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Abstract After ischemic stroke, cell damage propagates from
infarct core to surrounding tissues (penumbra). To reveal pro-
teins involved in neurodegeneration and neuroprotection in
penumbra, we studied protein expression changes in 2-mm
ring around the core of photothrombotic infarct induced in
the rat brain cortex by local laser irradiation after administra-
tion of Bengal Rose. The ultrastructural study showed edema
and degeneration of neurons, glia, and capillaries.
Morphological changes gradually decreased across the pen-
umbra. Using the antibody microarrays, we studied changes in
expression of >200 neuronal proteins in penumbra 4 or 24 h
after focal photothrombotic infarct. Diverse cellular subsys-
tems were involved in the penumbra tissue response: signal
transduction pathways such as protein kinase Ba/GSK-3, pro-
tein kinase C and its 31 and 32 isoforms, Wnt/{3-catenin
(axinl, GSK-3, FRAT1), Notch/NUMB, DYRKI1A, TDP43;
mitochondria quality control (Pinkl, parkin, HtrA2);
ubiquitin-mediated proteolysis (ubiquilin-1, UCHL1); axon
outgrowth and guidance (NAV-3, CRMP2, PKCf32); vesicu-
lar trafficking (syntaxin-8, TMP21, Munc-18-3, synip, ALS2,
VILIP1, syntaxin, synaptophysin, synaptotagmin);
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biosynthesis of neuromediators (tryptophan hydroxylase,
monoamine oxidase B, glutamate decarboxylase, tyrosine hy-
droxylase, DOPA decarboxylase, dopamine transporter); in-
tercellular interactions (N-cadherin, PMP22); cytoskeleton
(neurofilament 68, neurofilament-M, doublecortin); and other
proteins (LRP1, prion protein, (3-amyloid). These proteins are
involved in neurodegeneration or neuroprotection. Such
changes were most expressed 4 h after photothrombotic im-
pact. Immunohistochemical and Western blot studies of ex-
pression of monoamine oxidase B, UCHL1, DYRKI1A, and
Munc-18-3 confirmed the proteomic data. These data provide
the integral view on the penumbra response to
photothrombotic infarct. Some of these proteins can be poten-
tial targets for ischemic stroke therapy.

Keywords Stroke - Penumbra - Photothrombotic infarct -
Proteomics - Ultrastructure - Neurodegeneration -
Neuroprotection

Introduction

Ischemic stroke is the leading cause of disability and the third
cause of mortality in the world. Acute ischemia caused by
vascular occlusion induces cell death not only in the infarction
core but also in the surrounding tissue (penumbra). Oxygen
and glucose deficit within the ischemic locus very quickly, in a
few minutes, induces ATP depletion, generation of reactive
oxygen species in mitochondria, oxidative membrane injury,
loss of ionic gradients, Ca®* influx and K* release, and tissue
edema. Ca”* activates hydrolytic enzymes and induces cell
necrosis or apoptosis. K™-mediated depolarization induces
opening of NMDA channels in neighboring neurons, Ca”*
influx, and release of glutamate and K*. Such self-
developing excitotoxic process results in injury propagation.
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The tissue damage in penumbra develops slower, for several
hours and days, and this “therapeutic window” provides time
for neuroprotection therapy [1—4].

Among potential neuroprotectors, diverse blockers of calci-
um channels, glutamate antagonists, inhibitors of nitric oxide
signaling, antioxidants, and radical scavengers have been stud-
ied. However, despite a significant research effort, the efficient
neuroprotective drugs for stroke pharmacotherapy are still ab-
sent. Some drugs that demonstrated the neuroprotective activity
in vitro and in animal experiments were inefficient in human
treatment [5]. Therefore, novel approaches based on compre-
hensive studies of molecular mechanisms of neurodegeneration
and neuroprotection are needed [6, 7]. The response to injury is
determined by the proteins present in the cell. If these are insuf-
ficient, the expression of appropriate genes leads to synthesis of
additional proteins. The proteomic techniques provide informa-
tion on expression of hundreds proteins in biological samples [8,
9] including penumbra [10—13].

In the present work, we studied the morphological and bio-
chemical consequences of the focal photothrombotic infarction
(PTI) in the rat cerebral cortex induced by the local photodynamic
treatment. Photodynamic effect is based on photoexcitation of the
photosensitizing dye in stained cells, following energy transfer to
oxygen, generation of singlet oxygen and other reactive oxygen
species, oxidative stress, and, finally, cell death [14]. Cerebral PTI
occurs after administration of Bengal Rose and following laser
irradiation. This hydrophilic photosensitizer does not pass the
blood-brain barrier and penetrate into neuronal cells. It accumu-
lates in microvessels. The following local photoirradiation induces
focal oxidative damage of the vascular endothelium, platelet ag-
gregation, and occlusion of microvessels. This PTImodel is slight-
ly invasive. The injury location, size, and degree are well controlled
and reproducible [15-18]. However, penumbra resulting from
such impact is rather narrow. Using less intensive but prolonged
irradiation, we got the wider penumbra, sufficient for biochemical
analysis. Preliminary proteomic study using the antibody micro-
arrays has revealed the early changes in the expression of various
neuronal proteins in the penumbra around the PTI core in the rat
cerebral cortex 1 h after photodynamic impact [19]. In the present
work, we performed a complex histological, ultrastructural, and
proteomic study of consequences of the local photothrombotic
infarction in the rat cerebral cortex 4 h (“therapeutic window™)
and 24 h after PTI (“late reperfusion period™).

Materials and Methods

Chemicals

Cy3™ or Cy5™ monofunctional reactive dyes were supplied by
GE Healthcare. The Panorama Ab Microarray—Neurobiology

Kits (NBAAS; Sigma-Aldrich Co) and other chemicals were ob-
tained from Sigma-Aldrich-Rus (Moscow, Russia).

Animals

The experiments were performed on adult male Wistar rats
(200250 g). The animal holding room was maintained at a
temperature of 22-25 °C, 12-h light/dark schedule, and an air
exchange rate of 18 changes per hour. All experimental pro-
cedures were carried out in accordance with the European
Union guidelines 86/609/EEC for the use of experimental
animals and local legislation for ethics of experiments on an-
imals. The animal protocols used in this work were evaluated
and approved by the Animal Care and Use Committee of
Southern Federal University (Approval No. 02/2014).

Focal Photothrombotic Ischemia in the Rat Cerebral
Cortex

Unilateral focal photothrombotic infarction in the rat primary
somatosensory cortex was induced according to [18, 19]. The
rats were anesthetized with chloral hydrate (300 mg/kg, i.p.).
After the longitudinal incision of the skull skin, the periosteum
was removed. Bengal Rose (20 mg/kg) was injected in the v.
subclavia. Then the rats were fixed in the stereotactic holder.
The unilateral irradiation of the somatosensory cortex was
performed through the cranial bone using a 532-nm diode
laser (64 mW/cmZ, @ 3 mm, 30 min). The animals were eu-
thanized with the chloral hydrate overdose (600 mg/kg, i.p.)
and decapitated 4 or 24 h after PTI. The symmetric cortical
region in the contralateral hemisphere served as a control.

