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ABSTRACT

Developing new therapies for stroke is urgently needed, as this disease is the leading cause of death and
disability in the aged population, 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
responses, which are characterized by infiltration of peripheral immune cells, the activation of resident
brain microglial cells, and the accumulation of immune mediators. Copper is an essential trace element
that is required for many critical processes in the brain. Copper homeostasis is disturbed in chronic
neurodegenerative diseases and altered in stroke patients, and restoration of brain copper homeostasis
has been shown to be protective against chronic neurodegeneration. 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 in vitro, and is protective in permanent and transient
ischemia models in mice as measured by functional outcome and lesion size. Restoration of copper
homeostasis in the ischemic brains modulates the inflammatory response, specifically affecting the
resident microglial cells. It reduces CD45 and Ibal immunoreactivity, 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 complex Cu'(atsm) is an inflammation-modulating compound with high therapeutic potential in

stroke and is a strong candidate for the development of therapies for acute brain injury.



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 potential to limit neuronal damage after the onset of ischemic
stroke have not been discovered. The lack of efficient therapeutics 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 laboratory 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 characterized by infiltration of peripheral immune cells, the activation of resident
brain immune cells, and the accumulation of immune mediators (Lakhan, Kirchgessner et al. 2009).
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 debris or dying cells, neurogenesis and synaptic modulation (Solano Fonseca,
Mahesula et al. 2016, Paolicelli, Bolasco et al. 2011). Microglia also have the potential to contribute to
the neurological outcome of brain injury (Lalancette-Hebert, Swarup et al. 2012). During acute brain
injury, 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
barrier disruption are critical steps in the loss of the neurogliavascular network integrity and
exacerbation of ischemic damage, and activated microglia are a driving factor in these phenomena
(Jolivel, Bicker et al. 2015). They up-regulate the expression of particular cell surface antigens and
produce inflammatory mediators such as tumor necrosis factor (TNF), which can promote
neurotoxicity (Ma, Wang et al. 2016). However, microglia also possess several beneficial functions in
stroke, including the promotion of neurogenesis and production of neurotrophic factors (Thored,
Heldmann et al. 2009). Furthermore, ablation of microglia has been shown to exacerbate ischemic

injury in the brain (Lalancette-Hebert, Gowing et al. 2007).

Copper is an essential trace element that is required for many critical processes in the brain (Zucconi,
Cipriani et al. 2007). While copper homeostasis is disturbed in chronic neurodegenerative diseases such
as Alzheimer’s disease (AD) (Schrag, Crofton et al. 2011), little is known about copper homeostasis in
acute ischemic stroke. Several years ago Kodali et al. reported an increase in the plasma copper
concentrations of ischemic stroke patients (Kodali, Chitta et al. 2012). This observation was supported
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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 (Lai, Wang et al. 2016). These papers
provide evidence for copper dyshomeostasis upon ischemic damage in patients. In mouse models,
chronic intake of copper has been reported to aggravate ischemic damage, an effect attributed to

reduction of angiogenesis (Jiang, Wang et al. 2015).

Restoration of brain copper homeostasis is protective against chronic neurodegeneration in animal
models of disease (Grubman, White et al. 2014). The copper bis(thiosemicarbazones) are stable,
lipophilic neutral copper(Il) complexes that are capable of crossing both cell membranes and the blood
brain barrier (Donnelly, Caragounis et al. 2008, Torres, Andreozzi et al. 2016). These metal delivery
and redistribution agents are neuroprotective in animal models of AD, Parkinson’s disease, and
amyotrophic lateral sclerosis (Crouch, Hung et al. 2009, Soon, Donnelly et al. 2011, McAllum, Lim et
al. 2013, Hung, Villemagne et al. 2012) Furthermore, we have recently demonstrated that Cu''(atsm)
reduces brain inflammation caused by peripheral administration of bacterial lipopolysaccharide, and
that copper delivery is anti-inflammatory in the chronic neuroinflammatory milieu of AD model mice
(Choo et al. submitted). To our knowledge, therapeutic approaches targeted to modulation of copper
homeostasis in ischemic stroke, where significant neuroinflammation takes place, have not previously

been tested.

To address the issue of poor translation of stroke therapeutics 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 restoration of copper homeostasis in the ischemic
brains. We demonstrate that Cu''(atsm) is protective in both permanent and transient ischemia models,
and that restoration of copper homeostasis in the ischemic brains modulates the inflammatory response,
specifically affecting the resident microglial 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
therapies for acute brain injury.

MATERIALS AND METHODS

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 controlled humidity, temperature, and light conditions. Water and food were provided ad
libitum. Adult male Balb/cOlaHsd mice (Harlan Laboratories B.V., An Venrey, Netherlands) were used
for the permanent ischemia studies and C57BI/6 mice (Animal Resources Centre, Western Australia)
were used for the transient ischemia studies. Mice were randomized into treatment groups using
GraphPad QuickCalcs (GraphPad Software, San Diego, CA, USA) and all the analyses were performed
blinded to the experimental groups. 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. The numbers of mice used for each experiment are indicated in the figure

legends.

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 described previously (Tu, Xu et al. 2010, Longa, Weinstein et al. 1989). 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 monofilament (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 reperfusion. In the sham-operated animals, the occluding filament was inserted
only 5 mm above the carotid bifurcation. We excluded mice from further studies if excessive bleeding
occurred 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%
0,/70% N,O and the anesthesia was maintained at 2 % during the surgery. The left MCA was
permanently occluded as previously described (Dhungana, Malm et al. 2013). Briefly, first the
temporal bone was first exposed and a 1-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.

