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Chaperone-Mediated Autophagy after Traumatic Brain Injury
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Abstract

Chaperone-mediated autophagy (CMA) and the ubiquitin-proteasomal system (UPS) are two major protein degradation
systems responsible for maintaining cellular homeostasis, but how these two systems are regulated after traumatic brain injury
(TBI) remains unknown. TBI produces primary mechanical damage that must be repaired to maintain neuronal homeostasis.
The level of lysosomal-associated membrane protein type 2A (LAMP2A) is the hallmark of CMA activity. The level of
polyubiquitinated proteins (ubi-proteins) reflects UPS activity. This study utilized a moderate fluid percussion injury model in
rats to investigate the changes in CMA and the UPS after TBI. Induction of CMA was manifested by significant upregulation
of LAMP2A and secondary lysosomes during the periods of 1-15 days of recovery after TBI. In comparison, the levels of ubi-
proteins were increased only moderately after TBI. The increases in the levels of LAMP2A and 70 kDa heat-shock protein for
CMA after TBI were seen mainly in the secondary lysosome-containing fractions. Confocal and electron microscopy further
showed that increased LAMP2A or lysosomes were found mainly in neurons and proliferated microglia. Because CMA and
the UPS are two major routes for elimination of different types of cellular aberrant proteins, the consecutive activation of these
two pathways may serve as a protective mechanism for maintaining cellular homeostasis after TBI.
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Introduction

TRAUMATIC BRAIN INJURY (TBI) initiates a cascade of patho-
physiological processes including protein degradation path-
ways such as autophagy and the ubiquitin-proteasomal system
(UPS). Autophagy is the process of lysosomal degradation of un-
necessary or dysfunctional cellular components. There are three
basic types of autophagy: macroautophagy, microautophagy, and
chaperone-mediated autophagy (CMA). Macroautophagy, com-
monly referred to as autophagy, is the process in which cellular
contents are sequestrated by a double-layer membrane to form
autophagosomes, and then autophagosomes fuse with lysosomes to
degrade the cellular contents. Unlike macroautophagy that requires
autophagosome formation, microautophagy is mediated by direct
lysosomal engulfment of the cytoplasmic content. In comparison,
chaperone-mediated autophagy or CMA refers to the chaperone-
dependent selection of soluble cytosolic proteins that are then
delivered to lysosomes for degradation. These three types of au-
tophagy work either together or sequentially to maintain cellular
homeostasis, particularly under stress conditions.'

Primary lysosomes are derived from the endoplasmic reticulum
and Golgi apparatus pathway.? After loading with degradation
materials, primary lysosomes transform into secondary lysosomes
and thus are deposited into heavier subcellular fractions.”> Sec-

ondary lysosome in tissue sections can be recognized by electron
microscopy (EM) as membrane structure containing electron-dense
materials.>” Lysosome-associated membrane protein-2 (LAMP2)
is a major lysosomal membrane protein with a single transmem-
brane (TM) domain, a large heavily glycosylated N-terminal in-
traluminal domain and a short cytosolic C-terminal tail.* There are
three splicing isoforms (LAMP2-A, -B and -C), which differ in
their TM domain and cytosolic tail fragments.* Therefore, LAMP2-
A can be differentiated from LAMP2-B and -C by using an anti-
body recognizing the cytosolic tail fragment specific to LAMP2A.
Among these isoforms, only LAMP2A is involved in CMA."

Cellular aberrant proteins refer to those that are unfolded, mis-
folded, or damaged in cells. They expose their hydrophobic seg-
ments and thus are prone to toxic aggregation in cells.” The UPS
and CMA are independent cellular systems for degradation of
cellular aberrant proteins. Both the UPS and CMA are active at all
times and maximally activated in response to stress.>’” Usually,
after onset of a stress, macroautophagy and the UPS react first as
early as 0.5h and remain at high activity for about 4-8 h. If the
stress persists for more than 10 h, the cells further initiate CMA for
the next 36—72 h period to remove aberrant proteins.®

During the CMA process, HSC70 or its inducible form HSP70
recognizes aberrant cytosolic proteins and delivers them into the
lysosome via a lysosomal membrane receptor channel in an ATP
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dependent manner. The lysosomal receptor channel is made up of
the multimers of the LAMP2A isoform." Previous studies show that
the binding of the substrate proteins to LAMP2A is the rate-limiting
step for CMA, and thus the cellular LAMP2A level correlates di-
rectly with CMA activity.

The objective of this study is to investigate the role of CMA and
the UPS after TBI. This study shows that CMA and the UPS are
consecutively upregulated for maintaining cellular homeostasis
after TBI.