Histology

For histological study, the rats were transcardially perfused
with 10 % buffered formalin (pH 7.2) under chloral hydrate
anesthesia 24 h after laser irradiation. The extracted brains
were post-fixed with formalin. The paraffin sections were
stained with hematoxylin and eosin and imaged on the
Eclipse FN1 microscope (Nikon, Japan; objective lens Plan
Fluor ELWD, %x40/0.60). The numbers of normal, hypochro-
mic (lighter cytoplasm and increased nucleus), hyperchromic
(darker cytoplasm, shrunk nuclei), and pyknotic (wrinkled
cells with shrunk nuclei) cells were counted 24 h after the
treatment in six randomized fields in each slide using an ocu-
lar grid [20]. Statistical analysis was performed with Student’s
t test for three independent experiments (three rats).
Quantitative data were presented as means + SEM. The crite-
rion of significance was set as p <0.05.

Immunohistochemistry
For immunohistochemical study, 5-pum sections of the paraffin-
embedded experimental and control cortex tissues wereused. The

sections were demasked in Tris-EDTA buffer with 0.05 % Tween-
20 (pH 9.0) in the programmed barocamera Pascal (Dako).
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Reactions were visualized using the REVEAL Polyvalent HRP-
DAB Detection System (Spring Bioscience, SPD-060, USA) ac-
cording to the manufacturer’s instructions. The primary antibod-
ies against dual-specificity tyrosine-phosphorylated regulated ki-
nase 1A (DYRKI1A, D1694, Sigma-Aldrich, 1:6000), Munc-18-
3 (M7695, Sigma-Aldrich, 1:6000), monoamine oxidase B
(MAO-B, M1946, Sigma-Aldrich, 1:6000), and ubiquitin C-
terminal hydrolase L1 (UCHLI1, U5258, Sigma-Aldrich,
1:6000) were used. The sections were counterstained with
Mayer’s hematoxylin and imaged on the Eclipse FN'1 microscope
(Nikon, Japan; objective lens Plan Fluor ELWD, x40/0.60).
Omission of primary antibody was routinely used to certify the
absence of nonspecific labeling. All observations were performed
in lamina granularis externa, lamina pyramidalis, and lamina
granularis interna. Twelve images were acquired per section
and studied using ImageJ software (NIH, USA) like in [19]. For
quantification, the immunoreactivity coefficients: /= N;p/N,
% 100 %, where Nj, and N, are the numbers of immunopositive
pixels and total number of pixels, respectively, were determined in
each section in control (r = 3) and experimental (z = 3) samples.
Statistical analysis was performed with Student’s ¢ test for inde-
pendent experiments. Quantitative data were presented as means
+ SEM. The criterion of significance was set as p <0.05.

Electron Microscopy

At 4 h after PTI, the cerebral cortex slices about 1 mm thick
were cut out as a triangular sector with a vertex at the center of
the irradiated area so that it comprised a part of penumbra and
undamaged area. These tissue pieces were fixed for 2 h with
2.5 % glutaraldehyde/0.1 M PBS at room temperature. Then
they were washed with PBS, incubated for 1 h in 1 % OsO,/
0.2 M PBS solution, dehydrated by ethanol, contrasted by 1 %
uranyl acetate, and embedded in EPON resin. Ultrathin sections
were prepared on the ultramicrotome Leica EM UC6 (Leica,
Germany) and examined on the transmission electron micro-
scope Tecnai G2 Spirit Bio TWIN (FEI Co., Netherlands).

Proteomic Study

The Panorama Antibody Array—Neurobiology kit (NBAAS;
Sigma-Aldrich Co) contains two identical microarrays, which
are the nitrocellulose-coated glass slides containing 448
microdroplets with immobilized antibodies against 144 neu-
ronal proteins and different isoforms and epitopes of some of
them (in total 224 variants; Supplement 1). Each of the 32
microdroplet sub-arrays had duplicate spots of 7 antibodies
plus a single spot with non-labeled bovine serum albumin
(BSA) as a negative control and a single spot with Cy3 and
Cy5-conjugated BSA as a positive control.

At 4 or 24 h after photodynamic treatment, the rat cortex was
extracted, and the red round region of photothrombotic infarct
was excised using the @3-mm circular knife. Its diameter and
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the diameter of penumbra had been determined preliminarily in
the histological and ultrastructural experiments. Then the ring-
shape cortex area (2 mm width) around the PTI core
(penumbra) was cut out by another @7-mm circular knife (the
experimental sample). The similar piece from the non-irradiated
contralateral somatosensory cortex was used as the control sam-
ple. Each sample contained the cortical tissue from two similarly
treated rats in order to get enough material for analysis. These
pieces were weighed, homogenized, and lysed in the Extraction/
Labeling Buffer supplemented with protease and phosphatase
inhibitor cocktails and nuclease bensonase (components of
NBAAS). Then the control and experimental lysates were centri-
fuged for 4 min at 10,000 rpm in the cooled centrifuge Eppendorf
5417 C/R (Hamburg, Germany). The supernatants were frozen in
liquid nitrogen and stored at —80 °C for further analysis. After
thawing, the protein contents in both experimental and control
samples were determined using Bradford reagent. Then samples
were diluted to 1 mg/ml protein content and incubated for 30 min
in darkness at room temperature with Cy3 or Cy5, respectively.
The unbound dye was removed by centrifugation (4000 rpm;
4 min) of the SigmaSpin Columns (GRAA2 components) filled
with 200 pl of the labeled protein samples. The eluates were
collected, and protein concentration was detected again. The sam-
ples with dye-to-protein ratio >2 were used. In another set, these
samples were stained oppositely, by Cy5 and Cy3, respectively.

The mixture of the control and experimental samples
(10 pg/ml each) labeled with Cy3 and Cy5, respectively,
was added into a tube with 5 ml of the array incubation buffer
(NBAAS5 component) and incubated for 40 min at room tem-
perature on a rocking shaker. The same procedure was per-
formed with the oppositely labeled samples: Cy5 and Cy3,
respectively. Such swapped staining provides verification of
results and compensation of a potential bias in binding of Cy3
or Cy5 dyes to protein samples. This provides the double test
and full control of the experiment. After following triple
washing of the microarrays in the washing buffer NBAAS
component) and triple washing in the pure water, the micro-
array slides were air dried overnight in darkness.

The microarrays were scanned using the GenePix 4100A
Microarray Scanner (Molecular Devices, USA) at 532 and
635 nm (fluorescence maximums of Cy3 and Cy35, respectively).
The integrated fluorescence intensity in each antibody spot was
proportional to the quantity of the bound protein. The fluores-
cence images of the antibody microarrays were analyzed and
normalized (ratio-based normalization) using the software
GenePix Pro 6.0. Local fluorescence values in the rings around
each spot were used as a background. The median fluorescence
value determined over all spot pixels was used for estimation of
the protein content in each spot, and the ratios of the experimental
to control values characterized the difference in the protein level
between photothrombotic and normal cortical tissue in the con-
tralateral cortex. Two samples labeled independently and reverse-
ly in duplicate provided four experimental values for each protein.
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Each experiment was repeated four times (eight rats) for 4 h re-
perfusion and two times (four rats) for 24 h reperfusion intervals,
and the ratios were averaged. The standard statistical treatment
based on Student’s ¢ test and 95 % significance level was used.
Quantitative data in Table 2 were presented as means + SD.
Although the mean experiment/control ratios significantly dif-
fered from 1 (p < 0.05), only >30 % differences (the cut-off level)
in the protein levels between irradiated and control animals (i.e.,
experimental/control ratios > 1.3) are displayed in Table 2 and
discussed. The reliability of the proteomic microarray data was
provided by the self-control experiment using the swapped stain-
ing in the second microarray [19, 21].