Cu''(atsm) was prepared according to published procedures (Gingras, Suprunchuk et al. 1962). The
mice were treated with Cu'/(atsm) dissolved in standard 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 at 1 or 3 dpi and tissues were collected as described below.

Post-surgery evaluation of outcome

After 24 h of transient MCAO induction, the neurological deficit of each mouse was evaluated by a
simple scale (five-point scale) as described previously (Bederson, Pitts et al. 1986): 0, no observable
deficit; 1, right forelimb flexion; 2, decreased resistance to left lateral push (and right forelimb flexion)
without 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 experimental groups

performed the neurological assessment post-surgery.

At 1 day post injury (dpi) the locomotor activity of the mice subjected to permanent MCAO was
assessed by the latency to move test as previously described (Bargiotas, Krenz et al. 2012). The mice
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. 24 hours after the
induction of MCAO the mice were euthanized with an overdose of sodium pentobarbitone (Lethabarb,
100mg/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 immersed in 0.5% 2,3,5-tripenyltetrazolium
chloride (TTC, Sigma-Aldrich) 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 (1.49m, 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 (Lin, He et al. 1993): 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 (Dhungana, Malm et al. 2013). The mice were anesthetized with 5 %
isoflurane in 30% 0O,/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 (Shuaib 2002) by using the following formula: Infarct volume = (volume of left

hemisphere — (volume of right hemisphere — measured infarct volume)) / volume of left hemisphere.

Immunohistochemistry

Mice were euthanized at 1 or 3 dpi for tissue collection. Mice were anesthesized with 250 mg/kg
Avertin and perfused transcardially with heparinized (25001U/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 temperature with primary antibodies (CDA45,
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 dilution, Wako
Chemicals, Tokyo, Japan; Ly6-G neutrophil, 1:100 dilution, BiolLegend, 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 sodium
citrate dihydrate (pH 6, preheated to 92°C) before application of primary antibodies. Secondary
antibodies were applied on sections after three washes in 0.05% Tween20 in PBS. Fluorescent Alexa
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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 complex reagent (1:200
dilution, Vector Laboratories, Burlingame, CA, USA) according to manufacturer’s instructions. The
bound immunoreactivity was then visualized by development with nickel-enhanced 3,3’-

diaminobenzidine.

For quantification of CD68, GFAP, Iba-1 immunoreactivities in the peri-ischemic area, a 718 x 532 um
cortical area adjacent to the infarct border was imaged using 10x magnification 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 neutrophil stainings, images of equal size were taken from the lesion area, where the
majority of the immunoreactivity was observed. Quantification of the immunoreactivities was
performed blinded to the study groups using ImagePro Plus software (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 was carried out by Matlab v2013b as described
(Kongsui, Johnson et al. 2015). Several characteristics of the segmented cell processes and cell bodies
were analyzed, including area, perimeter and diameter. 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 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, 1L-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
concentrations 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 (Grubman, James et al. 2014). Briefly, cell pellets collected for
copper analysis were digested overnight in concentrated 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 40-50 ul then 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 micromole per liter concentrations of copper (umol/l).

Cortical neuron cultures and MTT viability assay

Primary cortical neuron cultures were prepared from E15 embryos. Cortices were dissected, after
which tissues were dissociated 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 I-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 6-7 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 uM Cu'(atsm) prepared as above and/or 400 uM glutamate (Sigma-Aldrich, St.
Louis, MO, USA) for 24 h prior to measurement of cell viability by the MTT assay.

The MTT reduction assay was performed 24 hours after treatment with Cu''(atsm) and glutamate
according to Denizot & Lang (Denizot, Lang 1986) with the following modifications. Briefly,
following removal of the media (3-(4, 5-dimethylthiazolyl-2)-2, 5-diphenyltetrazolium bromide) was
added to cells at a concentration 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
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at 585 nm with a Wallac Victor® 1420 multilabel counter (PerkinElmer Inc, Waltham, MA, USA). The
results were calculated as relative absorbances compared to the control wells.

Brain cell isolation and flow cytometry

At 3 dpi the mice that underwent pMCAO were transcardially perfused with heparnized saline as above
and the brains were isolated in HBSS on ice and the cerebellum was removed. 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% CO2 for 20 min. Samples were put directly back on ice, triturated, and
sequentially filtered through 70 pum and 40 pm cell strainers (Falcon, Corning, Germany).
Homogenates were centrifuged 450 x g for 5 min and resuspended in Miltenyi Myelin Debris Removal
Beads Il (Miltenyi, Cologne, Germany). Samples were incubated 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 400 x g 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
30F11, 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) 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). Samples were acquired on BD FACSAria Ill equipped with 488 and
633nm lasers with standard configuration. Data were analyzed using FCSExpress v5 (DeNovo

Software).

Statistics

Statistical analyses were performed in GraphPad Prism software 5.03 (GraphPad Software, La Jolla,
CA, USA) using either unpaired 2-tailed t-test, 1-way ANOVA or 2-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 + S.D.
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RESULTS

1. The copper complex Cu''(atsm) protects neurons from glutamate-induced excitotoxicity in

vitro.

Excitotoxicity is a primary mechanism of neuronal injury following 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
approximately 40 % reduction in cell viability as measured by the MTT assay (Fig 3). Co-treatment
with Cu'"(atsm) significantly 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.

