
 

Supplementary methods 1 

 2 

Animals 3 

All procedures in this study were carried out on female and/or male 8–10-week-old mice in 4 

accordance with the guidelines of the Canadian Council on Animal Care and approved by the 5 

University of Ottawa Animal Care Committee. The following transgenic mouse lines were 6 

utilized: The heterozygous glycine transporter type 1 (GlyT1+/−) serine racemase knockout (SR-/-7 

), and N-methyl-D-aspartate receptor (NMDAR) GluN2A subunit knockout (GluN2A-/-) mice, 8 

along with their wild type (WT) litter mates (on C57Bl/6;S129, C57Bl/6;S129 and C57Bl/6 9 

backgrounds respectively). In vivo behavioural experiments were performed on C57Bl/6 WT mice 10 

from Charles River ®. The animals were housed under standard conditions and had access to chow 11 

and water ad libitum.  12 

 13 

Hippocampal brain slice preparation 14 

Whole-cell electrophysiological recordings were obtained from CA1 pyramidal cells in situ in 15 

coronal hippocampal brain slices (300μm thick) as previously described by Martina et al. (2004, 16 

2005). Acute brain slices from mutant mice were obtained in parallel with age and sex-matched 17 

WT control mice. In brief, animals were anaesthetized using an isoflurane vaporizer (Stoelting, 18 

Wood Dale, IL, USA; 2–5% isoflurane in air, with a flow rate of 1 L/min) prior to decapitation. 19 

The brain was removed and placed in ice-cold oxygenated (95% O2/5% CO2) N-methyl-D-20 

glucamine (NMDG) based cutting solution at 4°C containing (in mM): 92 NMDG, 20 HEPES, 25 21 

glucose, 30 NaHCO3, 1.2 NaH2PO4, 2.5 KCl, 5 Na-L-ascorbate, 3 Na-pyruvate, 2 thiourea, 10 22 

MgSO4 and 0.5 CaCl2 (300mOsm, pH 7.2). Acute brain slices were cut with a vibratome (Leica 23 

System, VT 1000S, Wetzler, Germany). Prior to experimentation, acute slices were allowed to 24 

recover for 1hr at room temperature (RT) in oxygenated artificial cerebrospinal fluid (ACSF) 25 

containing (in mM): 119 NaCl, 2.5 KCl, 2.5 CaCl2, 1.3 MgSO4, 1 NaH2PO4, 26 NaHCO3, and 11 26 

glucose (300 mOsm, pH 7.2).  27 

 28 

Whole-cell electrophysiology on hippocampal slices 29 

Whole-cell voltage-clamp recordings were obtained from visually identified CA1 pyramidal cells 30 

from acute hippocampal slices using differential interference contrast optics and infrared video 31 



 

microscopy (IR-DIC: Leica DMLFSA, Wetzler, Germany). The recordings were performed at RT 32 

and cells were voltage-clamped at -65mV. Postsynaptic currents were evoked by electrical 33 

stimulation of the Schaffer collaterals with a bipolar stimulating electrode positioned in the stratum 34 

radiatum. Borosilicate glass electrodes were filled with an internal solution containing (mM): 115 35 

Cs-methane-sulfonate, 0.4 EGTA, 5 TEA-Cl, 6.6 NaCl, 20 HEPES, 4 Mg-ATP, 0.5 GTP, 10 36 

sodium Na-phosphocreatine, and 5 QX-314 bromide, and the pH was adjusted to 7.2 (280–37 

290mOsm). The recording electrodes had a resistance of 4–6MΩ when filled with this solution. 38 

The series resistance was monitored during the experiment and the data were discarded when the 39 

series resistance changed more than 15% of the original level or exceeded 30MΩ. The intensity of 40 

the stimulation was adjusted to obtain evoked excitatory postsynaptic currents (EPSCs) in the 41 

amplitude range of 100–150pA at a membrane potential of -65mV. The stimulation protocol 42 

consisted of single 100μs current pulses (10–200μA) evoked every 12s. For the train stimulation 43 

protocol, 10 current pulses (100μs long) were evoked at 50Hz for 200ms and then repeated once 44 

every 20s.  45 

 46 

To isolate the NMDAR-EPSC, an ACSF was used with a low concentration of MgCl2 (0.13mM) 47 

and containing (μM): 5 NBQX, and 50 picrotoxin (Tocris Bioscience), with the CaCl2 increased 48 

to 3.5mM to maintain cation balance. When required, additional drugs were applied including 49 

various concentrations of D-serine and glycine (Millipore Sigma), as well as 300nM N-[3-(4′-50 

fluorophenyl)-3-(4′-phenylphenoxy)propyl]sarcosine (NFPS; Tocris Bioscience), 10mM BAPTA 51 

(Thermo Fisher), 30μM cyclopiazonic acid (CPA) (Tocris Bioscience), and 20μM nimodipine 52 

(Millipore Sigma). The inhibitors of clathrin-mediated endocytosis, 100μM dynasore (Millipore 53 

