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a b s t r a c t

Psychosis in Alzheimer’s disease (ADþP) represents a distinct clinical and neurobiological AD phenotype
and is associated with more rapid cognitive decline, higher rates of abnormal behaviors, and increased
caregiver burden compared with AD without psychosis. On a molecular level, ADþP is associated
with greater reductions in the protein kalirin, a guanine exchange factor which has also been linked to
the psychotic disease, schizophrenia. In this study, we sought to determine the molecular and behavioral
consequences of kalirin reduction in APPswe/PSEN1dE9 mice. We evaluated mice with and without
kalirin reduction during tasks measuring psychosis-associated behaviors and spatial memory. We
found that kalirin reduction in APPswe/PSEN1dE9 mice significantly attenuated psychosis-associated
behavior at 12 months of age without changing spatial memory performance. The 12-month-old
APPswe/PSEN1dE9 mice with reduced kalirin levels also had increased levels of the active, phosphory-
lated forms of p21 protein (Cdc42/Rac)eactivated kinases (PAKs), which function in signaling pathways
for maintenance of dendritic spine density, morphology, and function.

Published by Elsevier Inc.
1. Introduction

Psychotic symptoms, delusions and hallucinations, are common
in AD subjects (AD with psychosis, ADþP), cause significant
distress, and show limited response to existing treatments. Ropacki
and Jeste (Ropacki and Jeste, 2005) comprehensively reviewed the
literature on psychosis in AD from 1990 to 2003, identifying 55
studies that comprised 9749 subjects. The median prevalence of
ADþP was 41% (range ¼ 12.2%e74.1%). Consistent with these
observations, we recently estimated the annual incidence of psy-
chosis in AD subjects atw10% (Weamer et al., 2016). Themost rapid
increase in the rates of psychosis in AD is in the transition frommild
cognitive impairment to early and middle stages of disease, with a
plateau in later stages (Lopez et al., 2003; Ropacki and Jeste, 2005;
er, Rm W-1645, 3811 O’Hara
13-2593, USA. Tel.: 412-624-

Inc.
Weamer et al., 2016).When present, psychotic behaviors in AD have
an adverse impact on the patient and family. ADþP is associated
with greater distress for caregivers and higher rates of institution-
alization (Kaufer et al., 1998; Lopez et al., 1999). In addition, psy-
chosis is associated with the presence of additional abnormal
behaviors in AD patients, such as aberrant motor behaviors, agita-
tion, and disinhibition (Vilalta-Franch et al., 2010). Efforts to treat
psychosis in AD with medications developed to treat similar
symptoms in patients without dementia have shown limited
efficacy and effectiveness (Schneider et al., 2006), potentially
because of the lack of biologic specificity. Moreover, these medi-
cations have high toxicity in this age group, with increased risk of
all-cause mortality even after short-term treatment (Huybrechts
et al., 2012; Schneider et al., 2005).

Ultimately, the development of more specific treatments for
ADþP will depend on the identification of biological correlates of
this syndrome, and the development of translational models to
evaluate them. The occurrence of psychosis within individuals
diagnosed with AD is familial (Hollingworth et al., 2007; Sweet
et al., 2002, 2010), with an estimated heritability of 61% (Bacanu
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et al., 2005; Barral et al., 2015), indicating that psychosis in AD has
distinct underlying neurobiology. Kalirin is a Rac1/RhoA guanine
nucleotide exchange factor with critical roles in dendritic spine
maintenance and growth (Rabiner et al., 2005). Kalirin mutations,
gene expression, and protein levels have been associated with risk
for the psychotic disorder schizophrenia (Deo et al., 2011; Hill
et al., 2006; Kushima et al., 2010; Rubio et al., 2012). We, there-
fore, evaluated kalirin protein levels in the cortex of individuals
with ADþP, in comparison to AD subjects without psychotic
symptoms and control subjects without dementia (Murray et al.,
2012). We found significantly decreased levels of the 3 major
kalirin isoforms, kalirin-7, -9, and -12, in patients with AD
compared with control subjects, with further reductions of all 3 in
ADþP relative to AD�P.

The simplest hypothesis arising from the association of
psychosis in AD with reduced kalirin levels is that kalirin reduction
modifies AD pathology so as to drive the psychotic phenotype.
However, interactions between kalirin and amyloid b (Ab) have not,
to our knowledge, been previously explored in an experimental
model. We, therefore, sought to evaluate this hypothesis by
reducing kalirin protein levels in mice transgenic for humanized
APP and PSEN1 (APPswe/PSEN1dE9), each containing causal muta-
tions for AD (Jankowsky et al., 2004). The APPswe/PSEN1dE9model
demonstrates detectable Ab deposits by 4 months of age, with
increasing levels of soluble and insoluble Ab up to at least
12 months of age (Izco et al., 2014; Jankowsky et al., 2004). The
combinedmutations produce Ab1-42 as the predominant Ab species
resulting in an increased ratio of Ab1-42/Ab1-40 compared with mice
transgenic for the APPswe mutation alone (Jankowsky et al., 2004).
Because individuals with ADþP exhibited moderately decreased
levels of kalirin isoforms compared with AD-P and control subjects
(Murray et al., 2012), we chose to compare APPswe/PSEN1dE9 mice
with normal kalirin levels to those that were heterozygous for
kalirin deletion rather than to APPswe/PSEN1dE9 mice completely
lacking kalirin.

How to best evaluate psychosis and related behavioral distur-
bances found in AD subjects in a mouse model is not currently
established. A widely used approach derives from the findings that
subjects with psychosis due to schizophrenia have sensory
impairments, such as reduced habituation and reduced prepulse
inhibition (PPI) of the acoustic startle response (ASR), both of which
are readily assessed in rodent models (Swerdlow and Geyer, 1998).
Other impairments of auditory sensory processing reported in pa-
tients with schizophrenia, such as reduced ability to discriminate
brief gaps in noise, can also be assayed in the rodent (Moyer et al.,
2016). A limited number of studies have evaluated PPI phenotypes
in transgenic mouse models of AD pathology with evidence
supporting the presence of impairments that increase as age and
pathology advance (McCool et al., 2003; Wang et al., 2012). The one
study we identified to evaluate habituation of startle, Wang et al.,
found no effect of genotype on habituation in mice transgenic for
human mutant APPswe and the PSEN1 M146L mutation (Wang
et al., 2012). To our knowledge, gap detection has not been studied.