Methods
Materials

Leupeptin, pepstain, aprotinin, phenylmethylsulfonyl fluoride
(PMSF), dithiothreitol (DTT), Triton X-100 (TX100), sodium do-
decyl sulfate (SDS), propidium iodide, and other chemicals were
purchased from Sigma (St. Louis, MO). The following antibodies
were used: anti-LAMP2 (Invitrogen, Camarillo, CA), anti-ubiqui-
tin (1:200, Millipore, Billerica, MA), anti-Iba-1 (Millipore), and
anti-beta-actin (Cell Signaling Tech, Danvers, MA, #4970). The
anti-mouse or anti-rabbit secondary antibodies were purchased
from Jackson ImmunoResearch (West Grove, PA).

TBI model

The parasagittal fluid percussion injury (FPI) model was pro-
duced using male Sprague-Dawley rats weighing 270 to 320 ¢g
(Charles River Laboratories, Raleigh, NC). All experimental pro-
cedures were in compliance with the National Institutes of Health
Guide for the Care and Use of Laboratory Animals and approved by
the Animal Care and Use Committee in the University of Miami
Miller School of Medicine. All feasible measures were taken to
reduce animal suffering and the numbers of animals used for these
experiments.

The basic surgical preparation for brain injury was performed
according to the previously described methods.'™'" Animals were
maintained for at least 7 days before the experiment in a temper-
ature-regulated room (23-25°C) on a 12 h light/dark cycle. The rats
were fasted, but allowed free access to water overnight before the
procedure. Moderate TBI was produced with fluid-percussion
pressure levels of 2.0+0.2 atmospheres (atm). Rats were anesthe-
tized with 3.0% isoflurane in a gas mixture of 70% N,O and 30%
O,. The femoral artery was cannulated to deliver pancuronium
bromide (0.5 mg/kg, intravenously) every 1h during the surgical
procedure to immobilize the rats.

An endotracheal tube was inserted, and the rats were mechani-
cally ventilated with 70% N,O, 0.5% - 1.5% isoflurane, and a
balance of O,. The animals were then placed in a stereotaxic frame,
and a 4.8 mm craniotomy was made over the right parietal cortex
(3.8 mm posterior to bregma, 2.5mm lateral to the midline). A
plastic injury tube (18 gauge modified Precision Glide needle hub,
Becton Dickinson, Franklin Lakes, NJ) was placed over the ex-
posed dura and fixed with dental acrylic.

Before and after TBI, blood gases and mean arterial blood
pressure were monitored and maintained at physiologic levels.
Brain temperature was monitored with a thermistor probe placed in
the left temporalis muscle, whereas core temperature was deter-
mined with a rectal thermometer. Brain temperature was main-
tained at 37°C with self-adjusting feedback heating lamps. Blood
gases, blood glucose, and hematocrit values were monitored 15 min
before TBI, 15 min after TBI, and then once every hour for up to4 h
after TBI. All animals were maintained within physiologic ranges
for mean arterial pressure (120-140 mm Hg), pO, blood gas levels
(105-170 mm Hg), pCO, blood gas levels (3545 mm Hg), and
blood pH (7.38-7.41).

Three sets of tissue samples from a total of 56 rats were prepared
for biochemical, confocal, and EM studies, respectively. The bio-
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chemical samples were prepared from a series of sham-operated
control rats and rats subjected to TBI followed by 4h and 1, 3, 5,
and 15 days of recovery. The confocal microscopic sections were
prepared from another series of sham-operated control rats and rats
subjected to TBI followed by 1, 3, 5, and 15 days of recovery. The
EM sections were prepared from the third series of sham-operated
control rats and rats subjected to TBI followed by 3 and 15 days of
recovery.

For the biochemical analysis, we performed a sample size esti-
mate using SigmaStat with a power of 0.80, indicating that there
was an 80% chance of detecting a statistical difference be-
tween groups. Based on this analysis, four animals in every sham-
operated control or post-TBI experimental group were used for
preparing all three sets of tissue samples. Sham-operated rats were
subjected to identical surgical procedures, but without the fluid-
percussion injury pulse.

After TBI, anesthesia was discontinued, and the animals were
returned to their cages. At the recovery time point to collect brain
samples, the animals were anesthetized, tracheotomized, and arti-
ficially ventilated with 70% N,O, 0.5-1.5% isoflurane, and a bal-
ance of O,. A 50mL centrifuge tube with an open bottom was
embedded into a skin incision on the top of the skull and then filled
with liquid nitrogen while the respiration was maintained with the
ventilator. Brains were carefully removed from the liquid nitrogen-
frozen heads with a saw, a hammer, and a chisel. The right, injured
ipsilateral parietal cortex was dissected in a glove box freezer
(=12°C) as described previously.'? This brain dissection method
prevents brain biochemical changes during the processes of de-
capitation and isolation of brains from the skull.!

For confocal microscopy, animals were anesthetized and ven-
tilated with a respirator. They were then perfused via ascending
aorta with ice-cold 4% paraformaldehyde in phosphate-buffered
saline (PBS), sectioned with a vibratome, and stored in an anti-
freeze solution at —20°C until use. For EM, rats were perfused with
ice-cold 2% paraformaldehyde and 2.5% glutaraldehyde in 0.1 M
cacodylate buffer.

