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Abstract

Post-stroke depression (PSD) is a common and complex post-stroke neuropsychiatric disorder, which not only
delays functional recovery but also increases mortality, and which currently lacks effective drug therapy. The
pathogenesis of PSD is associated with impairment of the subcortical neural circuits and alterations of synaptic
plasticity and neurotransmitters, but the exact mechanisms of PSD remain unknown. Our previous work indicates
that the death-associated protein kinase 1 (DAPK1) mediates neuronal death after stroke. Genetic deletion of
DAPK1 gene or blocking DAPK1 signal in the PSD mouse model can not only alleviate cerebral ischemic injury but
also relieve PSD-like behaviors. Our previous work has also demonstrated the following results. First, the neural
circuit of dorsal CA1 (dCA1) to medial prefrontal cortex (mPFC) (dCA1-mPFC) is selectively impaired after stroke.
Second, the DAPK1 signal is involved in the impairment of dCA1-mPFC neural circuit after stroke. Third, genetic
deletion of the DAPK1 gene or blocking of the DAPK1 signal alleviates the injury of dCA1-mPFC neural circuit after
stroke and improves PSD-like behaviors. In conclusion, we hypothesize that activated DAPK1 signal after stroke
induces apoptosis in the hippocampal dCA1 neurons, leading to loss of the dCA1-mPFC glutamatergic projections,
synaptic injury, decrease of glutamate release, inhibition of mPFC neurons, and finally onset of PSD. We hope to

further replenish the mechanisms of PSD and provide new insights for PSD treatment.

Introduction

In the past three decades, stroke has become a major disease that
seriously jeopardizes the health and life of China’s residents, and
it has placed a heavy burden on patients, their families, and soci-
ety. According to the newly released 2016 Stroke Epidemiology
Report, there are 70 million stroke patients in China, including 2
million new stroke-suffering people per year; moreover, 67.3% to
80.5% of the stroke patients represent cases of ischemic stroke.!
A recent meta-analysis of 61 cohort studies showed that 31% of
stroke survivors experienced post-stroke depression (PSD) with-
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in 5 years.? PSD is one of the common complications associated
with stroke events, and exhibits a series of depressive symptoms
and corresponding physical signs. In addition to the neurologi-
cal deficits, PSD patients also have emotional disorders, such as
self-blame and decreased interest. Severe cases may have suicidal
thoughts. Delayed, intervention may lead to suicide.

A cohort study of 51,119 PSD cases found that the PSD patients
had a significantly higher risk of mortality than healthy people.
PSD seriously affects patients’ lives and places heavy burdens on
their families and society.> Regarding the pathogenesis of PSD,
it is considered to be a direct result of specific injury of neuro-
anatomical structure after stroke or an indirect consequence of
negative psychological reactions in patients, and is believed to be
the result of a combination of psychological, social and biological
factors, such as the severity of stroke, brain damage, sensorimo-
tor dysfunction, and cognitive impairment.* Although the patho-
genesis of PSD may be related to impairment of the monoamine
system, dysfunction of hypothalamic pituitary adrenal (HPA) axis,
destruction of prefrontal cortical circuit, imbalance of glutamate
neurotransmitters and proinflammatory factors, the specific neural
circuit and molecular mechanisms have not yet been elucidated.®

For clinical treatment of PSD, a meta-analysis of a total of
1,655 patients in 16 studies showed that antidepressants produced
only a slight benefit, with statistically insignificant difference in
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efficacy. Even worse, antidepressants are liable to increase side
effects on the gastrointestinal and central nervous systems, such
as confusion, excessive sedation, and tremors. In addition, psy-
chological intervention for PSD is also ineffective.® PSD is closely
related to the patients’ poor prognosis, in that it can delay hospital
stay, affect recovery of neurological function, and cause loss of
independent living ability and even death. However, specific and
effective treatments for PSD are unavailable. Therefore, clarifying
the pathogenesis of PSD and developing more effective preven-
tion and treatment strategies are of great clinical significance for
promoting functional rehabilitation and improving quality of life
in PSD patients.