In contrast to these limited studies of behaviors associated most
directly with psychosis, other behaviors that are frequently co-
morbid with ADþP, such as increases in motor activity and disin-
hibition, have been studied extensively in APP and PSEN1 transgenic
mice. A recent comprehensive review concluded that despite some
conflicting findings, increased hyperactivity in the open field test
(OFT) with agewas themost commonpattern inmice transgenic for
the APPswe mutation, including in APPswe/PSEN1dE9 mice, sug-
gesting a relationship to accumulation of pathology (Lalonde et al.,
2012). APP transgenic mice strains were more variable in demon-
strating decreased, increased, or unchanged anxiety/inhibition
(Lalonde et al., 2012), although several studies have reported
APPswe/PSEN1dE9 mice to evidence disinhibition/reduced anxiety
(Dumont et al., 2004; Lalonde et al., 2005; Reiserer et al., 2007).

We, therefore, first undertook to identify which psychosis-
associated behaviors were present in APPswe/PSEN1dE9 trans-
genic mice utilizing a battery of tests: PPI and habituation of
acoustic startle, gap detection, OFT, and spontaneous alternation.
APPswe/PSEN1dE9 demonstrated reduced habituation to acoustic
startle, increased motor activity, and increased disinhibition in
comparison with wild-type mice. These tests were then combined
in an integrated psychosis-associated behavioral z-score, an ana-
lytic approach developed to improve the sensitivity and reliability
of behavioral measurement in mouse models (Guilloux et al., 2011).
In comparison to APPswe/PSEN1dE9 mice with normal kalirin
levels, APPswe/PSEN1dE9 mice with reduced kalirin levels
demonstrated the rescue of psychosis-associated behavior between
6 and 12 months. Groups did not differ on cognitive behavior
assessed using the radial arm water maze nor on measures of sol-
uble Ab1-42, APP, or tau levels. Of interest, kalirin reduction in the
context of Ab overproduction was associated with increased levels
of phosphorylated PAKs, which function in signaling pathways for
maintaining dendritic spine density, morphology, and function.

2. Material and methods

2.1. Mouse models

Presenilin and amyloid precursor protein transgenic mice
(APPswe/PSEN1dE9): B6.Cg-Tg(APPswe, PSEN1dE9)85Dbo/Mmjax
mice were developed by Dr. David Borchelt, McKnight Brain Insti-
tute, University of Florida (Borchelt et al., 1997; Jankowsky et al.,
2001). These mice contain 2 transgenes each controlled by a
mouse prion promoter and inserted at a single locus between
Arpp21 and Pdcd6ip on chromosome 9. The first transgene contains
cDNA for a chimeric APP inwhich themouse sequence encoding the
Ab domain has been replacedwith the human sequence for 3 amino
acids and with the sequence encoding the human Swedish muta-
tions K595N/M596L. The second transgene contains the cDNA for
human PSEN1 containing the deltaE9mutation, a deletion of exon 9.
Breeding pairs consisting of a APPswe/PSEN1dE9 male and a wild-
type female littermate were ordered from the Mutant Mouse
Regional Resource Center, University of Missouri (Stock # 034832-
JAX). The order was fulfilled by The Jackson Laboratories (JAX, Bar
Harbor, ME, USA) with mice congenic on a C57Bl/6J background
(generation N17). The line was maintained at the University of
Pittsburgh by breeding APPswe/PSEN1dE9 males with wild-type
C57Bl/6J females (littermates or purchased from JAX).

Kalirin underexpressors: The construct for deletion of the KALRN
gene was developed in the laboratory of Dr. Peter Penzes, North-
western University, by replacing exons 27e28 and the intervening
intron with a neo cassette under an independent PGK promoter.
Using this construct, mice deficient in kalirin protein were gener-
ated fromES cells by inGenious Targeting Laboratory (Ronkonkoma,
NY, USA) (Cahill et al., 2009). C57Bl/6NCRmice bearing the targeted
deletion were provided to JAX, where they were rederived on a
C57Bl/6NJ background and shipped to the University of Pittsburgh.
The line was maintained by breeding males heterozygous for the
KALRN deletion to wildtype C57Bl/6J females (JAX).

APPswe/PSEN1dE9 males were mated to KALRNþ/� females,
yielding 4 genotypes: APPswe/PSEN1dE9/KALRNþ/þ (APP/PS1/
KALRN(þ/þ)), APPswe/PSEN1dE9/KALRNþ/� (APP/PS1/KALRN(þ/
�)), KALRNþ/þ (KALRN(þ/þ)), and KALRNþ/� (KALRN(þ/�)). Male
pups produced from the KALRNþ/�, APPswePSEN1dE9 cross were
identified with numbered ear tags and genotyped from tail snips
collected at postnatal day (P)14, and then weaned into social group
housing (2e4 per cage) at P21e23.
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2.2. Behavioral testing

Mice were run through a series of behavioral tests at either 5e6
(6m) or 11e12 months of age (12m). Mice from the younger cohort
were transported to the testing rooms in their home cages and
tested on OFT, spontaneous alternation, and ASR with either noise
PPI (ASR/PPI) or gap PPI (ASR/GAP) over a 2-week period. During
week 1, mice were transported to the testing room for 30 minutes
acclimation on days 1 and 2, OFT on day 3 and spontaneous alter-
nation on day 4. During week 2, mice were acclimated to a different
room for about 2 hours and part of the restraint apparatus from the
startle chamber was placed in the home cage on day 1. Mice were
placed in the startle chambers for 30 minutes on day 2 and then
tested on ASR/PPI and ASR/Gap on days 3 and 4, respectively. Mice
from the older cohort were placed in individual cardboard buckets
and transported to the testing rooms on a cart. This latter group was
exposed to the same series of tests as the younger animals, plus an
additional week of testing on radial arm water maze (RAWM) and
open swim. All equipment except the swimming pools were wiped
clean with quatricide followed by water before exposure to each
animal and after the last animal for the day. All testing was done
with the experimenter blind to genotype.