Sigma), 100μM dynamin blocking peptide (DBP; Tocris Bioscience), and 30μM Dyngo4a 54 

(Abcam), were included in the internal solution.  55 

 56 

HEK293 cells maintenance and whole-cell electrophysiology 57 

HEK293 cells were grown in a humidified 37°C, 5% CO2 incubator and passaged every 3–4 days 58 

using trypsination. For all experiments, HEK293 cells were plated at a density of ~0.2 × 106 59 

cells/mL on 15mm Thermanox plastic coverslips (Thermo Fisher Scientific) in 12-well plates. The 60 

HEK293 cells were then transiently transfected with either GluN1-WT or GluN1-A714L cDNAs 61 

together with the fluorescent marker cDNA, GFP-GluN2A in a 1:1 molar ratio using TransIT-2020 62 



 

transfection reagent (Mirus) according to manufacturer's instructions. Following transfection, the 63 

HEK293 cells were grown in the presence of the selective NMDAR antagonist, 100mM D-APV 64 

(Tocris Bioscience) to prevent over-activation and cell death. HEK293 cells were used for 65 

electrophysiology recordings 24–48hrs after transfection. Individually transfected HEK293 cells 66 

were then visually identified for whole-cell recordings using fluorescence microscopy and 67 

NMDAR currents evoked using pressure ejection (10psi) from a picospritzer micropipette filled 68 

with 10μM glycine and 1mM glutamate (Sigma-Aldrich) for a duration of 25–50ms every 20s at 69 

a membrane potential of -60mV. HEK293 cells were recorded in an external low magnesium 70 

solution containing (mM): 150 NaCl, 3 KCl, 0.13 MgCl2, 3.5 CaCl2, 10 HEPES, and 10 glucose 71 

(pH adjusted to 7.2 with NaOH, and the osmolality to 300mOsm using sucrose). Thick-walled 72 

borosilicate glass electrodes (1.5mm OD, 0.9mm ID) were filled with a K+-gluconate recording 73 

solution containing (mM): 115 K+-gluconate, 20 KCl, 10 HEPES, 4 Mg2+-ATP, 0.5 GTP, and 10 74 

Na-phosphocreatine (280–290mOsm, pH 7.2). 75 

 76 

Sniffer-patch technique 77 

To detect glycine release, we used the “sniffer-patch” technique. We generated a Chinese Hamster 78 

Ovary (CHO) cell line stably transfected with the α2 subunit of the glycine receptor (GlyR). Cells 79 

were plated onto glass coverslips coated with poly-D-lysine (0.1 mg/ml; Sigma-Aldrich). After 2–80 

3 days (70–80% confluence), outside-out membrane patches were excised from the CHO cells 81 

using thick-walled borosilicate glass pipettes. These pipettes were fire-polished to a final resistance 82 

of 5–7MΩ and backfilled with an intracellular solution containing (mM): 140 CsCl, 4 MgCl2, 10 83 

HEPES, 10 EGTA and 2 Na+-ATP, pH 7.2, 300mOsm. In this patch configuration, the extracellular 84 

portion of the ion channel was facing the bath, allowing channel activation. Following patch 85 

excision, the electrode was placed in the stratum radiatum of the CA1 region of the hippocampus 86 

to detect glycine release. Channel open probability (Popen) was derived by measuring the mean 87 

open time of all the single channel events during the recording window (approximately 5mins), 88 

and dividing by the sum of the mean open and shut times. Multiple channel openings were set as 89 

a Popen = 1 for that particular time period.  90 

 91 

Oxygen-glucose deprivation paradigm on acute slices 92 



 

To mimic ischemia, the acute slices were challenged by an oxygen-glucose deprivation paradigm 93 

(OGD; modified from Rossi et al. (2000) solution (mM): 126 NaCl, 2.5 KCl, 0.1 MgCl2, 1.2 94 

NaH2PO4, 2.9 CaCl2, 7 sucrose, 26 NaHCO3, 1 BrCN, 2 iodoacetic acid, and 5 Na-L-ascorbate 95 

(gassed with N2, 300mOsm, pH 7.2). In this paradigm, external glucose was replaced with 7mM 96 

sucrose, and the external solution was saturated with 95% N2 / 5% CO2 instead of 95% O2 / 5% 97 

CO2. 2mM iodoacetate and 0.1mM cyanide was also added to the OGD external solution to block 98 

glycolysis and oxidative phosphorylation. At the onset of this project, we determined that the 99 

“classical” OGD paradigm resulted in inconsistent recording integrity. Therefore, we reduced the 100 

intensity of the challenge by shortening its duration from 6mins to 2mins and found this brief 101 

challenge to be amenable to electrophysiological recordings.  102 

 103 

Electrophysiological analysis 104 

Data were collected using a Multiclamp 700A amplifier (Molecular Devices, USA), filtered at 105 

