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Abstract

Objective: Autophagic maintenance of protein turnover for neuronal homeostasis is of critical importance.
Although autophagy dysfunction contributes to neurodegenerative pathology, it remains unclear why certain brain
regions are initially targeted compared to others. In Alzheimer's disease, the hippocampus appears to be most
severely and initially affected compared to regions such as the cerebellum, which seem to be spared initially and are
only targeted during later stages of neurodegeneration. Here we hypothesize that brain-region specific variations in
basal autophagic activity may underlie sensitivity to proteotoxicity and contribute towards pathology. We investigated
the abundance of key autophagic markers in different regions of the mouse brain to determine whether variations in
basal autophagic activity may underlie brain-region susceptibility to neurodegeneration.

Methods: Autophagic lysosomal degradation was inhibited using chloroquine in vivo and bafilomycin ex vivo.
We investigated the accumulation of LC3-1l and p62 protein levels in different regions of the mouse brain following
inhibition using western blot analysis, immunofluorescence and micro-computed tomography imaging techniques.

Results: Results indicate clear and robust variation of autophagic marker abundance between different regions
of the mouse brain, both in our in vivo and ex vivo models. Increased protein levels were particularly observed in
the cerebellum compared to the hippocampus region, suggesting distinct and region specific changes in autophagic
activity.

Conclusion: Functional specificity and metabolic demands of different brain regions may translate into
differential autophagic activities, which may vary from one region to the next. Here we report regional variations of key
autophagic markers between different regions of the mouse brain when autophagosome degradation was inhibited.
These findings indicate enhanced basal autophagic activity in the cerebellum compared to the hippocampus. We
therefore conclude that enhanced basal autophagic activity may render certain brain regions better equipped to
deal with imbalances in protein degradation and that lower levels of basal autophagic activity may underlie regional
susceptibility towards pathological decline.
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Introduction

Improved medicinal care has led to a profound increase in the aging
population and along with it, the prevalence of age-related neurological
decline. Statistics indicate an estimated 75.6 million individuals suffering
from Alzheimer's disease (AD) by 2030 (Prevalence of dementia;
alzheimers.org.za). Diseases such as AD and Parkinson's disease (PD)
present a great burden, both socially and economically and although
progress has been made in dissecting the molecular underpinnings,
the exact aetiology remains in contention. Key pathological hallmarks
are shared amongst most neurodegenerative diseases and include
aggregation of misfolded proteins and mitochondrial dysfunction
leading to oxidative stress [1,2]. Furthermore, it remains unclear is
why certain brain regions are more susceptible to proteotoxicity and
neuronal degradation, such as the hippocampal regions in AD and the
midbrain in PD, while others are largely spared in decline, or at least,
initially spared in disease, such as cerebellar regions. Macroautophagy
(hereafter referred to as autophagy) represents the main cellular
catabolic route through which eukaryotic cells degrade misfolded
proteins and impaired cytoplasmic organelles [3,4]. Through selective
lysosomal degradation, autophagy is essential for neuronal homeostasis
[5,6] and has become an attractive target to treat neurodegenerative
disorders [7].

The emerging theory indicates that autophagy plays a dual role
in neurodegeneration causing a downstream effect by promoting

degradation and an upstream effect where the deregulation thereof
disrupts proteostasis, leading to protein aggregation and toxicity.
Autophagy is a highly dynamic process regulated at multiple steps and
defects in autophagic flux have been linked to a number of different
human disorders [8]. Here, we speculate that increased sensitivity to
variations in autophagic flux may render certain brain regions more
prone to protein aggregation and subsequent cellular decline than
others [9]. Certain neuronal cell types may be less able to compensate
for (even subtle) imbalances in the autophagic process/protein
turnover, possibly lacking fully functional compensatory mechanisms
to shift the protein balance back before aggregated proteins are able
to exert intracellular toxic effects [10]. Therefore, exact and well
quantifiable measurements [11] and comparison of autophagic activity
variations in different neural tissues is required, as it may advance our
understanding of the correlation between autophagy, proteotoxicity,

