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Abstract

Nicotinic acetylcholine o7 receptors (27 nAChRs) have a well-known modulator effect in neuroinflammation. Yet, the
therapeutical effect of o7 nAChRs activation after stroke has been scarcely evaluated to date. The role of 7 nAChRs
activation with PHA 568487 on inflammation after brain ischemia was assessed with positron emission tomography
(PET) using ['®F]DPA-714 and ['8F]BR-35 radiotracers after transient middle cerebral artery occlusion (MCAO) in rats.
The assessment of brain oedema, blood brain barrier (BBB) disruption and neurofunctional progression after treatment
was evaluated with T, weighted and dynamic contrast-enhanced magnetic resonance imaging (T, W and DCE-MRI) and
neurological evaluation. The activation of o7 nAChRs resulted in a decrease of ischemic lesion, midline displacement and
cell neurodegeneration from days 3 to 7 after ischemia. Besides, the treatment with PHA 568487 improved the
neurofunctional outcome. Treated ischemic rats showed a significant ['®F]DPA-714-PET uptake reduction at day 7
together with a decrease of activated microglia/infiltrated macrophages. Likewise, the activation of «7 receptors dis-
played an increase of ['®F]BR-351-PET signal in ischemic cortical regions, which resulted from the overactivation of
MMP-2. Finally, the treatment with PHA 568487 showed a protective effect on BBB disruption and blood brain vessel
integrity after cerebral ischemia.
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neuroprotection and in extending the maximal time
windows of thrombolysis and mechanical thrombec-
tomy for limiting brain ischemic injury.!? Hence, the

Introduction

Stroke is a devastating disease that represents the pri-
mary cause for sustained disability worldwide. Despite
this, translational stroke medicine has largely failed in
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establishment of valid theragnostic biomarkers will
contribute to accelerate the approval of new therapies
for stroke.® Recent findings have shown the promising
therapeutic potential and diagnostic perspectives of
neuroreceptors as immune modulators in experimental
stroke.* In fact, the overexpression of cholinergic recep-
tors and particularly nicotinic acetylcholine o7 receptors
(«7 nAChRs) on peripheral innate immune cells modu-
late inflammatory reaction following stroke.” In the
ischemic brain, positron emission tomography (PET)
with the radiotracer [''C]NS14492, together with immu-
nohistochemical studies showed the overexpression of
o7 nAChRs in microglia and infiltrated macrophages
as response to the ischemic insult. Besides, the activation
of these receptors decreased the inflammatory reaction
and the expression of selectines, adhesion molecules and
infiltrated T lymphocytes, suggesting the key role of «7
nAChRs in the regulation of leucocyte infiltration into
the ischemic tissue after stroke in rats.’ In addition,
recent in vivo studies have observed the therapeutic
effect of nicotinic receptor agonists against blood brain
barrier disruption (BBBd) and brain oedema induced by
stroke and traumatic brain injury through the systemic
cholinergic anti-inflammatory pathway.”® Hence, cur-
rent and future developments in the cross-talk between
the immune stroke reaction and nicotinic receptor acti-
vation will likely identify novel avenues for treating
stroke damage using agonists of «7 nAChRs.>’

Our study aims to further investigate the therapeutic
potential of o7 nAChRs on microglial/macrophage
activation, matrix metalloproteases (MMPs) activation
and BBBd using in vivo multimodal imaging, ex vivo
cellular and molecular techniques and neurofunctional
evaluation during the first week after ischemic stroke in
rats. In particular, ischemic rats treated either with the
selective a7 nAChR agonist PHA 568487 or vehicle
were subjected to PET studies with ['*F]DPA-714 for
translocator protein 18K Da (TSPO) imaging, as surro-
gate biomarker for inflammatory reaction, and ['®F]
BR351 for the in vivo evaluation of MMPs activation
after cerebral ischemia.'®!'! Additionally, the pharma-
cological activation of o7 nAChRs and its effects on
brain damage, midline displacement and the BBBd evo-
lution was studied with magnetic resonance imaging
(MRI) and neurological evaluation. Finally, immuno-
histochemistry (IHC) together with gelatine zymography
were used to evaluate TSPO expression on microglia/
macrophages activation, neurodegenerative neurons,
blood vascular integrity and MMPs with gelatinase
activity.

The results reported here provide novel information
about the role of o7 nAChRs on the subacute ischemic
immune reaction and their therapeutic potential on
brain damage progression, inflammation, brain
matrix degradation and BBB integrity following

experimental stroke. Hence, these findings may ulti-
mately contribute to the establishment of novel nicotinic
receptor-based theragnostic biomarkers and accelerate
the development of new stroke therapies.

Materials and methods

Animal model and experimental set-up

Eight-weeks old -male Sprague-Dawley rats (n=40;
305+ 8.4g body weight; Janvier, France) were used.
24 animals were included to experimental evaluations
and a total of 16 rats were excluded, 8 rats due to
absence of brain infarction with MRI evaluation at
24 hours after ischemia and 8 rats for mortality during
early (minutes; 2 rats) or late (24 hours; 6 rats; 3 vehicle
and 3 PHA-treated ischemic rats) reperfusion.