Results

Morphological Changes in the Rat Cerebral Cortex
after Photothrombotic Infarction

The 3-mm photothrombotic infarction core was surrounded by
the 1.5-2-mm width penumbra at 24 h after PTI (Fig. 1). The
number of cells with altered morphology in the control
sensomotory cortex of the contralateral brain hemisphere was
about 9 % (Table 1). Morphological changes observed 24 h after
light exposure within PTI core were characteristic for necrosis.
They included local neuropil vacuolization, swelling of neuro-
nal cells, and edema (Fig. 2c). Significant fraction of neuronal
cells were hyperchromic (41 %) or pyknotic (9 %); 12 % of cells
were hypochromic (Fig. 2¢, Table 1). Tissue alterations in pen-
umbra were weaker (Fig. 2b, Table 1). Eighty percent of the
neuronal cells looked undamaged; 11 % were hyperchromic,
whereas the percentage of hypochromic and pyknotic nuclei
did not differ from control. Somewhere, perineuronal edema
and swelling of neuronal cells occurred.

Fig. 1 Local photothrombotic infarction in the rat cerebral cortex
occurred 4 h after photodynamic treatment. a Infarction core in the
sensomotory cortex. Scale bar: 3 mm. b The frontal section through the
infarction core and penumbra.The Infarct core is shown by black arrow;
the ring-shape penumbra is shown by grey arrow.

Ultrastructural Changes in the Rat Cerebral Cortex
after Photothrombotic Infarction

The ultrastructural alterations in the rat cerebral cortex 4 h
after PTI corresponded to that observed in histological
experiments.

Control cortex tissue In the untreated contralateral hemi-
sphere, cortical neurons contained numerous ribosomes,
rough endoplasmic reticulum (ER), dictyosomes, mitochon-
dria with well-developed cristae, and nuclei with decondensed
heterochromatin (Fig. 3a). This indicates the high level of
biosynthetic and bioenergetic processes. The neuropil
contained dendrites, myelinated and non-myelinated axons,
synapses (Fig. 3b), and blood vessels with well-developed
endothelium and basal lamina (Fig. 3c).

PTI core Massive vacuolization of the rat cortex tissue, ede-
ma, and swelling of neurites occurred within the infarction
core (Fig. 4a—c). The cytoplasm of shrunk neurons was vacu-
olated due to swelling of endoplasmic reticulum. The nuclear
chromatin was condensed (Fig. 4b). Synapses were destructed
and had only the electron-dense contact structures but not
vesicles (Fig.4a, inset). Myelin was locally disorganized
(Fig. 4a, arrowheads). Bodies of glial cells were almost not
observed. All capillary components were impaired (Fig. 4c):
the basal membranes became thin, the endothelium—vacuo-
lated; its mitochondria swelled and lost cristae. Thus, the ede-
ma and necrotic alterations of the neurons, and strong destruc-
tion of glial cells and blood vessels were characteristic for PTI
core.

Penumbra near PTI core The ultrastructure of the penumbra
region adjacent to the PT1 core (about 2 mm from the core center)
was similar to that in PTI but more salvaged (Fig. 5). Big empty
vacuoles surrounded neurons and capillaries (Fig. 5a). Some neu-
rons were shrunk, dark, and vacuolated (Fig. 5a) as in the infarc-
tion zone, but some of them looked much lighter (Fig. 5b).
Neuronal mitochondria saved the inner structure with cristae
and dense (Fig. 5a, inset) or light matrix (Fig. 5b). Their cytoplasm
was only slightly vacuolated, but chromatin was more condensed
as compared with control neurons. The cytoplasm of many axons
and dendrites contained ribosomes, mitochondria, and ER ele-
ments (Fig. 5b, ¢). Synapses contained pre- and postsynaptic den-
sities and synaptic cleft. Synaptic vesicles were present in some
but not all synapses (Fig. 5¢). Myelin was locally disorganized in
almost all myelinated axons. Glial cells were observed rarely, and
their cytoplasm was destructed. The structure of capillaries was
not so altered as in the PTI core. The endothelium cytoplasm
contained relatively saved organelles (Fig. 5a).

Peripheral penumbra regions At the penumbra periphery
(about 3.5 mm from the PTI core center), the tissue was much
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Table 1 The number of altered

neuronal cells in the Normal Hypochromic Hyperchromic Pyknotic cells Total number

photothrombotic infarction core cells cells cells of cells

and penumbra 24 h after local

photodynamic infarct in the rat Control 127+8 10+2 3+1 - 140+38

cerebral cortex Infarction core 53454 1743 57+ 7% 124 2% 13949
Penumbra 114+7 11+2 16+3* 1+1 142+6

The numbers of normal, hypochromic, hyperchromic, and pyknotic cells were counted 24 h after the treatment in
six randomized fields in each slide. Three control and three experimental rats were used. M+ SEM

9 <0.05, *p <0.01

less vacuolated. The clusters of normal neurons were observed
within the vacuolated zone. Neuronal bodies contained both
swollen and normal mitochondria. Some neurons contained
rough ER (Fig. 6a) that indicated biosynthetic processes.
The dendrites were filled with numerous microtubules
(Fig.6b, inset). Oligodendrocytes also looked undamaged.
Their cytoplasm contained numerous organelles and ribosomes.
The chromatin was moderately condensed (Fig. 6a). Numerous
synapses had the normal structure (Fig. 6b). However, some neu-
rons and capillaries were surrounded by extended edema areas
(Fig. 6a, c). The capillary ultrastructure was similar to that in
control regions, but the endothelial mitochondria were a bit swol-
len, and some of them lost cristae and matrix. Present glycogen
granules are a significant energy store (Fig. 6¢).

Thus, the ultrastructure of neuronal bodies, neurites, glial
cells, and capillaries gradually changed across the penumbra
from almost so strongly damaged as in the PTI core to almost
normal at the edge of penumbra.

PTI-Induced Changes in Expression of Neuronal Proteins
in Penumbra

The proteomic study of expression of 144 neuronal and signal-
ing proteins and their different isoforms and epitopes (in total
224 antibodies) showed >30 % upregulation of 22 proteins in
the penumbra 4 h after PTI (Table 2). Their list included:

—  Signal transduction proteins: protein kinases B and C[32
(+38 and 47 %, respectively), and the total level of phos-
phorylated threonines (+43 %);

—  Proteins regulating axon outgrowth and guidance: NAV3
(neuron navigator 3) and its N-terminal and C-terminal
regions (+53, 491, and 40 %, respectively) and CRMP2
(collapsin response mediator protein 2) (+59 %);

—  Proteins involved in the intracellular vesicular transport,
docking, and fusion with a membrane: TMP21 (trans-
membrane protein 21) (+2.1 times), syntaxin-8 (+71 %),
and Munc-18-3 (431 %);

—  Enzymes involved in biosynthesis of neuromediators se-
rotonin, dopamine, and GABA: tryptophan hydroxylase
(+2.14-fold), monoamine oxidase B (+2.75-fold), and
glutamate decarboxylase (+40 %);
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—  Proteins that control the quality of mitochondria: PINK1
(PTEN-induced mitochondrial protein kinase) and its N-

