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Abstract Developing new therapies for stroke is urgently
needed, as this disease is the leading cause of death and dis-
ability worldwide, and the existing treatment is only available
for a small subset of patients. The interruption of blood flow to
the brain during ischemic stroke launches multiple immune
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responses, characterized by infiltration of peripheral immune
cells, the activation of brain microglial cells, and the accumu-
lation of immune mediators. Copper is an essential trace ele-
ment that is required for many critical processes in the brain.
Copper homeostasis is disturbed in chronic neurodegenerative
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diseases and altered in stroke patients, and targeted copper
delivery has been shown to be protective against chronic neu-
rodegeneration. This study was undertaken to assess whether
the copper bis(thiosemicarbazone) complex, Cu(atsm), is
beneficial in acute brain injury, in preclinical mouse models
of ischemic stroke. We demonstrate that the copper complex
Cu'(atsm) protects neurons from excitotoxicity and N2a cells
from OGD in vitro, and is protective in permanent and tran-
sient ischemia models in mice as measured by functional out-
come and lesion size. Copper delivery in the ischemic brains
modulates the inflammatory response, specifically affecting
the myeloid cells. It reduces CD45 and Ibal immunoreactiv-
ity, and alters the morphology of Ibal positive cells in the
ischemic brain. Cu'(atsm) also protects endogenous microglia
against ischemic insult and reduces the proportion of invading
monocytes. These results demonstrate that the copper com-
plex Cu''(atsm) is an inflammation-modulating compound
with high therapeutic potential in stroke and is a strong can-
didate for the development of therapies for acute brain injury.
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Neuroinflammation
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Introduction

Ischemic stroke, caused by blockage of blood flow in the
brain, is a leading cause of death and long-term disability
because of limited therapeutic interventions that are available
in clinics. Despite significant efforts, drugs that have the po-
tential to limit neuronal damage after the onset of ischemic
stroke have not been discovered. The lack of efficient thera-
peutics for stroke is largely related to the poor translation of
preclinical results into clinics. Due to the heterogeneity of
stroke types, this disorder is challenging to model in labora-
tory settings, and results gained from one preclinical model
rarely represent stroke in a broad number of patients.

The interruption of blood flow to the brain during ischemic
stroke launches multiple immune responses, which are char-
acterized by infiltration of peripheral immune cells, the acti-
vation of resident brain immune cells, and the accumulation of
immune mediators [1]. Microglia, the resident immune cells
of the brain, are a heterogeneous group of cells that have
multiple roles in promoting and modulating brain functions
under physiological conditions, including phagocytosis of de-
bris or dying cells, neurogenesis and synaptic modulation [2,
3]. Microglia also have the potential to contribute to the neu-
rological outcome of brain injury [4]. During acute brain in-
jury, microglia rapidly undergo dramatic morphological and
phenotypic changes. Considering the heterogeneous nature of
microglia, it is not surprising that studies assessing the effect
of microglia on stroke outcome have yielded controversial
results. In any case, neuroinflammation and blood brain bar-
rier disruption are critical steps in the loss of the
neurogliavascular network integrity and exacerbation of is-
chemic damage, and activated microglia are a driving factor
in these phenomena [5]. They up-regulate the expression of
particular cell surface antigens and produce inflammatory me-
diators such as tumor necrosis factor (TNF), which can pro-
mote neurotoxicity [6]. However, microglia also possess sev-
eral beneficial functions in stroke, including the promotion of
neurogenesis and production of neurotrophic factors [7].
Furthermore, ablation of microglia has been shown to exacer-
bate ischemic injury in the brain [8].

Copper is an essential trace element that is required for
many critical processes in the brain [9]. While copper homeo-
stasis is disturbed in chronic neurodegenerative diseases such
as Alzheimer’s disease (AD) [10], little is known about copper
homeostasis in acute ischemic stroke. Several years ago,
Kodali et al. reported an increase in the plasma copper con-
centrations of ischemic stroke patients [11]. This observation
was supported by a recent paper demonstrating that serum
levels of both total copper and copper loosely bound to small
molecules are elevated in serum of ischemic stroke patients
[12]. These papers provide evidence for copper
dyshomeostasis upon ischemic damage in patients. In mouse
models, chronic intake of copper has been reported to
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aggravate ischemic damage, an effect attributed to reduction
of angiogenesis [13].

Restoration of brain copper homeostasis is protective against
chronic neurodegeneration in animal models of disease [14]. The
copper bis(thiosemicarbazones) are stable, lipophilic neutral
copper(I) complexes that are capable of crossing both cell mem-
branes and the blood brain barrier [15, 16]. These metal delivery
and redistribution agents are neuroprotective in animal models of
AD, Parkinson’s disease, and amyotrophic lateral sclerosis
[17-20]. Furthermore, we have recently demonstrated that
Cu"(atsm) reduces brain inflammation caused by peripheral ad-
ministration of bacterial lipopolysaccharide, and that copper de-
livery is anti-inflammatory in the chronic neuroinflammatory
milieu of AD model mice (Choo et al. submitted). To our knowl-
edge, therapeutic approaches targeted to modulation of copper
homeostasis in ischemic stroke, where significant neuroinflam-
mation takes place, have not previously been tested.

To address the issue of poor translation of stroke therapeu-
tics into human patients, in this study we tested the copper
complex Cu(atsm) in both permanent and transient ischemia
mouse models, and characterized the inflammatory responses
after delivery of copper in the ischemic brains. We demon-
strate that Cu''(atsm) is protective in both permanent and tran-
sient ischemia models, and that copper delivery in the ische-
mic brains modulates the inflammatory response, specifically
affecting the myeloid cells. These results demonstrate that
Cu'(atsm) is a compound with high therapeutic potential in
stroke and is a strong candidate for the development of thera-
pies for acute brain injury.