Animal experimental protocols and relevant details
regarding welfare were approved by the Ethical
Committee at CIC biomaGUNE and local authorities
local authorities and were conducted in accordance
with the Directives of the European Union on animal
ethics and welfare (2010/63/UE). All studies were con-
ducted in our AAALAC certified animal facilities.
Finally, animal experiments were reported in accor-
dance with the ARRIVE guidelines. Transient focal
ischemia was produced under anaesthesia by a 75 min
intraluminal occlusion of the middle cerebral artery
(MCAO) followed by reperfusion as described previ-
ously.'? Briefly, rats were anaesthetized with 2.5% iso-
flurane in 100% O, and a 2.6-cm length of 4-0
monofilament nylon suture was introduced into the
right external carotid artery up to the level where the
MCA branches out. Animals were then sutured and
placed in their cages with free access to water and food.
After 75minutes, the animals were re-anesthetized and
the filament was removed to allow reperfusion.

During 7 consecutive days, starting at 1 hour follow-
ing MCAO, a first group of 12 rats was treated daily
with intraperitoneal (i.p.) administration of N-(3R)-1-
Azabicyclo [2.2.2]oct-3-yl-2,3-dihydro-1,4-benzodioxi
n-6-carboxamide fumarate (PHA 568487, selective o7
nAChR agonist; 1.25mg/Kg) and a control ischemic
group of 12 rats received the same daily volume of
vehicle (physiologic saline solution) in a randomized
and blinded fashion (Figure 1(a)). Both groups of
ischemic rats (n=24) were subjected to T,-weighted
(T,W), Dynamic Contrast Enhanced (DCE)-MRI
scans and neurological evaluation at 1, 3 and 7days
after reperfusion to evaluate the effect of the treatment
on brain infarction volume, midline displacement,
BBBd and neurological outcome. Following MRI stud-
ies, all animals (n = 24) were subjected at different time
points to PET imaging of TSPO with ['*F]DPA-714
(n=10) and matrix metalloproteinases (MMPs) with
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Figure |. Experimental set-up of the therapeutic evaluation of a7 nicotinic receptor activation and MRI (T,W) images of axial planes
at the level of ischemic lesion after cerebral ischemic in vehicle and PHA treated rats (a, c—d). Neurological impairment (b), volume of
infarction (e) and midline displacement (f) was evaluated at days I, 3 and 7 after MCAOQ in vehicle (n = |2) and PHA-treated (n = 12)
rats. Fluoro-Jade positive cells shows degenerative neurons in the ischemic region after MCAO in vehicle (n=5) and PHA-treated
(n=15) rats (g-i). *p < 0.05, *p < 0.01 and ***p < 0.001 compared with vehicle; *p < 0.05 and **#p < 0.001 compared with day [;
&5 <0.01 and *¥%p < 0.01, compared with day 3. Scale bars, 20 um. Values are presented as scatter dot blot (mean =+ SD).
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["*FIBR351 (n = 14) to evaluate the effect of «7 nAChR
activation on glial activation and MMP expression. All
brains from animals subjected to imaging studies
(n=24) were used for ex vivo studies. Ex vivo ICH
studies for TSPO and microglial activation, Fluoro-
Jade staining (n=10) and gel zymography (n=14)
were also performed on those animals to validate
PET imaging findings (Figure 1(a)). Finally, both the
neurological score and ex vivo analysis were performed
in a blind fashion.

Magnetic resonance imaging

T>W-MRI scans were acquired to evaluate the infarc-
tion volume in treated and control rats at days 1, 3 and
7 after ischemia onset. In addition, DCE-MRI scans
during the first week after ischemia were carried out
to assess the influence of treatment on BBBd after
ischemia. Scans were performed in rats anaesthetized
with isoflurane (2-2.5%) in a 30/70% mixture of
0O,/N». Animals were placed into an MRI rat compat-
ible holder and maintained in normothermia using a
water-based heating blanket at 37°C. To ensure
animal welfare, temperature and respiration rate were
continuously monitored while they remained in the
MRI scanner, using a SAIl M1030 system (SA
Instruments, NY, USA). MRI in vivo studies were per-
formed on a 7T horizontal bore Bruker Biospec USR
70/30 MRI system (Bruker Biospin GmbH, Ettlingen,
Germany), interfaced to an AVANCE III console, and
with a BGA12-S imaging gradient insert (maximal gra-
dient strength 400 mT/m, switchable within 80 us).
Measurements were performed with a 72 mm volumet-
ric quadrature coil for excitation and a 20 mm rat brain
surface coil for reception. The imaging session started
with the acquisition of a scout scan, which was used to
plan the whole study focusing on the region of interest.
T>W images were acquired with a Bruker’s RARE
(Rapid Acquisition with Relaxation Enhancement)
sequence (Effective TE=40ms, TR =4400ms, NA =2;
Matrix =256 x 256 points; FOV =25.6 x 25.6mm; spa-
tial resolution =100 x 100 um; 24 contiguous slices of
I mm thickness covering the whole brain), which was
used to quantify the volume of the lesion.