#

Fig. 2 Morphological changes in the rat cerebral cortex 24 h after PTL
Hematoxylin-eosin. a Control cortical tissue in the non-treated hemi-
sphere. b Penumbra, 24 h after light exposure. Black arrows—pericellular
edema; white arrows—hyperchromic neurons. ¢ Infarction core, 24 h
after light exposure. Asterisks—vacuolated neuropil; black arrows—nu-
cleus deformation; white arrows—pyknotic cells. Scale bar: 50 um
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Fig. 3 The ultrastructure of the rat somatosensory cortex in the untreated
hemisphere (control). a Two neurons (N), oligodendrocyte (OD), and
surrounding neuropil. The neuronal nuclei contain the decondensed
heterochromatin that indicates high transcriptional activity. The
presence of numerous ribosomes, rough endoplasmic reticulum,
dictyosomes, and mitochondria with moderately dense matrix and well-
developed cristae indicates the high level of biosynthetic and bioenergetic
processes. b The neuropil region containing numerous neurites,
myelinated axons (MA), and synapses (S). ¢ The blood capillary (Cap)
contains the thick basal membrane (*) and endothelium, rich in
organelles: G Golgi apparatus; M mitochondria. Scale bars: 2.5 pm in
(a), 0.5 um in (b) and (c¢)

terminal region (+42 and 51 %, respectively); parkin, a
ubiquitin ligase (+34). Another protein involved in the
mitochondria quality control HtrA2 and its C-terminal
region were, however, downregulated (—69 and —33 %,
respectively);

Fig. 4 The ultrastructure of the photothrombotic infarction core in the rat
somatosensory cortex 4 h after light exposure. a Massive tissue
vacuolization. Big vacuoles (V) are the results of edema and swelling of
neuronal and glial processes. Black arrowheads indicate myelin
destruction regions. The destructed synapse (S) with disorganized
vesicles (open arrowheads) but saved a synaptic contact is shown in the
inset. b One of the saved but shrunk neurons is surrounded by big
vacuoles. Neuronal cytoplasm contains numerous vacuolated ER cisterns
and mitochondria. ¢ Impairment of the blood capillary (Cap): thinning the
basal membrane and endothelium. Swollen endothelial mitochondria lost
cristac. ER endoplasmic reticulum, M mitochondria, NN neuron nucleus.
Scale bars: 2.5 um in (a), 1 pm in (b) and inset, 2 um in (c)

—  Proteins regulating ubiquitin-mediated proteolysis:
UCHLI1 (ubiquitin C-terminal hydrolase L1) (+47 %)
and ubiquilin-1 (+39 %);

—  Proteins involved in cell-cell interactions: PMP22 (pe-
ripheral myelin protein 22) that mediates myelin forma-
tion (+2.43 times) and N-cadherin participating in cell-
cell adhesion (+50 %),

@ Springer
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Fig. 5 The ultrastructure of the penumbra region near PTI core in the rat
somatosensory cortex (about 2 mm from the PTI core center) 4 h after
light exposure. a The shrunk dark neuron (V) similar to that in the
infarction core and the capillary (Cap) are surrounded by big empty
vacuoles. b The light neuron (V) similar to that in the control area. The
cytoplasm of these neurons is vacuolated but many mitochondria (M)
saved almost normal structure inner structure with cristae and dense (a,
inset, b). ¢ The neuropil region. The axo-dendritic synapse (S) in the
center with two contact zones. The myelin envelope of some axons is
locally destructed. A axon; M mitochondria; thin arrows—synaptic clefts.
Scale bars: 2 um in (a), 1 um in (b), 0.5 pum in inset and in (c)

(S5

=i Ao

—  Miscellaneous proteins: tau, which regulates their poly-
merization of microtubules (+36 %); prion protein
(+60 %); and LRP1 (low-density lipoprotein receptor-
related protein-1), which regulates lipoprotein metabo-
lism (+2.8-fold).

@ Springer

Fig. 6 The ultrastructure of the peripheral penumbra region (about
3.5 mm from the PTI core center) 4 h after light exposure. a The
nucleus (NN) of the large neuron (N) contains decondensed
heterochromatin. The neuronal cytoplasm is abundant with normal and
swollen mitochondria and developed ER. This neuron and adjacent
oligodendrocyte (OD) that has a normal ultrastructure are surrounded
by the extended edema. b The neuropil region. The ultrastructure of
neuropil components look normal except the big vacuole in the center
and locally destructed myelin envelope (arrowhead). Numerous synapses
(S) are present in this region. /nset: the large axo-dendritic synapse (S).
Thin arrow points to dendritic microtubules. ¢ The ultrastructure of the
capillary in the penumbra periphery. /nset: the general view of this region.
Arrowheads—glycogen granules, asterisks—basal membrane, D den-
drite, M mitochondria, MA myelinated axon, Sp dendritic spine. Scale
bars: 2 um in (a) and in insets, 0.5 um in (b) and (c)

Overexpression of these proteins could be directed to cell
survival and tissue recovery rather than to destructive
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Table2 Relative changes in the expression of neuronal and signaling proteins in the penumbra surrounding the local photothrombotic infarct zone in
the rat somatosensory cortex as compared with the untreated contralateral cortex tissue of the same rats

Protein 4h 24 h Functions
Mean SD Mean SD

Increase fold: Exp/Ctr

LRP1 278 1.18 1.01 0.09 Regulates activity of tissue plasminogen activator, mediates activation of microglia and
opening of blood-brain barrier

Monoamine oxidase B 2775 1.11 2.01 0.08 Oxidative deamination of serotonin and dopamine in neurons and astrocytes

PMP22 243 1.07 1.34 0.10 Myelin formation, inhibits proliferation

Tryptophan hydroxylase 2.14 0.61 1.33 0.11 Biosynthesis of serotonin

TMP21 (N-terminal) 2.10 0.80 1.09 0.08 Regulation of vesicle traffic between endoplasmic reticulum and Golgi; amyloid production

NAV3 (N-terminal) 191 0.71 1.09 0.12 Regulates axon growth and guidance

DYRKI1A (N-terminal) 1.84 0.53 149 0.10 Phosphorylates a variety of transcription factors. Its overexpression leads to
neurodegeneration

Syntaxin 8 171 0.15 223 0.46 Intracellular vesicle docking and fusion with ER, Golgi, and surface membranes

Prion protein 1.60 045 1.15 0.10 Neuroprotection, neurogenesis, and angiogenesis

CRMP2 159 031 124 0.14 A component of the collapsin/semaphorin signaling pathway. Localized in axonal growth
cones. Involved in neuronal differentiation and axonal guidance

DYRKIA (C-terminal) 1.53 045 1.17 0.10 Phosphorylates a variety of transcription factors. Its overexpression leads to
neurodegeneration

NAV3 153 0.31 1.15 0.18 Regulates axon growth and guidance

PINK1 (N-terminal) 1.51 0.23 1.34 0.02 Mitochondria quality control. Protects neurons from mitochondrial dysfunction, gains
proteasomal stress

N-Cadherin 150 0.11 122 0.11 Cell-cell adhesion

3-Amyloid (13-28) 147 006 1.39 0.08 The fragment of the amyloid peptide (A{3), which stimulates Ca®* influx and induces
neurotoxicity

Protein kinase C[32 147 028 1.06 0.04 Regulates proliferation, differentiation, cell cycle, metabolism, and apoptosis

Ubiquitin C-terminal 147 027 130 0.15 Deubiquitination and stabilization of monoubiquitin. Abundant in neurons. Neuroprotector

hydrolase L1

Phosphothreonine 143 0.17 1.16 0.07 Phosphorylation of threonine modulates protein functions

PINK1 142 025 1.17 0.11 Protects neurons from stress-induced mitochondrial dysfunction and enhanced proteasomal
stress

Glutamate decarboxylase 65 1.40 029 1.30 0.10 Conversion of L-glutamate into GABA

NAV3 (C-terminal) 140 027 122 0.07 Regulates axon growth and guidance

Ubiquilin-1 (N-terminal) 139 0.26 1.02 0.08 Ubiquitin-like protein, regulates proteasomal degradation of aggregated proteins; involved
in neurodegenerative diseases

Protein kinase Boc 1.38 023 1.19 0.05 Regulates proliferation, differentiation, cell cycle, and metabolism. Antiapoptotic.

