . < , ; . ;
0 20 40 60 80 % 20 40 60 80
Time (min) Time (min)
N (6)
400 ns 400 —
= 0o > o o
~ o ~
o o o o
£ 300 £ 300
= o k=
c c
O ke] l
$ 200 ® & 200 5
[ o 2 o
° o o
= o
& 100 & 100
o e]
14 14
y 0
Sham-LPS  LPS Sham-Scop Scop

Figure 2 Cognitive and locomotor function tests indicate delirium-like phenotypes

A: Schematic of Y-maze spontaneous alternation test. B-D: Percentage of alternation in Y-maze spontaneous alternation test after AA or AS
treatment for 6 h (B), LPS treatment for 2 h (C), and Scop treatment for 0.5 h (D). E: Schematic of two-trial recognition Y-maze test. F—H: Relative
duration time in novel arm in two-trial recognition test after AA or AS treatment for 6 h (F), LPS treatment for 2 h (G), and Scop treatment for 0.5 h
(H). I: Example of mouse trajectory between 5.5 h and 6.5 h after AA or AS treatment (left), 1.5 and 2.5 h after LPS treatment (middle), and 0 and
1 h after Scop treatment (right). J-L: Ambulatory travel distance in open field test between 5.5 h and 6.5 h after AA or AS treatment (J), 1.5 h and
2.5 h after LPS treatment (K), and 0 and 1 h after Scop treatment (L). For Control, AA, and AS: n=9; For Sham-LPS and LPS: n=8; For Sham-Scop:
n=8. M-0: Latency to fall in rotarod treadmill test after AS and AA treatment for 6 h (M), LPS treatment for 2 h (N), and Scop treatment for 0.5 h (O).
For J-L, P-values were calculated with two-way analysis of variance (ANOVA) for all mouse models. For all other figures, P-values were calculated
with t-test (LPS and Scop) or one-way ANOVA with post-hoc Tukey’s multiple comparisons test (AA and AS): ns: No significance; " P<0.05; ™

P<0.01; ™": P<0.001. n is shown in bars unless otherwise specified. Error bars indicate SEM.
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injected model mice failed to induce LTP at 3—4 h after
treatment and showed improvement at 5-6 h after treatment
(3—4 h: P=0.033; 5-6 h: P=0.807, Figure 5D, E). These results
suggest that Scop induces delirium-like syndrome through
acute effects on synaptic plasticity.

DISCUSSION

The DSM-5 depicts delirium as an evident disturbance in
attention and awareness, associated with cognitive
impairment in memory (Association American Psychiatric,
2013). Modeling delirium in mice still represents a challenge
as the most characteristic symptoms, such as confused
thinking and reduced awareness, cannot be recapitulated. The
current strategy to develop models mimicking delirium
involves introducing susceptible factors observed in patients
into mice. Studies focusing on animal models with specific
etiologies are considered crucial for identifying the biological
factors that play a causal role in surpassing critical thresholds
and triggering delirium (Wilson et al.,, 2020). In the current
study, we found that a single-dose injection of Scop effectively
reproduced the clinical features of delirium, including
reversible memory deficits, disrupted neuronal network,
hyperactivity without motor dysfunction, and synaptic
dysfunction without neuronal loss. This unique combination of
characteristics distinguishes the mice from models of AD and
other cognitive impairments, which is crucial for future studies

on its mechanism of action and therapeutic development. The
other models of delirium induced by AS or bacterial LPS
injection only partially manifested the clinical features of
delirium.

As a functional brain disorder, delirium can result from
coordinated dysfunction of the neural network rather than
discrete pathological lesions. Prior functional magnetic
resonance imaging (fMRI) studies examining the brains of
patients with delirium have revealed complex disruption in the
internal connectivity of the anterior default mode network
(DMN), dysfunction of the saline network (SN), and reduction
in the connectivity of the DMN and SN with key nodes of the
frontoparietal control network (FPCN) (Rapazzini, 2016; Van
Montfort et al., 2019; Young, 2017). Brain regions related to
brain networks include the PFC, LO, and VO within the FPCN
(Dixon etal., 2018), parietal association cortex (PtA),
Cg1&Cg2, and retrosplenial cortex (RSC) within the DMN
region (Ferrier et al., 2020; Kaboodvand et al., 2018; Raichle,
2015), and the AlV within the SN (Tsai et al., 2020). The CA1,
CA3, and CeA regions, which receive dense cholinergic
projections from the MS to aid in the regulation of spatial
memory, anxiety, and emotional memory, are also related to
delirium (Li et al., 2018; Schable et al., 2012). Combining the
features of neurobehavioral syndromes and impaired neural
networks, delirium may result from the disruption of neuronal
activity secondary to systemic disturbances (Greenwood &
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Figure 4 Neuropathological changes in delirium-related brain regions