2. Cu''(atsm) reduces ischemic injury in a transient model of cerebral ischemia

Cu'(atsm) was tested firstly in the transient middle cerebral artery occlusion (MCAQ) mouse model of
cerebral ischemia. We found that Cu"(atsm) treatment (15 mg/kg, by oral gavage) both prior to MCAO,
and at the start of reperfusion reduced infarct sizes 24 h later (Fig 1A-B). MCAO-induced functional
impairment indexed by neuroscore was also prevented by pre-treatment of Cu'(atsm) (Fig 1C) 24 h

later.

3. 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) administered at a
dose of 60 mg/kg caused a significant reduction in the lesion volume (Fig 2A-B). The locomotor
activity of the ischemic mice was assessed using the latency to move test, which is reported to be
affected for several days after ischemia (Lubjuhn, Gastens et al. 2009). 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 (Fig 2C). To confirm that the observed beneficial effects were related to copper
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delivery by Cu'"(atsm), the ischemic brain tissues were analysed 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 2D), indicating efficient delivery of copper by the

complex.

4. Cu'(atsm) reduces CD45 levels in the ischemic core

Previous studies have suggested that copper delivery may have anti-inflammatory effects in
neurodegenerative diseases (Malm, livonen et al. 2007). To assess the effect of copper delivery by
Cu''(atsm) on neuroinflammation 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
significant 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 (Ritzel,
Patel et al. 2015). 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).

5. 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 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 activated 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 expression is reported to increase during ischemia (Ito, Tanaka et al. 2001). It is
considered one of the useful proteins for distinguishing microglia through immunostaining especially in
stroke studies (Ito, Tanaka et al. 2001). The Ibal staining revealed a significant reduction of
immunoreactivity by the Cu'(atsm) treatment at 3 dpi in mice subjected 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
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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 (Kongsui, Johnson et al. 2015). The digital reconstruction (Fig 5C-D) revealed
that the morphology of Ibal-positive cells was altered by copper delivery in ischemic mice. Cu'(atsm)
did not affect cellular branching or processes (data not shown). However, despite the reduction in
immunoreactivity (Fig 5A-B) the treatment significantly increased the cellular area of the Ibal-positive
cells (Fig 5F).

6. Cu''(atsm) increases the proportion of resident microglia 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 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 comparison 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™ infiltrating
myeloid cells (p<0.001), a 53 % increase in the Ly6C"®" CD45"" cells (p=0.007), a 41 % increase
Ly6C"9" CD45"" cells, and a 70 % increase in CD45"%" F4/80" cells (p<0.001) (data not shown).

The numbers of resident, CD45" CD11b* Ly6G™ microglia were reduced by 86 % (p<0.001) in
ischemic brains (data not shown). Cu'(atsm) treatment had a significant effect on the resident
microglia. These microglia were Ly6G"" and F4/80" (Fig 6B). When compared to vehicle-treated
ischemic mice, the percentages of resident CD45"" CD11b* Ly6G™ microglia were increased by 30%,
while invading CD45"%" CD11b* Ly6G" cells were reduced by 30% in the Cu'(atsm) treated mice at 3
dpi (Fig 6B-C).

7. Copper delivery by Cu''(atsm) reduces additional markers of inflammation in the ischemic

brain

To further assess the effect of copper delivery on the inflammatory milieu following ischemia, the
immunoreactivity of p38 MAPK was analyzed by histochemical staining and the levels of 6 brain
cytokines were analyzed by CBA. p38 MAPK is a key serine/threonine protein kinase that is an
important contributor to increased microglial production of proinflammatory cytokines (Bachstetter,
Xing et al. 2011). Staining for the active form of p38 MAPK in the brains of ischemic mice revealed
that Cu''(atsm) reduced its expression at 1 dpi (Fig 7A-B).
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CBA analyses showed that Cu'(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 1L-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).

DISCUSSION

Cu''(atsm) has been shown to have protective effects in multiple animal models of chronic
neurodegenerative diseases, such as ALS and PD (Soon, Donnelly et al. 2011, Hung, Villemagne et al.
2012). The compound is about to be tested in clinical trials in ALS patients. Interestingly, Cu''(atsm)
has a tendency to deliver copper into cells that suffer from a dysfunctional electron transport chain,
indicating optimal pharmacokinetics in the ischemic brain (Donnelly, Liddell et al. 2012). 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 improves functional outcome in both transient and
permanent models of ischemic stroke in mice. Demonstration of the therapeutic effect in two different
models shows that protection is not dependent on mouse strain, duration of ischemia, or location 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 effective dose may be
connected to access to the ischemic area, as the reperfusion period in the transient model opens a
circulatory 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 transient ischemia is a
recommendation mentioned in STAIR criteria aiming to improve translation of preclinical stroke

research (Fisher, Feuerstein et al. 2009).

As previously mentioned, studies with human patients have suggested an imbalance in copper
homeostasis after cerebral ischemia (Lai, Wang et al. 2016, Kodali, Chitta et al. 2012). Elevated levels
of copper were observed in the circulation of stroke patients in both studies, suggesting that copper is
redistributed due to stroke-induced damage. Moreover, chronic intake of copper in the form of copper
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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 (Jiang, Wang et al. 2015). 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 (Donnelly, Liddell et al. 2012) we
propose that short-term treatment with Cu''(atsm) helps to restore peri-ischemic disturbances of copper

homeostasis occurring as a result of ischemic damage.