For the evaluation of BBB integrity, the tail vein was
catheterized with a 24-gauge catheter for intravenous
administration of the contrast agent (Multihance,
0.2mmol/ml, 1ml/Kg body weight). The BBBd was
assessed using DCE-MRI, which allowed to differenti-
ate between changes in vascular permeability and changes
in the extravascular extracellular space (EES). The T;-
weighted (T;W) DCE-MRI was acquired with a
Bruker’'s FLASH (Fast low-angle shot) sequence
(TE=2.5ms; TR=31.25ms; FA=15°; NA=1;, NR=
200; Matrix =128 x 128 points; FOV =25.6 x 25.6 mm;

spatial resolution =200 x 200 pm; 5 slices of 1mm
thickness covering the ischemic lesion). This technique
involves the serial acquisition in rapid succession of
MR images (NR =200) of a tissue of interest, being
the ischemic lesion in this particular case, before and
after the intravenous administration of Multihance, a
gadolinium-based paramagnetic contrast agent. DCE-
MRI allows to monitor changes in the T1 relaxation
rate of the tissue after the administration of gadolinium
with repeated serial imaging using T{W images.

Magnetic resonance imaging analysis

For image analysis, regions of interest (ROIs) were
manually defined using the Image J (Version 1.53k,
NIH) software. The calculation of the lesion volume
using MRI was carried out by summing the areas of
infarcted regions showing hyperintense signals of all
slices affected by the lesion. The evaluation of midline
displacement in the entire brain was assessed using the
following formula ((Volume of ipsilateral hemisphere/
Volume of contralateral hemisphere)-1)* 100. BBB per-
meability (ktrans) maps were obtained from five
DCE-MRI images with DCE@urLAB software'? in
the lesion volume measured with T,W-MRI, using
the Tofts Model with the following input parameters:
T10 (tissue) pixel-wise obtained from acquired T1 maps,
T10 blood =2070ms,"* TR =31.25ms, FA =15°, frame
period=2s, N° frames=200, contrast agent
relaxivity =4.24mM " s~!, hematocrit =0.43, Injection
frame, Frames for initial area under the curve IAUC)=
5 and Arterial Input Function (AIF) as measured from a
region of interest located at the carotid artery.

Radiochemistry

The production and quality control of ['"*FIDPA-714
(non-decay corrected radiochemical yield=11+2%:;
radiochemical purity >95% at the time of injection;
molar activity values 160—430 GBq/umol at the end of
the synthesis (EOS)) was carried out following estab-
lished protocols in our laboratory.'” ['"*F]BR351 was
carried out following a previously published method
with minor modifications.'® Radiochemical purity
was always >95% at the time of injection, and molar
activity values were in the range 90-220 GBq/umol
(EOS). This experimental procedure is described in
detail in the Supporting Information.

Positron emission tomography scans and

data acquisition

PET scans were performed using an eXplore Vista
PET-CT camera (GE Healthcare, Waukesha, WI,

USA). Scans were performed in rats anaesthetized
with 2-2.5% of isoflurane in 100% O,. Animals were
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placed into a rat holder compatible with the PET
acquisition system and maintained in normothermia
using a water-based heating blanket at 37°C. To
ensure animal welfare, temperature and respiration
rate were continuously monitored while they remained
in the PET camera, using a SAII M1030 system (SA
Instruments, NY, USA). The tail vein was catheterized
with a 24-gauge catheter for intravenous administra-
tion of the radiotracers. For evaluation of treatments
on TSPO binding after ischemia, [ISF]DPA-714 was
injected concomitantly with the start of the PET acqui-
sition and dynamic brain images were acquired for
30min using 23 frames (3 x5, 3 x 15, 4 x 30, 4 x 60,
4 %120, 5x180s) in the 400-700keV energetic
window. For the evaluation of MMP expression, the
radiotracer ['®F]BR351 was injected into the tail vein
and after an uptake period of 100 min, rats were anes-
thetized and placed on the PET camera for 30 min brain
static acquisition. After each PET scan, CT acquisitions
were also performed (140 mA intensity, 40kV voltage),
to provide anatomical information of each animal as
well as the attenuation map for the later PET image
reconstruction. Dynamic and static acquisitions were
reconstructed (decay and CT-based attenuation cor-
rected) with filtered back projection (FBP) using a

Ramp filter with a cut-off frequency of 0.5mm™".

Positron emission tomography image analysis

PET images were analysed using PMOD image analysis
software (Version 3.5, PMOD Technologies Ltd,
Zurich, Switzerland). For the analysis of PET signal,
both PET images and an MRI (T,W) rat brain template
from Pmod were separately manually co-registered to
the CT of the same animal to generate a spatial normal-
ization. Subsequently, MRI brain template was auto-
matically co-registered to PET images. Volumes of
Interest (VOIs) were manually drawn in the entire ipsi-
lateral and contralateral hemispheres, cerebral cortex
and the striatum on slices of the MRI (T,W) images
for each animal to study the whole brain ['*F]DPA-
714 and ['®F]BR351 PET signals. For dynamic PET
scans, the last five (['*F]DPA-714) frames were used to
calculate radiotracer uptake over the last 15min. For
static PET scans, the 30 min frame was used to quantify
the ["*F]BR351 uptake. Average values in each VOI
were determined and expressed as percentage of injected
dose per cubic centimetre (%ID/cc).

Immunohistochemistry and Fluoro-Jade staining.