Materials and Methods
Cortical Neuron Cultures and Excitotoxicity Assay

Primary cortical neuron cultures were prepared from E15 em-
bryos. Cortices were dissected, after which tissues were dis-
sociated with trypsin (0.0125% for 15 min at 37 °C,
Sigma-Aldrich, St. Louis, MO, USA). Neurons were counted
and plated on poly-d-lysine (Sigma-Aldrich, St. Louis, MO,
USA) coated 48-well plates at a density of 150,000 cells/well
in Neurobasal media containing 2% B27, 500 uM l-glutamine
and 1% penicillin—streptomycin (all ThermoFisher Scientific,
Waltham, MA, USA). 50% of the medium was changed four
days after plating and cultures were used for experiments on
days 67 in vitro.

Treatment of cortical neurons was carried out in 50% fresh
Neurobasal medium containing 2% B27, 500 uM I-glutamine
and 1% penicillin—streptomycin and 50% media collected
from the cells. Neurons were treated with 1 pM Cu''(atsm)
prepared as above and/or 400 M glutamate (Sigma-Aldrich,
St. Louis, MO, USA) for 24 h prior to measurement of cell
viability by the MTT assay.

N2a Cell Cultures and Oxygen-Glucose Deprivation
(OGD)

Mouse neuroblastoma 2a cell line (N2a) was cultured on stan-
dard cell culture dishes in Dulbecco’s Modified Eagle
Medium with GlutaMAX-1 containing D-glucose (4.5 g/L)
and sodium pyruvate (0.11 g/L) supplemented with 10% heat
inactivated FBS and 1% penicillin-streptomycin (all
ThermoFisher Scientific, Waltham, MA, USA). For experi-
ments, cells were plated on 48-well plates (coated similarly
as the plates for primary cortical neurons) at the density of
37,500 cells/well. 24 h after plating, media was replaced with
DMEM without glucose and sodium pyruvate but supple-
mented as the culture media (ThermoFisher Scientific,
Waltham, MA, USA). The plate was then placed into an incu-
bator with 1% oxygen and 5% carbon dioxide (ProOx C21,
Biospherix Ltd, Parish, NY, USA). A control plate was main-
tained in culture media in a regular incubator. Passages 10—-14
were used for the experiments.

MTT Viability Assay

The MTT reduction assay was performed 24 hours after ex-
posure to glutamate or OGD according to Denizot & Lang
[21] with the following modifications. Briefly, following re-
moval of the media (3-(4, 5-dimethylthiazolyl-2)-2,
5-diphenyltetrazolium bromide) was added to cells at a con-
centration of 120 uM, after which the cells were incubated for
2 hours at 37 °C at 5% CO,. Following removal of the media
cells were dissolved in DMSO. The absorbances were read at
585 nm with a Wallac Victor’ 1420 multilabel counter
(PerkinElmer Inc, Waltham, MA, USA). The results were cal-
culated as relative absorbances compared to the control wells.
All cell viability assays were repeated three times with six
replicates in each treatment group.

Mice

All animal experiments were approved by the National
Animal Experiment Board of Finland and followed the
Council of Europe Legislation and Regulation for Animal
Protection, or by the Florey Institute animal ethics committee
(15-019) and were performed in accordance with the National
Health and Medical Research Council Australia guidelines.
Mice were housed in individual cages in conditions of con-
trolled humidity, temperature, and light conditions. Water and
food were provided ad libitum. Three- to seven-month old
male Balb/cOlaHsd mice (Harlan Laboratories B.V., An
Venrey, Netherlands) were used for the permanent ischemia
studies and 3-month old male C57B1/6Arc mice (Animal
Resources Centre, Western Australia) for the transient ische-
mia studies. Mice were randomized into treatment groups
using GraphPad QuickCalcs (GraphPad Software, San
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Diego, CA, USA), and all the analyses were performed
blinded to the experimental groups.

Ischemia Surgeries and Treatment of Mice
with Cu(atsm)

Transient acute focal cerebral ischemia was induced by the
intraluminal middle cerebral artery occlusion (MCAO) as de-
scribed previously [22, 23]. Mice were deeply anaesthetized
with 5% isoflurane in 30% O,/70% N,O using the Anesthesia
system (Mediquip, Australia). The level of isoflurane was then
reduced and maintained at 1%. A 4-mm distal nylon monofil-
ament (30 mm in length, 0.16 mm in diameter, Amber, Japan)
segment was coated with 0.21-0.22 mm diameter silicone
(Henkel, Australia). MCAO was performed by insertion of
the monofilament via the common carotid artery into the left
internal carotid artery, advanced 9-10 mm past the carotid
bifurcation until a slight resistance was felt. The filament
was left in place for 60 min, and then withdrawn for reperfu-
sion. In the sham-operated animals, the occluding filament
was inserted only 5 mm above the carotid bifurcation. Mice
were excluded from further studies if excessive bleeding oc-
curred during surgery, if the operation time exceeded 90 min,
if the mouse failed to recover from anesthesia within 15 min,
or if hemorrhage was found in the brain slices or at the base of
the circle of Willis during postmortem examination.

For permanent occlusion of the MCA, mice were deeply
anesthetized with 5% isoflurane in 30% O,/70% N,O and the
anesthesia was maintained at 2% during the surgery. The left
MCA was permanently occluded as previously described [24].
Briefly, first the temporal bone was first exposed and a
I-mm-diameter hole was drilled to expose the artery. The dura
was removed, after which the artery was lifted and occluded
by a thermocoagulator (Aaron Medical Industries Inc.,
Clearwater, FL, USA). MCA occlusion was confirmed by
cutting the artery, after which the temporal muscle was
replaced and the wound was sutured. The body temperatures
of animals were maintained at 37+0.5 °C throughout the
procedures using a heat-pad. The temperature and respiratory
rates were monitored during the surgery. The sham mice went
through all the same procedures except the occlusion of the
MCA. The exclusion criteria were predetermined; mice with
hemorrhages visible in magnetic resonance imaging (MRI),
bleeding during the surgery, and unsuccessful induction of
ischemia were excluded.