Neuronal excitotoxicity is one of the key components of stroke pathology leading to mitochondrial
dysfunction (Stanika, Pivovarova et al. 2009). It has been earlier described that copper has an essential
function in protecting neurons against excitotoxicity through NMDAR receptor modulation (Gasperini,
Meneghetti et al. 2015). In agreement with this, we demonstrate that the copper complex Cu'(atsm)
improved the viability of primary cortical neurons exposed to excitotoxic injury. However, it is
possible that Cu''(atsm) also affected secondary damage in the cells, rather than merely receptor
activation, since copper delivery by Cu''(atsm) is improved in the presence of mitochondrial
dysfunction (Donnelly, Liddell et al. 2012). In addition, lack of complete protection against excitotoxic
insult might indicate a more complex scheme of protection in vivo, involving 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 reductions in excitotoxicity.

We have earlier reported that the copper bis(thiosemicarbazonato) complexes mediate anti-
inflammatory effects in neurodegenerative diseases (Choo et al. submitted). Thus, we next
characterized 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 CD45""-expressing, indicating that Cu'(atsm) reduced the amount
of infiltrating myeloid cells into the ischemic area (Greter, Lelios et al. 2015). 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 current study suggests that the observed reduction may be caused by reduced

activation of resident microglia (Ito, Tanaka et al. 2001, Miro-Mur, Perez-de-Puig et al. 2016).
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Since microglial morphology and function are usually linked to each other (Zhang, Chopp et al. 1997),
we next used a computer algorithm to assess the 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 (Kozlowski, Weimer 2012). It appears that there may be separate phenotypic populations of
microglial cells responding to Cu'/(atsm): those at a more naive state displaying low Ibal expression,
and those with high Ibal expression. Morphological assessment of the 1bal™®" cells revealed that the
Ibal™" cells are actually in a more activated state in Cu'(atsm)-treated animals. These kinds of
spatiotemporal differences in microglial responses to experimental treatments have been described
earlier in the context of ischemic stroke, and are thought to arise from the heterogeneous nature of
microglia (Ruscher, Inacio et al. 2012, Schroeter, Jander et al. 1999).

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"" CD11b* Ly6G™ monocytes, CD45+CD11lb- 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 (Zhou, Liesz et al. 2013,
Chu, Kim et al. 2014). In line with results from immunohistochemistry, Cu'/(atsm) significantly
increased the amount of resident microglia, characterized by CD45"" CD11b* Ly6G", and reduced the
proportion of invading CD45"9" CD11b" Ly6G™ cells 3 days after permanent MCAO (Greter, Lelios et
al. 2015). These results suggest that Cu'(atsm) reduces the proportion of invading monocytes, and
protects the endogenous microglia against ischemic 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 (Bachstetter, Xing et al. 2011). In addition, inhibition of this kinase is protective in
experimental models of stroke through multiple other pathways (Zhang, Zhang et al. 2015). In the
current study, we show that immunoreactivity of the active form of p38 was reduced in the ischemic
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)-mediated protection of higher brain functions, as
IL-12 has been associated with cognitive decline in stroke patients (Narasimhalu, Lee et al. 2015). In
addition, IL-10 deficiency has been previously shown to exacerbate ischemic brain damage, whereas
common protectants such as minocycline increase IL-10-signaling (Yang, Salayandia et al. 2015,
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Perez-de Puig, Miro et al. 2013). 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 modulation on immune responses occurring during experimental
stroke. These result suggest that similarly to models of AD and peripheral inflammation (Choo et al.
submitted), the copper bis(thiosemicarbazonato) complexes confer their beneficial effects at least partly
through the modulation of inflammation, and specifically microglia, in ischemic brain injury. Since a
copper bis(thiosemicarbazonato) complex is going to tested clinically for ALS, it may shed a 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.

ACKNOWLEDGEMENTS

We thank Ms Mirka Tikkanen for expert technical assistance. The study was supported by The
Academy of Finland, The Sigrid Juselius Foundation, Orion Finland, the Australian Research Council,
the National Health & Medical Research Council of Australia (NHMRC), the Cooperative Research
Center for Mental Health, and National Natural Science Foundation of China (81271403, 81471304,
81571236).

COMPETING FINANCIAL INTERESTS

Dr. Bush is a shareholder in Prana Biotechnology Ltd, Cogstate Ltd, Mesoblast Ltd, NextVet Ltd,
Brighton Biotech LLC, and Cogstate Ltd, and a consultant for Collaborative Medicinal Development
Pty Ltd.

REFERENCES

BACHSTETTER, A.D., XING, B., DE ALMEIDA, L., DIMAYUGA, E.R., WATTERSON, D.M. and
VAN ELDIK, L.J., 2011. Microglial p38alpha MAPK is a key regulator of proinflammatory cytokine
up-regulation induced by toll-like receptor (TLR) ligands or beta-amyloid (Abeta). Journal of
neuroinflammation, 8, pp. 79-2094-8-79.

18



BARGIOTAS, P., KRENZ, A., MONYER, H. and SCHWANINGER, M., 2012. Functional outcome
of pannexin-deficient mice after cerebral ischemia. Channels (Austin, Tex.), 6(6), pp. 453-456.

BEDERSON, J.B., PITTS, L.H., TSUJI, M., NISHIMURA, M.C., DAVIS, R.L. and BARTKOWSKI,
H., 1986. Rat middle cerebral artery occlusion: evaluation of the model and development of a
neurologic examination. Stroke; a journal of cerebral circulation, 17(3), pp. 472-476.

CHU, H.X., KIM, H.A., LEE, S., MOORE, J.P., CHAN, C.T., VINH, A., GELDERBLOM, M.,
ARUMUGAM, T.V., BROUGHTON, B.R., DRUMMOND, G.R. and SOBEY, C.G., 2014. Immune
cell infiltration in malignant middle cerebral artery infarction: comparison with transient cerebral
ischemia. Journal of cerebral blood flow and metabolism : official journal of the International Society
of Cerebral Blood Flow and Metabolism, 34(3), pp. 450-459.