2kHz and digitized at 10kHz by a Digidata 1320A board (Molecular Devices, USA). Data analysis 106 

was performed off-line with the pClamp9 software suite (Molecular Devices, USA). Decay kinetic 107 

and amplitude analysis were performed on averaged traces. Decay time constants were best fit 108 

with a double exponential function and expressed as a weighted mean. Due to summation, EPSC 109 

amplitudes in the train were measured from the end of the previous EPSC rather than from the 110 

initial baseline. Statistical significance of the results was determined with paired, two-tailed 111 

Student’s t-test or a two-way repeated measure ANOVA. All values are expressed as mean ± SEM. 112 

 113 

Purification of glycine oxidase 114 

The plasmid containing His-tagged glycine oxidase (GO) was generated from Bacillus subtilis. 115 

This plasmid was a gift from Dr. Steven Ealick (Cornell University, NY, USA). The protein was 116 

expressed in E. coli and purified. In brief, cells from 1L of transfected culture were resuspended 117 

in a binding buffer containing (mM): 10 Tris, 300 NaCl, and 20 imidazole, pH 8.4, and disrupted 118 

with 4 intervals of 30s sonication at 30% efficiency (Sonic Dismembrator 300, Fisher: or Vibra-119 

Cell, Sonics). After removal of cell debris, the cell extract was allowed to bind to equilibrated Ni-120 

NTA sepharose (5prime, Markham ON, Canada) for 2hrs at 4°C. Weakly binding proteins were 121 

eluted using binding buffer containing 70mM imidazole and GO was eluted with binding buffer 122 

containing 150mM imidazole. The purity of the protein was then assayed using silver stained SDS 123 



 

gel and Western blot for His-tag. Purity was determined to be more than 98%. The high activity 124 

fractions were pooled and dialyzed against water to 300mOsm. The specific activity of the GO 125 

enzyme was determined with Michaelis-Menten kinetics using a horseradish peroxidase (HRP) 126 

chromophoric assay. The 100µL reaction mixtures contained (mM): 50 4-amino-antipyrine, 2 127 

phenol, 8 glycine, 25 Tris-HCl (pH 7.8; all Sigma-Aldrich), 2.5 units of HRP and 10µL of purified 128 

GO (approximately 10mg/mL concentration). The HRP production was monitored by the enzyme 129 

coupled reaction at 505nm, and 1 unit of GO was determined as the amount of enzyme that 130 

produced 1µg of hydrogen peroxide per minute at 25°C. Inactive GO was generated as apoenzyme 131 

by removal of the flavin adenine dinucleotide (FAD) co-factor by addition of calcium chloride to 132 

a final concentration of 1M. The apoenzyme was dialysed to 300mOsm and the absence of 133 

enzymatic activity was determined as described above. To verify the stability of the apoenzyme in 134 

the presence of extracellular FAD in the slices, 0.1mM of FAD (EnzoLifesciences, Lausen, 135 

Switzerland) was added to the inactivated GO followed by enzymatic activity measurement. 136 

 137 

NMDAR internalization imaging in HEK293 cells 138 

For all experiments, HEK293 cells were plated at 50-60% confluency in an 8-well chambered 139 

coverslip (Ibidi). The HEK293 cells were then transiently transfected with either GluN1-WT or 140 

GluN1-A714L cDNAs together with the fluorescent marker cDNA, pHluorin-GluN2A in an 141 

equimolar ratio using TransIT-2020 transfection reagent (Mirus) according to manufacturer's 142 

instructions. Following transfection, the HEK293 cells were grown in the presence of the selective 143 

NMDAR antagonist, 100mM D-APV (Tocris Bioscience) to prevent over-activation and cell death. 144 

HEK293 cells were used for imaging experiments 24-48hrs after transfection. Individually 145 

transfected HEK293 cells were visually confirmed by positive GFP signal (488nm) under 146 

epifluorescent light.  147 

 148 

All experiments were performed in a modified HEPES buffer containing (mM): 150 NaCl, 3 KCl, 149 

0.13 MgCl2, 3.5 CaCl2, 10 HEPES, 10 glucose, and 1 Glutamate (pH adjusted to 7.4 with NaOH, 150 

and the osmolality to 290mOsm using sucrose). The cell impermeable, 647nm-tagged FluoTag®-151 

X4 anti-GFP (1:250-1:500; NanoTag Biotechnologies) was added to the well before identifying a 152 

positively transfected cell. 10μM glycine was then added to the well prior to the addition of an 153 

internalizing dose of glycine (1mM). Cells were imaged then every 3mins, over the course of 154 



 

10mins using an LSM880 Confocal Microscope (Zeiss) at 63X magnification. Internalization was 155 

deemed to have occurred when the cell-impermeable NanoTag (647) was observed within the cell. 156 

 157 

Immunohistochemistry (used for Figure 4) 158 

Antigen retrieval was performed in citric acid buffer (10mM) at 95°C for 15mins on coronal slices 159 

(50μm) before they were washed for 5mins (3X) in PBS. Slices were then blocked and 160 

permeabilized for 10mins (4X) in 0.5% Bovine gelatin (Sigma) + 0.2% Triton X-100 (Sigma) in 161 

