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ABSTRACT. LIM domain kinase 1 (LIMK1), an actin-binding kinase, can
phosphorylate and inactivate its substrates, and can regulate long-term
memory and synaptic plasticity. Both B-amyloid precursor protein (App)
and presenilin (PS) are functional degeneration factors during early
neuronal development, and are considered as potential factors that
contribute to the development of Alzheimer’s disease (AD). However,
hardly any information is available about the distribution and expression
of LIMK1. Thus, using the App and PS deficient mice, the role of LIMK1
was demonstrated in the absence of App and PS. Our results showed
that LIMK1 was present in the nerve fiber layer and external plexiform
layer of the olfactory bulb, as well as in the mitral cells and Purkinje
cells of the cerebellum in App and PS deficient mice. Additionally, LIMK1
was concentrated in the granule cell layer of the olfactory bulb and
cerebellum and LIMK1 positive cells were located in the CA1 region of
the hippocampus. Our study indicates that there is a connection between
LIMK1 and AD in the mouse model of AD. This might explain neurological
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problems such as cerebellar ataxia, impaired long-term memory, and
impaired synaptic plasticity observed in AD.
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INTRODUCTION

B-amyloid (AB), a product of B-amyloid precursor protein (APP), is aggregated into
oligomers, fibrils and plaques, which is a central phenomenon in the molecular pathogenesis
of Alzheimer’s disease (AD) (Vorobyeva et al, 2014; Rudy et al., 2015). AD is a progressive
neurodegenerative disorder leading to memory loss and cognitive deficits (Piau et al., 2011;
Rudy et al., 2015). Presenilin (PS) is part of the y-secretase complex, and it is responsible for
AD with an earlier age of onset. Its enzymatic activity is responsible for hydrolyzing proteins
at aspartic acid molecules, and PS regulates the signaling regulating differentiation and
development (Collins et al., 2015). Cognitive impairments and synaptic loss in animal models
of AD suggest that the presence of amyloid-f is associated with AD in transgenic mouse models
(Sahlholm et al., 2015). The double transgenic mouse model with amyloid-f/presenilin deposition
(App/PS*") is widely used to study AD (Weitz et al., 2014). Members of the LIM kinase family play
an important role in actin dynamics through the regulation of cofilin via phosphorylation and thus
inactivation. LIM domain kinase 1 (LIMK1) is mostly expressed in neurons with mature synapses,
and is involved in inhibiting bone morphogenetic protein 6 during apoptosis and AD through its
protective effects in App/PS*- transgenic mice (Sun et al., 2014).

The mammalian olfactory bulb is mainly composed of the mitral cells (MC), tufted cells,
granule cells, and periglomerular cells. The pathways formed by these cells are responsible for smelling
and its regulation in the olfactory bulb, for example, the mitral cells form projections in the olfactory
bulb (Nagayama et al., 2014). The mammalian cerebral cortex develops in an “inside-out” pattern
during development (Sekine et al., 2012). The hippocampus is a specific region that is necessary for
memory formation (Tastet et al., 2012). Cerebellar gray matter, which can be divided into the molecular
layer, Purkinje cell layer, and granule cell layer, forms the surface of the cerebellum. Interestingly, the
excitation of Purkinje cells leads to movements whose timing is more closely matched with training
intervals (Lee et al., 2015). Previous studies showed that LIMKs are involved in learning, memory,
neuronal migration, the function of neuronal circuits, and smelling (Yang et al., 2004; Todorovski et al.,
2015). These studies suggest that LIMKs might contribute to AD in the aging brain.

To investigate this issue, we examined the expression and distribution of LIMK1 in the
brain. Interestingly, LIMK1 was associated with the layered structures of the olfactory bulb, cerebral
cortex, hippocampus, and cerebellum in the App/PS*- mouse model of AD.

MATERIAL AND METHODS
Animals

C57BL/6J mice and App/PS* transgenic mice (the strain number D000268) were
purchased from Model Animal Research Center of Nanjing University and used in the experiments.