Immunohistochemistry (IHC) and Fluoro-Jade stain-
ing were carried out at day 7 after imaging studies in
animals treated with PHAS568487 and vehicle. The
brain was removed, frozen and cut in 6-um-thick sec-
tions in a cryostat. For THC, sections were fixed,

washed and permeabilized. For antigen retrieval, sec-
tions were incubated in antigen unmasking citrate-
based (Vector laboratories, California, USA) solution.
After washing, samples were saturated with a solution
of bovine serum albumin (BSA) and incubated during
2h at room temperature with primary antibodies. The
first set of sections were stained for TSPO with a rabbit
anti-TSPO (NP155, 1:1000) and for CD11b with mouse
anti-CD11b (1:300; Serotec, Raleigh, NC, USA).
Finally, the second set of sections were stained for
VE-Cadherin with rabbit anti-VE-Cadherin (1:50;
Thermo Fisher, Madrid, Spain) and for GFAP with
chicken anti-GFAP (1/500; AbCam, Cambridge,
UK). Sections were washed, incubated with secondary
antibodies Alexa Fluor 488 goat anti-rabbit IgG, Alexa
Fluor 594 goat anti-mouse IgG and Alexa Fluor 647
goat anti-chicken IgY (Molecular Probes, Life
Technologies, Madrid, Spain, 1:1000), and mounted
with a prolong antifade kit with or without DAPI in
slices (Molecular Probes Life Technologies, Madrid).
For Fluoro-Jade, sections were dried at room temper-
ature, and rehydrated. Fluorescent background block-
ing was performed with potassium permanganate.
Samples were stained with Fluoro-Jade C (Millipore,
California, USA) staining solution and washed again.
Sections were dried overnight at room temperature,
cleared using xylene and mounted with DPX (Sigma-
Aldrich, Spain). Standardized images acquisition was
performed with Axio Observer Z6 (Zeiss, Tres Cantos,
Spain) for TSPO/CD11b, the Leica TCS SP8 STED 3X
microscope for Fluoro-Jade and the Leica Stellaris con-
focal microscope (Hospitalet de Llobregat, Spain) for
VE-Cadherin/GFAP imaging. Cells were counted in
ten representative and different fields defined manually
in both ischemic cortex and striatal regions at 20x mag-
nifications by using Image J (Version 1.53k, NIH, USA)
software. This experimental procedure is described in
detail in the Supporting Information.

Gel zymography

Tissues were homogenized with lysis buffer and centri-
gugated at 12,500 rpm for 5 min at 4°C, the supernatants
were used for extraction of gelatinolytic activity. Same
concentration of protein in 500 uL of lysis buffer was
incubated with 50pul. of gelatine-sepharose (Gelatin
Sepharose 4B, GE Healthcare, Uppsala, Sweden).
Subsequently, the pellet with gelatine-sepharose was
washed with 500 uL of washing buffer and centrifuged
before the separation of gelatinases with 150 L of elution
buffer. Protein extracts (10 pL) were loaded in 10%
acrylamide gels containing porcine gelatine (10 mg/ml)
and human MMP-9 (Calbiochem, Madrid, Spain) was
used as the gelatinase standard. After electrophoresis,
gels were washed in H,Od, rinsed three times and



1306

Journal of Cerebral Blood Flow & Metabolism 43(8)

incubated for 48h at 37°C in incubation buffer. After
incubation, gels were stained in a solution of 0.1%
amido black in acetic acid, methanol and H,Od for 1h
and unstained. Finally, the gels were imaged and ana-
lysed to determine intensity of the bands (ChemiDoc
and Image Lab software, BioRad, Alcobendas, Spain).
This experimental procedure is described in detail in the
Supporting Information.

Neurological assessment

The assessment of neurological outcome induced by
cerebral ischemia was based on a previously reported
9-neuroscore test.'” This test is a global neurological
assessment that was developed to measure neurological
impairments following stroke and assesses a variety of
motor, sensory and reflex responses. Before imaging
evaluations, four consecutive tests were performed at
days 1, 3 and 7 after ischemia in treated and control
rats as as described previously.'?

Statistical analyses

The effects of the treatment in infarct volume, midline
displacement, BBBd and PET uptake within each brain
region at days 1, 3 and 7 after cerebral ischemia were
averaged and compared with the averaged values of
every time point using repeated measures two-way
ANOVA followed by Tukey’s multiple-comparison
tests for post-hoc analysis. Likewise, the neurological
outcome at different days after cerebral ischemia were
averaged and compared with the averaged values of
every time point using the same statistical method as
above. For immunohistochemical and gel zymography
studies, microglial/ TSPO cells and intensity of MMP
bands after treatments (7 days after MCAQ) were aver-
aged and compared using repeated measures one-way
ANOVA followed by Tukey’s multiple-comparison
tests for post-hoc analysis. Finally, the effect of the
o7 nAChR agonist in the activation of ipsilateral
MMP-2 active form and Fluoro-Jade positive cells
were compared using unpaired t-Test. The level of sig-
nificance was regularly set at P <0.05. Normality of
data was tested using Shapiro-Wilk test. Statistical
analyses were performed with GraphPad Prism version
9 software.

Results

Effect of o.7 nAChRs activation on stroke outcome
and neurodegeneration
The role of o7 nicotinic receptors on neurological out-

come, stroke evolution, BBBd, inflammatory reaction
and MMP expression after ischemia was explored using

in vivo advanced imaging, neurological evaluation,
immunohistochemistry and zymography after the daily
treatment (from day 0 to day 6) with the selective o7
nAChR agonist PHA 568487 and vehicle (Figure 1(a)).

