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Degradation of Caytaxin Causes Learning and Memory Deficits via

Activation of DAPK1 in Aging
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Abstract

Loss of memory is an inevitable clinic sign in aging, but its underlying mechanisms remain unclear. Here we show that death-
associated protein kinase (DAPK1) is involved in the decays of learning and memory in aging via degradation of Caytaxin, a
brain-specific member of BNIP-2. DAPK1 becomes activated in the hippocampus of mice during aging. Activation of DAPK1 is
closely associated with degradation of Caytaxin protein. Silencing Caytaxin by the expression of small interfering RNA (siRNA)
that targets specifically to Caytaxin in the hippocampus of adult mice impairs the learning and memory. Genetic inactivation of
DAPKI1 by deletion of DAPK1 kinase domain prevents the degradation of Caytaxin and protects against learning and memory
declines. Thus, activation of DAPK1 impairs learning and memory by degrading Caytaxin during aging.
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Introduction

Senescence refers to a process whereby organisms become
physiologically and psychologically less efficient at adapting
to their environment and gradually advent toward death [1].
Senescence can be divided into two types, namely physiological
senescence and pathological senescence [2]. The former is a
physiological degeneration after maturity, whereas the latter
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results from external factors such as various diseases. In the
process of physiological senescence, a series of behavioral
changes emerge, including sleeping disorder, cognitive deficit,
and social dysfunction [3-8]. In this type of senescence, learning
and memory deficit is a significant sign of brain aging. But both
the cellular and molecular mechanisms underlying age-
dependent decays of learning and memory remain unclear.
Caytaxin, first discovered by Bomar [9] in Cayman ataxia,
is a protein encoded by Atcay/ATCAY gene. In line with the
system of protein nomenclature, abnormal gene products of
ataxia are termed as ataxins [10]. Cayman ataxia is an autoso-
mal recessive hereditary disease, with a feature of mental re-
tardation and obvious bradykinesia [11]. The first published
analysis of Atcay/ATCAY mRNA location in mice predicted
stable expression of Caytaxin exclusively in the nervous sys-
tem [12]. This was verified via in situ hybridizations of mouse
brain and embryo, whereby most brain regions including the
cortex, hippocampus, cerebellum, and olfactory bulb showed
abundant expression of Caytaxin [12]. Moreover, in mouse
embryo, Atcay was detected in some regions of the nervous
system, such as trigeminal nerve, butterfly pupa, and dorsal
root ganglia [12]. Highly specific position and high abundant
expression of Atcay/ATCAY mRNA indicate that Caytaxin
may play a fundamental role in the nervous system. And stud-
ies have demonstrated that Caytaxin is expressed in presynap-
tic granule cells [12], involved in synaptic transmission
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through highly conservative protein structure. Accordingly, a
decreased expression of Caytaxin caused by Atcay/ATCAY
mutation may explain the motility, physical, and cognitive
deficits in animals that carried the mutant gene [9].

Several proteins have been reported to be associated
with Caytaxin in the central neurons. One of them is
death-associated protein kinase (DAPKI1), which is a
serine/threonine protein kinase, consisting of a kinase do-
main, a calmodulin (CaM)-binding motif, eight repeats of
anchored proteins, and a death domain. CaM-binding mo-
tif contains binding sites and self-inhibition area [13]. A
bind of DAPKI1 to the CaM-binding site results to
DAPKI1 conformational changes, reactivation of CaM-
blocked active sites and DAPKI1 activation [13, 14].
Previous studies show that activated DAPK1 is involved
in some apoptosis-mediated cell death, including apopto-
sis modulated by Fas [15], tumor necrosis factor [15],
apoptotic protease [16], and p53 [17]. DAPKI is associ-
ated with nerve injury-related neurological diseases and
accordingly has been target for the treatment of stroke,
epilepsy, and Alzheimer’s disease. Recently, we reported
that DAPK1 activation is involved in the impairments of
synaptic transmission and spatial learning and memory.
Both DAPK1 and Caytaxin proteins are physically asso-
ciated and highly expressed in the hippocampus. Thus, it
is probably that the reduction of Caytaxin protein expres-
sion is mediated by activation of DAPKI in aging.

In this study, we observed that Caytaxin proteins, but not
mRNA levels in the hippocampus of aged mice were dramat-
ically reduced, as compared to young adult mice. The reduc-
tion of Caytaxin protein expression correlated with the in-
crease of the enzymatic activity of DAPK1. Genetic inactiva-
tion of DAPK1 inhibited Caytaxin degradation and improved
spatial learning and memory in aging.

Methods
Antibodies and Chemicals

We used the following antibodies and chemicals: anti-
cleaved caspase3 antibody (Cell Signaling, #9664); anti-
Caytaxin antibody (Santa Cruz Biotechnology, sc-65018);
anti-DAPK1 antibody (Cell Signaling, #3008); anti-
DAPKI1-N terminal antibody (Sigma, SAB1304437);
anti-DAPK1-C terminal antibody (OriGene, TA324907);
anti-pMLC antibody (Cell Signaling, #3671); anti-f3-
actin antibody (Proteintech Group, 66009-1-lg); anti-
FLAG antibody (Cell Signaling, #2368); anti-p16™*44
antibody (Proteintech Group, 10,883-AP); anti-p53 anti-
body (Millipore, MABE283); HS38(Sigma, SML0929);
z-VAD-fmk (Bachem, N-1510); D-(+)-galactose (Sigma,
G0750).