All animal experiments were performed according to the guidelines for the care and use of
laboratory animals of Henan University.
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Reagents and antibodies

Phosphate buffer saline (PBS) and antibody dilution buffer were purchased from Gibco
(USA); paraformaldehyde (PFA, Sangon biotech, China) was stored in our lab. The primary
antibody rabbit anti-LIMK1 and the secondary antibody Alexa Fluor 488-conjugated goat anti-
rabbit were purchased from Invitrogen (USA). We purchased 4',6-diamidino-2-phenylindole
(DAPI) from Millipore (USA).

Immunohistochemistry

Mice with an age of approximately 270 days were used for this study. Pelltobarbitalum
Natricum was used to anesthetize mice and 4% PFA was used to perfuse the animals for 10
min. Their brains were fixed with 4% PFA in PBS for 1 h at room temperature, and the fixed
olfactory bulb, cerebral cortex, hippocampus, and cerebellum were incubated in rabbit anti-
LIMK1 (1:500) overnight at 4°C. Then the slices were incubated in the secondary antibody
Alexa Fluor 488-conjugated goat anti-rabbit (1:300) for 2 h at room temperature. Finally, the
nuclei were stained with DAPI (1:1000) for 5 min at room temperature. Stained slices were
analyzed using the FV1000 fluorescence microscope (Olympus).

RESULTS
Expression of LIMK1 in four key parts of the mouse brain

Relevant studies have shown that LIMK1 plays a significant role in the function of neuronal
circuits, synaptic plasticity, learning, and neuronal migration (Chai et al., 2009; Piccioli and Littleton,
2014). As a cellular protein with Ser/Thr and Tyr protein kinase activities in multiple cell types,
LIMK1 was found in cells of the olfactory bulb, cerebral cortex, hippocampus, and cerebellum
in wild-type (WT) mice and in App/PS*- mice (Figure 1); therefore, immunofluorescent signals
were detectable throughout four key parts of the mouse brain. Strong signals were found in the
marginal zone of the olfactory bulb, in the cerebral cortex, in the cornu ammonis (CA) regions of
the hippocampus, dentate gyrus (DG) of the hippocampus, and gray matter of the cerebellum.
Additionally, LIMK1 was found in the neurons of four key parts of the mouse brain. Interestingly, the
expression of LIMK1 was decreased in the deeper layers of the olfactory bulb and cerebellum in
WT mice compared with those in the transgenic App/PS*" mouse model of AD.

LIMK1 is expressed in the granule cell layer of the olfactory bulb in the mouse
model of AD, but not in WT mice

The olfactory bulb is compose of multiple layers with a variety of cells, and the role of
these cell types is not yet fully understood regarding the function of neuronal circuits (Nagayama
et al.,, 2014). To investigate the expression and distribution of LIMK1, the olfactory bulb was
immunolabeled with an anti-LIMK1 antibody. Figure 2 shows that strong fluorescent signals were
found in the olfactory bulb of the App/PS** mouse model of AD. LIMK1 was found in the nerve
fiber layer (NFL) and external plexiform layer (EPL) in both WT mice and the App/PS*- mouse
model of AD, while in the WT mice, no signal was visible in the inner granule cell layer (GRL) apart
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from a few cells. In the GRL, LIMK1 immunostaining was different between the two groups. These
results indicate that LIMK1 might play an important role in the neuronal function of the olfactory
bulb and the development of AD.

WT AppiP§*:

Cerebellum

Figure 1. Expression of LIMK1 in four key parts of the mouse brain. Immunostaining for LIM domain kinase 1 (LIMKI;
green) and 4’,6-diamidino-2-phenylindole (DAPI; blue) staining in sections from wild-type (WT) mice and the App/
PS*- mouse model of Alzheimer’s disease. LIMK1 (left panels) immunohistochemical signal is present in the olfactory
bulb, cerebral cortex, hippocampus, and cerebellum of WT mice and App/PS*- transgenic mice. DAPI (middle panels)
staining reveals the nuclei of cells forming layers.