Ischemic stroke causes depression

In the 1980s, Robinson et al.” found that reducing the cerebral
blood supply in rats could decrease the concentration of catechola-
mines and hormones, and lead to acute stress response. Due to the
decrease of these neurotransmitters and hormones, the rats became
slower on the wheel and the animals’ willingness to exercise was
also reduced.” In 2012, El Husseini et al.® found that most patients
with transient ischemic attack developed depression finally, as did
stroke patients with functional impairment. A prospective study
in China showed that about 30% of patients had depression at 2
weeks after onset of stroke, and the prevalence of PSD was 31%
at 1 year.

The incidence of PSD is high, and the risk exists for a long
time. Fifteen years after stroke, the prevalence of depression is
still as high as 31.2%.° A recent study funded by the Beijing Mu-
nicipal Science and Technology Commission was conducted with
520 outpatients and hospitalized stroke patients. The incidence
of PSD in this group was 34.2%, with mild cases accounting for
20.2% and moderate cases accounting for 10.4%. The prevalence
of PSD was 39% at 1 month, 53% at 3—6 months, and 24% at 1
year after stroke, respectively. If the severity of depression is not
distinguished and is collectively referred to as PSD, the incidence
is 20-70%.10

The above studies show that ischemic stroke can cause depres-
sion.

Hippocampal CA1 Injury in PSD

In ischemic stroke, hippocampal CA1 neurons are more sensitive
to ischemic injury than other regions. By using a rodent model of
global cerebral ischemia to simulate transient ischemic attacks,
a previous study found selective and persistent death of pyrami-
dal neurons in the hippocampal CA1 region, while hippocampal
CA3, dentate gyrus, and most cortical neurons were unaffected.
Transient cerebral ischemia caused by cardiac arrest or thora-
cotomy can also cause selective and longer-lasting cell death in
the hippocampal CA1 region.!" Recent studies have also found
that some proteins are abnormally expressed in the hippocampal
CA1 region, such as the hamartoma protein Tsc1.'?> Mitochondrial
dysfunction may be another reason for hippocampal CA1 region
resistance to ischemia in stroke.!® In addition, a mouse model of
forebrain ischemia also demonstrated persistent damage to neu-
rons in the hippocampal CA1 area.'* Recently, we successfully
established a PSD mouse model using light-induced forebrain
ischemia,'5 and we similarly observed degeneration of hippocam-
pal CA1 neurons. The above studies collectively suggest that is-
chemic stroke can cause selective neuronal damage in the hip-
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pocampal CA1 area.

Because the hippocampus has wide projections to other brain
regions that regulate mood and stress, it is considered to be a criti-
cal regulatory site for depression,'® and the “hippocampal theory”
has been proposed and has supplemented the “monoamine neuro-
transmitter hypothesis”, which is a widely accepted theory for the
pathogenesis of depression. Meanwhile, a large number of mag-
netic resonance imaging studies have found reduced volume of
hippocampus in PSD patients.!” Animal studies have also shown
the reduction of apical dendrites in the hippocampal CAl neu-
rons. The decreased number of new neurons may be associated
with hippocampal volume reduction and depression.!® Protecting
hippocampal neurons or promoting neurogenesis could relieve
symptoms of depression.!® Because the pyramidal neurons in the
hippocampal CA1 area are mainly glutamatergic neurons, the de-
crease of glutamate neurotransmitter caused by the loss of pyrami-
dal neurons in the hippocampal CA1 area may lead to the occur-
rence of PSD. In addition, the hippocampus has a certain inhibitory
effect on the activity of the hypothalamic-pituitary-adrenal gland
axis. Therefore, inhibition of the HPA axis is weakened after hip-
pocampal injury,?® which leads to dysfunction of the HPA axis and
induces depression finally.?! Thus, damage to the hippocampal
CA1 area may be involved in the development of PSD.