CROUCH, P.J., HUNG, L.W., ADLARD, P.A., CORTES, M., LAL, V., FILIZ, G., PEREZ, K.A,,
NURJONO, M., CARAGOUNIS, A, DU, T., LAUGHTON, K., VOLITAKIS, 1., BUSH, A.l,, LI,
Q.X., MASTERS, C.L., CAPPAI, R., CHERNY, R.A.,, DONNELLY, P.S., WHITE, AR. and
BARNHAM, K.J., 2009. Increasing Cu bioavailability inhibits Abeta oligomers and tau
phosphorylation. Proceedings of the National Academy of Sciences of the United States of America,
106(2), pp. 381-386.

DENIZOT, F. and LANG, R., 1986. Rapid colorimetric assay for cell growth and survival.
Modifications to the tetrazolium dye procedure giving improved sensitivity and reliability. Journal of
immunological methods, 89(2), pp. 271-277.

DHUNGANA, H., MALM, T., DENES, A., VALONEN, P., WOJCIECHOWSKI, S., MAGGA, J.,
SAVCHENKQO, E., HUMPHREYS, N., GRENCIS, R., ROTHWELL, N. and KOISTINAHO, J., 2013.
Aging aggravates ischemic stroke-induced brain damage in mice with chronic peripheral infection.
Aging cell, 12(5), pp. 842-850.

DONNELLY, P.S., CARAGOUNIS, A, DU, T., LAUGHTON, K.M., VOLITAKIS, I., CHERNY,
R.A., SHARPLES, R.A., HILL, AF., LI, Q.X., MASTERS, C.L., BARNHAM, K.. and WHITE,
A.R., 2008. Selective intracellular release of copper and zinc ions from bis(thiosemicarbazonato)
complexes reduces levels of Alzheimer disease amyloid-beta peptide. The Journal of biological
chemistry, 283(8), pp. 4568-4577.

DONNELLY, P.S., LIDDELL, J.R., LIM, S., PATERSON, B.M., CATER, M.A., SAVVA, M.S,,
MOT, A.l, JAMES, J.L., TROUNCE, LA.,, WHITE, A.R. and CROUCH, P.J., 2012. An impaired
mitochondrial electron transport chain increases retention of the hypoxia imaging agent diacetylbis(4-
methylthiosemicarbazonato)copperll. Proceedings of the National Academy of Sciences of the United
States of America, 109(1), pp. 47-52.

FISHER, M., FEUERSTEIN, G., HOWELLS, D.W., HURN, P.D., KENT, T.A., SAVITZ, S.I,, LO,
E.H. and STAIR GROUP, 2009. Update of the stroke therapy academic industry roundtable preclinical
recommendations. Stroke; a journal of cerebral circulation, 40(6), pp. 2244-2250.

GASPERINI, L., MENEGHETTI, E., PASTORE, B., BENETTI, F. and LEGNAME, G., 2015. Prion
protein and copper cooperatively protect neurons by modulating NMDA receptor through S-
nitrosylation. Antioxidants & redox signaling, 22(9), pp. 772-784.

GINGRAS, B.A., SUPRUNCHUK, T. and BAYLEY, C.H., 1962. The preparation of some

thiosemicarbazones and their copper complexes: Part Ill. 40(6), v62-161(Canadian Journal of
Chemistry), pp. 1053-1059.

19



GRETER, M., LELIOS, I. and CROXFORD, A.L., 2015. Microglia Versus Myeloid Cell
Nomenclature during Brain Inflammation. Frontiers in immunology, 6, pp. 249.

GRUBMAN, A., JAMES, S.A, JAMES, J., DUNCAN, C., VOLITAKIS, 1., HICKEY, J.L,
CROUCH, P.J., DONNELLY, P.S., KANNINEN, K.M., LIDDELL, J.R., COTMAN, S.L., DE, J. and
WHITE, AR., 2014. X-ray fluorescence imaging reveals subcellular biometal disturbances in a
childhood neurodegenerative disorder. Chemical science (Royal Society of Chemistry : 2010), 5(6), pp.
2503-2516.

GRUBMAN, A., WHITE, AR. and LIDDELL, J.R., 2014. Mitochondrial metals as a potential
therapeutic target in neurodegeneration. British journal of pharmacology, 171(8), pp. 2159-2173.

HUNG, L.W., VILLEMAGNE, V.L., CHENG, L., SHERRATT, N.A., AYTON, S., WHITE, AR,
CROUCH, P.J., LIM, S., LEONG, S.L., WILKINS, S., GEORGE, J., ROBERTS, B.R., PHAM, C.L.,
LIU, X., CHIU, F.C., SHACKLEFORD, D.M., POWELL, AK.,, MASTERS, C.L.,, BUSH, A.l,
O'KEEFE, G., CULVENOR, J.G., CAPPAI, R., CHERNY, R.A., DONNELLY, P.S., HILL, AF.,
FINKELSTEIN, D.l. and BARNHAM, K.J., 2012. The hypoxia imaging agent Cull(atsm) is
neuroprotective and improves motor and cognitive functions in multiple animal models of Parkinson's
disease. The Journal of experimental medicine, 209(4), pp. 837-854.

ITO, D., TANAKA, K., SUZUKI, S., DEMBO, T. and FUKUUCHI, Y., 2001. Enhanced expression of
Ibal, ionized calcium-binding adapter molecule 1, after transient focal cerebral ischemia in rat brain.
Stroke; a journal of cerebral circulation, 32(5), pp. 1208-1215.