Confocal and electron microscopy

For light microscopic examination, 50 um vibratome sections
were stained with acid fuchsin and celestine blue. Brain sections at
bregma —3.60 mm of the hippocampal level were examined by light
microscopy.

For confocal microscopy, double-labeled fluorescence immu-
nocytochemistry was performed on coronal brain sections (50 pum)
according to the method described in our previous studies.® Be-
cause FPI damages the lateral neocortical and hippocampal CA3
areas,'! brain sections at the hippocampal level (bregma—3.6 mm)
were used for confocal microscopic studies. Briefly, after washing
and blocking, brain sections were incubated overnight at 4°C with a
primary antibody (e.g., Invitrogen LAMP2A antibody or a cell
marker antibody, 1:250 dilution in TBS, 0.1% Triton X-100, and
3% bovine serum albumin). After washing, the sections were in-
cubated either with fluorescein-labeled anti-rabbit secondary anti-
body (1:500, Life technologies, Carlsbad, CA) or anti-mouse
secondary antibody (1:500, Life technologies) for 1h at room
temperature.

For propidium iodide (PI) staining of brain sections, 10 uL of PI
stock solution (1 ug/mL in PBS) was added to 1 mL of the sec-
ondary antibody solution before incubation with secondary anti-
body. PI can penetrate into all cells after paraformaldehyde
fixation, and thus stains all nuclei in paraformaldehyde-fixed brain
sections. Dead neurons can often be recognized with PI staining
because they have shrunken and polygonal nuclei, and the lack of
immunostaining in the cytoplasm.®

Sections were mounted with Vectashield mounting medium
(Vector Laboratories Inc., Burlingame, CA). At the hippocampal
level (bregma —3.6 mm), the center area of the lateral neocortex,
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middle segments of hippocampal CA1 and CA3, and middle seg-
ment of the DG upper blade were examined with a Zeiss 510 laser-
scanning confocal microscope (Zeiss Inc., Thornwood, NY).

For EM, coronal brain sections at the same hippocampal level
(bregma —3.6mm) were prepared according to the method de-
scribed previously.®'? Briefly, brains after perfusion-fixation were
sectioned with a vibratome at 100 um. For the conventional EM,
brain sections were postfixed for 2h with 1% osmium tetroxide in
0.1 M cacodylate buffer immediately, rinsed in distilled water,
stained with 1% aqueous uranyl acetate overnight, dehydrated, and
embedded between two glass slides with Durcopan ACM. A small
piece of embedded tissue section about 2 square millimeters either
from the center of the lateral neocortical area or the middle segment
of hippocampal CA3 was dissected out from embedded brain
sections and mounted onto a resin block. The ultrathin sections
were cut, counterstained with lead citrate, and evaluated with a
ZEISS 10A Transmission Electron Microscope (Zeiss Inc.).

For the ethanolic phosphotungstic acid (EPTA) EM, brain sec-
tions were dehydrated in an ascending series of ethanol to 100%
and stained for 45 min with 1% phosphotungstic acid (PTA) pre-
pared by dissolving 0.1g of PTA in 10mL of 100 ethanol and
adding 100 uL of 95% ethanol. Sections were then embedded in
Durcupan ACM. Ultrathin sections (0.1 [m) were prepared and
examined with an electron microscope without additional staining.

Preparation of subcellular fractions

Brain tissue homogenate and subcellular fractions were prepared
from sham-operated rats and rats subjected to moderate (2.0 atm)
TBI followed by 4h and 1, 3, 5, and 15 days of recovery according
to the method described previously.'* The TBI ipsilateral neocor-
tical tissues were dissected and chopped into small pieces in a
—15°C glove box freezer, and then homogenized on ice with a
Dounce homogenizer (35 strokes, 4°C) in 10 volumes of homog-
enization buffer: 15 mmol/L Tris pH 7.6, 0.25mol/L sucrose,
1 mmol/L MgCl,, 2.5 mmol/L EDTA, 1 mmol/L. EGTA (ethylene
glycol-bis [b-amino ethyl ether] tetraacetic acid), 1 mmol/L dithio-
threitol, 1.25 ug/mL pepstatin A, 10 ug/mL leupeptin, 2.5 ug/mL
aprotinin, 0.5 mmol/L. phenylmethylsulfonyl fluoride, 0.1 mmol/L
Na3zVOy, 50 mmol/L NaF, and 2 mmol/L NasP,0,.