*Corresponding author: Chrisna Swart, Faculty of Science, Department of
Physiological Sciences, Stellenbosch University, Cape Town, South Africa, Tel: +27
21808 3151; Fax: +27 21 808 3145; E-mail: chrisna@sun.ac.za

Received June 01, 2017; Accepted June 13, 2017; Published June 20, 2017

Citation: Swart C, Khoza A, Khan K, Roux SL, du Plessis A, etal. (2017) Investigating
Basal Autophagic Activity in Brain Regions Associated with Neurodegeneration
using In Vivo and Ex Vivo Models. J Alzheimers Dis Parkinsonism 7: 337. doi:
10.4172/2161-0460.1000337

Copyright: © 2017 Swart C, et al. This is an open-access article distributed under
the terms of the Creative Commons Attribution License, which permits unrestricted
use, distribution, and reproduction in any medium, provided the original author and
source are credited.

J Alzheimers Dis Parkinsonism, an open access journal
ISSN: 2161-0460

Volume 7 Issue 4 « 1000337



Citation: Swart C, Khoza A, Khan K, Roux SL, du Plessis A, et al. (2017) Investigating Basal Autophagic Activity in Brain Regions Associated with
Neurodegeneration using /n Vivo and Ex Vivo Models. J Alzheimers Dis Parkinsonism 7: 337. doi: 10.4172/2161-0460.1000337

Page 2 of 8

disruption in proteostasis and neurodegeneration and may provide
better means of not only controlling, but ideally preventing or halting
disease progression.

The two main methods currently utilized for monitoring
autophagic flux are assays based on LC3 turnover and p62 degradation.
The microtubule-associated protein 1 light chain 3 (MAP1-LC3/Atg8/
LC3) is specifically cleaved at the C terminus to LC3-I, which in turn
is conjugated to form LC3-II [12]. Given that LC3-II is recruited to
the autophagosomal membrane and hence correlates with the number
of autophagosomes, the level of LC3-II is widely used as a marker
for monitoring the autophagic process [13]. Through the application
of lysosomal deacidifying agents (such as chloroquine) or specific
inhibitors (such as bafilomycin Al) and autophagy inducers (such
as rapamycin) autophagic flux can be detected by assessing LC3-II
turnover, hence the blocking and inducing of LC3-II degradation will
affect cellular levels thereof which can be monitored [14]. P62, also
known as SQSTM1/sequestome 1, serves as a link between LC3 and
ubiquitinated substrates and is efficiently degraded via autophagy
[15]. Therefore, the level of p62 proteins can also be used to monitor
autophagic flux, where autophagic suppression correlates with
increased levels of p62 and autophagic activation is associated with
decreased levels of p62 [16].

In this study, abundance and distribution of LC3-II and p62
were analysed in different regions of the mouse brain using a unique
micro-computed tomography (micro-CT) approach, along with
western blot (WB) and immunofluorescence (IF) techniques. Specific
focus was given to regions that are initially and mostly, targeted
by neurodegeneration [17-19], such as the olfactory bulb, cortex,
hippocampus and the midbrain. The cerebellum was also included as
a region that seems initially protected against neurological decline for
comparison. The results presented here indicate regional variations in
key markers of autophagy under basal conditions, revealed by assessing
basal autophagic activity. In vivo and ex vivo inhibition of end-stage
autophagy, i.e., lysosomal degradation, using chloroquine (CQ)
treatment and bafilomycin A1 (BAF), respectively, resulted in minimal
responses of marker variation in the hippocampus, compared to robust
responses in the cerebellum. The results suggest that highly susceptible
brain regions contain lower autophagic activity at basal levels compared
to other regions and therefore may be less able to maintain sufficient
proteostasis to compensate for increases in protein accumulation
leading to cellular decline. This study represents, to our knowledge,
the first of its kind investigating brain-region specific basal autophagic
activity, a potential underlying factor contributing towards neurological
decline associated with protein aggregation and protein dyshomeostasis
and may hold promise for the advancement of therapeutic strategies
to halt or prevent neurodegenerative disease progression. This may
include interventions that allow the fine control of neuronal autophagic
flux, so that the clearance of toxic proteinaceous cargo can be aligned
with the required region specific autopphagic activity [9].