1X PBS (PBSGT). Slices were incubated in primary antibodies in PBS-GT for 48hrs at RT. Slices 162 

were then blocked for 10mins (4X) in PBSGT before being incubated in secondary antibodies for 163 

1hr at RT. Following this, slices were rinsed, air dried overnight, then mounted onto slides with 164 

Fluoromount-G (Southern Biotech) mounting media. 165 

 166 

Immunohistochemistry (used for Extended Data Figure 3) 167 

Experiments were performed on hippocampal slices as previously described by Muller et al. 168 

(2013). In brief, mice were deeply anaesthetized with an overdose of pentobarbital (60mg/kg) and 169 

intracardially perfused with 4% (w/v) paraformaldehyde (PFA) in phosphate buffered saline 170 

(PBS). The brain was removed, snap-frozen in liquid nitrogen and 12μm thick hippocampal 171 

coronal slices were cut with a cryostat (Leica CM 3050S, Houston, TX, USA). All slices were 172 

quenched with 50mM NH4Cl in PBS for 30mins and permeabilized with 0.25% (w/v) fish gelatin 173 

and 0.2% Triton X-100 (v/v) in PBS (PBSGT) for 30mins to enhance the penetration of primary 174 

antibodies. They were then incubated with primary antibodies in 0.25% (w/v) gelatin in PBS 175 

(PBSG) overnight at 4°C and washed three times with PBSGT before addition of fluorescent 176 

secondary antibodies diluted in PBSG for 2hrs at RT. Slices were rinsed three times with PBSGT, 177 

air-dried, and mounted with Vectashield (Vector, Burlingame, CA, USA; Extended Data Table 1). 178 

 179 

Imaging and quantification 180 

Fluorescent images of hippocampal slices were acquired by sequential scanning using an LSM 181 

510 confocal laser-scanning microscope (Carl Zeiss, Wetzlar, Germany) with a 63X oil-immersion 182 

objective. The three channels representing glycine (Cy5), vesicular glutamate transporter 183 

(VGLUTs 1-2; FITC), and vesicular GABA transporter (VGAT; Cy3) were merged into a single 184 

image using Adobe Photoshop 7.01 and all quantifications were done manually by a researcher 185 



 

blinded to the treatment groups. The criterion used to define cluster co-localization was a 186 

superimposition of at least five pixels for each cluster. Cluster densities were determined and used 187 

to calculate the percentage of co-localization. Isolated clusters, denoted “alone” in figures, were 188 

defined as the ones not co-localized with other clusters. For each experiment, data were mean ± 189 

SEM from 10 sections from two different animals. 190 

 191 

Generation of WT and A714L constructs   192 

We amplified the GluN1 coding region from the SuperEcliptic Phlourin (SEP)-tagged GluN1 193 

construct (Addgene #23999) with the primer pairs NheIGluN1-F and EcoRVGluN1-R using the 194 

high-fidelity polymerase, Phusion (NEB). The PCR product was then cloned into pDrive (pDrive 195 

cloning vector, Qiagen). We used this as a template to create a shRNA resistant GluN1 using 196 

primers GluN1Shres2-F and GluN1 Shres2R following the standard site directed mutagenesis with 197 

Phusion (NEB) (Extended Data Table 2). We then created A714L mutant clone again using site-198 

directed mutagenesis with the primer pairs A714L-F and A714L-R. Briefly, the site-directed 199 

mutagenesis was performed using Phusion following the manufacturer’s instructions. The PCR 200 

product was then digested with DpnI to specifically target the template DNA. Next, the PCR 201 

product was ligated and transformed into stbl3 cells (NEB). We verified the entire coding sequence 202 

of GluN1 in the GluN1-WT and the GluN1-A714L clones for the desired mutations (Extended 203 

Data Table 2). We had constructed the shRNA resistant GluN1 as we had envisaged using GluN1 204 

shRNA to inhibit the effect of WT GluN1 molecules in vivo. However, we found a robust behavior 205 

and GINI phenotype in ex vivo slices without the use of shRNA.  206 

  207 

Sub-Cloning into pcDNA3.1   208 

The GluN1-WT and GluN1-A714L inserts were prepared by digesting the pDrive clones (GluN1-209 

WT, GluN1-A714L) with NheI and BamHI, and gel isolated. The vector was prepared by digesting 210 

pcDNA3.1 vector (Addgene #82612) with NheI and BamHI to drop out the mCherry and then gel 211 

isolated. The inserts and the vector were then ligated, and the ligation product used to transform 212 

stbl3 cells (NEB). These clones had the GluN1 gene variants with a CMV promoter. The constructs 213 

were transiently transfected into HEK293t cells along with an equimolar ratio of GluN2A. Whole-214 

cell patch-clamp recordings were performed on these HEK293 cells 24–48hrs after transfection 215 

using TransIT2020, demonstrating that this construct results in functional NMDARs.   216 



 