Abnormal hippocampo-prefrontal cortical circuit causes de-
pression

Imaging of the patients’ brain with depression and histological
examination of post-mortem brain have revealed abnormalities
in the prefrontal cortex, cingulate gyrus, hippocampus, striatum,
and almonds.?? At present, many brain regions have been report-
ed to be involved in the pathophysiology of depression. First,
deep brain electrical stimulation at the anterior cingulate cortex
and nucleus accumbens exhibits an antidepressant-like effect on
individuals with refractory depression. This effect is thought to
inhibit the activity of the brain region through blockade of the
depolarization of axonal fibers.?* Second, dopaminergic neural
projections in the midbrain (ventral tegmental area to nucleus
accumbens) increased activity-dependent release of brain de-
rived neurotrophic factor, which mediates susceptibility to social
stress. This effect may be partially produced by phosphorylation
of the transcription factor cAMP response element binding pro-
tein.2* Third, the decreased concentration of neurotrophic factors
(such as brain derived neurotrophic factor) reduces the degree
of hippocampal nerve regeneration and neuronal processing and
complexity. These effects are partly produced by increasing cor-
tisol concentration and decreasing the activity of the cAMP re-
sponse element binding protein.?S Fourth, peripherally released
metabolic hormones, such as ghrelin and leptin, can produce
mood-related alterations by acting on the hypothalamus and sev-
eral regions of the limbic system (such as hippocampus, ventral
tegmental area, and nucleus accumbens).2®

In addition, a large number of autopsy and neuro-imaging stud-
ies have found that patients with depression have reduced gray
matter volume and decreased nerve fiber density in the prefrontal
cortex and hippocampus, while the intermediate prefrontal cortex
(mPFC) and hippocampus are critical brain regions thought to be
involved in depression,?’” and mPFC receives abundant synaptic
projections from the hippocampal CA1 region. Therefore, it is
speculated that the CA1-mPFC circuit participates in the cognitive
function of depression. The study also found that mPFC mainly
receives glutamatergic projection fibers from the CA1 area. In the
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rat model of depression, the synaptic plasticity of the CA1-mPFC
circuit was also found to be impaired.'*?*® Our preliminary results
also found the loss of dCA1-mPFC projection fibers in the is-
chemic stroke mouse model. In summary, impaired hippocampal-
prefrontal circuit caused by ischemic stroke can cause depression.

Ischemic stroke activates the death-associated protein kinase
1 (DAPK1) death signal in the hippocampal CA1 area and in-
duces PSD

Our previous study found that DAPK1 interacts with the excitatory
glutamate receptor (GluN2B subunit) and induces neuronal cell
death in a mouse model of ischemic stroke, which demonstrates
that DAPK1 is a pivotal molecule in neuronal death after ischemic
stroke.??3Y DAPK1 is a Ca?*/calmodulin (CaM)-dependent serine/
threonine protein kinase, consisting of a kinase domain, a CaM-
binding motif, eight repeats of anchored proteins, and a death do-
main. The CaM-binding motif contains binding sites and a self-in-
hibition area.’! Binding of DAPK1 to the CaM-binding site results
in DAPK1 conformational changes, reactivation of CaM blocked
active sites, and DAPK1 activation.3? Previous studies have shown
that activated DAPK1 is involved in tumor cell death in lymphoma.
DAPK1-induced apoptosis has been reported as mainly modulated
by Fas, tumor necrosis factor,*? apoptotic protease,** and p53.3°

DAPKI1 is associated with nerve injury and aging-related neu-
rological diseases, such as stroke, epilepsy, and Alzheimer’s dis-
case. Recently, we reported that DAPK1 activation is involved
in the impairments of synaptic transmission, spatial learning and
memory.3® Notably, DAPK1 also mediates depression-like symp-
toms in chronic stress. Inhibiting DAPK1 signal by genetic de-
letion of the DAPK1 gene or pharmacological interruption with
an interfering peptide that specifically blocks DAPK1 binding to
the GluN2B subunit, both reverse molecular changes and synap-
tic protein loss caused by chronic stress in the prefrontal cortex,
and finally exert rapid and long-lasting antidepressant effects.?’
In addition, DAPK1 mediates synaptic long-term depression by
preventing the binding of Ca?"/CaM-dependent protein kinase II
with GluN2B, which in turn affects learning, and cognitive and
emotional functions.3® These studies have collectively suggested
that the DAPK1 death signal may mediate the development of
depression-like symptoms after ischemic stroke.

Recently, we successfully established a PSD mouse model by
using light-induced forebrain ischemia,'s and further detected pro-
tein-protein interactions in the hippocampal CA1 region via mass
spectrometry. We found that DAPK1 interacted with caytaxin,
which was firstly reported in 2003 by Bomar and his colleagues.
This finding revealed that mutations in the ATCAY gene encoding
caytaxin caused Cayman ataxia, an autosomal recessive disorder
characterized by poor muscle coordination, mental retardation,
loss of head control and eye movements, and difficulties in speak-
ing and walking. In addition, caytaxin is abundantly expressed in
neurons of the cortex, cerebellum, hippocampus, olfactory bulb,
and basal ganglia.??