Cu"(atsm) was prepared according to published procedures
[25]. The mice were treated with Cu'(atsm) dissolved in stan-
dard suspension vehicle (SSV) solution containing 0.9% (w/v)
NaCl, 0.5% (w/v) sodium carboxymethylcellulose, 0.5% (v/v)
benzyl alcohol, 0.4% (v/v) Tween 80, or SSV alone by oral
gavage. For the transient MCAO mice were treated daily at a
dose of 15 mg/kg while for the permanent MCAO the mice
were treated daily at a dose of 60 mg/kg. Mice were sacrificed
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at 1 or 3 days post injury (dpi) and tissues were collected as
described below.

Post-Surgery Evaluation of Outcome

After 24 h of transient MCAO induction, neurological deficits
of three mice in each treatment group were evaluated by a
simple scale (five-point scale) as described previously [26]:
0, no observable deficit; 1, right forelimb flexion; 2, decreased
resistance to left lateral push (and right forelimb flexion) with-
out circling; 3, same behavior as grade 2, with circling to right;
4, severe rotation progressing into barreling, loss of walking
or righting reflex. Two investigators blinded to the experimen-
tal groups performed the neurological assessment post-
surgery.

At 1 dpi the locomotor activity of the mice subjected to
permanent MCAO was assessed by the latency-to-move test
as previously described [27]. The mice (8—12 in each treat-
ment group) were placed on a flat surface and the time to
move one body length (7 cm) was recorded by an investigator
blinded to the treatment groups. Each mouse received two
trials.

Measurement of Lesion Volume

TTC staining was used to quantify the lesion size following
transient ischemia using three animals in each treatment
group. 24 hours after the induction of MCAO the mice were
euthanized with an overdose of sodium pentobarbitone
(Lethabarb, 100 mg/kg). The brain was removed rapidly and
frozen at —20 °C for 20 min. Coronal slices were made at
2 mm intervals from the frontal poles, and sections were im-
mersed in 0.5% 2,3,5-tripenyltetrazolium chloride (TTC,
Sigma-Aldrich, St. Louis, MO, USA) in phosphate buffered
saline (PBS) at 37 °C for 20 min. The presence or absence of
infarction was determined by examining TTC-stained sections
for the areas on the side of infarction that did not stain with
TTC. The brain slices were fixed in 4% paraformaldehyde at
4 °C until imaging. Serial sections were photographed using a
digital camera and the area of infarct was quantified with
Image J (1.49 m, NIH) by an investigator blinded to the
experimental groups. The area of infarct, the area of ipsilateral
hemisphere, and the area of the contralateral hemisphere were
measured for each section by a blinded operator. The volume
was calculated by summing the representative areas in all
sections and multiplying by the slice thickness, then
correcting for edema, as previously described [28]:
Corrected Infarct Volume (CIV) = contralateral hemisphere
volume — (ipsilateral hemisphere volume — infarct volume).
MRI imaging was utilized to determine the lesion volume
following permanent MCAO. A vertical 9.4 T Oxford NMR
400 magnet (Oxford Instrument PLC, Abington, UK) was
used for visualizing the lesion as previously described [24].



CuH(atsm) Modulates Inflammation in Stroke

523

The mice were anesthetized with 5% isoflurane in 30% O,/
70% N,O and multislice T2-weighted images (repetition time
3000 ms, echo time 40 ms, matrix size 128 x 256, field of
view 19.2 x 19.2 mm?, slice thickness 0.8 mm and number
of slices 12) were obtained. The images were analyzed using
in-house made software Aedes in the Matlab environment
(Math-works, Natick, MA, USA). The infarction volume
was calculated as previously described by using the following
formula: Infarct volume = (volume of left hemisphere — (vol-
ume of right hemisphere — measured infarct volume)) / volume
of left hemisphere [29].

Immunohistochemistry

Mice were euthanized at 1 (7-8 mice/treatment group) or 3 dpi
(5-8 mice/treatment group) for tissue collection. Mice were
anesthetized with 250 mg/kg Avertin and perfused
transcardially with heparinized (2500 IU/L) saline. The brains
were removed and post-fixed in 4% paraformaldehyde for
20 h, after which they were cryoprotected for 48 h in 30%
sucrose solution, frozen in liquid nitrogen and cut into 20-um
thick sections with a cryostat (Leica Microsystems, Wetzlar,
Germany). Six sections at an interval of 400 pum were selected
for immunohistological staining.

The brain sections were incubated overnight at room tem-
perature with primary antibodies (CD45, 1:100 dilution,
Bio-Rad, Hercules, CA, USA; CD68, 1:2000 dilution,
Bio-Rad, Hercules, CA, USA; GFAP, 1:500 dilution, ABR
Affinity BioReagents, Golden, CO, USA; Iba-1, 1:250 dilu-
tion, Wako Chemicals, Tokyo, Japan; Ly6-G neutrophil, 1:100
dilution, BioLegend, San Diego, CA, USA; phospho-p38,
1:100 dilution, Cell Signaling Technology, Inc., Danvers,
MA, USA). All stainings except the Ly6-G neutrophil stain
required antigen retrieval in 10 mM aqueous solution of sodi-
um citrate dihydrate (pH 6, preheated to 92 °C) before appli-
cation of primary antibodies. Secondary antibodies were ap-
plied on sections after three washes in 0.05% Tween20 in
PBS. Fluorescent Alexa 568-conjugated secondary antibody
(1:200 dilution, Abcam, Cambridge, UK) was used with
CD45 and CD68, and 488-conjugated secondary antibody
with Iba-1, Ly6G and GFAP. With the phospho-p38 staining,
biotinylated secondary antibody (1:200 dilution, Vector
Laboratories, Burlingame, CA, USA) was used instead of a
fluorescent one, followed by reaction with avidin-biotin com-
plex reagent (1:200 dilution, Vector Laboratories,
Burlingame, CA, USA) according to manufacturer’s instruc-
tions. The bound immunoreactivity was then visualized by
development with nickel-enhanced 3,3’-diaminobenzidine.