Homogenates were centrifuged at 800g at 4°C for 10 min to
obtain P1 pellets (containing the heaviest cellular components,
including the nuclei and secondary lysosomes) and supernatants
(S1). The S1 was further centrifuged at 10,000g at 4°C for 10 min to
obtain crude cell membrane/synaptosomal/mitochondrial pellet
(P2) and its supernatant (S2). The S2 were centrifuged again at
165,000g at 4°C for 1 h to obtain the cytosol S3 and the microsomal
pellet P3 that contains intracellular membrane structures such as the
endoplasmic reticulum (ER), lysosome, and Golgi. All pellet
fractions were suspended in homogenization buffer containing
0.1% Triton X-100. Each subcellular fraction was assayed for total
protein concentration using the Coomassie Plus assay kit (Bio-Rad
Laboratories, Hercules, CA).

Western blot analysis

Equal protein amounts in subcellular fractions were electro-
phoresed on 10% sodium dodecyl sulfate-polyacrylamide gels
(SDS-PAGE) and then transferred to Immobilon-P membranes
(Millipore). The membranes were incubated with 3% BSA in TBS
for 30 min, and then overnight at 4°C with a primary antibody.
After washing, the membranes were further incubated with horse-
radish peroxidase-conjugated anti-rabbit or anti-mouse secondary
antibodies for 1h at room temperature (1:2,000; Cell Signaling
Technology, Billerica, MA).

In some experiments, the f-actin levels on the immunoblots were
determined as endogenous protein loading controls. The immuno-
blots were developed using enhanced chemiluminescence (ECL,

1451

Pierce Biosciences, Rockford, IL) and developed on Kodak X-omat
LS film (Eastman Kodak Company, New Haven, CT). Densitometry
was performed with Kodak ID image analyses software (Eastman
Kodak Company). All Western blot data were expressed as the ratio
of the levels of the protein of interest and f-actin.

Deglycosylation assay

Each sample solution (10 uL) containing 10 ug of P1 fraction,
distilled water, and 1 uL of 10 times glycoprotein denaturing buffer
(5% SDS, 0.4M DTT), was denatured by heating at 100°C for
10 min. After denaturation, the samples were incubated at 37°C for
1 h with a cocktail of enzymes: 2 uL. of 10x G7 Reaction Buffer
(0.5M sodium phosphate, pH 7.5 at 25°C), 2 uL. of 10% NP-40,
2 uL. PNGase F (New England Biolabs, Ipswich, MA), and 4 uL
distilled H,O. After incubation, SDS sample buffer (five times
stock solution) was added to each reaction mixture and then sub-
jected to Western blot analysis.

Statistical analysis

Data are expressed as mean * standard deviation (SD) as a per-
centage of sham-operated control levels. One-way analysis of
variance followed by the Tukey post hoc test was used for statis-
tical analysis. For comparison of two groups of experimental
data, unpaired Student 7 test was used. *p <0.05 between sham and
post-TBI groups.

Results
Histopathology

The TBI model used for this study is well established and has
been used in many previous studies.'""'> To confirm tissue damage
after TBI, the vibratome brain sections from sham-operated control
rats and rats subjected to 2.0 atm FPI followed by 1, 3, 5, and 15
days of recovery were histologically stained and examined by light
microscopy. Brain damage was not seen in sham-operated control
sections, and observed in the cortical contusion area and CA3 of the
hippocampus in all post-TBI brain sections examined (data not
shown, but see Fig. 3). These results are consistent with previous
studies.'®!”

Upregulation of LAMP2A after TBI

The biochemical hallmark of CMA is the LAMP2A level that
correlates directly with CMA activity.” It is well established that
lysosomes are morphologically and biochemically heteroge-
neous.'® To study lysosomal protein redistribution, tissue homog-
enate and P1, P2, and P3 subcellular fractions from neocortical
brain tissues were analyzed with Western blotting. The LAMP2A
antibody (Invitrogen 51-2200) recognized two major protein bands
on Western blots (Fig. 1A, arrows).'® The upper band was not
markedly altered, while the lower band was significantly increased
in P1, P2, and P3 fractions after TBI (Fig. 1A, arrows). Quantitative
analysis of the lower band indicated that it was significantly in-
creased at 1, 3, 5, and 15 days of recovery after TBI (Fig. 1A).

LAMP2A is extensively glycosylated. To further verify the
LAMP2A changes after TBI, P1 samples were treated with a
mixture of deglycosylation enzymes (Fig. 1B). After deglycosy-
lation treatment, the upper band was not moved, but the lower band
was shifted from about 80 kDa to 45 kDa after electrophoresis. The
45 kDa deglycosylated band was significantly increased after TBI.
Because glycosylated LAMP2A is about 80kDa, and non-
glycosylated is 44,961 Dalton, this study confirmed that the lower
band is LAMP2A. The data are consistent with a previous study.'’
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FIG. 1. Western blot analysis of lysosomal-associated membrane protein type 2A (LAMP2A). (A) Western blots (upper panels) and

quantitative analysis (lower panels) of LAMP2A in homogenate (H), P1, P2, and P3 subcellular fractions after traumatic brain injury
(TBI). Samples were prepared from the neocortical tissues of sham-operated control rats and rats subjected to TBI followed by 4h and 1,
3,5, and 15 days recovery. Data are normalized with f-actin and are expressed as mean + standard deviation (SD) of fold of control

(n=4). *p<0.05 between sham and TBI animals, one-way analysis

of variance followed by the Tukey post hoc test. (B) Western blots

(upper panel) and quantitative analysis (lower panels) of deglycosylated (deglyc.) LAMP2A in P1 fraction. Data are normalized with /-
actin and are expressed as mean=* SD of fold of control (n=3). *p<0.05 between sham and TBI animals, unpaired ¢ test.