Methodology

Animals, treatments and tissue collection

Ethical approval for the study was granted through the Division
of Research and Development at Stellenbosch University (SU-
ACUD15-00023). Animals were housed at a room temperature
(RT) with an approximate humidity of about 50% and a 12 h light/
dark cycle. All animals had free access to food and water; no dietary
restrictions were required. Animals used were 3-4 months old male
BALB/C mice randomly allocated into two treatment groups: control

group vs. chloroquine (CQ)-treated group (n=3 per treatment group)
for in vivo treatment for analyses; and control vs. bafilomycin (BAF)-
treated group (n=3 per treatment group) for ex vivo analyses. For in
vivo treatment application, 100 mg/kg CQ (Sigma) was applied as
determined by Haspel et al. [20], versus control (vehicle only; Hank’s
Balanced Salt Solution). CQ serves as a deacidification agent; hence
it deacidifies lysosomal hydrolase enzymes and thus diminishes their
degradative capacity. In vivo treatments were administered for 6 hours
prior to sacrifice and sample collection. Following in vivo treatments,
animals were sacrificed via cervical dislocation and brain extractions
and dissections proceeded. Mouse brains were dissected into regions
associated with neurodegeneration (olfactory bulbs, midbrain, cortex,
hippocampus) and the cerebellum region. Extracted brain tissue was
either snap-frozen in liquid nitrogen and stored at 80°C for western
blot analyses, or fixed in 10% formalin for immunohistochemical and
fluorescent microscopy analyses of autophagic markers. For ex vivo
analyses, animals were first sacrificed via cervical dislocation followed
by brain extractions and dissections into regions for interest. Dissected
brain regions were treated with 400 nm BAF in Dulbecco's Modified
Eagle Medium (DMEM; consisting of 10% fetal bovine serum and 5%
penicillin/streptomycin) for 4 h. Following ex vivo treatment, regions
were either snap-frozen in liquid nitrogen and stored at 80°C for western
blot analyses, or fixed in 10% formalin for immunohistochemical
and fluorescent microscopy analyses of autophagic markers. A small
subset of samples (n=3/treatment group; controls versus CQ-treated)
was subjected to micro-CT analysis using a unique silver-based
immunostaining technique.

Whole-mount immunostaining for micro-CT

Immunostaining procedures and micro-CT analyses were adapted
from a study by Metscher and Miiller [21]. Primary antibody used
was rabbit anti-microtubule-associated protein 1A/1B-light chain 3
(LC3-11; Cell Signalling Technology). Treatment groups analysed with
this procedure include CQ-treated and control groups. After brain
extractions, each mouse brain was fixed for 2-3 h at room temperature
(RT) in a glyoxal-based fixative (Shandon Glyo-Fixx, Thermo
Scientific). All samples were rinsed in methanol and transferred to
100% methanol for storage at -20°C. For immunological staining,
mouse brains were treated with 3% hydrogen peroxide for 30 min to
eliminate any endogenous peroxidase activity, followed by rehydration
through a series of methanol treatments (75%, 50%, 25%, 10 min each)
to MABT (100 mM maleic acid, 150 mM NaCl, 0.1% Triton X-100,
pH 7.4). Samples were washed in MABT+0.1% saponin and then
blocked for 1 h or more at RT using a blocking solution (MABT with
0.1% saponin, 10% donkey serum, 0.5% Roche Blocking Reagent and
1% dimethylsulfoxide), followed by overnight incubation (or longer)
in primary antibody diluted 1:1000 in the same blocking solution. The
following day, samples were incubated in blocking solution again, but
only briefly, followed by incubation with secondary antibody (goat anti-
rabbit IgG HRP conjugate for both primary antibodies used, Invitrogen)
diluted at 1:1000 in blocking solution for at least 4 h. Excess antibody
was washed out with 5 or more washes with MABT with one wash
left overnight at RT. Samples were then post-fixed in 10% formalin in
MABT for 20 min at RT followed by 3 wash steps with double distilled
water (ddH,0) for 10 min each, then changed to 0.1% Triton X-100 in
ddH,0.