For quantification of CD68, GFAP, Iba-1 immunoreactiv-
ities in the peri-ischemic area, a 718 X 532 pum cortical area
adjacent to the infarct border was imaged using 10x magnifi-
cation on an AX70 microscope (Olympus corporation, Tokyo,
Japan) with an adjacent digital camera (Color View 12 or

F-View, Soft imaging system, Muenster, Germany) running
AnalySis software (Soft Imaging System). For CD45 and neu-
trophil stainings, images of equal size were taken from the
lesion area, where the majority of the immunoreactivity was
observed. Quantification of the immunoreactivities was per-
formed blinded to the study groups using ImagePro Plus soft-
ware (Media Cybernetics, Rockville, MD, USA) at a
predefined range and presented as relative immunoreactive
area.

Measurement of Cell Morphology

The morphological reconstitution of Ibal positive cells at 1
dpi was carried out by Matlab v2013b as described [30, 31].
Several characteristics of the segmented cell processes and
cell bodies were analyzed, including area, perimeter and di-
ameter. The images for morphological assessment were taken
by a Zeiss LSM 700 confocal microscope (Zeiss Inc., Maple
Grove, USA) with an attached digital camera (Color View 12
or F-View; Soft Imaging System, Munster, Germany) running
Zen 2012 Image analysis Software (Zeiss inc., Maple Grove,
USA).

Cytokine Measurement

Cytokine concentrations were measured in the brain tissues of
mice (5—6/treatment group) subjected to permanent MCAO.
The mice were sacrificed as described above and following
dissection of the peri-ischemic brain area, the samples snap
frozen in liquid nitrogen were first homogenized in 20 mM
Tris—HCI (pH 7.4), 8.56% sucrose, 0.5 mM EDTA, 0.5 mM
EGTA and protease inhibitor cocktail (Complete, Roche
Applied Science). The protein levels of IL-6, IL-10, MCP-1,
IFN-y, TNF and IL-12p70 were then measured using the
mouse anti-inflammatory cytokine bead array (CBA) kit
(BD Biosciences, San Jose, CA, USA), running the samples
on a FACS Calibur flow cytometer (BD Biosciences). The
results were analyzed using FCAP Array 2.0 software (Soft
Flow Hungary Ltd, Pecs, Hungary). Total protein concentra-
tions of the brain samples were determined by Bio-Rad
Protein Assay (Bio-Rad Laboratories, Inc, Hercules, CA,
USA) and the results of the CBA assay were normalized to
the total protein concentrations.

Measurement of Brain Copper Content

Inductively coupled mass spectrometry (ICP-MS) was used to
measure copper levels in peri-ischemic brain areas as reported
previously [21]. Briefly, cell pellets collected for copper anal-
ysis (4—6/treatment group) were digested overnight in concen-
trated nitric acid (Aristar, BDH, Kilsyth, VIC, Australia), after
which samples were heated for 20 min at 90 °C. The volume
of each sample was reduced to approximately 4050 pl then

@ Springer



524

Huuskonen et al.

1 ml of 1% (v/v) nitric acid diluent was added to the samples.
Measurements were made using an Agilent ICPMS 7700x
series ICP-MS instrument. Results were expressed as micro-
mole per liter concentrations of copper (nmol/l).

Brain Cell Isolation and Flow Cytometry

Mice (4—6/treatment group) were transcardially perfused at 3
dpi with heparnized saline as above. Brains without cerebellum
were isolated and put in HBSS on ice. The tissue was minced
on ice with forceps in petri dishes in digest buffer containing
0.5 mg/ml collagenase type 4 (Worthington, Lakewood, NJ,
USA) DNAse 1, 25 U/ml, and RPMI-1640 (both from
Sigma-Aldrich) then incubated at 37 °C, 5% CO, for 20 min.
Samples were put directly back on ice, triturated, and sequen-
tially filtered through 70 um and 40 pum cell strainers (Falcon,
Coming, NY, USA). Homogenates were centrifuged 450 x g
for 5 min and resuspended in Miltenyi Myelin Debris Removal
Beads II (Miltenyi, Cologne, Germany). Samples were incubat-
ed for 15 min at 4 °C then washed with cold MACS buffer
(PBS and 0.5% BSA, both from Sigma) and centrifuged at 400
x g for 10 min. Pellets were resuspended in cold MACS buffer
and applied to magnetic LD columns (Miltenyi) with 50 pm
CellTrics pre-filters (Sysmex, Norderstedt, Germany). The
flow-through was collected on ice, counted, then spun 400xg
for 10 min and resuspended in RPMI-1620.

Cell surface staining was done on 200,000-300,000 cells
per mouse in round bottom polypropylene 96-well plates
(Corning). Cells were washed with PBS, stained with
Zombie NIR fixable viability dye (BioLegend, San Diego,
CA, USA) for 15 min at RT, then blocked with CD16/32
(clone 24G2, BD Biosciences, San Jose, CA, USA) and
stained with the following antibodies: CD45 PerCP-Cy5.5
(clone 30 F11, eBioscience, San Diego, CA, USA), CD11b
PECy7 (clone M1/70, eBioscience), Ly6G FITC (clone 1A8,
BioLegend), F4/80 PE (clone A3-1, AbD Serotec, Oxford,
UK), and Ly6C APC (clone AL-21, BD Biosciences) for
30 min at 4 °C. Cells were washed twice in PBS and fixed
in 0.5% Ultra Pure formaldehyde (ThermoFisher Scientific,
Waltham, MA, USA). Samples were acquired on BD
FACSAria IIT equipped with 488- and 633-nm lasers with
standard configuration. Data were analyzed using
FCSExpress v5 (DeNovo Software Glendale, CA, USA).