LAMP2A is not neuron-specific. To study whether upregulation
of LAMP2A is indicative of the lysosomal activity in neurons after
TBI, brain sections were examined with transmission EM. Neo-
cortical neurons from sham-operated control rats possessed Golgi
apparatus (G), ribosomal rosettes (black arrows), nucleus (N),
rough endoplasmic reticulum (ER), and mitochondria (M), and
relatively lightly stained primary lysosome (black double arrow)
(Fig. 2A). Darkly stained secondary lysosomes were rarely seen in
sham-operated control neurons but easily identified in neurons at 3
and 15 days of recovery after TBI (Fig. 2A, white arrows).

Furthermore, clusters of electron-dense vesicles with electron-
dense inclusions deriving from the trans face of the proliferated
Golgi stacks were often seen at 15 days after TBI (Fig. 2A, TBI 15
days, arrowheads). The identity of these vesicles is unknown, but
the ultrastructure may be similar to either transporting vesicles or
newly formed lysosomes in the trans-Golgi network according to
previous studies.?® These ultrastructural features suggest that the
lysosomal activity is markedly upregulated after TBIL

In a previous study, we found that EPTA selectively stained
secondary lysosomes in post-ischemic neurons.® To further identify
the secondary lysosomes after TBI, we performed an EPTA EM. In
this method, the lipid component of membranes was not directly
visible, because the material was dehydrated through absolute
ethanol and acetone without osmication, leading to the extraction of
most lipids in the EPTA stained material (Fig. 2B).

EPTA normally stains basic proteins in the nuclei (Fig. 2B, N)
and ribosomes (Fig. 2B, double arrows) as well as denatured pro-
teins located in the secondary lysosomes under EM (Fig. 2B, TBI-
3d and TBI-15d, larger arrows), while leaving other subcellular
structures relatively unstained, thus making identification of the
secondary lysosomes easy.® Similar to the conventional osmium-
uramium-lead EM, EPTA EM showed that the secondary lyso-
somes were rarely found in neurons of sham-operated control rats,
but easily seen in neurons at 3 and 15 days of recovery after TBI
(Fig. 2B, larger arrows).

To study further the LAMP2A protein cellular distribution, we
performed confocal microscopy using brain sections from sham-
operated control rats and rats subjected to TBI followed by 24 h of
recovery. LAMP2A immunoreactivity was distributed in CAI,
CA3, DG, and neocortical (Cx) neurons of both sham-operated
control (Fig. 3A, sham) and post-TBI brains (Fig. 3A, TBI-1 day),
but appeared as a more intense punctuated pattern in the CA3 and
Cx areas at the ipsilateral side of brain sections after TBI (Fig. 3A,
TBI-1 day). Some dead neurons in CA3 and Cx after TBI were
seen based on the Pl-stained shrunken nuclei and the lost of the
LAMP2A immunoreactivity (Fig. 3A, TBI-1 day, double arrows).

Microglia proliferation was observed in the contusion neocor-
tical area after TBI particularly during the later periods of recovery
as demonstrated by microglial marker Iba-1 immunolabeling (Fig.
3, TBI-3 days and TBI-15 days, red color, arrowheads). Double
staining confocal microscopy of LAMP2A (Invitrogen 51-2200)
and Iba-1 further demonstrated that LAMP2A immunoreactivity
was increased both in neurons (Fig. 3B, green color, arrows) and
microglia (Fig. 3B, red color, arrowheads) at 3 and 15 days of
recovery after TBI.

The UPS is a parallel route with CMA for the clearance of
cellular aberrant proteins. To study whether the UPS was also up-
regulated after TBI, the same sets of subcellular fraction samples as
used in Figure 1 were used to study the levels of polyubiquitinated
protein conjugates (ubi-proteins) using Western blotting (Fig. 4).
Ubi-proteins on Western blots typically appeared as a high
molecular-weight smear caused by heterogeneity of the modified
proteins (Fig. 4).