Animals

All mice used in this study were bred and reared in the same
conditions in accordance with institutional guidelines of the
Animal Care and Use Committee (Huazhong University of
Science and Technology, Wuhan, China) within the
University’ s animal care facility. Mice were housed in groups
of three to five per cage under a 12-h light-dark cycle, with
lights on at 8 a.m., at a consistent ambient temperature
(21 £1 °C) and humidity (50 = 5%). In the present study, only
male mice were used to avoid behavioral variability between
genders. All experiments and analyses were performed blind
to the mice genotype or treatment.

Generation of the Genetic Mutant Mice

To identify the specific impacts of kinase domain of DAPK1
in aged brain, we generated a conditional mutant strain of
mice with a selective deletion of kinase domain of DAPK1
in brain (DAPK1-KD ™" mice) by crossing DAPK1-KD'**”
1oXP transgenic mice with CaMK2o-creERT2 mice (stock
number: 012362, The Jackson Laboratory, Bar Harbor, ME,
USA). The mutant mice were treated with tamoxifen (Tam)
dissolved in corn oil (100 mg/kg, i.p., once per day for 5
consecutive days).

Generation of the Lentivirus Particles

Atcay (NM 178662.3) was cloned into the FUGW2.1 con-
struct containing eGFP through BamHI/Agel (New England
Biolabs). The Atcay plasmids were co-transfected with CMV
and AR8.91 into HEK293ft cells to generate the lentivirus
particles.

Stereotaxic Injection

Mice (C57BL/6 10 weeks, male) were anesthetized with
isoflurane (2—-5%) and placed in a stereotaxic apparatus. The
head was fixed and the skull was exposed. Burr holes were
made and a micro-syringe (World Precision Instruments) was
slowly lowered into the dorsal DG at 2.06 mm anteroposterior,
1.38 mm mediolateral, and 2.10 mm dorsoventral relative to
bregma. For the mouse line validation, for the electrophysio-
logical and behavior experiments, 1 pL of virus was pressure-
injected into each hemisphere. After injection, the needle
remained in place for 5 min and was then slowly retracted to
avoid leakage. The mice were placed on a heating pad
throughout the duration of the surgery. After injection, the
scalp was sutured. The mice were placed on the heating pad
during recovery from anesthesia. The electrophysiological
and behavior experiments were proceeded 4 weeks after the
virus injection.
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Western Blot

Cells were rinsed twice in PBS at pH 7.5 and lysed with buffer
containing 50 mM Tris-HCI, pH 8.0, 150 mM NaCl, 1% NP-
40, 0.5% sodium deoxycholate, 0.1% SDS, 0.02% NaNj,
100 mg/mL PMSF, and 10 mg/mL each of the protease inhib-
itors (leupeptin, aprotinin, and pepstatin A). Cell lysates were
then centrifuged at 12,000g for 5 min at 4 °C; aliquots of
supernatants were added to one-third volume of 4x sample
buffer, followed by boiling for 10 min and then sonication
for 5 s on ice. Protein concentration was quantitated using
the BCA Protein Assay Reagent (Pierce). The hippocampi
were isolated from the mice brain and homogenized in buffer
as cells, and then were added to one-third volume of 4x sam-
ple buffer and boiled for 10 min in a water bath. Protein con-
centration was quantitated using the BCA Protein Assay
Reagent (Pierce).

The proteins prepared were separated by 10% sodium do-
decyl sulfate-polyacrylamide gels (SDS/PAGE) and then
transferred onto nitrocellulose filter membrane (NC). After
being blocked with blocking solution (5% nonfat dried milk
diluted with Tris-buffered saline containing 0.1% Tween-20,
TBST buffer, pH 7.5) for 1 h at room temperature, the transfer
membranes were incubated with primary antibody diluted
with 3% bovine serum albumin (BSA) in TBST buffer over-
night at 4 °C. On the second day, membranes were first
washed with TBST for 10 min X 4 times, then membranes
were incubated with respective secondary antibodies for 1 h
at room temperature, and then the protein signals were
scanned using an Infrared Imaging System (Odyssey, LI-
COR).

Open Field

Locomotor activity was measured in clear boxes measuring
43.2 cm x43.2 cm, outfitted with photo-beam detectors for
monitoring horizontal and vertical activities, as described be-
fore. Data were collected via a PC and were analyzed with the
MED Associates’ Activity Monitor Data Analysis software.
Mice were placed in a corner of the open-field apparatus and
left to move freely. Recorded variables include the following:
resting time (s), ambulatory time (s), vertical/rearing time (s),
jump time (s), stereotypic time (s), and average velocity (cm/
s). Mice were not exposed to the chamber before testing. Data
were individually recorded for each animal during 30 min.

Elevated Plus Maze

The plus maze had two walled arms (the closed arms, 35
cm Lx6cm W x22cm H) and two open arms (35 cm
Lx6cm W). The maze was elevated 74 cm from the
floor. Mice were placed on the center section and allowed
to explore the maze freely and monitored with ImageEP
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software66. Time spent in the open versus closed arms
during the 10-min period was presented.