2.2.1. Open field test (OFT)
Mice were placed in a rectangular arena (43 cm � 43 cm �

30 cm; Med Associates Inc., Fairfax, VT, USA), with a solid floor and
an open top, for 30 minutes. The animals’ horizontal and vertical
movements were monitored with infrared light beams and de-
tectors placed along the sides of the walls of the arena. Movements
in the X-Y plane were tracked by beam breaks 2.5 cm above the
floor. Rearing behavior (vertical counts) was recorded from beam
breaks at 7.5 cm above the floor. Beam interruptions were analyzed
with the aid of Med-Associates proprietary software. The innermost
15 � 15 cm square was defined as the center of the arena for
analysis, whereas the area outside of this innermost square was
defined as the perimeter. The ambient illumination level was
40e45 lux in the center of each chamber. Results are reported for
the first 10 minutes.

2.2.2. Spontaneous alternation
Three arms (40 cm � 4.5 cm � 12 cm) of an 8-arm plexiglass

radial maze were utilized, and ambient light adjusted to 40e45 lux
in each arm. Each mouse was placed at the end of 1 arm and
allowed to freely explore the apparatus with the experimenter out
of sight. Mouse activity was video-recorded through a camera
mounted above the maze. Entries into each arm were hand scored
for 10 minutes beginning from the first entry.

2.2.3. Acoustic startle response (ASR)
ASR testing used a previously described protocol (Moyer et al.,

2016). Mice were placed in holders in ASR chambers (Star-
tleMonitor, Kinder Scientific, Poway, CA, USA) and acclimated to
65-dB background white noise for 5 minutes. Startle-only trials
consisted of short bursts of 75e115 dB white noise. PPI trials con-
sisted of a 40 ms, nonstartling white noise pulse ranging 67e75 dB
(2e10 dB above background noise), followed 100 ms later by a
115-dB startle pulse. Mice were exposed to a series of startle-only
trials, background-only trials, and PPI trials in 10 blocks of 10 tri-
als each, in a pseudorandomized order, with varying intertrial
intervals (Table S1A). Each animal’s startle was measured (in
Newtons) from the peak response in the 60 ms following the onset
of the startle pulse. Blocks of 5 startle-only trials were included at
the beginning (reported as ASR [Pre]) and end (reported as ASR
[Post]) of each session to assess habituation of startle reflex over the
session. Because there were no group differences in ASR (Pre),
habituation of the startle response was represented by the mean
ASR (Post). ASR/Gap was assessed in the same animals on the
following day, using an approach similar to ASR/PPI, but a silent gap
(1e250 ms) embedded in 65-dB background noise 100 ms before
the startle stimulus served as the prepulse (Table S1B).

2.2.4. Radial arm water maze (RAWM)
The RAWM apparatus was custom made of gray plastic with

fixed lanes (Coulbourn Instruments, Whitehall, PA, USA; arm length
455mm, armwidth 75mm, and center diameter 155mm.) The pool
was filled with tap water (20 �C � 1 �C) to a level approximately
7 cm below the walls defining the lanes. The water was made
opaque with white tempera paint to help conceal the submerged
escape platform for hidden platform trials and enhance contrast
with the dark coat color of the mice. Conspicuous visual targets
were placed around the pool and ambient light was 6 lux. Mice
were tested individually, taking turns in groups of 4. Each mouse
had 15 trials/day blocked into sets of 6, 6, and 3, with a minimum
rest of 5minutes between trials and 1 hour between sets. If a mouse
failed to find the escape platform in 60 seconds, the experimenter
guided the mouse to the platform. Once on the platform, each
mouse was allowed to rest for 20 seconds to orient. On day 1,
consecutive trials for each mouse alternated between visible and
hidden platform by attaching or removing a 1-cm thick platform
extensionwith a 10-cm tall black flag attached. On days 2 and 3, the
escape platformwas hidden for all trials. The target armwas varied
for different mice to help reduce olfactory cues. The target armwas
constant for a given mouse on days 1 and 2, and thenmoved 2 arms
away for day 3. Start arms varied randomly. The number of entries
into incorrect arms (errors) was recorded until themouse found the
escape platform, or for 60 seconds, whichever came first, and the
mean number of errors was calculated for blocks of 3 consecutive
trials for each animal. Mice were dried with paper towels and
returned to their transport buckets placed against a heating pad
between trials.

2.2.5. Open swim
To assess the swim speed and visual acuity of the mice, a blue

plastic pool (1-m diameter, 0.75-m height) was partially (w1/3)
filled with water (20 �C � 1 �C) made opaque with white tempera
paint. This gave the mice a uniform horizon around the perimeter
of the pool. The visible escape platform used for RAWMwas placed
in the center of 1 quadrant. Eachmousewas placed into thewater in
the center of 1 of the other quadrants, facing the pool wall. Mice
were allowed to swim until they reached the platform, or for
60 seconds. Each mouse had a total of 15 trials with resting periods
as described for RAWM.

2.3. Protein assays

Mice were weighed and deeply anesthetized with Nembutal
(150 mg/kg) and transcardially perfused with ice-cold normal
saline. Brains were rapidly extracted and bisected. The right cere-
bral cortex was separated from underlying structures and rapidly
frozen.

2.3.1. Western blot
Tissue from the right cerebral cortex was homogenized and

sonicated in ice-cold SDS extraction buffer (0.125-M Tris-HCl [pH 7],
2% SDS, and 10% glycerol), followed by centrifugation at 16,100g for
10 minutes. Total protein was extracted using SDS extraction buffer
at 70 �C. Protein concentration was estimated using a bicinchoninic
acid assay (BCA Protein Assay Pierce # 23,225). Genotype groups
were run together and each sample assayed in duplicate. The final
protein concentration utilized for each sample was estimated from



Table 1
Behavioral parameters included in summary psychosis-associated behavior z-score

Psychosis-associated
behavior

Test Parameter Abnormal
direction

Aberrant motor behavior OFT Total distance Higher
Aberrant motor behavior OFT Perimeter vertical

counts
Higher

Aberrant motor behavior Spontaneous
Alternation

Number of arm entries Higher

Disinhibition OFT % Distance in center Higher
Habituation of startle ASR ASR (Post) Higher
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the mean of the duplicates. For SDS-PAGE, sets of 4 mice (1 of each
genotype) were run together, with 2 lanes per mouse. Protein
(12.5 mg) was aliquoted in 1� LI-COR Protein Loading Buffer (Li-Cor
#928-40004, Licor Inc., Lincoln, NE, USA), loaded on 4%e20% SDS-
PAGE gradient gels (Thermo Scientific #26224, Thermo Scientific,
Rockford, IL, USA), and separated for 1.5e2.5 hours at room tem-
perature in 1� SDS running buffer (Pierce 20X Tris Hepes SDS Buffer
#28368) at 75 V. Samples were then transferred to polyvinylidene
fluoride membranes (Millipore Immobilon-FL PVDF #PFL00010) in
1� Tris Glycine Blotting Buffer (Pierce #28363) at 85 V, for 50 mi-
nutes at 4 �C.