JIANG, Y., WANG, L.P.,, DONG, X.H., CAl, J,, JIANG, G.J., ZHANG, C. and XIE, H.H., 2015.
Trace Amounts of Copper in Drinking Water Aggravate Cerebral Ischemic Injury via Impairing
Endothelial Progenitor Cells in Mice. CNS neuroscience & therapeutics, 21(8), pp. 677-680.

JOLIVEL, V., BICKER, F., BINAME, F., PLOEN, R., KELLER, S., GOLLAN, R., JUREK, B.,
BIRKENSTOCK, J., POISA-BEIRO, L., BRUTTGER, J., OPITZ, V., THAL, S.C., WAISMAN, A,
BAUERLE, T., SCHAFER, M.K., ZIPP, F. and SCHMIDT, M.H., 2015. Perivascular microglia
promote blood vessel disintegration in the ischemic penumbra. Acta Neuropathologica, 129(2), pp.
279-295.

KODALLI, P., CHITTA, K.R., LANDERO FIGUEROA, J.A., CARUSO, J.A. and ADEOYE, O., 2012.
Detection of metals and metalloproteins in the plasma of stroke patients by mass spectrometry
methods. Metallomics : integrated biometal science, 4(10), pp. 1077-1087.

KONGSUI, R., JOHNSON, S.J., GRAHAM, B.A., NILSSON, M. and WALKER, F.R., 2015. A
combined cumulative threshold spectra and digital reconstruction analysis reveal structural alterations
of microglia within the prefrontal cortex following low-dose LPS administration. Neuroscience, 310,
pp. 629-640.

KOZLOWSKI, C. and WEIMER, R.M., 2012. An automated method to quantify microglia
morphology and application to monitor activation state longitudinally in vivo. PloS one, 7(2), pp.
e31814.

LAI, M., WANG, D., LIN, Z. and ZHANG, Y., 2016. Small Molecule Copper and Its Relative

Metabolites in Serum of Cerebral Ischemic Stroke Patients. Journal of stroke and cerebrovascular
diseases : the official journal of National Stroke Association, 25(1), pp. 214-219.

20



LAKHAN, S.E., KIRCHGESSNER, A. and HOFER, M., 2009. Inflammatory mechanisms in ischemic
stroke: therapeutic approaches. Journal of translational medicine, 7, pp. 97-5876-7-97.

LALANCETTE-HEBERT, M., GOWING, G., SIMARD, A., WENG, Y.C. and KRIZ, J., 2007.
Selective ablation of proliferating microglial cells exacerbates ischemic injury in the brain. The Journal
of neuroscience : the official journal of the Society for Neuroscience, 27(10), pp. 2596-2605.

LALANCETTE-HEBERT, M., SWARUP, V., BEAULIEU, J.M., BOHACEK, I., ABDELHAMID, E.,
WENG, Y.C., SATO, S. and KRIZ, J., 2012. Galectin-3 is required for resident microglia activation
and proliferation in response to ischemic injury. The Journal of neuroscience : the official journal of
the Society for Neuroscience, 32(30), pp. 10383-10395.

LIN, T.N., HE, Y.Y., WU, G., KHAN, M. and HSU, C.Y., 1993. Effect of brain edema on infarct
volume in a focal cerebral ischemia model in rats. Stroke; a journal of cerebral circulation, 24(1), pp.
117-121.

LONGA, E.Z., WEINSTEIN, P.R., CARLSON, S. and CUMMINS, R., 1989. Reversible middle
cerebral artery occlusion without craniectomy in rats. Stroke; a journal of cerebral circulation, 20(1),
pp. 84-91.

LUBJUHN, J., GASTENS, A, VON WILPERT, G., BARGIOTAS, P., HERRMANN, O,
MURIKINATI, S., RABIE, T., MARTI, HH., AMENDE, I, HAMPTON, T.G. and
SCHWANINGER, M., 2009. Functional testing in a mouse stroke model induced by occlusion of the
distal middle cerebral artery. Journal of neuroscience methods, 184(1), pp. 95-103.

MA, Y., WANG, J., WANG, Y. and YANG, G.Y., 2016. The biphasic function of microglia in
ischemic stroke. Progress in neurobiology, .

MALM, T.M., IVONEN, H., GOLDSTEINS, G., KEKSA-GOLDSTEINE, V., AHTONIEMI, T,
KANNINEN, K., SALMINEN, A., AURIOLA, S, VAN GROEN, T. TANILA, H. and
KOISTINAHO, J., 2007. Pyrrolidine dithiocarbamate activates Akt and improves spatial learning in
APP/PS1 mice without affecting beta-amyloid burden. The Journal of neuroscience : the official
journal of the Society for Neuroscience, 27(14), pp. 3712-3721.

MCALLUM, E.J., LIM, N.K., HICKEY, J.L., PATERSON, B.M., DONNELLY, P.S., LI, Q.X,
LIDDELL, J.R., BARNHAM, K.J., WHITE, A.R. and CROUCH, P.J., 2013. Therapeutic effects of
Cull(atsm) in the SOD1-G37R mouse model of amyotrophic lateral sclerosis. Amyotrophic lateral
sclerosis & frontotemporal degeneration, 14(7-8), pp. 586-590.

MIRO-MUR, F., PEREZ-DE-PUIG, |, FERRER-FERRER, M., URRA, X., JUSTICIA, C.,
CHAMORRO, A. and PLANAS, A.M., 2016. Immature monocytes recruited to the ischemic mouse
brain differentiate into macrophages with features of alternative activation. Brain, behavior, and
immunity, 53, pp. 18-33.