Morris Water Maze

The water maze task consists a circular tank (120 cm diame-
ter) filled with opaque water (21-23 °C) and a hidden platform
(6 cm diameter) submerged 1 cm below the surface of the
water, as described before. Device with software [WMT-
100] was purchased from Tai Meng Technology Co., Ltd.
(Chengdu, China). Before the start of training trials, the mice
were allowed to acclimate to testing room for 30 min. The
mice were trained to find the invisible platform within 90 s
on 6 consecutive days with three trials per day. Mice that
failed to find the platform within 90 s were guided to find
the platform and allowed to remain there for 15 s. Escape
latency to find the hidden platform, path length, and swim-
ming velocity was recorded. After 1 day of rest, the platform
was removed and mice were individually set afloat to search
the poor for 90 s (probe tests). Then, the time spent in each
quadrant was analyzed.

Fear Conditioning Tests

The experimental device and recording software [FCT-100]
were purchased from Tai Meng Technology Co., Ltd.
(Chengdu, China). Before training, the mice were placed into
a lonely chamber (33 x 33 x 35 cm®) with a metal grid at the
bottom for 5 min to adapt the novel environment and the
numbers and percentages of freezing behavior were recorded.
On the training day, the mice were given 5-min trials that
began with a 30-s tone, followed by a 2-s foot-shock (1 mA)
and then a 30-s interval, repeated three times. After 24 h,
contextual and tone conditioning tasks were assessed. To test
contextual conditioning fear, mice were returned to the same
chamber and contextual learning was assessed following the
same procedure as in the training day except for the foot-
shock and tone. To test tone-dependent conditioning fear, the
environment in the chamber was changed (visual, tactile, and
olfactory cues) to present mice with a new context for testing.
Then mice were placed in the chamber for 5 min and the same
assessment procedure was followed as in the training day
except for the foot-shock.

Reverse Transcription and Quantitative PCR

The cDNA synthesis kit (TOYOBO) was used for the reverse
transcription reaction according to the manufacturer’s instruc-
tions. We used 1 pg total RNA. Samples were incubated for
5 min at 65 °C. All samples were then added to a 5x mix,
heated to 37 °C for 15 min, and reactions were stopped by
heating to 98 °C for 5 min. For quantitative PCR (qPCR), all
specific primers were selected using Beacon Designer
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Software (BioRad) and synthesized by Tsingke (Wuhan,
China). The PCR amplification of each product was further
assessed using fivefold dilutions of mouse brain cDNA library
as a template and found to be linear over five orders of mag-
nitude and at greater than 95% efficiency. The reactions were
set up in duplicate in total volumes of 10 uL containing 5 uL.
2x miScript SYBR green PCR kit (Genecopoeia) and 2 uL
template (1:5 dilution from RT product) with a final concen-
tration of 400 nM of the primer. The PCR cycle was as fol-
lows: 95 °C/3 min, 40 cycles of 95 °C/30 s, 60 °C/45 s, and
95 °C/1 min, and the melt-curve analysis was performed at the
end of each experiment to verify that a single product per
primer pair was amplified. The amplification and analysis
were performed using an iCycleriQ Multicolor Real-Time
PCR Detection System (BioRad). Samples were compared
using the relative CT method. The fold increase or decrease
was determined relative to a vehicle-treated control after nor-
malizing to a housekeeping gene using 2-AACT, where the
ACT is (gene of interest CT) — (GAPDH CT), and AACT is
(ACT treated) — (ACT control). The following primers (5’ to
3" were used: DAPK1 forward, CAGGAGCGTCTGGG
TCTAAG, and DAPKI1 reverse, CCGTGCTGTGTAGC
TGTTGT; DAPKI1-KD forward, CAAATGTCATCACCCT-
GCAT, and DAPKI1 reverse, GTTGCCTCCTCTTC
AGTCAGA; Caytaxin forward, AATGGCAGGATGAG
GATCTG, and Caytaxin reverse, CAGTTTCATCTGGC
GTC-TCA. The results were computed using a standard curve
made with cDNA pooled from all samples.

Electrophysiological Recordings In Vitro

Slice preparation: the slices (350 um) of the hippocampus
were cut from 120 days male mice and were placed at 28—
32 °C holding chamber for at least 1 h. A single slice was then
transferred to the recording chamber and then submerged and
perfused with artificial CSF (ACSF, 2 mL/min) that had been
saturated with 95% O, and 5% CO,. The composition of the
ACSF was (1 L): 124.0 g NaCl, 3.0 g KCI, 1.25 g NaH,POy,,
2.0 g MgCl,, 2.0 g CaCl,, 3.0 g NaHCO;, and 10 g glucose.
We used standard procedures to record field excitatory post-
synaptic potentials (fEPSPs) in the CA1 region of the hippo-
campus. A bipolar stimulating electrode (FHC Inc., Bowdoin,
ME) was placed in the Schaffer collaterals to deliver test and
conditioning stimuli. A borosilicate glass recording electrode
filled with ACSF was positioned in stratum radiatum of CA1,
200-300 mm from the stimulating electrode. fEPSP in the
CA1 region were induced by test stimuli at 0.1 Hz with an
intensity that elicited a fEPSP amplitude 35% maximum. Test
responses were recorded for 30-60 min prior to beginning the
experiment to assure the stability of the response. Once a
stable test response was attained, a baseline was recorded for
an additional 30 min. To induce LTP, three consecutive trains
(500 ms) of stimuli at 100 Hz separated by 10 s were applied

to the slices, a protocol that induced LTP lasting approximate-
ly 1 h different genetic background mice. The field potentials
were amplified 100x using an Axon Instruments 200B ampli-
fier and digitized with Digital data 1440A. Data were sampled
at 10 kHz and filtered at 2 kHz. Traces were obtained by
pClamp 9.0 and analyzed using the pClampfit 9.0. LTP values
reported throughout the course were measured at 60 min after
the conditioning stimulus.