Neurofunctional —impartment including motor,
sensory and reflex deficits was evaluated with the
9-neuroscore test at 1, 3 and 7days after MCAO and
treatments (Figure 1(b)). Both experimental groups of
rats presented similar neurological impairment at day 1
after ischemia followed by a significant neurological out-
come improvement at days 3 (p < 0.05) and 7 (p <0.01)
in PHA-treated ischemic rats compared to control ische-
mic animals (Figure 1(b)). Besides, the pharmacological
activation of o7 nicotinic receptors with PHA showed a
significant neurofunctional improvement at day 7 in
relation to day 3 after MCAO (p < 0.05, Figure 1(b)).

Hyperintense regions of T,W-MRI images showing
the evolution of vasogenic oedema as the result of the
ischemic infarction were evaluated at days 1, 3 and 7 in
PHA and vehicle-treated ischemic rats (Figures 1(c)
and (d)). Infarct volumes showed non-significant dif-
ferences between both experimental groups of animals
at day 1, followed by a significant infarct reduction at
days 3 (p<0.001) and 7 (p<0.01, Figure 1(e)) in
PHA + MCAO rats versus control ischemic animals.
The effect of brain oedema on intracranial pressure
was evaluated with the midline shift of brain tissue
across the centre line of the brain (Figure 1(f)). Brain
oedema following cerebral ischemia caused a midline
displacement of circa 15% at days 1 and 3 followed by
a significant reduction during the following seven days
after MCAO (p<0.001, Figure 1(f)). Likewise, the
daily treatment with PHA limited the formation of
brain oedema reducing the midline shift at day 3
(p<0.001, Figure 1(f)) in relation to vehicle-treated
ischemic animals.

Finally, the effect of the treatment on neurodegenera-
tion was assessed by Fluoro-Jade staining that displayed
a significant reduction in number of neurodegenerative
cells at day 7 after ischemia in relation to control ischemic
rats (p < 0.01, Figures 1(g) to (i)).

Role of o7 nAChRs on inflammatory reaction and
MMP activation after MCAO

The role of o7 nicotinic receptors on inflammatory
reaction and MMP activation was explored with PET
imaging of TSPO and MMP activity using the radio-
tracers ['*FIDPA-714 (TSPO ligand) and ['*F]BR-351
(MMP activation), at days 1, 3 and 7 after daily treat-
ment with PHA and vehicle. All images were quantified
in standard units (%ID/cc). Co-registered axial brain
images of ['"®)F]DPA-714 and ['®F]BR-351 PET brain
signals to T,W-MRI in PHA and vehicle treated ische-
mic rats sowed spatial-temporal inflammatory and
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MMP activation changes in the region of the infarction
at different days after reperfusion (Figures 2 and 4).

In the ipsilateral (ischemic) hemisphere, ['*F]DPA-
714-PET showed a progressive signal increase from
days 1 to 7 (p<0.01 at day 7 vs day 1, Figure 2(e))
in vehicle + MCAO rats. Likewise, the treatment sig-
nificantly reduced the inflammatory reaction over time
showing significant differences at day 7 after MCAO in
relation to control ischemic rats (p < 0.05, Figure 2(e)).
Conversely, the contralateral hemispheres showed
pseudo-control values at different days in both PHA
and vehicle-treated rats (Figure 2(f)). Similarly to the
ipsilateral whole brain hemisphere, infarcted cortex
showed a significant ['*F]DPA-714 PET signal uptake
at day 7 in PHA ischemic rats versus control animals
(p <0.05, Figure 2(e)) that was not observed in striatal
region (Figure 2(h)).

Immunofluorescence staining studies displayed TSPO
over-expression (in green; Figure 3(b)) in CD11b™ cells
(microglia/macrophages) after ischemia (in red; Figure 3
(a)) in vehicle and PHA treated rats (Figures 3(a) to (d)).
At day 7, the ischemic lesion showed an increase in the
number of reactive microglia/macrophages expressing
TSPO (in green and red; Figure 3(d)) in relation to con-
tralateral regions (p < 0.01, p < 0.001, Figure 3(e) to (g)).
Besides, the number of TSPO/CD11b™ cells showed a
significant decrease in both ipsilateral whole brain and
cerebral cortex of PHA-treated animals in comparison
with control ischemic rats (p < 0.01, Figures 3(e) and
(f). In contrast, the activation of o7 nAChRs with
PHA showed a non-significant decline of the TSPO
expression in striatal microglia/macrophages supporting
those findings observed with in vivo PET imaging
(Figure 3(g)).