A: Schematic of ventral brain view and representative photomicrographs of Nissl-staining after different treatments. Distinct regions are depicted in
different colors. Scale bar, 50 ym, as indicated. B-D: Quantifications of Nissl-stained neuron numbers in typical regions after AA or AS treatment for
6 h (B), LPS treatment for 2 h (C), and Scop treatment for 0.5 h (D). E-G: Representative photomicrographs showing anti-ChAT staining after
different treatments. Scale bar: 500 pm and 200 pm, as indicated. H-J: Quantifications of numbers of anti-ChAT-stained neurons in MS. P-values
were calculated with t-test (LPS and Scop) or one-way analysis of variance (ANOVA) with post-hoc Tukey’s multiple comparisons test (AA and AS):
ns: No significance. n is shown in bars. Error bars indicate SEM.

Parasuraman, 2010; Leonard et al., 2015; Maldonado, 2013; neurons, to reduce neuronal activity in brain regions affected
Shafi et al., 2017). Thus, we hypothesized that deliium may by delirium (Tulogdi et al., 2012). In this study, we explored
decrease the expression of c-fos, an indication of fewer Fos+ animal models of delirium from the perspective of neuronal
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Figure 5 Hippocampal synaptic protein expression after treatments and LTP after Scop treatment

A-C: Representative images (top) and quantifications (bottom) showing immunoblot analysis of synaptic proteins a-amino-3-hydroxy-5-methyl-4-
isoxazoleproprionate receptor subunits glutamate receptor 1 (GIuR1), N-methyl-D-aspartate receptor subunit glutamate receptor 1 (NR1), N-methyl-
D-aspartate receptor subunit glutamate receptor 2a (NR2A), N-methyl-D-aspartate receptor subunit glutamate receptor 2b (NR2B), postsynaptic
density-95 (PSD95), calcium-calmodulin (CaM)-dependent protein kinase Il (CaMKIl), p-CaMKIl, synaptophysin (SYP), and synapsin | in
hippocampal synaptosomes of mice after AS treatment for 6 h (A), LPS treatment for 2 h (B), and Scop treatment for 0.5 h (C). D, E: Time course of
normalized f-EPSP slope values (left) and quantifications between 50—-60 min (right) in brain slices at 3—4 h (D) or 5-6 h (E) post Scop treatment. P-
values were calculated with t-test (LPS and Scop) or one-way analysis of variance (ANOVA) with post-hoc Tukey’s multiple comparisons test (AA
and AS): ns: No significance; " P<0.05; ™: P<0.01. n is shown in bars. Error bars indicate SEM.

activity in the brain network, providing insights into integrated
research aimed at examining the neural networks underlying
delirium.

Previous studies have attributed cognitive decline to
hypothermia, postoperative pain, and infection following
surgical procedures (Kawano et al., 2018; Zhang et al., 2016),
with AS thus considered a model for delirium. While aged
mice are more susceptible to surgery and memory decline

(Kawano etal, 2018), we found that AS failed to mediate
working memory deficits in young adult mice, and that spatial
memory impairment was primarily linked to anesthesia.
Anesthesia alone is known to cause cognitive dysfunction, i.e.,
POCD. Delirium post-surgery and POCD are both defined as
perioperative neurocognitive disorders (PND) (Evered &
Silbert, 2018). However, unlike delirium, POCD clinically
manifests as mild cognitive decline in one or more cognitive
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domains (Berger etal., 2018; Daiello etal., 2019; Monk &
Price, 2011), and is generally associated with anesthesia
(Mason et al., 2010). In mice, general anesthesia induced by
sevoflurane and isoflurane is also commonly used to induce
spatial memory dysfunction to mimic POCD (Ge et al., 2021).
Thus, anesthesia-induced memory decline may not be specific
to delirium.