A whole-cell recording (tight seal, > 10 G£2) with patch elec-
trode (3—5 M) was obtained from the Caytaxin™ and Caytaxin
granule neurons, respectively. The miniature EPSCs (mEPSCs)
were recorded in the presence of 1 mM tetrodotoxin and
100 mM bicuculline at the holding potential of —70 mV.

Primary Neuron Culture

Hippocampi were isolated from the E18 C57BL/6 mice, as we
described before. Cells were platted with the densities of 100—
150 cells/mm? on plates coated with 0.1 mg/mL poly-D-ly-
sine. Cells were homogenized in fresh serum-free neurobasal
medium (21103, GIBCO) plus 2% B27 and were fed every
3 days with fresh media. The neuronal cultures were treated
with lentivirus at 9 days DIV, then tested after 1 week. To
establish a senescent cell model, the neuronal cultures were
treated with D-galactose at 6 days DIV and consecutive 3 days.
To detect whether the aging model is successful, p16 and p53
in the lysates were blotted with anti-p16 (1:1000; PTG) and
anti-p53 (1:1000; Millipore).

Statistical Analysis

All values in the text and figure legends are represented as the
mean = SEM. Parametric tests, including ¢ tests and two-way
ANOVAs, were used when assumptions of normality and
equal variance (F test) were met; two-way repeated measures
ANOVA was used to analyze the Morris water maze data.
Statistical analyses were performed using Graph Prism 6.
Statistically significant differences were defined as p < 0.05.

Results

A Reduction of Caytaxin Protein Correlates
with DAPK1 Activation in Aging Process

To detect brain senescence, we analyzed aging-related pro-
teins p53 and p16 in the hippocampus tissue of 4, 8, 12, and
18 months old mice brain (Fig. 1a). Our data showed that the
protein levels of pS3 and p16 were increased with aging and
peaked at 18 months (Fig. 1b). To identify the molecular
mechanism underlying the aging-related impairments of the
synapse in hippocampal mossy fibers, we focused on DAPK1,
a serine- and threonine-dependent calmodulin kinase, which is
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Fig. 1 A reduction of Caytaxin protein correlates with DAPK1 activation
in aging. a Representatives of western blots in cell lysates from the
hippocampus in different age groups. b Bar graphs show the band
intensities that were normalized to (3-actin from mice at 4 months (de-
fined as 1.0). Data are mean + SEM (n = 6 mice per group, **p < 0.01,
compared to the respective group at 4 months old of age, ¢ tests). ¢ Bar
graphs show the relative expression of mRNA in different age groups of

closely associated with synaptic injury. To determine the ac-
tivity of DAPK1, we detected the phosphorylation of DAPK 1
(pDAPK1) and phosphorylation of MLC (pMLC) which is
the endogenous substrate of DAPK1. Our data showed that
the protein level of pDAPK1 was gradually decreased, while
pMLC was increased with age in the hippocampus (Fig. 1a,
b). Additionally, our data also showed a similar increase pat-
tern of cleaved caspase3 with p16 and pMLC (Fig. 1a, b). As
regards Caytaxin, it was increased and peaked at 8 months and
then decreased to the lowest level at 18 months (Fig. 1a, b),
while the protein level of DAPK1 showed no significant
change in all groups of mice from 4 to 18 months (Fig. 1a,
b). Then we established an in vitro aging model with primary
hippocampal neurons by using D-galactose (D-GAL) [18].
Our data showed the consistent results with the in vivo studies
of aged mice. The levels of p53, p16, pMLC, and cleaved
caspase3 were elevated, while the level of Caytaxin was re-
duced after treatment with D-GAL (Fig. 1d, e). Therefore, the
reduction of Caytaxin is parallel with the activation of DAPK 1
and caspase3 during aging, which indicates that loss of
Caytaxin protein may correlate with DAPK1 activation in
aging process.

@ Springer

DAPKI1 and Caytaxin. Data are mean + SEM (n=6 mice per group,
compared to the respective group at 4 months old of age). d
Representatives of western blots in cell lysates from primary cultured
neurons treated with D-galactose. e Bar graph shows the band intensities
that were normalized to the respective control (defined as 1.0). Data are
mean + SEM (n = 6 assays, **p < 0.01, compared to the respective con-
trols, ¢ tests)

Silencing Caytaxin Reduces Neuronal Excitability
and Impairs Learning and Memory

To explore the role of Caytaxin in neurons, we transfected
primary cultured hippocampal neurons at day 9 with Lenti-
Virus-Caytaxin-EGFP (LV-cay), Lenti-Virus-si-Caytaxin-
EGFP (LV-si-cay), and the control Lenti-Virus-EGFP (LV-
NC) (Fig. 2a). Successful transfections of Caytaxin or si-
Caytaxin were confirmed by western blot experiments 28 days
after the above lentivirus transfections (Fig. 2b). We recorded
AMPA receptor-mediated component of mini-EPSCs
(mEPSCs) in the presence of 10 pM bicuculline at the holding
potential of — 70 mV. Our data showed a significant decline in
both amplitude and frequency of mEPSCs in the neurons
transfected with LV-si-cay but conversely increased in neu-
rons transfected with LV-cay (Fig. 2c, d).