Quantitative analysis showed that ubi-proteins were signifi-
cantly and transiently increased and then returned to or below the
control level in P1 fraction after TBI (Fig. 4). In comparison, the
increases in ubi-proteins continued in P2 and P3 fractions during
the recovery periods of 4h-15 days after TBI (Fig. 4). Poly-
ubiquitinated proteins or ubi-protein smear bands were mostly
above 90kDa on Western blots. There was no pattern change on
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FIG. 2. Electron micrographs of neocortical neurons after trau-
matic brain injury (TBI). (A) Osmium-uranyl-lead stained brain
sections of sham-operated control rats and rats subjected to TBI
followed by 3 and 15 days recovery after TBI. Black arrows point to
ribosomal rosettes, a black double arrow points to a primary lyso-
some, larger white arrows indicate secondary lysosomes, and ar-
rowheads denote electron-dense vesicles. G=Golgi apparatus;
N=nucleus; M =mitochondria; ER =rough endoplasmic reticulum;
scale bars=0.5 um. (B) Ethanolic phosphotungstic acid (EPTA)-
stained neocortical neurons. EPTA stained basic proteins in the
nuclei (N), ER-associated polyribosomes (double-arrows) and the
secondary lysosomes (larger arrows); scale bars=1 pum.

Western blots between smaller and larger molecular size ubi-pro-
tein bands after TBI (Fig. 4). The cytosolic pool of 7.6kDa free
ubiquitin in S3 fraction was not significantly altered after TBI (Fig.
4). Double staining confocal microscopy further demonstrated that
immunostaining of ubiquitin (Fig. 5, red color) and LAMP2A
(Fig. 5, green color) were colocalized in neurons at 3 days of re-
covery after TBIL.

HSC70 and its inducible form HSP70 are molecular chaperones
for delivery of aberrant proteins to lysosomes during CMA. Wes-
tern blot analysis showed that the level of HSC70 was unchanged,
but its inducible form HSP70 was significantly upregulated starting
at 1 day, peaking at 3 days, and remaining elevated for as long as 15
days of recovery after TBI in P1, P2, and P3 subcellular fractions
after TBI (Fig. 6, A, B). HSP70 was also significantly upregulated,
although to a much less degree, in cytosolic S3 fraction during 3-15
days after TBI. These changes occurred virtually in the same time
course as those of LAMP2A after TBI.

Discussion

There are several cellular degradation pathways including
macroautophagy (commonly referring to as autophagy), micro-
autophagy, and CMA, as well as the UPS. Evidence for changes in
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macroautophagy has been reported in several models of TBI and is
a target for therapeutic interventions. For instance, Cordaro and
associates®' report that co-treatment with palmitoylethanolamide
and flavonoid luteolin reduces brain damage and the mactoauto-
phagy activity after TBI. The study of Bao and colleagues® shows
that Apelin-13 attenuates brain damage and suppresses autophagy
after TBI. Sun and associates>> demonstrate that administration of
bone marrow stromal cells is able to significantly suppress TBI-
induced autophagy activity. Sarkar and colleagues®* concluded that
the accumulation of autophagosomes after severe TBI was because
of lysosomal dysfunction. Taken together these studies emphasize
the importance of macroautophagy in the pathophysiology and
management of TBI.

In comparison with changes in macroautophagy, this study
shows that the UPS and CMA are consecutively upregulated after
TBI. The upregulation of the UPS activity occurs earlier starting
from 4 h of recovery and continues for as long as 15 days after TBI.
In comparison, the upregulation of LAMP2A and HSP70 takes
place between 24 and 72 h and continues also for as long as 15 days
of recovery after TBI. The increases in LAMP2A and HSP70 were
seen mainly in the secondary lysosome-containing fractions.

Electron or confocal microscopic examinations further show that
the increase in LAMP2A or secondary lysosomes occurs in living
neurons and proliferated microglia, whereas TBI-damaged neurons
lose their LAMP2A immunoreactivity. We did not see marked
changes in LAMP2A immunostaining in other cell types of brain in
the TBI-affected neocortical, CA1, CA3, and DG areas during the
post-TBI phase. Because CMA and the UPS are two major routes for
elimination of cellular aberrant proteins, the consecutive upregula-
tion of these two pathways may serve as protective mechanisms for
maintaining cellular homeostasis after TBI.

Upregulation of the UPS after TBI

The biochemical hallmark of the UPS activity is the upregulation
of ubi-proteins. It was reported previously that free ubiquitin pro-
tein levels were significantly reduced in both ipsilateral cerebral
cortex and hippocampus during the periods of 1-7 days after TBI,
while ubi-proteins were not increased until 3 days after TBL>>% In
comparison, the present study observed no significant change in the
free ubiquitin and only moderate increases in ubi-proteins during
the periods of 4h to 15 days after TBI. The discrepancy is likely
because more severe TBI (about 2.5 atm) was used in the previous
studies than that in the present report (about 2.0 atm).