Contrasting molecular probes for x-ray imaging

To ensure sufficient x-ray density to conventional whole-mount
immunostaining for micro-CT imaging, a metal-conjugated system
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was applied using an “enzyme metallography” kit (Nanoprobes EnzMet
6010 from Nanoprobes Inc. for chromogen reactions. The staining
product of the EnzMet kit consists of reduced silver deposited at sites of
bound secondary antibody-enzyme conjugate. The patented procedure
that exploits the chemical reduction in peroxidase reactions to reduce
dissolved silver ions (Ag.) to insoluble metallic silver (Ag0), precipitates
in the immediate proximity of the enzyme conjugate. This allows a
peroxidase-conjugated secondary antibody to be visualized by applying
a metal ion solution (e.g. silver acetate), followed by a reducing agent
(e.g. hydroquinone), followed by an electron acceptor (e.g. hydrogen
peroxide). For this study, the kit was specifically adapted for use in
whole-mount immunostaining [21]. Immuno-labelled samples in 0.1%
Triton X-100 was transferred to clean, 1.5 ml tubes for staining. The
Triton solution was replaced with 300 ml fresh 0.1% Triton. From the
EnzMet kit, 600 ul of solution A was added to each sample and mixed
gently for 4 min, then 200ul of solution B was added and mixed for
4min, after which 200 ul of solution C was added and mixed. Samples
were incubated at RT for 5-10 min while the staining is monitored
under a dissection microscope. As soon as nonspecific precipitation
of silver is indicated (solution will begin to appear slightly grey), the
samples were changed to 1% sodium thiosulfate in 0.1% Triton for 10
min in order to stop the reaction and remove unreduced silver ions. For
post-fixation, the thiosulfate was rinsed out with dH,O for 5 min and
samples were changed to 75% methanol followed by 100% methanol.

Micro-CT analysis of extracted mouse brains

Micro-CTwasapplied to produce 3D images of silverimmunostained
samples via a metal-based conjugated secondary antibody system in
order to analyse and quantify the specific autophagy marker, LC3-II, to
be able to assess whether levels of LC3-II differ between different brain
areas. Parameters for CT acquisition were adapted from a protocol
used by Metscher and Muller [21] and were optimized for application
on brain tissue. The high resolution micro-CT scans were performed
with a GE Phoenix Nanotom § at the Stellenbosch CT Scanner Facility
[22,23]. Each sample was scanned at 3.5 p resolution at 50 kV and 320
pA the image acquisition timing was 500 ms, averaging 5 and a skip of
1. The data reconstructions were performed with the proprietary Datos
Rec software coupled with the CT system and all the data and image
analysis was performed with Volume Graphics VGStudio Max 3.0.