PET imaging of in vivo MMP activation with ['*F]
BR-351 showed the highest signal uptake at 24 hours in
the entire region of the infarction followed by a slight
decline from days 3 to 7days (p <0.05 versus day 1,
Figures 4(b) and (e)). Likewise, PHA-treated rats dis-
played a non-significant MMP activation increase at
days 3 and 7 after ischemia in relation to control ische-
mic animals (Figures 4(b), (d) and (¢)). The regional
distribution of ["*F]BR-351 in the ischemic territory
showed different signal uptake (ipsilateral/contralateral
of %ID/cc) for both cerebral cortex and striatum along
the reperfusion (Figures 4(f) and (g). Firstly, the cere-
bral cortex showed similar ['*F]BR-351 signal ratios at
day 1 for both experimental conditions followed by a
significant increase of MMP activation from day 3 to 7
after MCAO in PHA-treated compared to control ische-
mic rats (p <0.05, p<0.01, Figure 4(f)). Secondly, the
ischemic striatum showed higher PET signal ratios at
different time points compared to those shown by cere-
bral cortex (Figure 4(g)). At day 1, control ischemic
animals displayed highest values (circa 1.8 ipsi/contra

ratio of %ID/cc) followed by a progressive decline
during the following week after ischemia (p<0.01,
Figure 4(g)). Finally, contrary to what was observed in
the cerebral cortex, treated animals with PHA showed
non-significant ['*F]BR-351 uptake differences in stria-
tal region versus vehicle + MCAO rats.

The increase of MMP-9 (bands a and b, correspond-
ing to 95 and 88kDa) and MMP-2 (bands a and b,
corresponding to 72 and 67 kDa) gelatinase activities
at day 7 following cerebral ischemia and treatments
was carried out with the semiquantitative analysis of
the gelatine zymography (Figure 5(a) and S1). The
zymogram analysis showed a non-significant increase
of the band a (proenzyme) of MMP-9 in PHA-treated
ischemic brains compared to both control ischemic and
contralateral brain hemispheres (Figure 5(b)). In addi-
tion, the band b (active form) of MMP-9 displayed
similar intensity values for both experimental condi-
tions and brain hemispheres after ischemia (Figure 5
(c)). Conversely, MMP-2 proenzim and active form
increased significantly in the ischemic territory compared
with contralateral hemispheres of both PHA and vehicle
treated rats (p <0.05, p<0.01 and p<0.001, Figures 5
(d) and (e)). Finally, the active form of MMP-2 displayed
a significant increase as response to PHA treatment in
relation to vehicle + MCAO rats (p < 0.05, Figure 5(¢))
supporting the in vivo MMP activation increase observed
with ["*F]BR-351 PET imaging.

Therapeutic properties of a7 nicotinic
receptor activation on BBBd after
cerebral ischemia

The effect of the treatment on BBBd was assessed using
T,W and DCE-MRI at days 1, 3 and 7 after cerebral
ischemia in the whole ischemic hemisphere, cerebral
cortex and striatum (Figure 6). Serial brain-MRI
images of a representative MCAO + vehicle and
MCAO + PHA rats showed the extension of the ische-
mic lesion and BBBd (Ktrans) at the level of the lesion
seven days after ischemic stroke (Figures 6(a) and (b)).
Both experimental groups of animals experienced a
similar progressive BBBd increase from day 1 to 3
after cerebral ischemia. At day 7, vehicle-treated rats
showed the highest Ktrans value compared to days 1
and 3, that was reduced by the daily treatment with
PHA (Figures 6(c) to (e)). In fact, results showed a
significant decline of Ktrans values in the cerebral
cortex by PHA treatment at day 7 after MCAO
(p<0.05, Figure 6(d)) confirming the protective role
of o7 nicotinic receptors on BBB integrity.
Additionally, the ex vivo evaluation of the blood
vascular integrity after ischemia was assessed in the
cerebral cortex with immunohistochemistry to visualize
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Figure 2. MRI-T,W and PET images of ['®F]DPA-714 at days |, 3 and 7 after MCAQ in vehicle and PHA-treated rats. MRI (T,W)
(a, ¢) and TSPO receptor PET signal (b, d) images of axial planes at the level of the ischemic lesion. ['®F]DPA-714 PET signal was
quantified at days |, 3 and 7 after ischemia in the entire ipsilateral (e) and contralateral (f) cerebral hemisphere, ipsilateral cortex (g)

and striatum (h). *p < 0.05 compared with vehicle;
dot blot (mean + SD).

##5 < 0.01 and ##p < 0.001 compared with day |. Values are presented as scatter
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Figure 3. Immunofluorescent labeling of TSPO (green), CD| Ib (red) and DAPI (blue) in the ischemic area, shown as three channels.
The data show TSPO expression in microglia/macrophages at day 7 after MCAOQ in and PHA-treated rats. CD | | b-reactive microglia/
macrophages (a) expressing TSPO expression (b) decrease after MCAO in PHA-treated rats in merged images of two immunoflu-
orescent antibodies (d). The number of CD| |b-reactive microglia/macrophages expressing TSPO was evaluated at day 7 in ipsilateral
and contralateral whole brain (e), cortex (f) and striatum (g) after daily treatment with vehicle (n =5) and PHA (n=5). **p < 0.0l and

#¥p < 0.01 compared with vehicle; #*p < 0.01 and 5%

as scatter dot blot (mean =+ SD).

both VE-Cadherin and astrocytes (in green and pink,
respectively; Figures 6(f) and (g)). Immunofluorescence
showed a decrease of co-localized VE-cadherin (major
determinant of endothelial cell contact integrity) and
GFAP staining in vehicle + MCAO animals at day 7
after cerebral ischemia evidencing the loss of the blood
vessel structure and neurovascular unit (Figure 6(f)).

p <0.001 compared with contralateral. Scale bars, 20 um. Values are presented

Conversely, the pharmacological treatment with PHA
protected the blood brain vessel integrity from ischemic
injury as observed by VE-cadherin and GFAP
blood vessel staining in the ischemic cortical territory
(Figure 6(g)). Hence, altogether both in vivo and ex vivo
findings evidenced the therapeutic effect of PHA treat-
ment on BBB dysfunction after cerebral ischemia in rats.
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Figure 5. Gelatine zymography of MMP-2/-9 at day 7 after MCAO in vehicle and PHA-treated rats. Activity of a (proenzyme) and b
(active form) bands of gelatinases MMP-9/-2 in zymogram shown as white bands in the ipsilateral and contralateral hemispheres after
ischemia (a). Intensity of bands a (b, d) and bands b (c, e) of MMP-2/-9 were quantified in both ipsilateral and contralateral hemispheres
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as scatter dot blot (mean £ SD).