Membranes were incubated for 1 hour in Odyssey Li-Cor
Blocking Buffer (Li-Cor #927-4000) diluted 1:1 in 1� TBS. The
membrane was incubated overnight in primary antibodies
directed against the spectrin domain of kalirin (rabbit anti-kalirin
spectrin, Millipore #07-122, 1:500); Ab/APP (mouse anti-Ab 1-16,
Clone 6E10, BioLegend #803001, 1:1000); total tau (mouse anti-
tau, clone tau-5, a.a. 210-241, Millipore #MAB361, 1:2000);
PAK1/2/3 (rabbit anti-PAK 1/2/3, Cell Signaling Technologies
#2604, 1:500), or phospho-PAK (rabbit anti-phospho-PAK1
(Thr423)/PAK2 (Thr402)/PAK3 (Thr421), Cell Signaling Technolo-
gies #2601, 1:1000). Each of these antibodies was paired with an
anti-b-tubulin primary antibody (1:60,000) as a loading control
(either Millipore #05-661, raised in mouse, or Abcam #ab6046,
raised in rabbit). Antibodies were diluted in Pierce SuperBlock
blocking buffer (Pierce #37353) with 0.1% Tween 20 (Sigma
#P7949, Sigma-Aldrich, St. Louis, MO, USA). Membranes were then
incubated in LiCor IRDye secondary antibodies (Li-Cor: goat anti-
rabbit 800 nm #926-32211; goat anti-mouse 680 nm #926-
68020) 1:10,000 in Odyssey Li-Cor Blocking Buffer (Li-Cor #927-
4000) diluted 1:1 with TBS (0.1% Tween 20 þ 0.02% SDS). Blots
were dried and scanned, and bands were detected using a Li-Cor
Odyssey Infrared Scanner set at a resolution of 42 mm and the
highest image quality. Images were quantified using MCID Core
Version 7.0 (InterFocus Imaging Ltd., Linton, Cambridge, UK). The
peak for each of the 4 isoforms of kalirin and b-tubulin on the
output histograms were independently aligned to a single point on
the distance axis for all lanes from all blots. The integrated in-
tensity (mean intensity � number of pixels) was acquired for each
protein.

2.3.2. ELISA
Tissue from the right cerebral cortex was homogenized on ice in

phosphate-buffered saline (300 mg/mL) and rehomogenized
(150 mg/mL) in DEA homogenization buffer (0.2% DEA, 100-mM
NaCl, and 10 mL/mL) with Sigma P8340 protease inhibitor cocktail
(Sigma-Aldrich, St. Louis, MO, USA). Ab1-42 peptide concentration
was quantified in diethylamine (DEA)-soluble Ab fractions as
described previously (Ikonomovic et al., 2008). The DEA-soluble
fraction was prepared by centrifuging the homogenate aliquot at
135,000g at 4 �C for 1 hour and neutralizing the supernatant with
0.5-M Tris-Cl. The pellet was saved for preparing the insoluble
fraction. The pellet was resuspended in phosphate-buffered saline
and 10 mL/mL Sigma P8340 protease inhibitor cocktail (300mg/mL),
sonicated in 70% formic acid for 1 minute on ice to produce the
insoluble Ab fraction which was then centrifuged at 135,000g at
4 �C for 1 hour, and the supernatant was neutralized with 1-M tris
base and 0.5-M Na2HPO4. Soluble and insoluble Ab concentrations
were assayed using a colorimetric TMB-based ELISA (Invitrogen,
Carlsbad, CA, USA) read at 450 nm, with a capture antibody specific
for the NH2 terminus of human Ab (amino acids 1e16) and detec-
tion antibodies specific for the neoepitope at the 42-amino acid end
of Ab. Values were determined from standard curves using syn-
thetic Ab peptide (Invitrogen, Carlsbad, CA, USA) and are expressed
as picomoles per gram wet brain tissue.
2.4. Dissociated neuron cultures

P0 KALRN(þ/þ) versus KALRN(þ/�) mice were sacrificed by
rapid decapitation after induced hypothermia. Dissociated cortical
neurons from mice were plated onto 18-mm diameter coverslips
coated with human laminin overlying a poly-D-lysine layer (neu-
Vitro, Vancouver, WA, USA) at a density of 1.5 million neurons per
coverslip using plating media containing 10% donor horse serum
(Invitrogen, Carlsbad, CA, USA) in 12-well culture plates. After
3 hours, cultures weremaintained in Neurobasal media (Invitrogen,
Carlsbad, CA, USA) with B27 supplement (Gibco, Grand Island, NY,
USA) for 25 days. On DIV-21, an equal number of culture wells from
each mouse pup were exposed to Ab1-42 peptide (rPeptide, Bogart,
GA, USA), which was solubilized in dimethyl sulfoxide with F12
media (Caisson Laboratories, Smithfield, UT, USA), incubated for
24 hours at 4 �C, and used at a final concentration of 1-mM Ab1-42
per well or an equivalent amount of dimethyl sulfoxide/F12 vehicle.
We (unpublished data), and others (Laurén et al., 2009; Nicoll et al.,
2013) have shown that this yields soluble oligomeric Ab1-42. After
48 hours, neurons were re-exposed to the same concentration of
Ab1-42 solution or an equivalent amount of vehicle solution for an
additional 48 hours. We have found that this exposure regimen
causes reductions in dendritic spine and synapse numbers, and LTP
impairments in cultures from wild-type mice (unpublished data).
Coverslips were then washed once in 1000-mL Hank’s Balanced Salt
Solution (HBSS; Gibco, Grand Island, NY, USA) and neurons were
scraped into 150-mL ice-cold radioimmunoprecipitation assay
(RIPA) buffer (Thermo Scientific, Rockford, IL, USA) with protease
and phosphatase inhibitors. Each sample consisted of an equal
volume of protein homogenate from 2 separate mouse pups of the
same genotype and exposure conditions. Samples were centrifuged
at 17,000g for 10 minutes, and protein concentrationwas estimated
in duplicate using bicinchoninic acid assay (Thermo Scientific,
Rockford, IL, USA). Samples were prepared for Western blot as
described in Section 2.3.1.