Previous studies demonstrate that FPI especially at a higher
degree of severity may leads to post-TBI hypoxia, ischemia, ede-
ma, and blood-brain barrier breakdown.''?7-?8 Reductions of ATP
after moderate FPI, however, are generally transient or mild, and
rapidly recover to baseline.’’* ATP decreases significantly after
2.5 atm, but not after mild 1.5 atm mild FPL>' Because protein
misfolding and ubiquitination is directly related to the depletion of
cellular ATP,” 7333 the moderate change in protein ubiquitination
after moderate FPI shown in this study may be directly related to
the degree of ATP reduction and injury severity.

Upregulation of CMA after TBI

In comparison with more moderate upregulation of the UPS, this
study further demonstrates that CMA is significantly upregulated in
adelayed fashion between 1-15 days after TBI. Currently, there are
no reports of CMA after TBI in the literature. CMA is constitutively
active but maximally upregulated and accounts for the degradation
of 30% of cytosolic proteins under stress conditions.® Levels of
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FIG. 3. Confocal microscopy of lysosomal-associated membrane protein type 2A (LAMP2A). (A) Confocal microscopic images of
hippocampal CA1, CA3, DG, and neocortical (Cx) regions. Brain sections were obtained from sham-operated rats and rats subjected to
traumatic brain injury (TBI) followed by 1 day of recovery and were double-labeled with anti-LAMP2A antibody (green) and PI (red). At
the hippocampal level (bregma—3.6 mm), the center area of the lateral neocortex, middle segments of hippocampal CA1 and CA3, and
middle segment of the DG upper blade were examined with a Zeiss 510 laser-scanning confocal microscope. Arrows point to LAMP2A in
neurons. Double-arrows indicate TBI dead neurons. Size bars=20 um. (B) Confocal microscopy of neocortical regions of brain sections
double-labeled with anti-LAMP2A antibody (green) and anti-Iba-1 antibody (red). Brain sections were from a sham-operated rat and rats
subjected to TBI followed by 3 and 15 days of recovery. Arrows point to LAMP2A immunostained neurons, and arrowheads indicate
LAMP2A and Iba-1 stained microglia. Size bars=20 um. Color image is available online at www .liebertpub.com/neu
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LAMP2A can be increased via transcriptional upregulation as in
the case of oxidative stress, or through changes in the degradation
rate of LAMP-2A at the lysosomal membrane as occurs when CMA
is upregulated during prolonged starvation.*® As in the case of this
6 study, increased transcription of LAMP2A may also be plausible as
oxidative stress occurs after TBL.>’

There are three splicing isoforms of LAMP2 (A, B and C). These
isoforms have different cytosolic segments.**® The LAMP2A an-
tibody from Invitrogen (#51-2200) was made specifically against
the LAMP2A cytosolic peptide segment (GLKRHHTGYEQF).
This peptide differs significantly in aminoacid composition from
the cytosolic regions of LAMP2B (GRRKSRTGYQSV) and
LAMP2C (GRRKTYAGYQTL). The significant different com-
position makes the LAMP2A antibody very unlikely to recognize
LAMP2B and LAMP2C, as shown experimentally.*®
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FIG. 4. Western blot analysis of ubiquitinated proteins (ubi-
proteins). Western blots (upper panels) and quantitative analysis
(lower panels) of ubi-proteins in P1, P2, P3, and free ubiquitin in
S3 subcellular fractions after traumatic brain injury (TBI). Brain

samples were from the same sets of tissue samples of Figure 1.
Data are expressed as mean + standard deviation of fold of control
(n=4) *p <0.05 between sham and TBI animals; one-way analysis
of variance followed by the Tukey post hoc test.

This LAMP2A (Invitrogen #51-2200) has been used for both
Western blotting and immunocytochemistry in several previous
publications.®'?***" As shown in Figure 1, this LAMP2A anti-
body cross-reacts with a non-LAMP2A protein in brain tissue

1454



CMA AFTER TBI

1455

20pm

Ubiquitin LAMP2 Ubiquitin

Sham 3d

FIG. 5. Confocal microscopy of lysosomal-associated membrane protein type 2A (LAMP2A) and ubiquitin immunoreactivity.
Confocal microscopic images of hippocampal CA3 and neocortical (Cx) regions of brain sections double-labeled with anti-LAMP2A
(green) and anti-ubiquitin antibodies (red). Brain sections were from sham-operated rats and rats subjected to traumatic brain injury

followed by 3 days of recovery. Size bars=20 um. Color image is available online at www.liebertpub.com/neu

samples on Western blots. For that reason, it may not be ideal to use
this antibody for immunostaining of tissue sections. The results are
consistent with a previous study.'® There are situations that an
antibody recognizes antigen in its native structure and location, but
recognize additional bands when protein are denatured and solu-
bilized in Western blot analysis. It is also possible the top band
recognized by this Invitrogen LAMP2A antibody does not change,
thus serving as a background staining, while the lower LAMP2A
band is significantly altered, thus reflecting the LAMP2A immuno-
staining pattern changes in brain sections after TBI.