Statistics

Statistical analyses were performed in GraphPad Prism soft-
ware 5.03 (GraphPad Software, La Jolla, CA, USA) using
either unpaired two-tailed t-test, one-way ANOVA or two-
way ANOVA as appropriate. The statistical test used and
n-numbers are indicated in each figure legend. p-values <0.05
were considered statistically significant. All data are presented
as mean + standard deviation (SD).
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Results

The Copper Complex Cu''(atsm) is Protective in In Vitro
Models of Excitotoxicity and OGD

Excitotoxicity is a primary mechanism of neuronal injury fol-
lowing stroke. To determine the neuroprotective potential of
Cu'(atsm) against excitotoxic insult, primary cortical neurons
were treated with Cu''(atsm) in the presence of glutamate.
Treating neurons with glutamate for 24 h resulted in approx-
imately 40% reduction in cell viability as measured by the
MTT assay (Fig. 1a). Co-treatment with Cu'(atsm) signifi-
cantly improved the viability of glutamate-treated neurons,
although the treatment did not entirely rescue the cells from
excitotoxicity. At the tested concentrations, neuronal viability
was not affected by Cu'!(atsm) treatment alone. In a more
relevant in vitro model of stroke, 24 h OGD caused approxi-
mately 50% cell death in N2a cultures (Fig. 1b). Pre-treatment
with 0,1 pM Cu"(atsm) had a slight but significant protective
effect in this assay.

Cu"(atsm) Reduces Ischemic Injury and Functional
Impairment in a Transient Model of Cerebral Ischemia

Cu''(atsm) was tested firstly in the transient middle cerebral
artery occlusion (MCAQO) mouse model of cerebral ischemia.
We found that Cu'(atsm) treatment (15 mg/kg, by oral ga-
vage) both prior to MCAO, and at the start of reperfusion
reduced infarct sizes 24 h later (Fig. 2a-b). Transient
MCAO-induced functional impairment indexed by
neuroscore was also prevented by pre-treatment of
Cu''(atsm) (Fig. 2¢) 24 h later.

Cu''(atsm) Confers a Beneficial Effect on the Outcome
of Ischemic Stroke in a Permanent Model of Cerebral
Ischemia

Cu"(atsm) was administered to mice by oral gavage immediately
after permanent middle cerebral artery occlusion and the lesion
volume was measured 24 h later by MRI. Cu'(atsm) adminis-
tered at a dose of 60 mg/kg caused a significant reduction in the
lesion volume (Fig. 3a-b). The locomotor activity of the ischemic
mice was assessed using the latency-to-move test, which is re-
ported to be affected for several days after ischemia [32].
Ischemic mice showed a significant reduction in the latency to
move at 1 dpi, which was corrected to the levels of sham mice by
Cu'(atsm) treatment (F ig. 3¢). To confirm that the observed ben-
eficial effects were related to copper delivery by Cu"(atsm), the
ischemic brain tissues were analyzed for copper content by
ICP-MS. When compared to vehicle-treated mice, the
concentration of copper in the peri-ischemic area of the
Cu'(atsm) treated mice was 57% higher (Fig. 3d), indicating
efficient delivery of copper by the complex.
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Fig. 1 Cu''(atsm) is protective in in vitro models of stroke. a Primary
cortical neurons were treated with Cu'(atsm) in the presence of 400 uM
glutamate for 24 h, after which neuronal viability was measured by MTT
reduction. b N2a cells were exposed to OGD for 24 h with or without 1 h

Cu"(atsm) pretreatment followed by MTT measurement for cell viability.

Fig. 2 Cu'(atsm) is protective in
transient ischemia. a
Representative images of TTC
stained brain sections at 1 dpi. b
Quantitative analysis of infarct
volume at 24 h after tMCAO.
Mean + standard deviation (SD).
One-way ANOVA with Tukey
post hoc test, *p < 0.05,

**p <0.01 compared to vehicle,
n = 3-4/treatment group. ¢
Transient MCAO-induced
functional impairment indexed by
neuroscore 1 dpi. Mean £ SD,
one-way ANOVA with Tukey
post hoc test, ***p <0.001.n=3/
treatment group
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A control plate underwent similar assay, except the cells were incubated
in regular culture conditions. Data show means =+ standard deviation (SD)
from one representative experiment. One-way ANOVA or paired t-test,
*p<0.05, ¥*¥*p <0.001. n=6 in all groups
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Fig. 3 Cu'(atsm) is protective in permanent ischemia and increases the
brain copper content. a Representative MRI images of ischemic brains at
1 dpi. b Quantitative analysis of infarct volume at 24 h after pMCAO.
Unpaired 2-tailed t-test, *p <0.05. n=10 in vehicle group, n=8 in
Cu'(atsm) group. ¢ The latency-to-move was measured at 1 day after
ischemia in sham operated and in mice subjected to pMCAO. Each
mouse was tested twice and the data shows the average of two trials for

Cu''(atsm) Reduces CD45 Levels in the Ischemic Core

Previous studies have suggested that copper delivery may have
anti-inflammatory effects in neurodegenerative diseases [33]. To
assess the effect of copper delivery by Cu'(atsm) on neuroin-
flammation in the context of ischemic stroke, we first assessed
astrocytic and myeloid cell activation in the ischemic brains by
immunohistochemistry. Astrocytic activation as assessed by
GFAP immunohistochemistry was not affected by Cu'(atsm)
treatment in the peri-infarct area (data not shown). However,
analyses of brains subjected to permanent ischemia revealed sig-
nificant Cu"(atsm) induced alterations to the levels of CD45.
CD45 is a marker expressed highly by monocytes and to a lower
extent by microglia, in which expression is up-regulated after
injury [34]. Copper delivery with Cu'"(atsm) reduced the amount
of CD45 immunoreactivity in the ischemic core both at 1
(Fig. 4a-b) and 3 dpi (Fig. 4c-d).