2.5. Statistical analysis

Data were analyzed with SPSS using ANOVA. Fixed effects of
genotype and, as appropriate, age and genotype by age interaction
were tested.

Z-scores for psychosis-associated behavior were modeled after
emotionality Z-scores developed to synthesize a single measure
from multiple convergent and complementary behavioral assays
(Guilloux et al., 2011). For each of the included behaviors, we
calculated themean and standard deviation (SD) of the KALRN(þ/þ)
mice for the 6 months age group. The difference between each in-
dividual’s score and the KALRN(þ/þ) mean for the 6 months age
group was calculated and divided by the 6 months KALRN(þ/þ) SD.
Thedirection of the testswas adjusted so that higher scores reflected
greater psychosis-associated behavior (Table 1), and themean of the
standardized scores was then calculated for each animal.
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3. Results

3.1. Behavior

3.1.1. Psychosis-associated behaviors
Separate cohorts ofmicewereused forbehavioral assessment at 6

and12months. Significant effects of genotypewere seen formultiple
measures of motor hyperactivity, including OFT total distance, OFT
perimeter vertical counts, spontaneous alternation number of arm
entries, and ASR (post) (Fig. 1). OFT perimeter vertical counts also
demonstrated a significant age � genotype interaction, as counts
increased with age in APP/PS1/KALRN(þ/þ) mice while declining in
KALRN(þ/þ), although these changes were not independently sig-
nificant. Spontaneous alternation percent correct, which could be
seen as a measure of apathetic or perseverative behavior (Lalonde
et al., 2012), did not differ between APP/PS1/KALRN(þ/þ) and
KALRN(þ/þ) mice (data not shown).

A significant age � genotype interaction was also seen for a
measure of anxiety/inhibition, the percent of total distance in the
center of the open field (Fig. 1B). On this measure, increasing age
was associated with decreasing percent total distance in the center
in KALRN(þ/þ) mice, reflecting increasing anxiety/inhibition,
whereas the opposite pattern was present in APP/PS1/KALRN(þ/þ)
mice, resulting in a significant age � genotype interaction.

Tests of sensory function revealed a significant difference be-
tween APP/PS1/KALRN(þ/þ) and KALRN(þ/þ) mice only for the
ASR (post) (Fig. 1F). This impairment was present despite no asso-
ciations of genotype, or of the age � genotype interaction with ASR
magnitude, PPI, or gap detection.

We then combined those measures showing significant genotype
(APP/PS1/KALRN(þ/þ) vs. KALRN(þ/þ)) or age � genotype effects
(Fig. 1J, tasks in boldface print) into a summary score of psychosis-
associated behavior (Table 1), and evaluated whether kalirin
reduction in APP/PS1/KALRN(þ/þ) mice impacted this score with
age (Fig. 2A). Although there were no significant effects of age or ge-
notype in this comparison, there was a significant age � genotype
interaction. While APP/PS1/KALRN(þ/�) and APP/PS1/KALRN(þ/þ)
groups did not differ at 6months, at 12months APP/PS1/KALRN(þ/�)
mice had a significant reduction in summary score (Mean [SD]; APP/
PS1/KALRN(þ/þ): 1.762 (0.81); APP/PS1/KALRN(þ/�): 0.74 (0.56);
F(1,12) ¼ 7.514, p ¼ 0.018). Nevertheless, the summary score remained
significantly elevated relative to KALRN(þ/þ) at both ages in APP/PS1
micewith andwithout kalirin reduction. In contrast, summary scores
inKALRN(þ/�)micedidnotdiffer fromKALRN(þ/þ) at eitherage, and
there was no significant age � genotype interaction (Supplemental
Fig. 1).

We then directly compared the Z-scores of the APP/PS1/
KALRN(þ/þ) and APP/PS1/KALRN(þ/�) groups in the individual
tests that comprise the summary score (Fig. 2BeF). Among these
individual tests, a genotype effect was significant only for OFT
perimeter vertical counts (Fig. 2D). A trend toward significance was
found in the interaction between age and genotype for OFT total
distance (Fig 2B) and for OFT perimeter vertical counts (Fig 2D).

3.1.2. Cognitive behavior
We sought to determine whether the improvement

in psychosis-associated behaviors at 12 months in APP/PS1/
KALRN(þ/�) versus APP/PS1/KALRN(þ/þ) mice was reflective of a
generalized improvement in brain function. We, therefore, evalu-
ated 12-month-old mice on the RAWM task (Fig. 3). Repeated
measures ANOVA for blocks 1e10 (the first 2 days of training)
revealed a significant genotype � block interaction (p ¼ 0.024). The
APP/PS1/KALRN(þ/þ) mutants made more errors than both
KALRN(þ/þ) and KALRN(þ/�) mice (Fig. 3B, p ¼ 0.014 and p ¼
0.020, respectively, Dunnett’s 2-sided post hoc). APP/PS1/
KALRN(þ/�) mice did not differ from APP/PS1/KALRN(þ/þ) mice
(p ¼ 0.259, Dunnett’s 2-sided post hoc).

When the escape platformwasmoved to a new location on day 3,
we noted qualitatively that the mice which performed best on day
2 made the most perseverative errors, repeatedly entering the
arm that held the escape platform on days 1 and 2. However,
KALRN(þ/þ) and KALRN(þ/�) mutants learned the new platform
location readily andwere typicallymaking 0e1 errors by block 15. In
contrast, the APP/PS1/KALRN(þ/þ) and APP/PS1/KALRN(þ/�)
mutants showed little improvement in the ability to find the
platform in its new location. By block 15, APP/PS1/KALRN(þ/þ) and
APP/PS1/KALRN(þ/�) mice did not differ from each other and still
made significantlymore errors than KALRN(þ/þ)mice (Fig. 3C, APP/
PS1/KALRN(þ/þ) and APP/PS1/KALRN(þ/�) versus KALRN(þ/þ),
p¼ 0.022 and 0.002, respectively, Dunnett’s 2-sided post hoc). These
impairments in APP/PS1/KALRN(þ/þ) and APP/PS1/KALRN(þ/�)
micewere not due to genotype differences in swimmingor vision, as
there were no differences among genotypes in the time to find the
visible escape platform in the open swim test (data not shown).