To further investigate the role of Caytaxin in neuronal ex-
citability and the ability of learning and memory, we injected
LV-cay, LV-si-cay, and LV-NC respectively into the hilus of
DG area in three independent groups of 3 months old mice
(Fig. 2e). Successful transfections of Caytaxin or si-Caytaxin
were confirmed by western blot experiments 28 days after the
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Fig. 2 Silencing Caytaxin reduces neuronal excitability and impairs
learning and memory. a Representatives of images show the expression
of GFP control, Caytaxin, and si-Caytaxin in primary cultured neurons
(DIV15) using lentivirus vectors (LV-FUGW2.1-CMV-GFP versus LV-
FUGW?2.1-CMV-Caytaxin-GFP and LV-FUGW2.1-CMV-si-Caytaxin-
GFP). b Western blots in cell lysates from primary cultured neurons with
the expression of GFP or Caytaxin or si-Caytaxin or without the expres-
sion of virus (control). ¢ Representatives of recordings show the miniature
EPSCs (mEPSCs) from primary cultured neurons with the expression of
GFP, Caytaxin, and si-Caytaxin. d Bar graphs show the frequencies and
the mean amplitudes of mEPSCs, respectively. Data are mean + SEM
(n =21 recordings/group, ****p < 0.0001, compared to the GFP group).
e Illustration shows the experimental schedules of LV-GFP or LV-
Caytaxin or LV-si-Caytaxin. Mice were injected with lentivirus vectors
(LV-FUGW2.1-CMV-GFP versus LV-FUGW2.1-CMV-Caytaxin-GFP
and LV-FUGW2.1-CM V-si-Caytaxin-GFP) in the hippocampus of adult
mice. f Representatives show western blots in cell lysates from the

above lentivirus injections (Fig. 2f). Then we recorded fEPSPs
in the CA1 region by electrical stimulation of the mossy fiber
tracks that reflect synaptic responses from neurons in the den-
tate gyrus. In comparison to the control group, our results
demonstrate that silencing Caytaxin impairs LTP, while on

Training of Days

6

hippocampus, the expression of GFP or Caytaxin or si-Caytaxin, or with-
out the expression of virus (control). g The representative recordings (top)
and the normalized slope (bottom) of the fEPSPs. Data are mean + SEM
(n=12 recordings/6 mice/group). h-1 The behaviors of mice injected
with LV-GFP or LV-Caytaxin or LV-si-Caytaxin were examined. i The
average latency to reach a hidden platform is plotted against the blocks of
trials (days) in Morris water maze tests. Data are reported as the mean +
SEM (n = 10 mice per group, **p < 0.01, compare to the control group). j
The percentage of time spent in searching of a hidden platform in each
quadrant during the probe trial. Data are reported as the mean += SEM (n =

10 mice per group, *p < 0.05, compare to the control group). k Bar graph
shows the times of crossing the place of the hidden platform during the
probe trial. Data are reported as the mean + SEM (n = 10 mice per group,
*p < 0.05, compare to the control group). 1 Bar graph shows the swim-
ming speed of mice during the probe trial. Data are reported as the mean +
SEM (n = 10 mice per group)

the contrary, over-expression of Caytaxin improves LTP
(n =12 recordings/6 mice, Fig. 2g).

We next analyzed the mice behavioral performance and
found that treatment with LV-NC, LV-si-cay, and LV-cay does
not affect locomotion. However, after LV-si-cay treatment, we
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observed worse performance of the mice in Morris water maze
tests than the other groups (Fig. 2h). Specifically, LV-si-cay-
treated mice showed longer latency to reach the hidden plat-
form during the training session and spent longer percentage
time in search of the hidden platform in each quadrant during
the probe trial than the other groups (42.46 +4.84 s (latency),
and 22.25+1.14 (percentage time) in mice after treatment
with LV-si-cay versus 15.19+2.27 s (latency), and 33.27 +
1.53 (percentage time) in control mice; and 26.07 £4.36 s
(latency), and 33.12£1.10 (percentage time) in mice after
treatment with LV-NC and 16.15+2.56 s (latency), and
37.20+1.15 (percentage time) in mice after treatment with
LV-cay, mean + SEM, n =10 mice/group, Fig. 2i-1). These
findings indicate that silencing Caytaxin decreases the neuro-
nal excitability and accordingly damages spatial learning and
memory.

Activation of DAPK1 Degrades Caytaxin via Caspase3

It has been clucidated that Caytaxin can be degraded by cas-
pase3, which is activated via DAPK1. To test whether the
degradation of Caytaxin is mediated by DAPK1 during aging,
firstly, an in vitro model of aging was established by induction
of D-galactose to primary cultured neurons. We used different
concentrations of D-galactose (0, 4, 40, 400 mM) (Fig. 3a, b),
out of which the cultured primary hippocampal neurons treat-
ed with 40 mM D-galactose consecutively for 3 days were the
best strategy, considering the neuronal toxicity of D-galactose.
Secondly, we treated the neuronal cells with HS38 (10 uM)
[19] for inhibition of DAPK 1 and z-VAD-fmk (1 uM) [20] for
inactivation of caspase3 respectively. Interestingly, we noted
that inhibition of DAPK1 or caspase3 could reduce the deg-
radation of Caytaxin (Fig. 3¢, d). Then, in order to determine
whether the activation of caspase3 lies on DAPKI activity
dependent, the plasmids of DAPK1K42A (inactivated
DAPK1), DAPK1ACaM (activated DAPK1), or the vector
were transfected into HEK293T cells. We found that
DAPKI1ACaM increased the levels of cleaved caspase3. In
addition, the degradation of Caytaxin was also increased in
DAPKI1ACaM, but not DAPK 1K42A-transfected HEK293T
cells (Fig. 3e, f). These data demonstrate that the activated
DAPKI partly degrades Caytaxin by the activation of
caspase3.