Tau 136 021 1.44 0.23 Binds to microtubules and regulates their polymerization

Parkin 1.34 0.13 1.16 0.04 Ubiquitin ligase. Controls mitochondrial quality. Binds ubiquitin to defective mitochondrial
proteins for proteasomal degradation, simulates mitophagy

Munc-18-3 131 0.12 1.15 0.03 Component of SNARE complex; involved in exocytosis of synaptic vesicles and
neurotransmitter release

Decrease fold: Ctr/Exp

Doublecortin 131 0.11 1.08 0.14 Microtubule-associated protein; involved in vesicle trafficking, growth of neuronal
processes, neuron migration, and formation of cortical neuronal layers

GSK-3 133 0.24 1.20 0.05 Phosphorylates various proteins, regulates energy metabolism, cell migration, proliferation,
and apoptosis; abundant and neuron-specific in the brain

HtrA2 (C-terminal) 1.33 0.09 1.01 1.10 Regulates mitochondrial homeostasis and mitochondria quality control. Stimulates
apoptosis after release from mitochondria

Axin] (C-terminal) 135 025 1.14 0.13 Enhances GSK-3{3-mediated phosphorylation of 3-catenin, mediates its degradation,
inhibits Wnt signaling

DOPA decarboxylase (DDC) 1.39 0.26 1.17 0.05 Dopamine synthesis

Dopamine transporter 1.39 0.09 1.17 0.04 Dopamine reuptake from the synaptic cleft

141 020 1.16 0.03 160-kDa neurofilament transported along the axon to synaptic terminals
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Table 2 (continued)

Protein 4h 24 h Functions

Mean SD Mean SD

O-Glycosylated
neurofilament-M

Synaptotagmin 146 023 128 0.04 Ca’*-sensor; docking and fusion of synaptic vesicles to the synaptic membrane and
neuromediator release
Tyrosine hydroxylase 148 022 1.38 0.05 Synthesis of L-DOPA from L-tyrosine

ALS2CL (N-terminal region) 1.54 0.34 123 0.05 Controls endolysosomal trafficking via regulation of fusion between endosomes and
autophagosomes. Mediates growth of neurites

ALS2 155 029 124 0.01 Controls endolysosomal trafficking via regulation of fusion between endosomes and
autophagosomes. Mediates growth of neurites

Synaptophysin 1.60 035 1.39 0.06 Involved in docking and fusion of synaptic vesicles to the synaptic membrane and
neuromediator release

FRAT1 1.64 036 125 0.04 Binds to GSK3[3 to remove it from the axin/(3-catenin complex in the Wnt signaling
pathway

HtrA2 1.69 038 1.17 0.03 Regulates mitochondrial homeostasis and mitochondria quality control. Stimulates
apoptosis after release from mitochondria

Synip (N-terminal) 158 0.23 142 0.15 Glucose mobilization and transport; inhibition of vesicle docking

Neurofilament 68 1.65 032 140 0.08 Synthesized in the neuronal perikaryon, assembled in filaments and transported along axons
towards synaptic terminals

VILIP-1 (C-terminal) 171 049 126 0.15 Neuronal Ca®* sensor, regulates signaling and endocytic trafficking of receptors or jon
channels

Doublecortin (N-terminal) 1.99 058 1.22 0.03 Microtubule-associated protein; involved in vesicle trafficking, growth of neuronal
processes, neuron migration and formation of cortical neuronal layers

Protein kinase C(31 1.81 046 2.03 0.29 Regulates cell growth, differentiation, apoptosis, oncogenesis, and neurotransmission

Syntaxin 1.84 047 146 0.12 Interacts with synaptotagmin in synaptic vesicles; participates in docking of synaptic
vesicles and neurotransmitter exocytosis

NUMB 1.85 0.61 1.28 0.07 Antagonist of Notch signaling, mediates maturation of neurons, memory formation, stem

cell differentiation

FRAT1 (C-terminal region) 194 0.71 2.18 0.63 Binds to GSK3[3 to remove it from the axin/(3-catenin complex in the Wnt signaling

pathway

TDP-43 233 1.10 1.34 0.11 Regulates transcription, splicing, transport and stability of mRNA
TDP-43 (N-terminal region) 3.28 1.79 1.37 0.09 Regulates transcription, RNA splicing, transport and stability

4 and 24 h after light exposure (4 and 2 experiments containing the penumbra and control tissues from two rats each: 8 and 4 rats, respectively; 4 ratio
values in each experiment). Mean ratios of median values of the protein fluorescence in penumbra to that in the contralateral cortex (or, oppositely,
control to experimental values in the case of downregulation) = standard deviations (SD) are shown. >30 % changes are indicated by bold font

processes. On the other hand, overexpression of DYRKI1A
(dual-specificity tyrosine-phosphorylated regulated kinase
1A) (+84 and +53 % for its N- and C-terminal regions, respec-
tively) or [3-amyloid peptide (fragment 13-28) (+47 %) could
be neurotoxic.

At the same time, 21 proteins were downregulated (Table 2).
Tissue damage could be associated with downregulation of:

—  Cell signaling proteins such as protein kinase C (—4.7
times) and protein kinase CP1 (=81 %); TDP-43
(transactivation response DNA-binding protein) and its
N-terminal region (—=2.33 and —3.28, respectively);
GSK-3 (glycogen synthase kinase-3) (=33 %); FRAT1
(frequently rearranged in advanced T-cell lymphomas-1)
and its C-terminal region (—64 and —94 %, respectively);
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and axinl, components of the Wnt signaling pathway (C-
terminal region, =35 %).

Cytoskeleton elements: microtubule-associated protein
doublecortin and its N-terminal region (=31 and —99 %,
respectively), neurofilament 68 (—65 %), and o-glycosyl-
ated neurofilament-M (—41 %).

Regulators of vesicular transport: VILIP-1 (visinin-like
protein-1), C-terminal (=71 %), ALS2 (amyotrophic lat-
eral sclerosis 2) and its homolog ALS2CL (ALS2 C-
terminal like) (=55 and —54 %, respectively), and synip
(N-terminal region) (—58 %).

Synaptic vesicle proteins: syntaxin (—84 %), synaptophysin
(=60 %), and synaptotagmin (—46 %) and proteins involved
in the synthesis of neuromediators: tyrosine hydroxylase
that mediates L-DOPA synthesis from L-tyrosine (—48 %),



Mol Neurobiol (2017) 54:4172-4188

DOPA decarboxylase involved in dopamine synthesis
(=39 %), and dopamine transporter responsible for
dopamine reuptake from the synaptic cleft (-39 %).

On the other hand, downregulation of GSK-3 (glycogen
synthase kinase-3) (=33 %) and NUMB, antagonist of the
Notch signaling (=85 %), could lead to neuroprotection.

At 24 h after PTI, the changes in the protein profile in were
considerably weaker (Table 2): only ten proteins were
overexpressed comparing with the untreated contralateral cor-
tex: syntaxin 8 (+2.2 times); monoamine oxidase B (+2.0
times); DYRK1A, N-terminal region (+49 %); tau (+44 %);
-amyloid (+39 %); PMP22 (+34 %); PINK1, N-terminal
region (+34 %); tryptophan hydroxylase (+33 %); glutamate
decarboxylase (+30 %); and UCHL1 (+30 %).