Western blot analysis of key autophagic markers of in vivo
and ex vivo treatment groups

40ug of proteins from brain samples were separated by 12% SDS-
polyacrylamide gel electrophoresis (BioRad Fast Cast Stain Free-gel)
at 100-120 V and transferred to a polyvinylidine fluoride membrane
(PVDF) (Immobilon-P° Merck Milipore). Membranes were blocked
with 5% fat-free milk in Tris buffered Saline-Tween 20 (TBS-T) for 1 h
at room temperature (RT) and incubated individually overnight at 4°C
with primary antibodies: anti-LC3B rabbit monoclonal antibody (Cell
Signaling), anti-SQSTM1/p62 rabbit polyclonal antibody (Abcam)
and anti-B-actin rabbit monoclonal antibody (Abcam); at a dilution of
1:1000. After three washes with TBS-T, the membranes were incubated
for 1 h at RT with secondary antibody horseradish peroxidase-
conjugated anti-rabbit (1:5000; Amersham Life Science). Membranes
were developed with Clarity western-enhanced chemiluminescence
substrate (Bio-Rad) acquired with Chemi-Doc MP (Bio-Rad)
and analyzed using Image Lab software (Bio-Rad) that allows the
normalization of specific protein signal with proteins total load, or
in comparison with loading control p-actin obtained by fluorescent
detection of monodimensional proteome on TGX stain free gels.

Immunofluorescence analysis of brain region structure and
key autophagic of in vivo treatment group

Extracted and dissected brain samples were preserved in 10%
formalin (in 0.1 M phosphate buffer; pH 7.4) for 48 h after which
they were embedded into paraffin wax. Microtomed sections (9 um
thick) were placed to dry on microscope slides followed by a series of
deparaffinization and dehydration steps to prepare samples for staining.
A subset of sections underwent basic hematoxylin and eosin staining
in order to visualize various structural and cellular characteristics
unique to each region of interest. Trypsin incubation (0.1%) allowed
retrieval of antigen binding sites and the addition of a blocking step
(5% donkey serum) prohibited non-specific antigen binding of
sections undergoing fluorescent immuno-staining. These sections
were incubated overnight at 4°C with primary antibodies (1:200): anti-
LC3B rabbit monoclonal antibody (Cell Signaling), anti-SQSTM1/
p62 rabbit polyclonal antibody (Abcam). After sufficient washing,
sections were incubated with Alexa Fluor'568-linked anti-rabbit
antibody (Life Technologies) secondary antibody (1:500) for 45 min
at RT in a moist, dark chamber. After secondary antibody incubation
and wash steps, sections were counterstained with Hoechst 33342 dye
for nuclei visualization. Sections were mounted with Dako fluorescent
mounting media (Dako Cytomation). Once dried, sections were ready
for fluorescent microscopy imaging using the Olympus CellR system
attached to an IX 81 inverted fluorescent microscope equipped with
an F-view-II cooled CCD camera (Soft Imaging Systems). Another
subset of sections was stained with acridine orange (AO; 1:500; Sigma)
in order to visualize acidic compartments within the cell layers of each
brain region. AO stains acidic compartments such as lysosomes and
stand as an indication of the digestive capabilities (via autophagy)
within a cell. AO was also used as an indication of whether CQ
treatment, which is a deacidifying agent, was sufficient in inhibiting
autophagic degradation via lysosomes. Given the major role of
autophagy in degrading dysfunctional mitochondria (via mitophagy),
thus maintaining a healthy mitochondrial pool, we also stained some
sections with antibodies against mitochondrial marker TOMM20
(anti-TOMM?20 rabbit monoclonal antibody; 1:200) to investigate
mitochondrial abundance between regions, as well as the effect of CQ
inhibition on mitophagy.

Statistical analysis

The Unpaired t-test was conducted using Graph Pad Prism 7.02
software to assess significant differences between treatment groups.
Measurements of p<0.05 were considered as statistically significant. All
data are expressed as mean + SEM.