Cu'(atsm) Reduces Ibal Immunoreactivity and Alters
the Morphology of Ibal-Positive Cells in the Ischemic

Brain

To extend our analyses of myeloid cell involvement in
Cu"'(atsm)-mediated protection from ischemic injury we
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each mouse. Two-way ANOVA, *p <0.05, **p <0.01. n= 12 in the sham
vehicle group, n=12 in the sham Cu"(atsm) group, n=8 in the ischemic
vehicle group, n=8 in the ischemic Cu'(atsm) group. d The copper
concentrations in the peri-ischemic brain areas were measured by ICP-
MS at 3 dpi and are shown normalized to mass of the tissue + standard
deviation (SD). Unpaired 2-tailed t-test, *p < 0.05. n=6 in vehicle group,
n=4 in Cu"(atsm) group

undertook a panel of immunohistological stainings in order
to determine which cell types are affected by the treatment.
While the immunoreactivities for CD68 (a marker of active
phagocytosis) and Arginase-1 (a marker of alternatively acti-
vated cells) remained unaltered (data not shown), Ibal levels
in the peri-ischemic brains were altered by copper delivery.
Ibal is expressed by microglia and monocytes and its expres-
sion is reported to increase during ischemia [35]. It is consid-
ered one of the useful proteins for distinguishing microglia
through immunostaining especially in stroke studies [35].
The Ibal staining revealed a significant reduction of immuno-
reactivity by the Cu''(atsm) treatment at 3 dpi in mice subject-
ed to pMCAO (Fig. 5a-b).

While measuring immunoreactivity following histological
staining provides information about changes in the cells, it
does not give detailed information about whether the change
is related to the presence of more or less cells, larger or smaller
cells or more or less intensively stained cells. Moreover, as
microglial morphology is tightly coupled to their function we
next assessed the effect of copper delivery on the structure of
the Ibal-positive cells. The morphology of the Ibal positive
cells was analyzed as reported [30, 31]. The digital reconstruc-
tion (Fig. 5¢) revealed that the morphology of Ibal-positive
cells was altered by copper delivery in ischemic mice.
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Fig. 4 Cu'(atsm) reduces CD45 immunoreactivity in ischemic mice. a
Typical example images of CD45 immunoreactivity in the ischemic
lesion in vehicle-treated and Cu"(atsm) treated mouse brains at 1 day after
pMCAO. Scale bar=20 pum. b Quantitative analysis of CD45
immunoreactivity in the lesion at 1 dpi. Data are shown as means
+ standard deviation (SD). Unpaired 2-tailed t-test, *p<0.05. n=7 in

Cu'(atsm) did not affect cellular branching or processes (data
not shown). However, despite the reduction in immunoreac-
tivity (Fig. 5a-b) the treatment significantly increased the cel-
lular area of the Ibal-positive cells (Fig. 5d).

Cu''(atsm) Increases the Proportion of of CD45'"
CD11b" Ly6G™ F4/80" Cells in the Ischemic Brain

To create a multiparameter characterization of the cell types
affected by Cu'(atsm) during ischemia we isolated immune
cells from the brain and applied flow cytometry for several

a
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cu'(atsm)

(7]
o

Cellular area

Fig. 5 Cu''(atsm) reduces Ibal immunoreactivity and alters the
morphology of Ibal-positive cells in ischemic mice. a Typical example
images of Ibal immunoreactivity in the peri-ischemic brain area in
vehicle-treated and Cu“(atsm)—treated mouse brains at 3 dpi. Scale
bar=20 pum. b Quantitative analysis of Ibal immunoreactivity in the
peri-ischemic brain area at 3 dpi. Data are shown as means + standard
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both groups. ¢ Typical example images of CD45 immunoreactivity in
the ischemic lesion in vehicle-treated and Cu''(atsm)-treated mouse
brains at 3 dpi. Scale bar=20 um. d Quantitative analysis of CD45
immunoreactivity in the lesion at 3 dpi. Data are shown as means = SD.
Unpaired 2-tailed t-test, *p <0.05. n=>5 in both groups

cellular markers. The gating strategies are shown in Fig. 6a.
The cells were discriminated based on the expression of
CD45, CD11b, F4/80, Ly6C and Ly6G (Fig. 6a-b). In com-
parison to sham mice, ischemia induced a 59% increase in
CD45"CD11b" lymphocytes (p=0.001), and a 97% increase
in Ly6G* neutrophils (p <0.001) (data not shown). Ischemia
also induced a 95% increase in CD45"" CD11b* Ly6G™ my-
eloid cells (p<0.001), a 53% increase in the Ly6Chigh
CD45'" cells (p=0.007), a 41% increase in Ly6Che"
CD45"e" cells, and a 70% increase in CD45™2" F4/80* cells
(p<0.001) (data not shown).

T

Iba-1 3 dpi

*

-+

Immunoreactive area (a.u)

Vehicle

Cu'(atsm)

Iba-1 morphology 1 dpi

*

—

Cu'(atsm)

deviation (SD). Unpaired 2-tailed t-test, *p <0.05. n=5 in both groups.
¢ Typical example images of the algorithm used to determine the
morphology of Ibal positive cells. Scale bar =50 pum. d Quantification
of the cellular area of the Ibal positive cells in the peri-ischemic brain
areas of mice treated with Cu"(atsm) at 1 dpi. Data are shown as means
+ SD. Unpaired 2-tailed t-test, *p < 0.05. n= 8 in both groups
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Fig. 6 Cu'(atsm) alters the ratios of myeloid cell in the ischemic distributions. ¢ Quantified ratios of CD45"#" and CD45"% CD11b*
hemisphere at 3 dpi. a Flow cytometric characterization strategy to Ly6G™ microglia in sham operated animals, and in mice that underwent
identify cell populations. b Representative scatter plots showing gating PMCAO with either vehicle or Cu"(atsm) treatment. Mean = standard
process to ultimately distinguish CD45°¥CD11b* Ly6G™ and deviation (SD), I-way ANOVA, *p <0.05, ***p <0.001. n=6 in stroke
CD45"€"CD11b* Ly6G™ cell populations and their subpopulations of groups

Ly6C and F4/80. Vehicle CD45 subpopulations displayed similar cell
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The numbers of CD45"" CD11b* Ly6G™ cells were re-
duced by 86% (p<0.001) in ischemic brains (data not
shown). CuH(atsm) treatment had a significant effect on this
cell population, especially the cells that were Ly6GlOW and
F4/80" (Fig. 6b). When compared to vehicle-treated ischemic
mice, the percentages of resident CD45'°Y CD11b*
Ly6G™ cells were increased by 20%, while invading
CD45"e" CD11b* Ly6G™ cells were reduced by 20% in the
Cu"(atsm)-treated mice at 3 dpi (Fig. 6b-c).