Inactivation of DAPK1 Inhibits Caytaxin Degradation
in Aging

It is known that activation of DAPK1 degrades Caytaxin via
caspase3; next we investigated whether inactivation of
DAPKI in the hippocampus of aged mice inhibits the degra-
dation of Caytaxin. Then, we generated a mutant strain of
mice (DAPK 1-KD'**P°*P) in which a double-floxed inversely
open reading frame of DAPK1 with a kinase domain deletion
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was expressed. When these mice were bred with CaMK2«x-
creERT2 mice, containing Cre recombinants expressed in ex-
citatory neurons, the kinase domain of DAPK1 was selective-
ly deleted in excitatory neurons of the offspring after induction
of tamoxifen (Fig. 4a). RT-PCR and western blot analysis
revealed successful deletion of the kinase domain of DAPK1
mRNA and proteins in the hippocampus of DAPK1-KD "~
mice (Fig. 4d, e). Furthermore, conditional knockout of the
kinase domain of DAPK1 has no influence on the animals’
general phenotype, such as body weight gain (Fig. 4c), brain
structure (Fig. 4b), and anxiety-like behavior (Fig. 4f). These
results confirm the successful deletion of kinase domain of
DAPK1 in the brain, and this deletion does not alter any phe-
notype in mice.

To investigate whether the genetic inhibition of DAPK1
might avert the degradation of Caytaxin during aging, we com-
pared the protein levels of cleaved caspase3, p53, and p16 in the
hippocampus of 4 and 18 months old DAPK1KD'>*"°*P and
DAPK1-KD ™ mice. We found that the DAPK1-KD '~ aged
mice showed less cleaved caspase3, p53, and p16, but more
Caytaxin, than the DAPK1-KD'™"**P aged mice (Fig. 4g—).
Altogether, these data demonstrate that the inhibition of
DAPKI1 by selective deletion of DAPK1-KD in the hippocam-
pus prevents the degradation of Caytaxin during aging.

Inhibition of Caytaxin Degradation Rescues Learning
and Memory Deficits in Aging

We next investigated whether preventing the degradation of
Caytaxin via the inhibition of DAPK1 in the hippocampus
improves learning and memory in aged mice. To address this,
we divided the mice into four groups as two groups of
4 months old DAPK1-KD ™~ and DAPK1-KD'**"°* adult
mice and other two groups of 18 months old DAPK1-KD ™"~
and DAPK1-KD'"*P°*P a0ed mice. We used standard proce-
dures to record field excitatory postsynaptic potentials
(fEPSPs) in the CA1 region of the hippocampus, and the in-
duction of LTP was impaired in DAPK 1-KD'"**P°*P aged
mice, but notin DAPK1-KD ™/~ aged mice. Then, we analyzed
the task performance of these mice in a hidden version of the
Morris water maze test. Results showed no difference in
swimming speed between wild-type and mutant mice in the
same age group (Fig. 5f). Moreover, the latency to reach a
hidden platform during the training session and the percentage
of time spent in search of a hidden platform during the probe
trial were comparable in all four groups: the DAPK1-KD ™"~
adult mice (23.14 +2.97 s (latency), 37.03 £ 1.67 (percentage
time)); the DAPK 1-KD'>*P°*P adult mice (23.45+3.17 s (la-
tency), 32.47+1.03 (percentage time)); the DAPKI1-KD ™~
aged mice (25.08 £3.31 s (latency), 34.30 £ 1.22 (percentage
time)); and the DAPK 1-KD'**P°*P aged mice (42.38 +4.81 s
(latency), 23.22+0.89 (percentage time)) (Fig. S5c, d). The
adult groups showed no difference between DAPK1-KD '~
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Fig. 3 DAPKI degrades Caytaxin via activation of caspase3. a
Representatives of western blots in cell lysates from primary neurons
treated with D-gal at different concentrates. b Bar graphs show the band
intensities that were normalized to the respective control (defined as 1.0).
Data are mean + SEM (n = 6 assays, **p < 0.01, compared to the controls
without D-galactose). ¢ Representatives of western blots in cell lysates
from primary neurons treated with HS38, z-VAD-fmk, and D-gal. d Bar
graphs show the band intensities that were normalized to the respective

and DAPK1-KD'*P"*? mice, but DAPK1-KD '~ aged mice
showed better performance in all measured indices than
DAPK | -KD'oxP/loxp aged mice. Meanwhile, we conducted a
contextual fear condition test to analyze hippocampus-
dependent learning and memory. Our results showed that
DAPK1-KD ™~ aged mice significantly improved trace learn-
ing, as demonstrated by the increased percentage of freezing
time in the context (54.52+7.47% in DAPK1-KD ™ aged
mice versus 30.93 +2.96% in DAPK1-KD'™"°* a0ed mice)
(Fig. 5g), but no tone difference was observed among these
groups (Fig. 5Sh). Most importantly, these data reveal that ge-
netic deletion of the DAPK1 kinase domain in the hippocam-
pus may rescue learning and memory deficits in aging mice.
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control (defined as 1.0). Data are mean + SEM (n = 6 assays, *p < 0.05,
compared to the group treated with D-gal). e Representatives of western
blots in cell lysates from HEK293T cells transfected with the plasmid of
Flag, DAPK1-K42A, DAPK1-ACaM, and DAPK1-ACaM with z-VAD-
fmk. f Bar graphs show the band intensities that were normalized to the
respective control (defined as 1.0). Data are mean + SEM (n = 6 assays,
*p < 0.05 compared to the group transfected with ACaM)