Results

Western blot analysis of autophagy-related marker
distribution and abundance in different regions of the mouse
brain

Data from the western blot analyses of key autophagy makers
indicated clear variation in abundance of both LC3 and p62 in
different regions of the mouse brain (Figure 1). Both in vivo and ex
vivo inhibition of lysosomal degradation via CQ and BAF treatment,
respectively, resulted in different levels of LC3 protein levels (relating
to autophagosomes) and p62 protein levels (relating to undigested
ubiquitinated cargo) accumulation in different brain regions.
Interestingly, with regards to p62 reactivity especially, a marked
difference was observed when comparing the hippocampus with the
cerebellum (Figures 1 and S1). The p62 levels of the hippocampus
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show barely any change compared to the cerebellum post-treatment
following lysosomal inhibition, both in vivo and ex vivo. This indicates
that basal autophagic activity is very low in the hippocampus compared
to the cerebellum. No clear trend can be seen for LC3 distribution and
thus warrants further investigation.

Immunofluorescence analysis of autophagy-related markers
in different regions of the mouse brain

By means of basic haematoxylin and eosin staining different
structural layers within each brain region can be noted (S2). Each
regional cell layer contains variable cell densities, which should be
taken into account when investigating fluorescence signal correlating
with specific protein markers. A clear signal distribution can be
seen between the various cell layers within the olfactory bulb, the
cortex, the hippocampus and the cerebellum. Unique to the olfactory
bulb are the glomerular layers and the mitral cell layers. Other
distinguishable layers include the large Purkinje cells of the cerebellum
(S2). Immunofluorescence staining of LC3-II and p62 also indicated
a clear distinction in localization of autophagic markers according
to the different cellular layers within each region, as well as variation
in cross-regional abundance of markers (Figure 2). Control samples
without primary antibody staining were included as negative-controls,
to confirm the absence of non-specific binding (S3). No major changes
in fluorescence intensity were observed when comparing fluorescence

microscopy (FM) images of control samples for each region to CQ-
treated (in vivo) samples (CQ-treated FM data not shown). However,
FM data from control samples did indicate increased fluorescent signal
intensity correlating to higher abundance of LC3 in the cerebellum
compared to hippocampal region (supplementary data Figure D).
The LC3 signal correlating with autophagosomes can be seen as clear
individual puncta, displaying with increased density, in the cerebellum
compared to the hippocampus (S4). Acridine orange (AO) staining of
acidic lysosomal compartments also indicated increased fluorescent
signal correlating with lysosomes in the cerebellum compared to the
hippocampus (S5), especially concentrated within the layers of large
Purkinje cells (indicated by white arrow in S5). Given that the Purkinje
cells of the cerebellum contain large numbers of mitochondria [24],
this data could indicate increased basal autophagic activity in the
form of mitophagy within these cells in order to maintain a healthy
mitochondrial pool size. The large mitochondrial pool is also evident
in the data displaying mitochondrial marker, TOMM20, abundance
(S6), where a clear increased TOMM20 signal intensity can be seen in
the cerebellum region compared to the hippocampal regions of control
samples.

Micro-computed tomography analysis of regional distribution
of autophagy marker, LC3, abundance with the mouse brain

The variability of the distribution of autophagic marker LC3

in vivo WB results
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Figure 1: In vivo and ex vivo western blot results of autophagic marker abundance in different regions of the mouse brain. Data show clear variation of protein
levels (p62 and LC3-II) following lysosomal inhibition (n=3 for all in vivo blots; n=3 for all p62 ex vivo blots except the olfactory bulb; n=2 for LC3-II blots of the
hippocampus, mid-brain and cerebellum). In particular, cerebellar and hippocampal regions are characterized by distinct autophagic activities, which appear highest
in the cerebellum and lowest in the hippocampus.
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Figure 2: Fluorescence microscopy images of key autophagic marker distribution in control samples of each brain region of interest. Cross-regional variation in signal

throughout the mouse brain was further reflected in the micro-CT
data (Figures 3 and S7). Here, silver signal intensities representing
LC3 abundance increased following CQ treatment in vivo. This
could indicate possible accumulation of undigested autophagosomes
resulting from CQ-induced lysosomal inhibition (Figure 3). LC3
abundance appears more prominent in the cerebellum, both before and
after CQ treatment, compared to other areas such as the hippocampus
and midbrain regions (Figure 3). These findings were evident both in
the frontal view and mid-sagittal-based micro-CT images of the brain
(Figures 3 and S7).