Akamatsu and colleagues used full-length caytaxin as a bait to
perform yeast two-hybridization with mouse adult brain cDNA,*
and found that caytaxin can drive the protein light chain of ki-
nesin-1 through its N-terminal ELEWED sequence (amino acids
115-120) and participate in axonal transportation. Kinesin, a key
molecule for axonal transportation, can be combined with a vari-
ety of linker molecules, such as TRAK1/2 and JIP1, to regulate
mitochondrial axonal transportation of amyloid precursor protein.
Studies have also shown that caytaxin can act as a linker molecule
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for kinesin, and transport mitochondria along the axons to neu-
rites, which provide the required energy for various biological
processes, such as presynaptic vesicle fusion and neurotransmit-
ter release.?* Further, it has been indicated that caytaxin plays an
important role in mitochondrial axonal transportation and the syn-
aptic energy supply.

Our recent study demonstrated that DAPK1 interacts with cay-
taxin, causing apoptosis of hippocampal CA1 neurons. In cultured
primary neurons, we employed virus co-transfected DAPK1-re-
lated plasmids (activated DAPK1 (ACaM) and inactive DAPK1
(K42A)) with caytaxin. Mitochondria staining showed that ACaM
decreased the number of mitochondria in the neuronal processes,
as compared with K42A. However, co-transfected ACaM with mu-
tant caytaxin (S46A) showed alleviation of mitochondrial reduc-
tion. In addition, co-transfection of ACaM and wild-type caytaxin
caused a relative decrease both in the frequency and amplitude of
miniature excitatory post-synaptic currents, suggesting that the
serine 46 of caytaxin is essential for DAPK1-induced presynaptic
energy deficiency and synaptic dysfunction.

Based on the above studies, we hypothesized that after ischemic
stroke, activated DAPK1 causes phosphorylation of the caytaxin
protein at serine 46 (pS46), which interrupts the formation of mi-
tochondrial axonal transport complexes, leading to presynaptic
mitochondrial reduction, following energy deprivation, then caus-
ing impairment of synaptic transmission, and ultimately induc-
ing neuronal apoptosis. Using the conditional DAPKI knockout
(DAPKI7) mice, we found that the apoptosis of hippocampal
dCA1 neurons was decreased and that the depression-like symp-
toms were effectively alleviated in PSD mice. In addition, the
membrane-permeable small molecule polypeptide Tat-CTX com-
posed of caytaxin (43-EDSSSPPST-51) was synthesized to block
the binding of the DAPKI1 to caytaxin, and to reduce apoptosis of
hippocampal dCA1 neurons and alleviate PSD-like symptoms in
mice.

Conclusions

In conclusion, based on previous studies, we hypothesize that acti-
vated DAPK 1 signal after stroke induces apoptosis in hippocampal
dCA1 neurons, which leads to loss of dCA1-mPFC glutamatergic
projections, synaptic injury, decrease of glutamate release, inhibi-
tion of mPFC neurons, and causes onset of PSD finally. By ge-
netically knocking out the DAPK1 gene (DAPKI7") or blocking
DAPKI1 death signal with exogenous peptide may be possible to
inhibit the apoptosis of dCA1 neurons and reduce the impairment
of dCA1-mPFC neural circuit, thereby alleviating PSD (Fig. 1).

Future research directions

The proposed hypothesis has important theoretical significance for
elucidating the molecular and neural circuit mechanisms of PSD,
and will provide new insights for the treatment of PSD. In the fu-
ture, the following issues need to be further verified. The first is
clarifying the molecular mechanism of DAPK1 death signal medi-
ating the decrease of dCA1-mPFC glutamatergic projection after
ischemic stroke. The second is revealing the reasons behind the
differences between PSD animals and non-PSD animals. And, the
last but not least involves information that will benefit the treat-
ment of PSD, such as determining the efficacy and safety of the
exogenous peptide Tat-CTX that interferes with the DAPK1 death
signal.
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Fig. 1. Schematic diagram of the hypothesis. The neural circuit and molecular mechanism of post-stroke depression (PSD). (a) Normal conditions; (b) Stroke

conditions.
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