Discussion

Although neuroprotective stroke therapies have shown
to be useful in preclinical cerebral ischemia, few of
them have been successfully applied in clinical prac-
tice.'® Hence, the development of novel imaging strat-
egies based on targeting immune biomarkers with
therapeutic and prognostic value is paramount in the
treatment of stroke. Because of this, we have used
advanced MRI and PET techniques to evaluate the

therapeutic properties of o7 nAChRs on brain
damage outcome, neuroinflammatory reaction, prote-
ase activation and blood vascular integrity during acute
and subacute preclinical ischemic stroke.

Therapeutic effect of a7 nAChRs

activation following cerebral ischemia

A previous study from our group evaluated the thera-
peutic properties of the daily treatment with the
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selective o7 nAChR agonist PHA 568487 during 6 con-
secutive days, starting at day 1 following MCAO. This
study evaluated the neurological outcome and stroke
evolution before (at day 1) and at 7 days after ischemia
showing a significant neurofunctional improvement
and stroke volume reduction at the end of PHA treat-
ments.® In the present study, ischemic rats were treated
7 consecutive days, starting at 1 hour following MCAO
to evaluate the effect of early treatment on stroke out-
come at acute (day 1) and sub-acute (days 3 and 7)
cerebral ischemia. Similar to late start of treatment,
PHA administration during early reperfusion (1 hour)
did not show a significant improvement on neurologi-
cal impairment, stroke volume and midline displace-
ment at day 1 after MCAO (Figure 1). Nevertheless,
the activation of o7 nicotinic receptors rescued ischemic
damage showing a neurological, brain infarction and
intracranial pressure improvement during subacute
ischemic stroke (3 to 7days) in relation to vehicle-
treated ischemic rats (Figure 1(b) to (f)). In fact, these
findings support those described by Zou and colleagues
who observed a brain oedema reduction in ischemic
mice treated with PHA 568487.% One possible mecha-
nism to explain the therapeutic protection of o7
nAChRs against brain ischemic damage might be the
improvement of neuronal survival and inhibition of neu-
ronal pyroptosis by increasing neuroprotective effects of
endogenous choline/Ach through vagus nerve stimula-
tion.'”?° In agreement with these studies, we observed a
significant reduction in the number of Fluoro-Jade pos-
itive neurodegenerative cells as result of pharmacologi-
cal treatment with PHA at day 7 following ischemia

(Figures 1(g) to (1)).

o7 nAChRs activation attenuates
neuroinflammation after ischemia

The “inflammatory reflex”, considered as the complex
interactions between the nervous and immune system,
is still a poorly understood biological process.
However, it seems clear that the anti-inflammatory
response followed by vagal stimulation is mediated by
the activation of «7 nAChRs.?"?>? In fact, the activation
of cholinergic anti-inflammatory pathway using o7
nAChR ligands has shown potential as a strategy to
control the peripheral inflammatory response in
stroke patients.>* Recently, Gaidhani and colleagues
have observed that the effect of ®7nAChRs on neuro-
inflammatory reaction is driven by the expression
increase of these receptors in the brain and not periph-
erally through the spleen.>® Hence, overexpression of
these receptors in microglia and infiltrated macro-
phages at the region of the infarction from days 3 to
7 after MCAO might be the responsible for the

cholinergic anti-inflammatory response after ischemia.®

Previously, the pharmacological activation of «7-
nAChRs with the agonist PHA 568487 has shown a
reduction in neuroinflammation following cerebral
ischemia in rodents.”>?® In our study, we explored
the effect of PHA on cerebral inflammation with ['®F]
DPA-714-PET (TSPO) and brain oedema using ToW-
MRI at days 1, 3 and 7 after MCAO (Figures 2(a) to
(d)). Cerebral ischemia induced a progressive signifi-
cant increase of in vivo neuroinflammation as observed
with PET from days 1 to 7 after ischemia in the ipsi-
lateral whole brain, cerebral cortex and striatum.
Indeed, the effect of PHA showed a significant decrease
of TSPO expression at day 7 in the whole ischemic
hemisphere and particularly in the cerebral cortex com-
pared to striatum (Figures 2(¢), (g) and (f)). Therefore,
these results suggest a differential therapeutic response
between the brain regions most commonly affected by
the MCAO model used in this work,?’ evidencing the
significant reduction of the cortical neuroinflammatory
penumbra by the activation of o7-nAChRs with
PHA.*® At day 7 after ischemia, ischemic rat brains dis-
played a significant decrease of CDI11b positive cells
expressing TSPO after treatment with PHA in both
ischemic whole brain and cerebral cortex but not in stri-
atum (Figure 3), confirming the results obtained with
['"®FIDPA-714 PET and the role of o7 nAChRs on
microglia/macrophages activation and other infiltrated
leukocytes after cerebral ischemia in rats.