At the same time, nine proteins were downregulated: pro-
tein kinases C (—3.1 times) and Cf31 (-2 times); FRATI, C-
terminal region (—2.18 times), syntaxin (—46 %); synip, N-
terminal region (—42 %), neurofilament 68 (—40 %);
synaptophysin (—39 %); tyrosine hydroxylase (—38 %); TDP-
43 and its C-terminal region (—34 and —37 %, respectively).

Immunohistochemistry

In the untreated rat cortex, UCHL1 localizes mainly in the
neuronal perikaryon, and less staining was observed in den-
drites (Fig. 7a, ¢). In penumbra, it was concentrated mainly in
the neuronal nuclei at 4 h after PTI (Fig. 7b), whereas at 24 h it
was redistributed from the nuclei to the cytoplasm (Fig. 7d).
Its mean immunoreactivity increased by 70 % (p <0.05) 4 h
after PTI (Fig. 7e). The similar tendency was observed 24 h
after PTI (+40 %, p > 0.05).

Both in penumbra and in control cortex, DYRKIA was
localized mainly in the cell nuclei and less in the cytoplasm
(Fig. 8a—d). Its mean level in penumbra increased more than
twice for 4 h after PTI (Fig. 8b, e, p <0.05). After 24 h, the
increase in the DYRK1A immunoreactivity was not signifi-
cant (+36 %, p > 0.05; Fig. 8d, e).

The mean level of Munc-18-3 in penumbra (Fig. 9b, d), at
first glance, was higher than in the control cortex 4 and 24 h
after PTI (Fig. 9a, c). However, this overexpression was not
significant (+40 and +30 %, p > 0.05; Fig. 9¢).

In the control preparations, monoaminoxidase B was local-
ized mainly in dendrites (Fig. 10a, c). After PTI, it was also
observed in the cytoplasm of the neuronal perikaryon. Its
mean level in penumbra increased by about 90 and 80 %,
respectively, 4 and 24 h after PTI (p < 0.05; Fig. 10b, d, and e).

Discussion

The photothrombotic infarct reproduces morphological alter-
ations in the cerebral cortex after occlusion of small blood
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Fig.7 Expression of UCHLI in the untreated contralateral (CL) rat brain
cortex (a and c) and in penumbra 4 or 24 h after PTI (b and d,
respectively). e Mean index of UCHL1 immunoreactivity in control
(CL) cortex areas and in penumbra 4 and 24 h after PTI =+ standard error
(Student’s ¢ test for independent groups; *p <0.05; n=3). Scale bar:
50 um

vessels [1-4]. The used impact regime provided a 1.5-2-mm
penumbra around the PTI core. This was confirmed by the
histological and electron microscopic data. Morphological al-
terations in the penumbra were similar to that in the PTI core
but were lesser and decreased gradually across the penumbra.
At 4 h after light exposure, local photodynamic impact in-
duced typical ischemic alterations in the PTI core: massive
tissue vacuolization, edema, and degenerative changes in neu-
rons, glia, and blood vessels. Swelling and destruction of mi-
tochondria, ER and dictyosomes, degradation of synapses,
disorganization of myelin, swelling of neuronal and glial pro-
cesses, edema, and destruction of capillary components were
observed at the ultrastructural level. These changes could be
the consequences of impairment of energy metabolism and
protein biosynthesis. Similar alterations have been observed
in the photothrombotic “ring” stroke model 4 h after sponta-
neous reperfusion [22]. At the border between the PTI core
and penumbra, we observed almost the same morphological
changes. However, at a distance of 1.5-2 mm from the PTI
core, the cell morphology was almost normal except edema
around some neuronal cells and vessels. On the basis of these
data, we defined the approximate width of penumbra.
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Fig. 8 Expression of DYRKIA in the untreated contralateral (CL) rat
brain cortex (a and ¢) and in penumbra 4 or 24 h after PTI (b and d,
respectively). e Mean index of DYRKIA immunoreactivity in control
(CL) cortex areas and in penumbra 4 and 24 h after PTI + standard error.
Student’s ¢ test for independent groups; *p <0.05; n=3). Scale bar:
50 um

In order to resist neurodegeneration, diverse neuroprotec-
tive and recovery processes are simultaneously initiated in the
penumbra. A number of signaling pathways have been already
tested in order to find the potential molecular targets for treat-
ment of cerebral ischemia. But none of the tested modulators
of signaling proteins or ion channels have demonstrated the
neuroprotective activity without deleterious side effects [1-6].
We think that the study of a broader range of proteins involved
in various cellular subsystems allows to find more effective
neuroprotectors. The proteomic approach provides informa-
tion on possible involvement of hundreds of proteins in such
complex multifactor process as stroke. The previous proteo-
mic studies of the stroke mechanisms already revealed chang-
es in the expression of diverse bioenergetic [13];
antiapoptotic, inflammatory, antioxidant, and mitochondrial
heat shock proteins [11]; protein kinase C31I and CRMP2
[10]; and some extracellular proteins [12] in the penumbra.
Using the proteomic antibody microarrays, we have recently
shown the early changes (1 h after PTI) in expression of 24
neuronal proteins in the penumbra in the rat cerebral cortex:
upregulation of 18 and downregulation of 6 proteins [19].
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Fig. 9 Expression of Munc18-1-3 in the untreated contralateral (CL) rat
brain cortex (a and ¢) and in penumbra 4 or 24 h after PTI (b and d,
respectively). e Mean index of Muncl8-1-3 immunoreactivity in control
(CL) cortex areas and in penumbra 4 and 24 h after PTI =+ standard error
(Student’s ¢ test for independent groups; n =3). Scale bar: 50 pm

The present work has expanded the reperfusion time inter-
val for 4 and 24 h after PTI. The highest changes in the
neuronal protein profile were observed 4 h after PTI: 22
proteins were upregulated and 21 proteins downregulated.
At 24 h after PTI, the alterations of the protein profile were
lesser: ten proteins were upregulated and nine proteins
downregulated (Table 2). Some proteins were overexpressed
only 1 h after PTI and the levels of others changed only 4 h
after PTI, whereas the expression of several proteins changed
during all intervals from 1 to 24 h (Table 2 and [19]).

The changes in the expression of some proteins could lead to
neuroprotection and recovery. The increased level of
phosphothreonines indicated the intensification of protein
kinase activity in signal transduction processes.
Phosphothreonines are rare in the normal tissue, but their level
increased significantly after brain injury. The observed
upregulation of the antiapoptotic protein kinase Bx (Akt-)
was apparently aimed to cell protection against stroke-
induced apoptosis. These data correlate with the increased
phosphorylation of Akt and rise in the Akt mRNA level in the
ischemic brain ofrats [23, 24]. Downregulation of proapoptotic
kinase GSK-3, which is negatively controlled by protein kinase
B/Akt, could be also neuroprotective.
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Fig. 10 Expression of MAO-B in the untreated contralateral (CL) rat brain
cortex (a and ¢) and in penumbra 4 or 24 h after PTI (b and d, respectively).
e Mean index of MAO-B immunoreactivity in control (CL) cortex areas and
in penumbra 4 and 24 h after PTI + standard error (Student’s 7 test for
independent groups; *p < 0.05; n=3). Scale bar: 50 um

Brain ischemia leads to deterioration of the ubiquitin-
proteasome system (UPS) that cannot cope with overproduction
of misfolded proteins and metabolism deregulation [25]. We
observed the upregulation of ubiquilin-1 in penumbra 1 h [19]
and 4 h after PTL. Ubiquilin-1 is a ubiquitin-like protein also
known as UBQLNI. It mediates degradation of misfolded pro-
teins and contributes to brain protection from oxidative stress
and ischemic stroke [26]. Surprisingly, ubiquitin C-terminal hy-
drolase L1, which removes ubiquitin and prevents protein deg-
radation, was also overexpressed. Simultaneous overexpression
of UCHL1, ubiquitin, and parkin in the rabbit spinal cord 3 and
6 but not 24 h after 15-min transient ischemia [27] corresponded
to our data. UCHL1 is a neuron-specific and abundant protein in
the brain. It maintains recycling of ubiquitin monomers and
thereby sustains protein degradation [27, 28]. Its overexpression
is related to ischemic tolerance, whereas its mutations or down-
regulation occur in neurodegenerative diseases [28]. Thus, the
observed upregulation of UPS components could be as-
sociated with neuroprotection. Appearance of UCHL1 in
the blood serum and cerebral spinal fluid is a biomarker
of ischemic brain injury [29].