   217 

In vivo viral constructs   218 

The pDrive GluN1-WT and GluN1-A714L clones were sub-cloned into the CW3SL pAAV vector 219 

which is tagged with GFP (Addgene #61463). The CW3SL vector was digested with EcoRI, blunt 220 

ended and then subsequently digested with NheI to drop out the eGFP. The vector was then gel 221 

isolated. The insert fragment was derived by digesting the pDrive clones with NheI and EcoRV, 222 

followed by gel isolation and was then ligated to the vector. This resulted in constructs in which 223 

GluN1 was driven off the CamKIIa promoter; stbl3 cells were transformed with the ligation 224 

product, which was then verified for the integrity of the ITR sites by a diagnostic digest using SmaI 225 

(each of the ITR sites contained two SmaI sites). Viral constructs were packaged with plasmid 226 

AAV2/9 at the University of Laval.   227 

 228 

NFPS Preparation 229 

NFPS was injected intraperitoneally (i.p.) into C57Bl/6 mice either 24hrs prior to stroke, or 230 

10mins/60mins/120mins post-stroke, at a dose of 5mg/kg. NFPS was made as a stock solution of 231 

8mM in DMSO, and then diluted to 1.27mM with sterile 0.9% sodium chloride. Vehicle control 232 

solution was prepared in the same way with the volume of stock NFPS substituted for DMSO and 233 

then diluted in 0.9% sodium chloride. 234 

 235 

Photothrombotic stroke 236 

Photothrombotic stroke (PT) was induced as previously described by Lee et al. (2007). Mice were 237 

anesthetized with 2.5% isoflurane in O2 and mounted onto a stereotaxic frame. Once anesthetized, 238 

a dose of 10mg/mL of Rose Bengal (Tocris) was injected i.p.. Immediately following the injection 239 

of the dye, a small portion of skin on the head of the animal was cut and retracted along the midline 240 

of the sagittal plane in order to expose bregma. Using the stereotaxic device, a 520nm laser 241 

(~20mW; Beta Electronics) was positioned above the sensorimotor cortex (+0.7 AP, +2.0 ML) 242 

and turned on for 10mins. The incision was closed using Vetbond (3M) tissue adhesive and animals 243 

were administered a dose of 2% bupivacaine (Chiron Compounding Pharmacy Inc.) transdermally 244 

immediately following the procedure, as well as 4–6hrs later.  245 

 246 

Endothelin-1 stroke  247 



 

Cortical endothelin-1 (ET-1) strokes were induced as previously described by Wang et al. (2007). 248 

Mice were anesthetized with 2.5% isoflurane in O2 and mounted onto a stereotaxic frame. A small 249 

portion of skin on the head of the animal was cut and retracted along the midline of the sagittal 250 

plane in order to expose the cranium and allow for visualisation of the main cranial sutures. For 251 

cortical strokes, injection site coordinates (from bregma) were: 1) AP +0.0, ML +2.0, DV -1.6; 2) 252 

AP +0.2, ML +2.0, DV -1.4; 3) AP +0.4, ML +2.0, DV -1.3. Using the stereotaxic device, a 253 

craniotomy was performed at each site prior to injecting 1µL of 2µg/µL human, porcine ET-1 254 

(Abcam) dissolved in 2.7µg/µL L-NAME (Abcam) over 5mins, with a 28G 10µL Hamilton 255 

syringe to induce a transient ischemic stroke. The incision was closed using Vetbond (3M) tissue 256 

adhesive. Animals were administered a dose of 2% transdermal bupivacaine (Chiron 257 

Compounding Pharmacy Inc.), as well as 0.1mg/kg buprenorphine subcutaneously immediately 258 

following the procedure as well as 4–6hrs later. Mice were observed 24hrs after the procedure and 259 

administered 2% transdermal bupivacaine as necessary.  260 

 261 

Cortical infection with AAV virus 262 

Mice were anesthetized with 2.5% isoflurane in O2 and mounted onto a stereotaxic apparatus. A 263 

small portion of skin on the head of the animal was cut and retracted along the midline of the 264 

sagittal plane in order to allow for visualisation of the cranial sutures. Using the stereotaxic device, 265 

a 28G 10µL Hamilton syringe was positioned at bregma and from its coordinates, two injection 266 

points were measured: 1) AP +1.2, ML +2.0, DV -0.5; 2) AP +0.2, ML +2.0, DV -0.5. Once the 267 

needle had been placed at the correct coordinates, a craniotomy was performed below each of the 268 

two injection sites. Subsequently, 0.5µL of 10-12 PFU/mL (plaque forming units) of either the 269 

AAV-WT-GluN1 construct or the mutant AAV-GluN1-A714L construct was injected over 5mins 270 

at each site at a rate of 0.1μL/min. After 3mins, the needle was removed from the brain and inserted 271 

into the next infection site. The incision was closed using Vetbond (3M) tissue adhesive. Animals 272 

were administered a dose of 2% transdermal bupivacaine (Chiron Compounding Pharmacy Inc.), 273 

as well as 0.1mg/kg buprenorphine subcutaneously 4–6hrs following the procedure. 274 

 275 

Laser Doppler Flowmetry 276 

Laser Doppler flowmetry (LDF) recordings following PT were performed as described by Toussay 277 

et al. (2019). Mice were anesthetized with an i.p. injection of 0.01ml/g of a cocktail consisting of 278 