Darkly stained secondary lysosomal structures under the con-
ventional EM are rarely seen in control neurons, but easily iden-
tified in neurons after TBI. These lysosomal structures can also be
stained with EPTA under EM as shown in Figure 2B. Because
EPTA stains only proteins,*? these lysosomal structures are likely
secondary lysosomes, rather than lysosomes with lipofuscin vesi-
cles. In lysosomal storage diseases, lysosomal enzyme deficiencies
lead to accumulation of dysfunctional cellular lysosomes.

Could the increase in the LAMP2A level or the EM secondary
lysosomes after TBI be because of lysosomal dysfunction? This
may not be the case, because several previous studies show that
mechanical stress generally activates, rather than inhibits lyso-
somal turnover.***7 As shown in the present study, LAMP2A is
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increased in both neurons and proliferated microglia (Fig. 3B).
Therefore, as discussed above, the upregulation of LAMP2A after
TBI may be because of not only the degradation rate,*® but also the
formation of new lysosomes after TBI.

EM is an excellent tool for analysis of subcellular fine structures.
Using EM to estimate the lysosomal number alterations after TBI
must be with caution, however. The reason is that there are sig-
nificant amounts of unforeseen challenges when using EM as a
quantitative tool for estimating three-dimensional subcellular
structures even using a stereological method.*® This is also because
of the natures of the diffuse axonal mechanical damage and mul-
tiple foci pathology after TBL** To overcome these obstacles, the
present study employed a combination analysis of using both more
quantitative Western blot analysis of lysosomal marker protein
LAMP2A, as well as EM and confocal microscopic cellular distri-
bution of the lysosomes to show the upregulation of CMA after TBI.

CMA substrate proteins contain a common consensus penta-
peptide known as ““KFERQ-like motif.”” In this process, the motif-
containing substrate proteins are recognized and then delivered by
HSC70 or HSP70 to lysosomes where they are bound to the re-
ceptor channel composed of multimer LAMP2A.*® The present
study shows that HSC70 is unchanged, but HSP70 is significantly
upregulated in the lysosome-containing subcellular fractions
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FIG. 6. Western blot analysis of HSC70 and HSP70. Western blots (upper panels) and quantitative analysis (lower panels) of HSC70
(A) and HSP70 (B) in P1, P2, P3, and S3 subcellular fractions after traumatic brain injury (TBI). Brain samples were obtained from the
same sets of tissue samples as in Figure 1. Data were normalized with f-actin and are expressed as mean % standard deviation of fold of
control (n=4). *p<0.05 between sham and TBI animals; one-way analysis of variance followed by the Tukey post hoc test.
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during the period of 3-15 days after TBI. The upregulation of
LAMP2A also occurs during the period of 3—15 days after TBI. The
results are in line with previous observations that CMA is enhanced
after heat shock.”®

Significance of CMA and the UPS pathway
after moderate TBI

This study shows that the UPS and CMA are consecutively
upregulated after TBI. Is upregulation of UPS and CMA helpful or
harmful in neurons after TBI or simply another marker of potential
neuronal stress? A common pathology of neurodegeneration is the
toxic protein misfolding and deposition, which may be because of
the failure of the proteolytic systems to adequately dispose of del-
eterious proteins.’ Protein deposition can be seen in TBI-affected
brain regions.>!

The increases in the activities of CMA and the UPS may be
cellular attempts to eliminate pathogenic proteins.*> Overactivation
of these cellular degradation processes might also be detrimental,
however. For instance, overactivated lysosomes might leak de-
structive enzymes after brain injury.>>* Overactivation of microglia
may induce collateral damage to salvageable neurons after TBI.>?

On the other hand, activation of microglia may also play a
beneficial role in removing damaged cellular structures and re-
modeling synaptic networks in the late recovery phase after TB1.>*
Therefore, moderate inhibition of CMA might reduce microglial
overactivation-induced collateral damage in the acute phase,
whereas promoting CMA in the late recovery phase might facilitate
brain repair and networking.

TBI is an important risk factor for the onset of Parkinson and
Alzheimer diseases.> >’ Alpha-synuclein is significantly increased
in TBI patient cerebrospinal fluid.®* Deposition of aberrant proteins
is seen in TBI animal models and patients.”>>” CMA is a major
cellular system for removal of a-synuclein, Tau, huntingtin, ubi-
quitin carboxyl-terminal esterase L1, calcineurin 1, and the cyto-
plasmic tail of amyloid precursor protein.’®®' Many of these
neurodegenerative disease-related proteins can act as CMA inhib-
itors and thus compromise CMA.%* Overexpression of LAMP2A
can effectively decrease the levels of neurodegenerative disease-
related aberrant proteins and reduce neurodegeneration.®® There-
fore, upregulation of CMA may be beneficial to remove toxic
aberrant proteins during the late period of recovery after TBI.
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