The PINK1/HtrA2/parkin complex controls the mitochon-
dria quality and protects neuronal cells from stress-induced

mitochondrial dysfunction. Upon mitochondria depolarization,
ubiquitin kinase PINK1 either phosphorylates serine protease
HtrA2, which destroys misfolded proteins (molecular quality
control), or recruits cytoplasmic ubiquitin ligase parkin, which
mediates ubiquitination and proteasomal degradation of defec-
tive mitochondrial proteins and stimulates mitophagy (organelle
quality control) [30, 31]. Overexpression of PINK1 contributes
to neuroprotection under cerebral ischemia [32]. So, the ob-
served upregulation of PINK1 and parkin (Table 2) also medi-
ated the protective processes in penumbra. However, the simul-
taneous downregulation of HtrA2 showed failure of the organ-
elle quality control pathway. The reasons of this inconsistency
remain to be studied.

The levels of neuron navigator protein NAV-3, CRMP2, a
component of the collapsin/semaphorin signaling pathway,
and protein kinase C[32 increased in penumbra 4 h after PTL
NAV-3 and CRMP2 mediate axon outgrowth and guidance
under ischemic and glutamate neurotoxicity [33, 34].
CRMP2 was shown to be upregulated in the ischemic mouse
cerebral cortex [35]. Protein kinase C32 controls these pro-
cesses. The simultaneous upregulation of CRMP2, PKC[32,
and UCHLI occurred also in the brain of mice subjected to
hypoxic preconditioning (HPC). The authors suggested the
central role of PKC[32/CRMP2 interaction in HPC-induced
neuroprotection [10].

N-cadherin, which forms the intercellular adhesive contacts
[36], and peripheral myelin protein PMP22, which mediates
formation of myelin sheaths and neuroglial interactions [37],
were upregulated in penumbra 4 h after PTI. The increased
expression of N-cadherin on cerebral microvessels contributes
to formation of new vessels, increase of blood flow, and sur-
vival of the cerebral tissue in penumbra [36]. PMP22 overex-
pression could be associated with recovery of myelin enve-
lopes. Upregulation of these proteins in penumbra 1 h after
PTI was observed previously [19]. This suggests the involve-
ment of these proteins in recovery of the cortical tissue in the
first 4 h of reperfusion.

Prion protein (PrP) is highly expressed in the brain: in
neurons, glial and microvascular endothelial cells. It is in-
volved in cell trafficking, adhesion, protection against oxida-
tive stress, and survival [38—40]. In our experiments, PrP was
upregulated in penumbra 4 but not 24 h after PTI.
Overexpression of PrP was also observed in mice 4 and 8 h
but not 24 h after focal ischemia [40] that correlated with our
data. Upregulation of PrP and PrP mRNA after cerebral ische-
mia leads to three protective effects: neuroprotection,
neurogenesis, and angiogenesis [38—40].

The changes in expression of proteins that participate in the
intracellular vesicular transport and synaptic transmission in
penumbra could be associated with recovery processes. The
observed upregulation of syntaxin-8, TMP21, and Munc-18-3
could activate vesicular transport and reparation of injured
membranes. Syntaxin-8 (STX8) mediates vesicle docking

@ Springer



4184

Mol Neurobiol (2017) 54:4172-4188

and fusion with ER, Golgi, and surface membranes [41]. A
transmembrane protein TMP21 participates in vesicle traffick-
ing between endoplasmic reticulum and Golgi [42]. The
syntaxin-binding protein Munc-18-3 is involved in the
vesicle-recognition complex SNARE [43]. Synip, oppositely,
prevents the assembly of the SNARE complex and inhibits
docking of vesicles and mixing of lipids and vesicle content in
the SNARE-dependent vesicle fusion [44]. Its downregulation
in penumbra 4 and 24 h after PTI could play a protective role.

Proteins ALS2 and its homolog ALS2CL were downregu-
lated in penumbra 4 h after PTI. ALS2 is a guanine nucleotide
exchange factor for the small GTPase Rab5. It mediates
endolysosomal trafficking via regulation of fusion between
endosomes and autophagosomes. These processes are neces-
sary for neurite outgrowth and neuroprotection. Loss of these
functions in neuronal cells leads to accumulation of insoluble
misfolded proteins, multivesicular bodies and
autophagosomes, preclusion of the long-range trafficking of
axonal vesicles, swelling, and degeneration of neurites, sus-
ceptibility to oxidative stress, NMDA-mediated
excitotoxicity, and motor dysfunction [45].

The level of VILIP1 decreased in penumbra 4 h after PTIL.
This Ca**-binding protein serves as a Ca>* sensor. It is abun-
dant in brain. It influences different signaling cascades includ-
ing cyclic nucleotide and MAPK signaling through a Ca>*/
myristoyl switch mechanism. After [Ca®"]; increase, VILIP1
moves to the cellular membranes and regulates vesicular traf-
ficking and recycling of receptors and ion channels [46]. Upon
stroke, it is released from damaged neuronal cells into the
cerebrospinal fluid and blood serum being a stroke marker
[47].

At the same time, syntaxin, synaptophysin, and synapto-
tagmin involved in exocytosis of synaptic vesicles and neuro-
transmitter release were downregulated. This corresponded to
the ultrastructural data on destruction and disorganization of
synaptic vesicles. Likewise, the ischemia-induced downregu-
lation of synaptophysin and SNAP-25 observed in hippocam-
pal neurons of gerbils could be due to presynaptic degenera-
tion that preceded the delayed neuronal death [48]. In rats,
synaptotagmin mRNA was downregulated during early recir-
culation after focal cerebral ischemia [49].

Synaptic enzymes involved in the metabolism of
neuromediators such as tryptophan hydroxylase that mediates
biosynthesis of serotonin, monoamine oxidase B that per-
forms oxidative deamination of serotonin and dopamine in
neurons and astrocytes, and glutamate decarboxylase that con-
verts L-glutamate into GABA were upregulated in the penum-
bra 4 h after PTI. Overexpression of the gene encoding gluta-
mate decarboxylase was observed after MCAO in the human
and rat brain [50]. The levels of monoamine oxidase B and
syntaxin 8 remained increased at 24 h after PTI. These pro-
cesses could be aimed to restore lost synaptic functions.
However, tyrosine hydroxylase that synthesized DOPA from
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tyrosine, DOPA decarboxylase, and dopamine transporter that
mediate dopamine synthesis and reuptake from the synaptic
cleft were downregulated 4 h after PTL. This indicated the
impairment of the dopamine metabolism.