 

120mg/kg ketamine and 10mg/kg xylazine, then mounted onto a stereotaxic apparatus. Following 279 

a small incision to expose the skull, the laser probe (Transonic Systems) was positioned above the 280 

thinned skull, over the sensory motor cortex (+0.7AP; +2.0ML) and recorded baseline activity for 281 

5mins. The laser probe was replaced with a 520nm laser (~20mW; Beta Electronics) to induce PT 282 

stroke, as described above. Following PT, the laser probe was removed and LDF recordings were 283 

performed for an additional 30mins. The incision was closed using Vetbond (3M) tissue adhesive 284 

and animals were administered a dose of 2% bupivacaine (Chiron Compounding Pharmacy Inc.) 285 

transdermally immediately following the procedure, as well as 4–6hrs later. 286 

 287 

Histology 288 

Brain tissue preparation:  289 

For both Cresyl violet (CV) and FluoroJade C (FJC; EMD Millipore) staining, brains were 290 

processed as follows. Forty-eight hours post-stroke, mice were deeply anesthetized with 5% 291 

isoflurane in O2 and then transcardially perfused with 1X PBS, followed by 4% PFA in 1X PBS. 292 

Brains were collected and post-fixed in 4% PFA in 1X PBS overnight and then incubated in 293 

increasing concentrations of sucrose in 1X PBS (15% and 30%) until they sank to the bottom of 294 

the falcon tube. Brains were frozen in -80°C 2-methylbutane (Sigma Aldrich) in Cryomatrix 295 

(Shandon) for 3mins and stored at -80°C. Serial 25μm thick coronal sections were cut on a cryostat 296 

(Microm HM500) at -25°C, collecting sections at 500μm intervals onto positively charged 297 

Superfrost Plus Microscope Slides (Fisher Scientific). 298 

 299 

Tissue clearing: 300 

Tissue clearing was done according to the CUBIC protocol described by Matsumoto et al. (2019). 301 

Following perfusion, the tissue was post-fixed overnight in 4% PFA, then washed in 1X PBS (3X) 302 

for 2hrs the following day. Following washes, tissue was submerged in 10mL of half diluted 303 

CUBIC-L (1:1, CUBIC-L:Water) at 37°C with gentle shaking overnight. Tissue was submerged 304 

in 10mL of CUBIC-L (10%(wt/v) Tx-100 (Sigma-Aldrich), 10%(wt/v) N-butyldiethanolamine 305 

(Sigma-Aldrich) in double distilled water (ddH2O)) at 37°C with gentle shaking over 10 days, 306 

changing the solution every 48hrs. Tissue was then washed in 1X PBS (> 20ml) three times for 307 

2hrs before being submerged in 4mL of half diluted CUBIC-R+(M) (1:1, CUBIC-R+(M) : Water) 308 

overnight at RT, with gentle shaking. Tissue was submerged in 4mL of CUBIC-R+(M) (45%(wt/v) 309 



 

Antipyrine (Sigma-Aldrich), 30%(wt/v) N-Methylnicotinamide (Tokyo Chemical Industry), 310 

0.5%(wt/v) N-Butyldiethanolamine (Sigma-Aldrich) in ddH2O) the following day, then replaced 311 

with fresh CUBIC-R+(M) 24hrs later. Tissue was imaged with the light sheet microscope in a 312 

refractive index matched imaging solution consisting of a mixture of HIVAC-4 with mineral oil. 313 

 314 

Quantification of stroke volume — Magnetic resonance imaging: 315 

In vivo mouse brain magnetic resonance imaging (MRI) was performed at the University of Ottawa 316 

pre-clinical imaging core using a 7 Tesla GE/Agilent MR 901. Mice were anaesthetized for the 317 

MRI procedure using isoflurane in O2: induction at 3%, maintenance at 1.5% . A 2D fast spin echo 318 

sequence (FSE) pulse sequence was used for the imaging, with the following parameters: slice 319 

thickness = 0.5mm, spacing = 0mm, field of view = 2.5cm, matrix = 256 x 256, echo time = 41ms, 320 

repetition time = 7000ms, echo train length = 8, bandwidth = 16 kHz, fat saturation. Stroke lesions 321 

demonstrated hyperintensity. 322 

 323 

Quantification of stroke volume — Triphenyltetrazolium chloride:  324 

Stroke volume quantification was performed using 2,3,5-triphenyltetrazolium chloride (TTC; 325 

Sigma), which stains all live tissue bright red, while leaving dead tissue white. Forty-eight hours 326 

post-stroke, mice were deeply anesthetized with 5% isoflurane in O2 before decapitation. Brains 327 

were removed and placed on a vibratome (Leica) in cold ACSF to be sliced into 0.5mm thick 328 

coronal slices. Slices were incubated in 2% TTC at 37°C for 10–15mins, then transferred to 4% 329 

PFA at 4°C. To measure stroke volume quantification, brain slices were imaged on the Zeiss Stereo 330 