Discussion

Cognitive dysfunction has become one of the most detri-
mental threats to health worldwide, among which age-
related cognitive decline is an inevitable phenomenon that
severely lowers the quality of life [5]. In terms of the mech-
anisms of age-related cognitive decline, many studies have
focused on the structure of the hippocampus, in consider-
ation of its vulnerability to aging and its critical role in
learning and memory [5, 21, 22]. And the majority of these
studies have reported that dentate gyrus region of the hip-
pocampus is the most seriously disrupted area [23, 24].
Moreover, recent studies have shown no distinguished loss
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Fig. 4 Inactivation of DAPK1 increases Caytaxin protein. a Diagram
shows the mouse model of genetic deletion of the kinase domain of
DAPKI specifically in excitatory neurons. b Representative images
show the hematoxylin staining of the coronal brain sections of DAPK1
knockout and control mice. ¢ Graph shows the body weight of DAPK1
knockout and control group in different age groups. Data are mean +
SEM (n =15 assays). d Representatives of western blots in cell lysates
from the hippocampus of DAPK1 knockout and control mice and bar
graph shows the band intensities that were normalized to the respective
control (defined as 1.0). Data are mean + SEM (n = 6 assays, *p < 0.05,
compared to the respective controls). e Bar graph shows the relative
expression of mRNA in DAPK1 knockout and control mice. Data are
mean + SEM (n = 6 assays, ****p < 0.0001, compared to the respective
controls). f Representative images (upper) show the elevated plus maze
test of DAPK1 knockout and control mice. Bar graphs (lower) show the
percentage of time in open arms (left) and closed arms (right) of DAPK1
knockout and control mice, respectively. Data are mean + SEM (n =15
assays). g Representative images show the expression of Caytaxin in DG
region of DAPK1 knockout and control mice. h Representatives of west-
ern blots in cell lysates from the hippocampus of DAPK1 knockout and
control mice at 4 and 18 months. i Bar graphs show the band intensities
that were normalized to the respective control (defined as 1.0). Data are
mean + SEM (n = 6 assays, *p < 0.05, compared to the control group at
18 months)

of neurons and no significant expression change of
synaptophysin, synaptotagmin, and SNAP25 in the normal
aging hippocampus [22, 25, 26]. According to the previous
research [27], age-related memory deficit correlates with
the changes of neurotransmitter release and synaptic func-
tion, rather than loss of neurons or synapses. In this study,
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Fig. 5 Inactivation of DAPKI rescue learning and memory deficits in
aging. a fEPSPs were recorded in the hippocampus CAl area from
DAPKI1 knockout and control mice at 4 and 18 months. The
representative recordings (top) and the normalized slope (bottom) of the
fEPSPs. b—f The behaviors of DAPK1 knockout and control mice at 4
and 18 months were examined. b Schematic trajectory during the probe
trial. ¢ The average latency to reach a hidden platform is plotted against
the blocks of trials (days) in Morris water maze tests. Data are reported as
the mean + SEM (n=15 mice per group, *p <0.05, compared to the
control group at 18 months). d The percentage of time spent in searching
of a hidden platform in each quadrant during the probe trial. Data are
reported as the mean + SEM (n = 15 mice per group, *p < 0.05, compared
to the control group at 18 months). e Bar graph shows the times of
crossing the place of the hidden platform during the probe trial. Data
are reported as the mean = SEM (n = 15 mice per group, *p < 0.05, com-
pared to the control group at 18 months). f Bar graph shows the swim-
ming speed of mice during the probe trial. Data are reported as the mean +
SEM (n =15 mice per group). g, h Bar graphs show the percentage time
of freezing during context test (g) and tone test (h). Data are mean + SEM
(n=15 mice per group, *p < 0.05, compared to the control group at
18 months)