WT AppIPS*-

Figure 2. Expression of LIMK1 in the olfactory bulb at a high magnification. Immunohistochemical signal of LIM domain
kinase 1 (LIMK1; upper panels) is present in the nerve fiber layer (NFL) and external plexiform layer (EPL) of the
olfactory bulb in both wild-type (WT) mice and the App/PS* mouse model of Alzheimer’s disease, and in the granule
cell layer (GRL) in the App/PS*- mice. Furthermore, LIMK1 is located in the nucleus of granule cells and the GRL.
Merged images (lower panels) revealed that LIMK1 was located in the nuclei and layers of the olfactory bulb (arrows
and dotted line show the border of the GRL and EPL).
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Expression of LIMK1 in the cerebral cortex and hippocampus in WT mice and the
mouse model of AD

LIMK1 is increasingly recognized for its role in spine morphology and synaptic function
(Meng et al., 2002). To investigate the expression and distribution of LIMK1, the cerebral cortex
and hippocampus were immunostained with an anti-LIMK1 antibody, and nuclei were stained with
DAPI. Figure 3 shows that strong immunofluorescent signals were found in the cerebral cortex.
LIMK1 was detected in most granule cells, glia, and mature neurons of the cerebral cortex in the
marginal zone (MZ), cortical plate (CP/upper CP), and ventricular zone (VZ) in both control mice
and the App/PS* mouse model of AD. Interestingly, a thinner pyramidal cell layer was identified
in the CA1 region of the App/PS* mouse model of AD compared with that of WT mice, and a few
neurons were detected outside of the CA1 pyramidal layer, which were immunopositive for LIMK1
(arrows in Figure 4). We found no significant differences in the distribution of LIMK1 in the DG and
CAZ3 between the mouse groups. These results suggest that LIMK1 might play an important role in
neurodegeneration, as the hippocampus is known for its function in learning and memory.

WT App/PS*

Figure 3. Distribution of LIMK1 in the cerebral cortex at a high magnification. LIM domain kinase 1 (LIMK1; green) and
4’,6-diamidino-2-phenylindole (DAPI; blue) staining in the marginal zone (MZ), cortical plate (CP), upper cortical plate

(UCP), and ventricular zone (VZ).

Figure 4. Distribution of LIMK1 in the hippocampus at a high magnification. Immunostaining for LIM domain kinase 1
(LIMK1; green) in sections from wild-type (WT) mice and the App/PS* mouse model of Alzheimer’s disease. LIMK1
immunopositive signal is located in all regions of the hippocampus, and is increased in the nuclei of neurons in the CA
regions. Arrow shows a neuron outside of the CA1.

AppIPS*-
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More LIMK1 is localized in the granule cell layer of the cerebellum in the mouse
model of AD than in WT mice

The cerebellar cortex is composed of the molecular cell layer (MC), Purkinje cell layer
(PC), and granule cell layer (GC), and the inhibition of Purkinje cells lead to impaired learning and
thus circuit changes in the cerebellar nuclei (Lee et al., 2015). To investigate LIMK1 expression
and distribution in the cerebellum, we immunolabeled the cerebellum with an anti-LIMK1 antibody,
and stained the nuclei with DAPI. Figure 5 shows that strong fluorescent signals were found in the
cerebellum. Similar to WT mice, LIMK1 was found in the MC in the App/PS*- mouse model of AD. In
the PC, a very weak signal was identified in the App/PS*- mouse model of AD, while the signal was
strong in WT mice, and LIMK1 was concentrated in the cytoplasm, but not the nuclei of Purkinje
cells (WT in Figure 5). More interestingly, a low level of LIMK1 positive signal was identified in the
inner GC in WT mice, nevertheless, in App/PS*- mice, LIMK1 expression co-localized with DAPI
in the deeper layers of GC (Figure 5). Therefore, LIMK1 might play a key role in the signaling of
Purkinje cells in the cerebellum. These results suggest that AD might misregulate Purkinje cells
and the excitability of granule cells during neuronal degeneration.

WT AppiPS*-

Figure 5. Expression of LIMK1 in the cerebellum at a high magnification. Immunostaining for LIM domain kinase 1
(LIMK1; green) and 4’,6-diamidino-2-phenylindole (DAPI; blue) staining in sections from wild-type (WT) mice and the
App/PS*- mouse model of Alzheimer’s disease. Immunopositive signal for LIMK1 is mainly located in the mitral cells
(MC) and Purkinje cells (PC) of the cerebellum. In WT mice, there is no immunofluorescent signal in the granule
cells (arrows are indicating the granule cell layer).