Discovery V20 stereo microscope at 1X magnification from both sides.  331 

 332 

Quantification of stroke volume — Cresyl violet:  333 

CV staining was accomplished by first immersing tissue slices mounted onto Superfrost Plus 334 

Microscope Slides (Fisher) in xylene for 5mins and then slowly rehydrating in decreasing 335 

concentrations of ethanol (95% EtOH for 5mins and 70% EtOH for 3mins) before being placed in 336 

ddH2O for 3mins. Once rehydrated, slides were stained with CV solution for 6-8mins and then 337 

placed in ddH2O for 3mins. Following this step, slides were slowly dehydrated in increasing 338 

concentrations of ethanol (70% EtOH for 2mins, 95% EtOH for 1min, 100% EtOH - two dips) 339 

before being immersed in xylene for 5mins. Slides were then removed from xylene and mounted 340 



 

with DPX mounting media. Images of CV stained slices were acquired with the EVOS FLAuto2 341 

inverted epifluorescence microscope at 10X magnification under brightfield. 342 

 343 

Stroke volume measurements: 344 

Surface area of the infarct regions in the TTC stained slices were measured for each slice on Fiji 345 

(ImageJ.com) and multiplied by the thickness of the slice to obtain a final volume. For CV stained 346 

slices, surface area of the infarct regions was multiplied by the distance between each collected 347 

slice (500µm) to obtain a volume. The sum of all slices was used to obtain a final stroke volume 348 

per brain. For CUBIC cleared brains imaged by light sheet fluorescence microscopy (LSFM), 349 

infarct volume was measured using a deep learning segmentation model (see below for more 350 

information about LSFM). 351 

 352 

Quantification of neuronal loss — FluoroJade C:  353 

FJC staining was accomplished as previously described by Ehara and Ueda (2009). Slides were 354 

first immersed in 80% ethanol in a 1% sodium hydroxide solution for 5mins. Following this step, 355 

slides were transferred to 70% ethanol for 3mins and then to ddH2O for 3mins before being 356 

incubated in a 0.06% potassium permanganate (KMnO4; Sigma Aldrich) solution for 10mins. 357 

Slides were rinsed in ddH2O for 1.5min before incubation in a 0.0001% FJC solution dissolved in 358 

0.1% aqueous acetic acid and combined with 0.0001% DAPI (Santa Cruz Biotechnology). 359 

Following this, slides were rinsed in ddH2O and left to air dry for 3–4hrs. Once dry, slides were 360 

immersed in xylene for 1min and mounted with FluoroMountG (Sigma Aldrich). Slides were 361 

imaged with the Zeiss AxioObserver Z1 inverted epifluorescence microscope using 10X 362 

magnification and GFP (488/509nm) and DAPI (359/461nm) filters. 363 

 364 

Quantification of neuronal loss — FluoroJade C analysis: 365 

Analysis of the total number of degenerating neurons was performed using IMARIS 9.2 (Bitplane). 366 

IMARIS 9.2 was set to detect and count all green (representing degenerating neurons) and blue 367 

(representing nuclear DNA) spots on each image and then calculate how many green and blue 368 

spots were colocalized. The cells having been tagged by both DAPI and FJC were counted as FJC 369 

positive neurons. Following analysis, each image was manually verified for any false positives 370 

and/or false negatives, which were then manually removed and/or added accordingly. Statistical 371 



 

significance was determined using a Student’s t-test. A p-value of < 0.05 was considered 372 

statistically significant. All values are expressed as mean ± SEM. 373 

 374 

Viral spread quantification: 375 

Three weeks following cortical infection, mice were deeply anesthetized with 5% isoflurane in O2 376 

and then transcardially perfused with 20mL 1X PBS, followed by 20mL 4% PFA in 1X PBS. 377 

Brains were sliced into 500um coronal slices and cleared following the SeeDB tissue protocol 378 

described by Ke et al. (2013). Following perfusion, tissue was post-fixed overnight in 4% PFA, 379 

then washed in 1xPBS every 2hrs at least 3X the following day. Following washes, tissue was 380 

submerged for 8hrs in increasing concentrations of fructose + α-thiolglycerol (Sigma-Aldrich) 381 

over one week in the following order: 20%, 60%, 100%, 115%. Tissue was imaged with the 382 

confocal microscope (LSM880 Zeiss) in 115% fructose. Following tissue clearing, brains were 383 

imaged with the Zeiss LSM800 confocal microscope. Viral spread analysis was performed 384 

manually using Fiji. Statistical significance was determined using a Student’s t-test. A p-value of 385 

< 0.05 was considered statistically significant. All values are expressed as mean ± SEM. 386 

 387 

Post-stroke vascular morphology quantification:  388 

For analysis of vascular morphology in the peri-infarct region, transcardial FITC-BSA staining 389 

was paired with CUBIC brain clearing to allow for LSFM imaging. Forty-eight hours post PT 390 

stroke, mice were deeply anesthetized with 5% isoflurane in O2 and transcardially perfused with 391 