Discussion

The functional specialization of different brain regions means
that each region is associated with specific functional requirements
and subsequent underlying molecular characteristics [25]. However,
whether key neuronal homeostatic processes, such as autophagy, vary
from region to region remains currently unknown. Recent studies
support the notion that the autophagic flux response following brain
injury, may vary (i.e., be either increased or decreased) depending on
thelocation and severity of the trauma [26]. The regulation of autophagy

has also been shown to be organ dependent [27]. It is important to note
that basal autophagic flux or basal autophagic activity represents the
degradation of cargo under basal conditions. Here, we assessed basal
autophagic activity in the mouse brain, by assessing key susceptibility
regions for markers of autophagy, using an in vivo and ex vivo approach.
By using CQ and BAF to inhibit end-stage autophagic degradation via
lysosomal deacidification, we are able to assess the amount of marker
accumulation, where LC3-II serves as indication of accumulated
autophagosomes and p62 of accumulated ubiquitinated cargo tagged
for degradation.

The western blot and micro-CT data reveal a distinct, variable
reactivity between the olfactory bulb, cortex, hippocampus, midbrain
and cerebellum, following inhibition (both in vivo via CQ and ex vivo via
BAF) (Figures 1 and 3). The greatest differences in autophagic activity
can be noted when comparing results for the hippocampus with that of
the cerebellum (Figures 3 and S1). Following lysosomal inhibition via
CQ or BAFE, no major increase in autophagic marker accumulation can
be noted in the hippocampus (Figures 1, 3 and S1). In sharp contrast,
the cerebellum shows a pattern of increased accumulation of both p62
(S1) and LC3 (Figure 3). This result is especially interesting given that
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Figure 3: Micro-CT images showing silver signal correlating to LC3-Il in the mouse brain. Images (A) and (B) represent micro-CT images of the dorsal view and
sagittal view of the mouse brain, respectively (nominal spot size of 3.5 um, set at 50 kVp and 320 pA). An intensity chart has been used in order to better reveal areas
of high (red) versus areas of low (yellow) signal, reporting on the concentration of silver correlated with LC3-Il abundance. CQ-treated samples displayed increased
LC3-II signal compared to control samples. From images (A) and (B) it is clear that the cerebellum contains higher abundance of LC3-Il both before and after CQ
treatment, compared to the area of the brain correlating with the hippocampal and midbrain regions.
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hippocampal regions are highly targeted in neurodegenerative diseases
[17,19]. The cerebellum, on the other hand, has received less attention
in the study of neurological decline [28] as it seems mostly spared in the
initial stages of disease. In AD, B-amyloid deposits first appear in the
orbitofrontal and temporal cortex and progresses to the whole cerebral
cortex, including hippocampal regions, then the diencephalic nuclei
and lastly in the cerebellum [17,19,29]. It has been shown that the brain
contains much higher levels of autophagy compared to other organs
[27], which supports the notion of distinct and enhanced autophagy in
the brain. Early AD-related pathological events reported in the brain
include neuronal endosomal enlargement and the upregulation of
genes linked to endocytosis-related proteins [30-32]. This is followed
by impairment in autophagy and in genes and proteins related to the
lysosomal network as well as increased lysosomal biogenesis, suggesting
failed lysosomal clearance [33-35].