3.2. Protein measures

3.2.1. Kalirin, Ab, and tau
Reductions ofw40% of all 4 of the major isoforms of kalirinwere

present in KALRN(þ/�) and APP/PS1/KALRN(þ/�) mice relative to
KALRN(þ/þ) and APP/PS1/KALRN(þ/þ) mice at 6 and 12 months
(Fig. 4AeC). Kalirin levels were not altered by the presence of
the APPswe/PSEN1dE9 transgenes, as APP/PS1/KALRN(þ/þ) mice
did not differ from KALRN(þ/þ), and APP/PS1/KALRN(þ/�) mice
were not different from KALRN(þ/�) mice at either age. Conversely,
kalirin reduction was not associated with any significant change
in levels of APP, soluble, or insoluble Ab1-42 (Fig. 4DeG). Reductions
in total tau levels in APP transgenic mice have been reported to
protect against elevations in psychosis-associated behaviors and
impairments in cognitive behaviors (Roberson et al., 2007). Total
tau in mice 12 months of age was unaltered by kalirin reduction
(Fig. 4H and I). Consistent with the lack of difference between APP/
PS1/KALRN(þ/�) and APP/PS1/KALRN(þ/þ) mice on measures of
APP, Ab1-42, and tau, mortality was not different between these 2
genotypes, although both had increased mortality rates in com-
parison to KALRN(þ/þ) mice (Supplemental Fig. 2).

3.2.2. PAK
Activated type I PAKs (PAK1, PAK2, and PAK3) signal down-

stream of kalirin and have been reported to be reduced in AD, in
APPswe transgenic mice, and to contribute to cognitive impair-
ments (Zhao et al., 2006). Although all 4 kalirin isoforms can acti-
vate type I PAKs via Rac1 (Ha et al., 2015), kalirin-9, and kalirin-12
also activate RhoA which can antagonize Rac1 activity (Nakamura,
2013). In addition, multiple pathways other than kalirin signaling
via Rac1 can activate type I PAKs (Bokoch, 2003), some of which
might undergo compensatory alterations in the context of reduced
kalirin. Thus, the net effect of genetic reductions in kalirin on PAK
activation is difficult to predict and has not been previously
examined, either in isolation or in the presence of Ab. To measure
phospho-PAK (p-PAK) levels, we used a phospho-specific antibody
which recognizes PAK1, PAK2, and PAK3 only when phosphorylated
at residues implicated in engagement of kinase activity, Thr423,
Thr402, and Thr421, respectively (Fig. 5C). We then normalized
these p-PAK levels to total PAK levels (reported as p-PAK: Total
PAK), using an antibody which recognizes total levels of PAK 1, 2,
and 3 (Fig. 5A and B). We found that the total levels of type I PAK
were unaltered, but p-PAK levels were significantly increased in
cerebral cortex homogenates of APP/PS1/KALRN(þ/�) mice
comparedwith KALRN(þ/þ) mice (Fig. 5D, p¼ 0.04, Tukey’s test). In
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Fig. 1. OFT, spontaneous alternation, ASR, habituation of ASR, PPI, and gap detection in 6-month (6m) and 12-month (12m) APP/PS1/KALRN(þ/þ) and KALRN(þ/þ) mice. APP/PS1/
KALRN(þ/þ) mice exhibit greater psychosis-associated behavior compared with KALRN(þ/þ) at both 6m and 12m of age as measured by total distance (A) and perimeter vertical
counts (C) in OFT, number of arm entries in spontaneous alternation (D), and ASR (post) (F). Psychosis-associated behavior was exacerbated at 12m as compared with 6m in APP/PS1/
KALRN(þ/þ) mice as measured by percent distance in center (B) and perimeter vertical counts (C) in OFT. There were no significant differences between genotypes or age groups in
the ASR (pre) (E), ASR (G), or PPI of the ASR with white noise (H) or silent gap (I). ANOVA results for the contrasts of age, genotype, and age � genotype are included in the table
below; significant results are in boldface (J). The number of mice (n) for each genotype and age is as follows KALRN(þ/þ): 6m n ¼ 16 and 12m n ¼ 17; APP/PS1/KALRN(þ/þ): 6m n ¼
11 (for all panels except A, B, and C; n ¼ 12) and 12m n ¼ 7. Error bars represent standard error of the mean (SEM).
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contrast to our findings in cortical homogenates, in dissociated
primary cortical neuron cultures from KALRN(þ/�) mice, exposure
to oligomeric Ab did not increase p-PAK in comparison with either
oligomeric Ab- or vehicle-exposed cultures from KALRN(þ/þ) mice
(Fig 5E and F). However, p-PAK levels were increased in vehicle-
exposed cultures from KALRN(þ/�) mice relative to KALRN(þ/þ)
mice (Fig. 5E, p ¼ 0.045, Fisher’s test).
4. Discussion

Weundertook, inAPPswe/PSEN1dE9 transgenicmice, todetermine
whether the reductions in kalirin levelswe had observed previously in
ADþP subjects in comparison with AD subjects (Murray et al., 2012)
might modify the expression of psychosis-associated behaviors. To
accomplish this goal, we first sought to identify which among a set of
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Fig. 2. Kalirin reduction attenuates psychosis-associated behavior in 12-month (12m) APP/PS1/KALRN(þ/þ) mice. Analysis of mean Z-scores generated from APP/PS1/KALRN(þ/þ)
and APP/PS1/KALRN(þ/�) mice reveals a significant reduction in psychosis-associated behavior in 12m APP/PS1/KALRN(þ/�) mice when compared with 12m APP/PS1/KALRN(þ/þ)
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psychosis-associated behaviors were present in this model during the
time frame in which progressive pathology develops and cognitive
functions are impaired. We found significant increases in aberrant
motor behavior and disinhibition, and reduced habituation of ASRs, in
6e12-month-old APPswe/PSEN1dE9 mice. We combined these mea-
sures into a summary score of psychosis-associated behavior. This
approach has been shown to enhance the power to detect changes in
behaviorally complex neuropsychiatric phenotypes as the converging
results from multiple, complementary tests reduces variability of the
summarymeasure relative to individual tests (Guillouxet al., 2011).We
then evaluated the effect of kalirin reduction in APPswe/PSEN1dE9
transgenic mice on the summary measure of psychosis-associated
behavior and found a significant genotype � age interaction.
APPswe/PSEN1dE9 transgenic micewith 2 kalirin alleles did not differ
in psychosis-associated behavior from APPswe/PSEN1dE9 transgenic
mice with only 1 kalirin allele at 6 months, but by 12 months the
APPswe/PSEN1dE9 mice with reduced kalirin also had a significant
reduction in psychosis-associated behavior. Finally, we found that the
behavioral rescue at 12 months was not due to the effects of kalirin
reduction on overproduction of human APP or Ab1-42, or to altered
levels of tau. However, kalirin reduction in APPswe/PSEN1dE9 trans-
genicmice led to an increase inp-PAK1/2/3, afindingnot recapitulated
by short-term exposure to soluble oligomeric Ab in vitro.
Several caveats deserve discussion. We chose to combine into
the summary score only those behaviors, from among the a priori
list of possible psychosis-related behaviors we assessed, that had
evidence of disruption in APPswe/PSEN1dE9 transgenic mice.
This may have potentially biased us toward detecting lower
levels of these behaviors in APP/PS1/KALRN(þ/�) mice, via a
regression toward the mean. However, such an effect would not
readily explain the age-dependent pattern we observed, in which
APP/PS1/KALRN(þ/�) mice had levels of psychosis-associated
behavior similar to the levels observed in APP/PS1/KALRN(þ/þ)
mice at 6 months, but significantly lower than in APP/PS1/
KALRN(þ/þ) mice at 12 months. In addition, we tested separate 6-
month and 12-month cohorts of mice. We were able to exclude a
possible source of bias, differential survival of APP/PS1/KALRN(þ/�)
and APP/PS1/KALRN(þ/þ) mice. Nevertheless, it is possible that the
behavioral improvements we observed reflect some other unmea-
sured factor related to group membership. Firmly concluding that
kalirin reduction protects against progressive worsening of
psychosis-associated behaviors in APPswe/PSEN1dE9 transgenic
mice will require longitudinal testing of individual animals.