Copper Delivery by Cu''(atsm) Reduces Additional
Markers of Inflammation in the Ischemic Brain

To further assess the effect of copper delivery on the inflam-
matory milieu following ischemia, the immunoreactivity of
p38 MAPK was analyzed by histochemical staining and the
levels of six brain cytokines were analyzed by CBA. p38
MAPK is a key serine/threonine protein kinase that is an im-
portant contributor to increased microglial production of pro-
inflammatory cytokines [36]. Staining for the active form of
p38 MAPK in the brains of ischemic mice revealed that
Cu'l(atsm) reduced its expression at 1 dpi (Fig. 7a-b).

CBA analyses showed that Cu'l(atsm) treatment at 1 dpi
did not affect the amount of IL-6, IL-10, MCP-1, IFN-y or
TNF in the ischemic brain. However, copper delivery by
Cu'(atsm) reduced the protein level of IL-12 by 54% in the
peri-ischemic area of the brain at 1 dpi (Fig. 7c). In contrast,
IL-10 levels were increased by Cu'/(atsm) treatment at 3 dpi
(Fig. 7d).
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Fig. 7 Copper delivery by Cu"(atsm) reduces markers of inflammation
in the ischemic brain. a Typical example images of phosphorylated p38
MAPK immunoreactivity in the peri-ischemic brain area in vehicle-
treated and Cu"(atsm)-treated mouse brains at 1 day after pMCAO.
Scale bar=20 pm. b Quantitative analysis of phosphorylated p38
MAPK immunoreactivity in the peri-ischemic brain area at 1 dpi. Data
are shown as means + standard deviation (SD). Unpaired 2-tailed t-test,
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Discussion

Cu'(atsm) has been shown to have protective effects in multiple
animal models of chronic neurodegenerative diseases, such as
ALS and PD [18, 20]. The compound is about to be tested in
clinical trials in ALS patients (ClinicalTrials.gov identifier:
NCT02870634). Interestingly, Cu'(atsm) has a tendency to
deliver copper into cells that suffer from a dysfunctional electron
transport chain, indicating optimal pharmacokinetics in the ische-
mic brain [37]. Here, we report for the first time that Cu"(atsm) is
protective in acute brain injury, in two in vivo models of ischemic
stroke. The protective effect is accompanied by beneficial
modulation of the inflammatory milieu during stroke.

We report that Cu''(atsm) reduces lesion volume and im-
proves functional outcome in both transient and permanent
models of ischemic stroke in mice. Demonstration of the ther-
apeutic effect in two different models shows that protection is
not dependent on mouse strain, duration of ischemia, or loca-
tion of lesion. In the transient model the doses sufficient to
elicit therapeutic effects were about half of that required in the
permanent model of cerebral ischemia. The difference in ef-
fective dose may be connected to access to the ischemic area,
as the reperfusion period in the transient model opens a circu-
latory connection to the injured site, mimicking recanalization
therapy received by a human patient. The fact that Cu"(atsm)
reduced lesion volume and promoted functional recovery in
both transient and permanent ischemia models suggests that it
is a potent approach given the heterogeneous stroke subtypes
observed in humans. In addition, using both permanent and

P-p38 1 dpi

Immunoreactive area (a.u) T

Vehicle

Cu'(atsm)

IL-10 3 dpi

*

1

0

T T
Vehicle Cu''(atsm)

*p <0.05. n=8 in both groups. ¢ The concentration of IL-12 in the peri-
ischemic brain area was measured by CBA at 1 dpi. Data are shown as
means + SD. Unpaired 2-tailed t-test, *p <0.05. n=5 in vehicleand n=6
in the Cu"(atsm) group. d The concentration of TL-10 in the peri-ischemic
brain area was measured by CBA at 3 dpi. Data are shown as means + SD.
Unpaired 2-tailed t-test, *p <0.05. n=5 in vehicle and n=6 in the
Cu'(atsm) group
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transient ischemia is a recommendation mentioned in STAIR
criteria aiming to improve translation of preclinical stroke re-
search [38].

As previously mentioned, studies with human patients have
suggested an imbalance in copper homeostasis after cerebral is-
chemia [11, 12]. Elevated levels of copper were observed in the
circulation of stroke patients in both studies, suggesting that cop-
per is redistributed due to stroke-induced damage. Moreover,
chronic intake of copper in the form of copper sulfate in the
drinking water has been shown to exacerbate ischemic damage
in mice, thereby indicating that increases in free copper exert
toxic effects in the brain [13]. Here, we report that Cu'(atsm)
increased peri-ischemic concentrations of copper coincidentally
with reduced lesion size and behavioural improvements.
Formerly known as a hypoxia-imaging agent that releases copper
mainly in the presence of a dysfunctional electron transport chain
[37], we propose that short-term treatment with Cu''(atsm) in-
creased the copper content of the cells in the peri-ischemic
resulting in observed protective and anti-inflammatory effects
after stroke.