NARASIMHALU, K., LEE, J., LEONG, Y.L., MA, L., DE SILVA, D.A., WONG, M.C., CHANG,
H.M. and CHEN, C., 2015. Inflammatory markers and their association with post stroke cognitive
decline. International journal of stroke : official journal of the International Stroke Society, 10(4), pp.
513-518.

PAOLICELLI, R.C., BOLASCO, G., PAGANI, F., MAGGI, L., SCIANNI, M., PANZANELLI, P.,
GIUSTETTO, M., FERREIRA, T.A., GUIDUCCI, E., DUMAS, L., RAGOZZINO, D. and GROSS,

21



C.T., 2011. Synaptic pruning by microglia is necessary for normal brain development. Science (New
York, N.Y.), 333(6048), pp. 1456-1458.

PEREZ-DE PUIG, I, MIRO, F., SALAS-PERDOMO, A., BONFILL-TEIXIDOR, E., FERRER-
FERRER, M., MARQUEZ-KISINOUSKY, L. and PLANAS, A.M., 2013. IL-10 deficiency
exacerbates the brain inflammatory response to permanent ischemia without preventing resolution of
the lesion. Journal of cerebral blood flow and metabolism : official journal of the International Society
of Cerebral Blood Flow and Metabolism, 33(12), pp. 1955-1966.

RITZEL, R.M., PATEL, A.R., GRENIER, J.M., CRAPSER, J., VERMA, R., JELLISON, E.R. and
MCCULLOUGH, L.D., 2015. Functional differences between microglia and monocytes after ischemic
stroke. Journal of neuroinflammation, 12, pp. 106-015-0329-1.

RUSCHER, K., INACIO, A.R., VALIND, K., ROWSHAN RAVAN, A., KURIC, E. and WIELOCH,
T., 2012. Effects of the sigma-1 receptor agonist 1-(3,4-dimethoxyphenethyl)-4-(3-phenylpropyl)-
piperazine dihydro-chloride on inflammation after stroke. PloS one, 7(9), pp. e45118.

SCHRAG, M., CROFTON, A., ZABEL, M., JIFFRY, A., KIRSCH, D., DICKSON, A., MAO, X.W.,
VINTERS, H.V., DOMAILLE, D.W., CHANG, C.J. and KIRSCH, W., 2011. Effect of cerebral
amyloid angiopathy on brain iron, copper, and zinc in Alzheimer's disease. Journal of Alzheimer's
disease : JAD, 24(1), pp. 137-149.

SCHROETER, M., JANDER, S., WITTE, O.W. and STOLL, G., 1999. Heterogeneity of the microglial
response in photochemically induced focal ischemia of the rat cerebral cortex. Neuroscience, 89(4), pp.
1367-1377.

SOLANO FONSECA, R., MAHESULA, S., APPLE, D.M., RAGHUNATHAN, R., DUGAN, A.,
CARDONA, A., O'CONNOR, J. and KOKOVAY, E., 2016. Neurogenic Niche Microglia Undergo
Positional Remodeling and Progressive Activation Contributing to Age-Associated Reductions in
Neurogenesis. Stem cells and development, 25(7), pp. 542-555.

SOON, C.P., DONNELLY, P.S., TURNER, B.J.,, HUNG, L.W., CROUCH, P.J., SHERRATT, N.A,,
TAN, J.L., LIM, N.K., LAM, L., BICA, L., LIM, S., HICKEY, J.L., MORIZZI, J., POWELL, A.,
FINKELSTEIN, D.l.,, CULVENOR, J.G., MASTERS, C.L., DUCE, J., WHITE, A.R., BARNHAM,
K.J.and LI, Q.X., 2011. Diacetylbis(N(4)-methylthiosemicarbazonato) copper(ll) (Cull(atsm)) protects
against peroxynitrite-induced nitrosative damage and prolongs survival in amyotrophic lateral sclerosis
mouse model. The Journal of biological chemistry, 286(51), pp. 44035-44044.

STANIKA, R.l,, PIVOVAROVA, N.B., BRANTNER, C.A., WATTS, C.A., WINTERS, C.A. and
ANDREWS, S.B., 2009. Coupling diverse routes of calcium entry to mitochondrial dysfunction and
glutamate excitotoxicity. Proceedings of the National Academy of Sciences of the United States of
America, 106(24), pp. 9854-9859.

THORED, P., HELDMANN, U., GOMES-LEAL, W., GISLER, R., DARSALIA, V., TANEERA, J.,
NYGREN, J.M., JACOBSEN, S.E., EKDAHL, C.T., KOKAIA, Z. and LINDVALL, O., 2009. Long-
term accumulation of microglia with proneurogenic phenotype concomitant with persistent
neurogenesis in adult subventricular zone after stroke. Glia, 57(8), pp. 835-849.

TORRES, J.B., ANDREOZZI, E.M., DUNN, J.T., SIDDIQUE, M., SZANDA, |., HOWLETT, D.R.,
SUNASSEE, K. and BLOWER, P.J., 2016. PET Imaging of Copper Trafficking in a Mouse Model of
Alzheimer Disease. Journal of nuclear medicine : official publication, Society of Nuclear Medicine,
57(1), pp. 109-114.

22



TU, W., XU, X., PENG, L., ZHONG, X., ZHANG, W., SOUNDARAPANDIAN, M.M., BALEL, C.,
WANG, M., JIA, N., ZHANG, W., LEW, F., CHAN, S.L., CHEN, Y. and LU, Y., 2010. DAPK1
interaction with NMDA receptor NR2B subunits mediates brain damage in stroke. Cell, 140(2), pp.
222-234.