Protein kinase DYRK 1A phosphorylates diverse transcrip-
tion factors and signaling proteins. However, its overexpres-
sion could deregulate multiple signaling pathways and induce
neurodegeneration, neuronal loss, and dementia in Down syn-
drome, aging, or Alzheimer type pathology [51, 52].
DYRKI1A stimulates the pro-apoptotic ASK1-JNK signaling
pathway [53]. The observed upregulation of DYRKIA in
penumbra 4 and 24 h after PTI could be neurotoxic. 3-
Amyloid is produced from amyloid precursor protein (APP)
by TMP21, a member of the presenilin complex [42]. The
observed accumulation of 3-amyloid peptide (13-28) in pen-
umbra could be also neurotoxic.

Protein kinase C and its 31 isoform were significantly
downregulated in penumbra in the post-ischemic period (1,
4, and 24 h), whereas PKC (32 was upregulated (Table 2,
[19]). The levels of other PKC isoforms: «, v, 0, €, and
did not differ more than 20 % from that in the untreated con-
tralateral cortex. These results are in agreement with rapid loss
of total PKC level and activity after ischemic brain injury,
suggesting degradation of PKC [54]. PKC inhibitors protected
neurons from post-ischemic [55] and excitotoxic injury [56]
that indicated involvement of PKC in neurodegeneration. The
observed decrease in the PKC level could reduce the damage
of neuronal cells in penumbra.

TDP-43 normally regulates transcription, splicing, trans-
port, and stability of mRNA. In the acute ischemic stroke
caused in a rat by occlusion of the middle cerebral artery, the
level of TDP-43 progressively decreased in the ischemic core
but not in penumbra from 10 min to 24 h post-treatment [57].
We observed the significant fall in the TDP-43 level in pen-
umbra 1, 4, and 24 h after focal photothrombotic infarct ([19];
Table 2). Such decrease in TDP-43 level could suppress the
protein synthesis and become neurotoxic.

The cytoskeleton elements neurofilament 68 and o-glyco-
sylated neurofilament-M, which are transported along the ax-
on towards synaptic terminals, and microtubule-associated
protein doublecortin were downregulated 4 but not 24 h after
PTL Doublecortin is known to be involved in vesicle traffick-
ing, growth of neuronal processes, and migration of cortical
neurons during neurogenesis [58]. Ablation of doublecortin-
immunopositive neurons in newborn mice inhibited brain re-
covery after experimental stroke [59]. Downregulation of
doublecortin also reduced the migration of neural progenitor
cells into the injured regions [60]. Therefore, its downregula-
tion could reduce the recovery potential in penumbra.

Cell survival and apoptosis are indirectly controlled by the
Whnt/3-catenin and Notch signaling pathways [61, 62]. 3-
Catenin can act as a transcription factor responsible for expres-
sion of various prosurvival genes. In the cytoplasm, it is a part of
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the axin/APC/CSK-3[3/(3-catenin complex, in which axinl fa-
cilitates GSK-3-mediated phosphorylation and UPS-mediated
degradation of 3-catenin. Wnt stimulates the disassembly of this
complex and liberation of 3-catenin, which moves into the nu-
cleus and induces expression of some prosurvival genes.
Inhibition of the Wnt pathway under focal ischemia exacerbated
neuronal death [63]. The ubiquitous protein FRAT1 mediates
dissociation of GSK-3 from axin and prevents phosphorylation
and degradation of (3-catenin [64]. Wnt signaling and FRAT1
play a neuroprotective role in the brain. We observed downreg-
ulation of FRAT1, GSK-3, and axinl in the penumbra after PTI.
The downregulation of GSK-3 and axinl in penumbra could be
neuroprotective. However, the downregulation of FRAT1 could
reduce its neuroprotective potential.

The Notch signaling pathway controls the differentiation,
maturation, and survival of neuronal and glial cells. The pro-
tein NUMB is an intrinsic antagonist of Notch-mediated sig-
nal transduction. Upregulation of NUMB in penumbra after
cerebral ischemia and following caspase-3-mediated apopto-
sis have been reported [65]. In our experiments, however, the
level of NUMB in penumbra decreased 14 h after PTI, indi-
cating the prosurvival character of this process. Notch signal-
ing also regulates angiogenesis [66]. The downregulation of
Notch antagonist NUMB could facilitate the reparative neo-
vascularization in penumbra.

The observed overexpression of LRP1 in penumbra 4 h
after PTI corresponded to its upregulation in the ischemic
tissue after middle cerebral artery occlusion, where it contrib-
uted to development of edema [62]. LRP1 is found in astro-
cytes, microglia, and neurons [67]. Importantly, it regulates
the expression of thrombolytic tissue plasminogen activator
(tPA) [68], which is the only approved medication for treat-
ment of patients with acute ischemic stroke. The LRP1/t-PA
interaction leads to permeability of the blood-brain barrier and

Fig. 11 The summary scheme of
changes in the expression of

activation of microglia in the ischemic brain [68, 69].
However, the data of different authors on the role of microglial
activation during cerebral ischemia are controversial: it may
be either deleterious or neuroprotective [69].

The same cellular subsystems were involved in the penum-
bra tissue response 24 h after PTI. However, the changes in
expression of neuronal proteins were lesser and included few-
er proteins than after 4 h (Table 2).

Thus, the following proteins and cellular subsystems were
involved in penumbra response to PTI: signal transduction
pathways (PKBoa/GSK-3, PKC and its isoforms, Wnt/[3-
catenin (axinl, GSK-3, FRAT1), Notch/NUMB, DYRKI1A,
and TDP43); mitochondria quality control (Pinkl, parkin,
HtrA2); ubiquitin-proteasomal proteolysis (ubiquilin-1,
UCHLY1); axon outgrowth and guidance (NAV-3, CRMP2,
PKC[32); vesicular trafficking including docking and fusion
of synaptic vesicles (syntaxin-8, TMP21, Munc-18-3, synip,
ALS2, VILIP1, syntaxin, synaptophysin, and synaptotagmin);
biosynthesis of neuromediators (tryptophan hydroxylase,
monoamine oxidase B, glutamate decarboxylase, tyrosine hy-
droxylase, DOPA decarboxylase, and dopamine transporter);
intercellular interactions and tissue integrity (N-cadherin,
PMP22); cytoskeleton elements (neurofilament 68, o-glyco-
sylated neurofilament-M, doublecortin); and miscellaneous
proteins (LRP1, prion protein, $-amyloid). The changes in
their expression in penumbra could be directed either to neu-
rodegeneration or to neuroprotection (Fig. 11). At 1 h after
PTI, these changes were directed mainly to cell survival and
tissue recovery [19]. Later, 4 h after PTI, both injurious and
protective processes were observed.

These changes were averaged across the whole penumbra
samples. But penumbra is inhomogeneous. The damaging
processes dominate near the PTI core, whereas protective pro-
cesses prevail at the penumbra periphery. The balance border
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between the predominance of either neurodegeneration or
neuroprotection depends on the distance from the infarct core.
The movement of this border within penumbra determines the
fate of neurons and glial cells. The aim of the neuroprotective
anti-stroke therapy is to limit the propagation of this border.

The present proteomic data provided a list of proteins with
the changed expression in penumbra. These were potentially
involved either in infarct development or in tissue resistance
and recovery. Protein downregulation occurs mainly due to
proteolysis, whereas increase in their levels requires gene ex-
pression. The proteomic data, however, do not disclose the
reasons of these changes because signaling pathways and tran-
scription factors, which control expression of these proteins,
remain unknown. Further mechanistic studies should answer
these questions. Some of these proteins are novel in the con-
text of the stroke mechanism research, and detailed investiga-
tion of the reasons and consequences of changes in their levels
can shed light on the novel mechanism of the penumbra re-
sponse to ischemia. Anyway, the obtained results may indicate
the potential targets for diagnosis and treatment of the cortical
infarction in the penumbra.
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