DISCUSSION

In addition to its function in actin dynamics, LIMK1 is inhibited by AB, and this inhibition
can alter the structure of cytoskeleton and lead to cognitive dysfunction (Maloney et al., 2005).
Therefore, we studied the relationship between LIMK1 and AD in the mouse brain. AD is the most
common form of dementia in patients, and it is characterized by the accumulation of AB, which
leads to the impairment of learning and memory and thus cognitive deficits (Rudy et al., 2015).

Previous studies indicated that LIMK1 regulate the phosphorylation of its substrates and
synaptic function in the brain. In LIMK1 knockout mice, cofilin phosphorylation and excitatory
synaptic function in the CA1 region of the hippocampus are severely impaired (Meng et al., 2004).
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Identification of olfactory dysfunction in preclinical and early stages of AD is a potentially useful
method to detect the disease (Attems et al., 2014; Masurkar and Devanand, 2014), and similar to
LIMK1, several factors regulate the function of cortical neurons. In transgenic mouse models of
dementia, the cerebellar pathology of dementia is maintained (Franco et al., 2011; Purushothuman
et al., 2015). Our results showed that LIMK1 was detected in the NFL and EPL of the olfactory bulb
in WT mice and the App/PS* mouse model of AD. In addition, LIMK1 is expressed in the granule
cells of the olfactory bulb and cerebellum in the App/PS*- mouse model of AD. Revealing the
interactions between LIMK1 and AD might help to understand the fundamentals of central nervous
system degeneration and olfactory dysfunction, which is an early biomarker of neurodegenerative
disorders and disease progression. In this study, we identified LIMK1 expression in the GRL of the
olfactory bulb in the App/PS*- mouse model of AD. However, the immunofluorescent signal of LIMK1
was weak in the GC layer of the olfactory bulb and cerebellum in WT mice. A few immunopositive
cells were detected outside of the CA1 pyramidal layer of the hippocampus in the App/PS* mouse
model of AD. LIMK1 is involved in the development of PS/AB-induced AD and the regulation of
long-term memory and synaptic plasticity in mice (Meng et al., 2002; Sun et al., 2014).

The redundant App, which is responsible for AD, is characterized by severe
neurodegeneration leading to impaired learning and memory, and animals with App overexpression
are highly susceptible to AD (Ling et al., 2003; Weitz et al., 2014; Collins et al., 2015; Cummings
et al., 2015; Sahlholm et al., 2015). In mice, the defect of LIMK1 causes deficits in the late phase
of long-term potentiation and in memory. In this study, we revealed that LIMK1, a critical factor for
normal neuronal function, plays a role in brain development, and induces AD through the spreading
of granule cells and few projective cells (Figures 2, 4, 5). In addition, we noticed that the distribution
of LIMK1 is homogeneous in the olfactory bulb, cerebellum, cerebral cortex, and hippocampus.
These results showed that LIMK1 plays a central role in the activation in a spatiotemporal manner
of APP and PS. Furthermore, LIMK1 was expressed in the GRL and mitral cells in the App/PS*"
mouse model of AD. Our results showed that LIMK1 expression was decreased in the inner granule
cells beneath the PC. As LIMK1 might be a useful candidate for studying memory (Wang et al.,
2013; Wolf et al., 2014), the present results suggest that LIMK1 and AD are connected from the
cytoplasm to the nucleus, which might cause several degenerative diseases.

Collectively, these results indicate that following conclusion, App/PS was present in the brain
of AD mice, and the reaction was associated with LIMK1. Distribution of LIMK1 was strongly related
to the development of AD. Relationship of AD and LIMK1 will be investigated in further studies.

Based on the present study, we have shown that in the App/PS-induced AD, tissues
responsible for cognitive functions are affected by neurodegeneration, and the altered expression of
LIMK1 in granule cells and other cell types is involved the development of AD. Furthermore, during the
process of AD, LIMK1 was distributed diffusely and maintained the process. To conclude, our findings
suggest that LIMK1 regulates the development of AD via the central neuronal system of the brain.
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