Neuronal excitotoxicity is one of the key components of
stroke pathology leading to mitochondrial dysfunction [39]. It
has been earlier described that copper has an essential function
in protecting neurons against excitotoxicity through NMDAR
receptor modulation [40]. In agreement with this, we demon-
strate that the copper complex Cu''(atsm) improved the viabil-
ity of primary cortical neurons exposed to excitotoxic injury.
However, it is likely that CuH(atsm) also affected secondary
damage in the cells, rather than merely receptor activation,
since copper delivery by Cu(atsm) is improved in the pres-
ence of mitochondrial dysfunction, and slight neuroprotection
was also seen in OGD study using N2a cells [37]. For in-
stance, studies with a transgenic mouse model of ALS have
shown that Cu''(atsm) treatment can increase both total
amount of Cu/Zn superoxide dismutase (SOD1) and its cop-
per content [41]. This might have a beneficial effect on the
antioxidant defence of brain cells. In addition, lack of com-
plete protection against excitotoxic insult and OGD might
indicate a more complex scheme of protection iz vivo, involv-
ing the interplay between neurons and microglia.
Nevertheless, it is plausible that the neuroprotective effect
seen in animal models of ischemia was at least partly caused
by Cu'(atsm)-mediated direct neuroprotective effect.

‘We have reported that the copper bis(thiosemicarbazonato)
complexes mediate anti-inflammatory effects in neuro-
degenerative diseases (Choo et al., submitted). Thus, we char-
acterized this anti-inflammatory effect in acute injury during
stroke. Indeed, quantification of CD45 immunoreactivity
revealed a significant reduction in this cell type in the ischemic
core at 1 and 3 days after pMCAO, coinciding with reduced
lesion volume and improved functional outcome. The cells in
the ischemic core appeared CD45high-eXpressing, indicating
that Cu(atsm) reduced the amount of infiltrating myeloid
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cells into the ischemic area [42]. Because reduced infiltration
of myeloid cells indicated altered initiation of post-stroke
inflammation, we used multiple markers to specify the effect
of Cu''(atsm) on different inflammatory cell types in the
pMCAO model. Based on immunohistochemical analyses of
the peri-ischemic brain area, we report a Cu'(atsm)-mediated
reduction in Ibal immunoreactivity. While previous
studies have shown that Ibal can be expressed by both
microglia and invading peripheral inflammatory cells, the
early time point of 3 days after ischemia used in the
present study suggests that the observed reduction may
be caused by reduced activation of resident microglia
[35, 43].

Since microglial morphology and function are usually
linked to each other [44], we next used an unbiased automated
reconstructive procedure as to digitally reconstruct microglial
morphology of the Ibal positive cells following ischemia.
Cu''(atsm) increased the size of the somas of Ibal positive
microglia without affecting their processes or branching.
Increased soma sizes have been reported to correlate with
increased microglial activation [30]. Histologically, there
may be separate phenotypic populations of microglial cells
responding to Cu'(atsm): those at an undifferentiated state
displaying low Ibal expression, and those with high Ibal ex-
pression. Morphological assessment of the Ibal™&" cells re-
vealed that the Ibal™€" cells are actually in a more activated
state in Cu''(atsm)-treated animals. These kinds of spatiotem-
poral differences in microglial responses to experimental treat-
ments have been described earlier in the context of ischemic
stroke, and are thought to arise from the heterogeneous nature
of microglia [44, 45].

To calculate the true proportions of each cell type in the
ischemic hemisphere, we used flow cytometry for multiple
cellular markers. We report that 3 days after permanent
MCAO, there was a strong infiltration of CD45"e" CD11b*
Ly6G™ myeloid cells, CD45+CD11b- lymphocytes and Ly6G+
neutrophils. Infiltration of monocytes and lymphocytes is known
to take place at this time point, whereas some controversy
remains about the latency of neutrophil infiltration [46, 47]. In
line with results from immunohistochemistry, Cu"(atsm) signif-
icantly increased the amount of cells characterized by CD45'™
CD11b* Ly6G", and reduced the proportion of CD45"e"
CD11b* Ly6G™ cells 3 days after permanent MCAO. These
results suggest that Cu''(atsm) reduces the proportion of invading
monocytes, and protects the endogenous microglia against ische-
mic insult. This may be related to the cellular protection observed
in the quantification of the lesion size in MRI images.

P38 MAPK is a key mediator of microglial production of
proinflammatory cytokines in the presence of multiple
stressors [36]. In addition, inhibition of this kinase is protec-
tive in experimental models of stroke through multiple other
pathways [48]. In the present study, we show that immunore-
activity of the active form of p38 was reduced in the ischemic
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Cu'(atsm)-treated animals. Based on morphology, these cells
were microglial cells, giving further evidence of a reduced
inflammatory state of the cells in the ischemic brain. At the
same time, we also saw a reduction in IL-12 levels and a later
increase in IL-10 levels. These alleviations in inflammatory
signaling might be an important feature in Cu''(atsm)-mediat-
ed protection of higher brain functions, as IL-12 has been
associated with cognitive decline in stroke patients [49]. In
addition, IL-10 deficiency has been previously shown
to exacerbate ischemic brain damage, whereas common
protectants such as minocycline increase 1L-10-signaling
[50, 51]. Taken together, these results suggest that Cu'(atsm)
has several inflammation-modulating actions in the ischemic
brain.

Available treatment options for stroke are inadequate and
those available have limited efficacy. This study reports the
therapeutic actions of Cu(atsm) in two preclinical in vivo
models of stroke, and characterizes the effects of copper mod-
ulation on immune responses occurring during experimental
stroke. These result suggest that similarly to models of AD
and peripheral inflammation (Choo et al., submitted), the cop-
per bis(thiosemicarbazonato) complexes confer their benefi-
cial effects at least partly through the modulation of inflam-
mation, and specifically microglia, in ischemic brain injury.
Since a copper bis(thiosemicarbazonato) complex is going to
be tested clinically for ALS (ClinicalTrials.gov identifier:
NCT02870634), it may shed light for the complex to be tested
against neuronal damage after ischemic stroke clinically. This
study also provides further support for the neurotherapeutic
potential of copper modulation in brain disorders.
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