Another important caveat is that Ab overproducing mice used in
the present study have relatively limited p-Tau pathology (Kempf
et al., 2016; Roberson et al., 2007). Despite the lack of p-Tau
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accumulation in these models, reduction of total tau protects
against hyperactive behavior (Roberson et al., 2007). Although such
a mechanism did not explain the improved behavior in our APP/
PS1/KALRN(þ/�) mice, ADþP is associated with increased p-Tau,
but not total tau, in comparisonwith AD subjects without psychosis
(Farber et al., 2000; Koppel et al., 2014a; Mukaetova-Ladinska et al.,
1995; Murray et al., 2014a). One alternative is a mouse model
containing a tau mutation, P301L, associated with frontotemporal
dementia. These mice have elevated p-Tau, and have recently been
shown to have deficits in PPI that correlate with insoluble p-Tau
levels (Koppel et al., 2014b). So called “triple transgenic” mouse
models that in addition to APP and PSEN1 mutations contain the
P301L mutation may thus represent a compelling model for future
tests of the effects of kalirin reduction.

In contrast to the protection against progressive increases in
psychosis-associated behaviors seen when kalirin was reduced in
APPswe/PSEN1dE9 mice, kalirin reduction was not associated with
reduction in psychosis-associated behaviors in mice lacking the
APPswe/PSEN1dE9 transgenes. Thus, our data suggest the mecha-
nism of rescue was not via a simple additive genetic effect, but
instead that kalirin reduction modified the effects of the APPswe/
PSEN1dE9 mutations on psychosis-associated behaviors. It has
previously been shown that Rac1, a primary target of kalirin, targets
the promoter region of native App, increasing transcription, and
Rac1 inhibition or knockdown reduces transcription (Wang et al.,
2009). Such an effect on mouse App could theoretically lower
total APP (and subsequently Ab levels) in our APP/PS1/KALRN(þ/�)
mice. Mouse Ab is deposited in plaques in APPswe/PSEN1dE9
transgenicmice (van Groen et al., 2006). However, themagnitude of
such an effect is anticipated to be small. For example, in 24-month-
old transgenic mice that overexpress the London mutation of hu-
man APP, mouse Ab1-40 deposits were less than 1/50th of the
amount of human Ab1-40 deposits and mouse Ab1-42 deposits were
less than 1/10th of the corresponding amount of human Ab1-42
deposited (Pype et al., 2003). Further, it is unclear how such an
effect could lead to lowermean z-score in the APP/PS1/KALRN(þ/�)
mice between 6 months and 12 months of age, especially since
during that time frame we observed a 4e5 fold increase in soluble
and insoluble human Ab1-42 in APP/PS1/KALRN(þ/�) mice. Thus, it
seems reasonable to conclude that the observed behavioral rescue
did not result from the prevention of the acceleration of Ab accu-
mulation present during this age range.