Treatment with PHA modulates MMP
activation and restores BBBd after MCAO

Following cerebral ischemia, activated microglia and
infiltrated leucocytes express a large amount of differ-
ent matrix metalloproteinases including gelatinase-type
MMP-2/-9 which are well characterized as key factors
involved in brain ischemic damage.?**®> MMPs are an
extended family of zinc-dependent endopeptidases that
require cleavage for enzymatic activation and play a
crucial role in the degradation of the neurovascular
matrix integrity contributing to the infarct extent and
BBBd.*' ** Additionally, MMPs have been closely
related to some pathological features of secondary
ischemic damage such as haemorrhagic transforma-
tion, brain inflammation and oedema formation.**
In vivo imaging approaches evaluating the temporal
and spatial dynamics of MMPs following experimental
stroke have been possible due to the development of an
'"F-labelled derivative of the MMP inhibitor CGS
27023 A (["*F]BR-351) for PET imaging.'"* In our
study, we observed maximum ['*F]BR-351 uptake
levels in the infarcted striatum at 1 day after cerebral
ischemia followed by a progressive significant decline
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during sub-acute ischemia (days 3 and 7) (Figure 4).
Nevertheless, our results stand in contrast with those
observed by Zinnhardt and colleagues that showed
in vivo MMP activation during the first 24/48 hours
followed by non-significant increased values at day 7
after ischemia.'' In fact, these discrepancies could be
due to the use of different rodent species (rat vs. mouse)
as well as different MCA occlusion times (75 min vs.
30min), among others. Besides, we used this PET
tracer to evaluate the effect of PHA 568487 on MMP
activation after ischemia. Our results showed a signif-
icant increase of MMP activation in cerebral cortex at
days 3 and 7 after MCAO as response to the treatment
that was not observed in striatum (Figures 4(f) and (g)).
Hence, the increase of ['*F]BR-351 uptake in the cere-
bral cortex might be in agreement with the decrease of
the inflammatory reaction in this brain region after
ischemia suggesting the protective role of cortical
MMP activation on brain inflammation (Figures 3
and 4). Supporting these findings, gel zymography
showed significant increase of both bands a (proen-
zyme) and b (active form) of MMP-2, but not
MMP-9, in the ischemic lesion in comparison to con-
tralateral hemisphere (Figure 5). Likewise, the treat-
ment with PHA increased the intensity of the MMP-2
active form in relation to control rats at day 7 after
experimental stroke (Figure 5(e)) supporting the
increase of PET-["®*F]BR-351 signal after MCAO. In
fact, ["*F]BR-351 binds to activated forms of MMP-2
(ICso=4nmol/L), -8 (2nmol/L), -9 (50 nmol/L), and
-13 (11 nmol/L) and since MMP-8 and -13 have been
also detected in experimental models of brain ische-
mia,>> %7 ['"F]BR-351 signal observed in this study
cannot be attributed to the MMP-2 activation alone.
In particular, MMP-2 and -13 have been related to
neuroprotection and better stroke outcome,***® and
might be involved in the beneficial role of «7-
nAChRs after ischemia observed in this work.

The major pathological effect of MMP activation
after brain ischemia is the disruption of BBB, however
a different role of both MMP-2 and -9 have been
described on the biphasic opening of the BBB.*
A reversible opening during first hours is related to
MMP-2 activation followed by a more severe BBBd
due to increased MMP-9 active forms which is associ-
ated with haemorrhagic transformation and vasogenic
oedema.*” In our study, we observed a progressive
BBBd increase during the first week after cerebral
ischemia in rats that was reverted by the daily treat-
ment with PHA (Figure 6). This progressive increase is
consistent with the increase of neuroinflammation
observed by ['*F]IDPA-714-PET during the first week
after cerebral ischemia (Figure 2). Similarly, it has
become more apparent that intense neuroinflammation
resulting in brain injury after ischemic stroke is

associated with BBB breakdown, neuronal injury,
and worse neurological outcomes.*'*** Finally, the acti-
vation of «7-nAChRs showed protection on blood
brain vessel integrity and significantly reduced BBBd
in the cerebral ischemic cortex at day 7 after ischemia
(Figure 6(d)). Thus, these findings suggest for the first
time the protective role of MMP-2 activation in the
restoration of BBBd after cerebral ischemia through
o7-nAChRs modulation.

Summary and conclusions

In summary, multimodal imaging studies were carried
out to decipher the therapeutic role of «7-nAChRs acti-
vation after experimental stroke in rats. The daily treat-
ment with PHA showed beneficial effects on volume of
infarction, midline displacement, neurodegeneration
and neurological outcome during the subacute preclin-
ical ischemic stroke. In addition, «7-nAChRs activa-
tion reduced neuroinflammatory reaction in the
cerebral cortex at day 7 after ischemia together with
an increase of MMP-2 activation and the protection
of the BBB and blood brain vessel integrity.
Altogether, our results provide promising evidence on
the therapeutic potential of «7-nAChRs activation for
ischemic stroke.
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