we have proved that DAPK1 degrades Caytaxin via acti-
vation of capsase3 which impairs learning and memory of
the hippocampus in aging mice. Furthermore, genetic de-
letion of DAPK1 kinase domain in excitatory neurons nor-
malizes the expression of Caytaxin in aging hippocampus
and improves learning and memory. Therefore, DAPK1
and Caytaxin may be considered as novel targets for im-
proving aging-related cognitive decline.
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Previous studies revealed that DAPK1 was predominantly
expressed in the brain. For example, DAPK! mRNA had al-
ready appeared at embryonic day 13 (E13) and was detected
throughout the entire embryonic period. High levels of expres-
sion were detected in proliferative and postmitotic neurons
within the cerebral cortex and hippocampus. In addition, the
overall expression of DAPK/ mRNA in the brain gradually
declined at postnatal stages, and the expression became re-
stricted to hippocampal neurons, in which different expression
patterns were observed among rostral, central, and caudal cor-
onal sections, suggesting that DAPK1 may be implicated in
neuronal functions of hippocampus [28]. The overall expres-
sion of DAPK1 in the brain decreased markedly after birth and
the expression was maintained at substantial levels in several
restricted mature neuronal populations, such as the olfactory
bulb, hippocampus, and granule cells. Its wide expression
during development and its maintained expression in the re-
stricted mature neuronal population suggest that DAPKI1
might be involved in some neuronal functions beyond simply
executing the developmental neuronal cell death [29]. Based
on our recent research in Alzheimer’s disease, DAPK1 is ac-
tivated in ECIIPN and knockout of DAPK1 catalytic domain
rescues ECIIPN-CA1PV synaptic loss and improves spatial
learning and memory in AD mice [30]. Although differences
exist between a normal aging and Alzheimer’s damaged brain
[31, 32], our results depict an upregulation of DAPK1 activity
along age-related cognitive decline, but significant improve-
ment in learning and memory in DAPK1 kinase domain
knockout mice. Equally, we have shown a decline of
Caytaxin expression along with increased DAPK1 activity,
and this suppression of Caytaxin expression was found nox-
ious to learning and memory, indicating the role of Caytaxin
for DAPK1 activity modulation.

Caytaxin is mainly expressed in the nervous system, specif-
ically in the hilus of dentate gyrus as well as in the cerebellum
of Cayman ataxia [33]. It has been demonstrated that Caytaxin
is associated with biological functions of cell apoptosis [34, 35],
cell migration [36], intracellular transport, and cell differentia-
tion [35]. Immunofluorescence studies further showed the
colocalization of Caytaxin and glutaminase with the neuron-
specific marker neurofilament-160 at the axon terminals, the
neuropil, and synapses of CA3 neurons. These results together
support the conclusion that Caytaxin could play an important
role in the hippocampus, possibly in the process of neurotrans-
mission at synapses [35]. Our study has indicated a magnificent
change in the Caytaxin distribution along the fibers from DG to
CA3. Given that Caytaxin is mainly distributed in the fiber of
DAPKI1-KD ™~ mice while having fragmental distribution in
DAPK I-KD'**P mice, we deem that Caytaxin is not only
involved in the glutamic acid synthesis, but also in its release
and transportation. As to glutamic acid, it works as a main
excitatory transmitter for learning and memory [37].
Consistently, Brodsky [38] reported that glutamic acid

enhances the weakened communication between neuronal cells
during aging. Moreover, our results provide evidence for the
interaction of Caytaxin with ZnT3. The zinc ion is a main
structural component of many proteins, acting as a cofactor
for enzymes critical toward the normal brain functions [39].
The zinc ion, predicted to modulate neuronal excitability, is
widely spread in the nervous system especially in the forebrain
region including the hippocampus, amygdala, and neocortex
[40]. In the hippocampus such as the dentate gyrus,
glucoside-rich neurons are abundant in granular cells, mossy
fiber, and CA3 as well as CAl neurons [40]. The zinc-
containing fibers from the hippocampus dominate many areas,
such as the cerebral cortex, striatum, and marginal areas [41].
Therefore, we consider that Caytaxin regulates learning and
memory by regulating glutamic acid.

To clarify whether the aging processes would result in any
cross-cellular change in expressions of DAPK 1 and Caytaxin,
we checked the expression patterns of DAPK1 and Caytaxin
in the aging (18 months) mouse brain respectively. By using
classic glia cell markers (Iba-1 for microglia, and GFAP for
astrocytes), we performed double immunofluorescent stain-
ing, and our results showed that neither DAPK1 and
Caytaxin co-localize in microglia nor co-exist in astrocytes
in the aging (18 months) brain (data not shown). These results
indicate that the distributions of DAPK1 and Caytaxin are not
affected by the “aging effect.” The data provided morpholog-
ical evidences that DAPK1 and Caytaxin co-exist in the neu-
rons of the aging brain and further confirmed our conclusion
that DAPK1 impairs learning and memory by regulating
Caytaxin in the hippocampal neurons during aging. Another
study has been reported that DAPK 1 mediates caspase3 activ-
ity [42], as has been verified in our previous research whereby
inhibition of DAPK1 activity induced by D-galactose results
downregulation of activated caspase3 in senesced cells from
DAPKI1-KD™™ mice. Moreover, similar downregulation of
Caytaxin was also observed in the DAPK1-KD '~ mice. The
reduced Caytaxin in the hippocampus at the protein level, but
not mRNA, indicates that post-translational regulation of
Caytaxin might not be excluded. Either reversible events
(such as phosphorylation or sequestration) or irreversible
events (proteolysis) could influence the protein levels of
Caytaxin. As for this issue, we will investigate further in the
following studies.

In conclusion, this study presents that a decrease of
Caytaxin due to senescence or Caytaxin suppression using
lentivirus can cause learning and memory deficits in mice,
while genetic deletion of DAPK1 kinase domain improves
the impairment. Coherently, inhibition of DAPK1 or caspase3
activity in vitro reduces Caytaxin degradation. In summary,
DAPKI1 impairs learning and memory by activating caspase3
to degrade Caytaxin during aging. DAPK1 and Caytaxin are
potential targets for the treatment of aging-related cognitive
impairment.
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