Alzheimer’s disease subjects with psychosis have greater and
more rapid cognitive deterioration than Alzheimer’s disease sub-
jects without psychosis (Murray et al., 2014b). However, the im-
pairments in the psychotic subjects are largely limited to
neocortical-dependent functions and separate from hippocampal-
dependent cognitive functions, such as learning and memory,
which are equally impaired in both groups (Koppel et al., 2012,
2014c; Paulsen et al., 2000; Perez-Madrinan et al., 2004). Like
humans, APPswe/PSEN1dE9 transgenic mice accumulate Ab in both
hippocampus and cerebral cortex. Our observation that kalirin
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Fig. 4. Levels of kalirin, APP, soluble, and insoluble Ab1-42, and tau in APP/PS1/KALRN(þ/þ) and APP/PS1/KALRN(þ/�) mice. Representative Western blot of kalirin levels in
KALRN(þ/þ), APP/PS1/KALRN(þ/þ), APP/PS1/KALRN(þ/�), and KALRN(þ/�) mice (A). Bands represent 4 different kalirin isoforms, each of which was quantified by optical
densitometry, normalized to beta-tubulin intensity as a loading control, and expressed as percent of KALRN(þ/þ) levels. Levels of all isoforms of kalirin were reduced in both 6-
month (6m) and 12-month (12m) APP/PS1/KALRN(þ/�) and KALRN(þ/�) mice when compared with KALRN(þ/þ) and APP/PS1/KALRN(þ/þ) mice. There was no difference in
kalirin levels between APP/PS1/KALRN(þ/þ) and KALRN(þ/þ) mice at either age or for any kalirin isoform (B, C). The n for each genotype is as follows: KALRN(þ/þ): 6m n ¼ 8 and
12m n ¼ 16; APP/PS1/KALRN(þ/þ): 6m n ¼ 8 and 12m n ¼ 7; APP/PS1/KALRN(þ/�): 6m n ¼ 8 and 12m n ¼ 7; and KALRN(þ/�): 6m n ¼ 8 and 12m n ¼ 10. Representative Western
blot of APP in APP/PS1/KALRN(þ/þ) and APP/PS1/KALRN(þ/�) mice (D). APP/PS1/KALRN(þ/�) mice did not differ from APP/PS1/KALRN(þ/þ) mice in levels of APP at either age after
normalizing within age groups to percent of APP/PS1/KALRN(þ/þ). The n for each genotype is as follows: 6m n ¼ 8 per genotype; 12m n ¼ 7 per genotype (E). Levels of soluble (F)
and insoluble (G) Ab1-42 increased from 6m to 12m for both APP/PS1/KALRN(þ/þ) (n ¼ 6 and n ¼ 7, respectively) and APP/PS1/KALRN(þ/�) (n ¼ 4 and n ¼ 7, respectively) mice,
whereas levels were not significantly different between genotypes at either time point. Representative Western blots of total tau and beta-tubulin (H). Total tau protein levels were
unchanged across all 4 genotypes at 12 months of age (I). The n for each genotype is as follows: KALRN(þ/þ) n ¼ 9, APP/PS1/KALRN(þ/þ) n ¼ 7, APP/PS1/KALRN(þ/�) n ¼ 7, and
KALRN(þ/�) n ¼ 9. Error bars represent SEM.
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reduction led to an improvement in psychosis-associated behaviors
without a concomitant improvement in the hippocampal-
dependent RAWM would be consistent with the observations
dissociating these functions in human subjects with Alzheimer’s
disease and psychosis. It is also consistent with prior observations
of the effects of kalirin knockout, which leads to reductions in
dendritic spine density and Rac1 activation in cerebral cortex, but
not in hippocampus, presumably due to the compensation in
hippocampus by other guanine nucleotide exchange factors (Cahill
et al., 2009).

If not a result of improved hippocampal function, it is worth
considering whether the behavioral improvements in APP/PS1/
KALRN(þ/�) mice might reflect the effects of kalirin reduction in
cerebral cortex or elsewhere in the brain. We found increased levels
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Fig. 5. p-PAK levels in KALRN(þ/þ) and KALRN(þ/�) mice. Representative Western blot of total and phosphorylated type I PAKs (p-PAK) in KALRN(þ/þ), APP/PS1/KALRN(þ/þ), APP/
PS1/KALRN(þ/�), and KALRN(þ/�) mice (A, C). Multiple p-PAK bands represent p-PAK 1/3 (upper band) and p-PAK 2 (lower band). Kalirin reduction in the context of Ab over-
expression is associated with a significant increase in p-PAK compared with KALRN(þ/þ), but no change in total PAK levels (B, D). The n for each genotype in AeD is as follows:
KALRN(þ/þ) n ¼ 9, APP/PS1/KALRN(þ/þ) n ¼ 7, APP/PS1/KALRN(þ/�) n ¼ 7, and KALRN(þ/�) n ¼ 9. Representative Western blot of p-PAK levels in primary neuronal culture from
KALRN(þ/þ) and KALRN(þ/�) mice, after exposure to Ab1-42 or vehicle (E). p-PAK levels were increased in KALRN(þ/�) mice (F). The n for each group is as follows: KALRN(þ/
þ)/vehicle, n ¼ 4, KALRN(þ/þ)/Ab1-42 n ¼ 4, KALRN(þ/�)/Vehicle n ¼ 4, and KALRN(þ/�)/Ab1-42 n ¼ 6. Error bars represent SEM.

J.M. Krivinko et al. / Neurobiology of Aging 54 (2017) 59e7068
of activated type-1 PAKs in cerebral cortex in APP/PS1/KALRN(þ/�)
mice. However, our composite measure of psychosis-associated
behaviors comprised a number of functionsdincreased motor ac-
tivity, stereotypes, and startle habituation that depend on brainstem
structures. Another APPswe/PSEN1dE9 transgenic mouse line has
been shown to develop monoaminergic axonopathy, without cell
loss, between 4 and 12months of age, but in that studymice still had
locomotor activity at 12 months (Liu et al., 2008). Thus, it seems
unlikely that monoaminergic axon die-back accounts for the dis-
turbances in activity we observed. In contrast, combined knockout
of Pak1 and Pak3 has been shown to result in abnormal dendritic
spinemorphology in the cerebral cortex and hippocampus, reduced
numbers, but enhanced potency, of the remaining synapses, and
motor hyperactivity in the OFT (Huang et al., 2011). More recently, it
has been demonstrated that forebrain pyramidal neuron selective
deletion of ArpC3, a subunit of the Arp 2/3 complex that regulates
dendritic spine actin (and is itself a downstream target of PAK
signaling (Vadlamudi et al., 2004)), is sufficient to induce abnormal
motor behaviors and impairments of PPI (Kim et al., 2013).

Wenote that ourfindings of elevated cortical p-PAK levels inAPP/
PS1/KALRN(þ/�) mice were not recapitulated after short-term
exposure to Ab in an in vitro model system. It is not established
how to bestmimic the sustained Ab exposurewhich occurs over the
course AD in an in vitro setting. The chronicity of Ab depositionmay
be particularly relevant for studying Ab’s effects on p-PAK levels,
since previous studies have indicated that levels of p-PAKs in human
subjects is dependent on Braak stage (Nguyen et al., 2008). However,
the discrepancy between the in vivo and in vitro findings could also
indicate that the increases we observed in vivo result from the
interaction between kalirin reduction and the effects of the muta-
tions in APP and PSEN1 that are not related to Ab accumulation.

Further studies will be required to determine whether p-PAK
levels may be modifying psychosis-associated behavior in APP/PS1/
KALRN(þ/�) mice, and whether these changes in p-PAK levels are
dependent on PAK’s role in influencing dendritic spine morphology
and dynamics via ARP2/3 signaling. Investigating these molecular
mechanisms may have significance in addition to that for psychosis
in AD and schizophrenia, considering human genetic research has
identified mutations in PAK3 that lead to variants of X-linked in-
tellectual disability associated with psychotic behaviors (Gedeon
et al., 2003; Rejeb et al., 2008). Description of the behavioral and
associated morphologic changes may provide insight into the role
of the kalirin-PAK pathway in generating psychosis-associated be-
haviors in neuropsychiatric disease.
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