In agreement with our results, short-term starvation reportedly
induces a robust autophagic response in the Purkinje cells of the
cerebellum [36]. Using transgenic GFP-LC3 (green fluorescent protein-
attached LC3) mice, the autophagic induction following starvation
resulted in a greater response in the Purkinje cells than in cortical
neurons [36]. Purkinje cells contain large amounts of mitochondria
[24] (S8) and the increased reactivity reported here may reflect
increased basal autophagic activity in the form of mitophagy, necessary
to maintain a healthy mitochondrial pool for this region. Reports show
that mitochondrial fusion may play a protective role in the cerebellum
against neurodegeneration [37] and that mitochondrial division may
serve as a quality control mechanism to suppress oxidative damage and
thus promoting neuronal survival [38]. It has been suggested that region
specific mitophagy capacity greatly contributes to selective neuronal
vulnerability in PD [39]. PINKI1 plays a crucial role in mitochondrial
turnover via autophagy and PINKI knockout was found to have
heterogeneous impacts on different brain regions [39]. These findings
are especially important when considering the increased reaction of the
cerebellum shown here as increased basal autophagic activity may serve
asan early protective mechanism against increased protein accumulation
and proteomic dyshomeostasis leading to neurodegeneration. The
cerebellum may therefore be better able to initially compensate and
respond to increases in amyloid deposits in AD, for example, which
spares it from initial decline in the face of disease. On the other hand,
brain regions that contain lower basal autophagic activity, such as the
hippocampus, as data here indicates, may be less able to maintain
proteostasis when toxicity persists and be left more vulnerable to be
affected first and most severely. Furthermore, protein synthesis and
degradation processes are extremely critical to the formation of both
long-term and short-term memory [40,41], for which regions such as
the hippocampus are mostly responsible. Therefore, any shift in the
homeostatic balance of protein turnover may leave memory-associated
brain regions exceptionally vulnerable to damage. Interestingly, only
minor autophagic activity was also detected in the olfactory bulb as
well as in the midbrain (mesencephalon) region (Figure 1). Olfactory
impairment is a characteristic and early feature of PD [42] and loss of
dopaminergic neurons of the substantia nigra area of the midbrain is
where the bulk of PD-related neurodegeneration occurs [43]. The low
level of autophagic activity reported in these regions, together with the
hippocampus, may represent a critical underlying factor to early stage
neurological decline.

Conclusion and Future Outlooks

Data presented here indicate regional variability in autophagic
activity, indicated by distinct patterns in abundance and accumulation

of key autophagic markers following lysosomal inhibition. Based on
the results presented here, basal autophagic activity is likely to vary
between different brain regions and may contribute to the region-
specific decline that is evident in neurodegenerative diseases such as
AD and PD. Highly targeted regions, such as the hippocampus, may
have lower levels of basal autophagic activity which makes them
exceptionally vulnerable when faced with toxicity and proteostatic
imbalances. In contrast, regions that are initially spared in disease,
such as the cerebellum, may be better equipped to compensate for such
imbalances via levels of high basal autophagic activity contributing to
neuronal protection. Autophagic flux is a dynamic process that requires
measurement of key markers at different time points and it is especially
crucial to take into account that autophagosomal pool size alone is not
a direct indication of autophagic flux [11,20]. Cells may contain a large
pool size of autophagic vacuoles that may be associated with either high
or low flux, where a large autophagosomal pool size in this context may
indicate either increased autophagic induction or decreased autophagic
degradative capacity [11,44]. Therefore, results here may only serve as
an indication of the flux status under basal conditions. Investigating,
quantifying and comparing autophagic flux across different brain
regions over time will contribute greatly towards elucidating the exact
aetiology underlying neurological decline and may serve to design
improved therapies to halt or prevent neurodegenerative disease
progression. Since autophagy has already been identified as a potential
therapeutic target [45], a better understanding of region-specific
neuronal autophagy activity is required, so as to align autophagy
modulation with disease-associated cargo clearance [9,46-48]. Future
research will benefit from more in-depth analyses of brain-region
specific autophagic flux, including the use of transgenic- and organo-
typic model systems in combination with primary isolated neurons
[49,50], to further unravel the role of autophagy in neurodegeneration.
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