Acute peripheral inflammatory stimulation induces neuronal
activation, proinflammatory cytokine expression, and
inflammatory mediator release (Cerejeira etal, 2014).
Delirium is a common manifestation of multiple organ
dysfunction in the context of systemic challenge by bacterial
endotoxins (Siami et al., 2008). In adult rodents, single-dose
LPS can induce cognitive deficits in Morris water-maze and Y-
maze tests within 48 h (Lee etal., 2008; Richwine etal.,
2009). In our study, we found that LPS treatment also affected
neuronal activities in the AIV, hippocampus, and CeA,
potentially contributing to memory and attention deficits
(Bressler & Menon, 2010; Tsai etal.,, 2020). However,
systemic inflammation also induced severe inactivity in mice,
interfering with the performance of the cognitive and memory
tests. Therefore, drawing conclusive results from the Y-maze
(or other cognitive impairment tests) becomes challenging, as
they heavily rely on the motivation and willingness of mice to
complete the tasks.

Muscarinic cholinergic antagonists, such as Scop, can
uniquely produce hallucinations, forming a subclass of
hallucinogens known as “deliriants” (Lakstygal etal., 2019).
Here, we found that a single dose of Scop (15 mg/kg) induced
reversible cognitive impairment in mice. Notably, Scop
administration reduced neuronal activities in the PFC,
Cg1&Cg2, and AIlV, brain regions highly correlated with
memory and consciousness (Buckner etal.,, 2008; Ferrier
etal., 2020; Oh etal., 2019; Van Montfort etal., 2018). A
medium dosage of Scop (3 mg/kg) has been reported to result
in disruptions in DMN functional connectivity within 30 min
(Shah et al., 2016). Scop intoxication is characterized by a
slowed electroencephalogram (EEG) power spectrum and low
coherence at the alpha and beta frequencies (Sloan et al.,
1992; Thomas etal.,, 2008). In our study, the dose used
induced deficits in specific brain regions, and unlike its
intoxication, the observed phenotypes were reversible and not
dependent on neuronal loss. The latter factor is important as
this model has been suggested as a psychopharmacological
model of AD (Bajo etal., 2015), a disease with significant
neuronal loss and non-reversible memory deficits. The
deliium phenotypes observed in our study were largely
reversible, consistent with clinical findings. However, it is
important to note that delirium also serves as an independent
risk factor for AD (Davis et al.,, 2017), suggesting that even
short-term brain dysfunction may accumulate and contribute to
long-term irreversible brain impairment. It is speculated that
delirium duration elicits neurochemical alterations in the brain,
increasing its vulnerability to stressors that can trigger
dementia (Fong et al., 2020). Furthermore, in contrast to AS
and LPS treatment, Scop caused hyperactivity in mice.
According to the DSM-5, delirium can be divided into several
motor subtypes, e.g., hyperactive, hypoactive, and mixed. Our
findings suggest that Scop may trigger hyperactive delirium-
like phenotypes.

Synaptic pathology likely plays a role in altered connectivity,
although neuronal loss is minimal in most cortical regions of
deliium brains (Sanders, 2013). Our study provided
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preliminary evidence to support that cholinergic synaptic
functions may be responsible for the observed memory
dysfunction. Unlike Scop, neither surgery nor LPS directly
inhibit cholinergic receptor function, but both appear to affect
synaptic functions through an imbalance in cholinergic
receptors (Wang et al., 2022; Zivkovic et al., 2015). We found
that Scop decreased CaMKIl phosphorylation and NR2A
abundance in hippocampal synaptosomes, both of which
participate in LTP. We further found a time-dependent
impairment of LTP with Scop treatment, consistent with the
synaptosome findings. Anesthesia and LPS treatment can
cause a time-dependent decline in PSD95 expression in the
hippocampus (Gao et al., 2021; Khan et al., 2018; Muhammad
etal., 2019). Here, we observed a significant reduction in
PSD95 levels in total protein extracts at 2 h after LPS
treatment, which occurred at a faster rate compared to the
proteasome-mediated pathways (Ehlers, 2003). These
findings suggest that LPS treatment may expedite the PSD95
turnover rate in the hippocampus. Considering the alterations
in synaptic proteins and LTP, postsynaptic membrane
plasticity may play a key role in mediating the behavioral
changes observed in various delirium models.

In conclusion, we compared different models of delirium
using clinically relevant assessments. Our results showed that
Scop injection in mice induced a reversible hyperactive
delirium-like phenotype without causing neuronal loss but
accompanied by changes in neuronal activity. These findings
provide valuable insights for future mechanistic studies of
delirium in animal models and may contribute to the
development of potential therapies for delirium.
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