YANG, Y., SALAYANDIA, V.M., THOMPSON, J.F., YANG, L.Y., ESTRADA, E.Y. and YANG,
Y., 2015. Attenuation of acute stroke injury in rat brain by minocycline promotes blood-brain barrier
remodeling and alternative microglia/macrophage activation during recovery. Journal of
neuroinflammation, 12, pp. 26-015-0245-4.

ZHANG, X.M., ZHANG, L., WANG, G., NIU, W., HE, Z., DING, L. and JIA, J., 2015. Suppression
of mitochondrial fission in experimental cerebral ischemia: The potential neuroprotective target of p38
MAPK inhibition. Neurochemistry international, 90, pp. 1-8.

ZHANG, Z., CHOPP, M. and POWERS, C., 1997. Temporal profile of microglial response following
transient (2 h) middle cerebral artery occlusion. Brain research, 744(2), pp. 189-198.

ZHOU, W., LIESZ, A., BAUER, H., SOMMER, C., LAHRMANN, B., VALOUS, N., GRABE, N.
and VELTKAMP, R., 2013. Postischemic brain infiltration of leukocyte subpopulations differs among
murine permanent and transient focal cerebral ischemia models. Brain pathology (Zurich, Switzerland),
23(1), pp. 34-44.

ZUCCONI, G.G., CIPRIANI, S., SCATTONI, R., BALGKOURANIDOU, I., HAWKINS, D.P. and
RAGNARSDOTTIR, K.V., 2007. Copper deficiency elicits glial and neuronal response typical of
neurodegenerative disorders. Neuropathology and applied neurobiology, 33(2), pp. 212-225.

FIGURE LEGENDS

Figure 1. Cu''(atsm) is protective against excitotoxicity in primary neurons. 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. Data show means £ S.D. from one representative

experiment. 1-way ANOVA, *p<0.05, ***p<0.001. n=6 in all groups.

Figure 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 tMCAQO. Mean + SD.
One-way ANOVA with Tukey post hoc test, *p<0.05, **p<0.01 compared to vehicle, n=3-4/treatment
group. C) MCAO-induced functional impairment indexed by neuroscore 1 dpi. Mean + SD, one-way
ANOVA with Tukey post hoc test, ***p<0.001. n= 3-6/treatment group.

Figure 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)
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group. C) 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 2 trials for each
mouse. 2-way ANOVA, *p<0.05, **p<0.01. n=12 in sham vehicle group, n=12 in sham Cu'"(atsm)
group, n=8 in ischemic vehicle group, n=8 in 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 + SD. Unpaired 2-tailed t-test, *p<0.05. n=6 in vehicle group, n=4 in Cu'"(atsm) group.

Figure 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=20um. B) Quantitative analysis of CD45 immunoreactivity in
the lesion at 1 dpi. Data are shown as means + S.D. Unpaired 2-tailed t-test, *p<0.05. n=7 in both
groups. C) Typical example images of CD45 immunoreactivity in the ischemic lesion in vehicle-treated
and Cu''(atsm) treated mouse brains at 3 dpi. Scale bar=20um. D) Quantitative analysis of CD45
immunoreactivity in the lesion at 3 dpi. Data are shown as means = S.D. Unpaired 2-tailed t-test,
*p<0.05. n=5 in both groups.

Figure 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 days after pMCAO. Scale
bar=20um. B) Quantitative analysis of Ibal immunoreactivity in the peri-ischemic brain area at 3 dpi.
Data are shown as means + S.D. Unpaired 2-tailed t-test, *p<0.05. n=5 in both groups. C) Typical
example images of the algorithm used to determine the morphology of Ibal positive cells. Scale
bar=50um. D) Quantification of the cellular area of the Ibal positive cells in the peri-ischemic brain
areas of mice treated with Cu"(atsm) at 3 dpi. Data are shown as means + S.D. Unpaired 2-tailed t-test,

*p<0.05. n=8 in both groups.

Figure 6. Cu''(atsm) alters the ratios of myeloid cell in the ischemic hemisphere. A) Gating
strategy for FACS. B) Representative plots of CD45°CD11b* Ly6G™ and CD45""CD11b" Ly6G"
cells in the ischemic hemibrain at 3 days after ischemia. C) Quantified ratios of CD45"%" and CD45""
CD11b* Ly6G" microglia in sham operated animals, and in mice that underwent pMCAO with either
vehicle or Cu''(atsm) treatment. Mean + SD, 1-way ANOVA, *p<0.05, ***p<0.001. n=6 in stroke

groups.

Figure 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
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area in vehicle-treated and Cu''(atsm) treated mouse brains at 1 day after pMCAO. Scale bar=20um. B)
Quantitative analysis of phosphorylated p38 MAPK immunoreactivity in the peri-ischemic brain area at
1 dpi. Data are shown as means £+ S.D. Unpaired 2-tailed t-test, *p<0.05. n=8 in both groups. C) The
concentration of IL-12 in the peri-ischemic brain area was measured by CBA at 1 dpi. Data are shown
as means + S.D. Unpaired 2-tailed t-test, *p<0.05. n=5 in vehicle and n=6 in Cu''(atsm) group. D) The
concentration of IL-10 in the peri-ischemic brain area was measured by CBA at 3 dpi. Data are shown
as means + S.D. Unpaired 2-tailed t-test, *p<0.05. n=5 in vehicle and n=6 in Cu"(atsm) group.
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