20mL 1X PBS, then 20mL 4% PFA. Mice were then submerged in a 37°C water bath, facing down 392 

at an angle of 30° before being injected with 10mL of 0.5% FITC-BSA (Sigma-Aldrich), in 2% 393 

gelatin at a rate of 10ml/min. Mice were submerged in an ice bath for 30mins before the brain was 394 

dissected out24. Brains were collected and post-fixed in 4% PFA in 1X PBS overnight, then cleared 395 

following the CUBIC tissue clearing protocol. Following tissue clearing, brains were imaged by 396 

LSFM using a 2.5X objective, 488nm excitation laser line and 5µm steps. A 1.125mm3 region of 397 

interest lateral to the stroke site was manually selected, then analyzed using AIVIA 9 (DRVISION 398 

Technologies). Statistical significance of the results was then determined with one way ANOVA 399 

with repeated measures. A p value of < 0.05 was considered statistically significant. All values are 400 

expressed as mean ± SEM. For more information please refer to the “Light sheet fluorescence 401 

microscopy” section below. 402 



 

 403 

Light sheet fluorescence microscopy 404 

Imaging and segmentation: 405 

Imaging was performed using our custom-built light sheet microscope. CUBIC-cleared brains 406 

were imaged using 2.5X objective (NA0.07), 488nm excitation laser line and 5µm steps. Each 407 

sample was scanned as a series of tiles, then stitched into a single image using TeraStitcher, as it 408 

allowed for automated, batch processing on a standard desktop (16GB RAM). The stitched scans 409 

were then run through AIVIA 9 to segment and create 3D reconstructions of the vascular network. 410 

Properties of each vessel (diameter and length) were automatically calculated by AIVIA 9, and 411 

then exported for analysis.  412 

 413 

Stitching: 414 

Since our samples were too large to image using a single scan, we made use of Z-stack stitching. 415 

Stitching was performed using TeraStitcher. There were two reasons for choosing TeraStitcher. 416 

The first is that light sheet stitching imposes high requirements on system memory, such that it is 417 

not feasible on normal desktop systems using conventional stitching tools. TeraStitcher have 418 

engineered their pipeline to have relatively low memory usage, allowing us to stitch on a generic 419 

desktop with 16GB of RAM. This lower memory footprint comes at the cost of speed, which leads 420 

to the second reason. TeraStitcher provides an Application Programming Interface (API) that 421 

allows programmatic automation of the stitching process. This ability to automate nullified the 422 

speed penalty of using TeraStitcher by allowing us to batch the samples together and let the 423 

computer stitch overnight. 424 

 425 

Automated stroke volume measurement (stroke volume prediction): 426 

Stroke volume in cleared tissue was calculated as follows: the areas representing stroke in each 427 

slice were identified, multiplied by their z-depth (thickness), then summed to obtain a total volume. 428 

The stroke regions were identified in each slice using a deep convolutional neural network based 429 

on the architecture proposed by Yu et al. (2018). This neural network segmented each slice into 430 

three regions: stroke, normal-tissue and background. The network was first pre-trained on a large 431 

data-set28, then further trained using 906 samples from scans taken in-house. The network achieved 432 

an accuracy of 98% following validation on an additional 225 samples. Statistical significance of 433 



 

stroke volume was determined using a Student’s t-test. A p-value of < 0.05 was considered 434 

statistically significant. All values are expressed as mean ± SEM.) 435 

 436 

Behavioural tests 437 

Adhesive removal test:  438 

The adhesive removal test was performed as described by Bouet et al. (2009). In brief, a single 439 

mouse was first given 1min of habituation to an empty home cage, before one experimenter 440 

restrained the mouse while the other quickly placed the strips of adhesive onto both forepaws, 441 

applying equal pressure to both pieces of adhesive. The mouse was then placed back in the cage 442 

for a maximum of 2mins following the application of the adhesive tapes. During the five days of 443 

training sessions, the mice were put back in their home cages with the tape still attached if they 444 

failed to remove the adhesive after the allotted time. However, during the two days of post-stroke 445 

testing, if the mice failed to remove both adhesive strips in the allotted time, the tape was removed 446 

by one of the experimenters and the mouse was given a time of 2mins for that trial, the maximum 447 

period attributable. The times to contact and remove the pieces of adhesive tapes were compared 448 

per paw, before and after stroke. The times of the last two days of pre-stroke training were 449 

compared to the two days post-stroke and were analyzed using a two-way ANOVA with repeated 450 

measures, and a Bonferroni post hoc test. A value of p < 0.05 was considered to be statistically 451 

significant. 452 

 453 

Horizontal ladder test:   454 

The horizontal ladder test was performed based on protocols previously described by Farr et al. 455 

(2006) and Metz and Whishaw (2009) with slight modifications. The horizontal ladder test 456 

apparatus was set up by placing small rungs through two pieces of transparent plastic at random 457 

intervals. The width between both pieces of plastic was set at 1cm wider than the mouse. The 458 

assembled ladder was placed atop two cages. A neutral cage was placed at the beginning of the 459 

ladder and the animal’s home cage was placed at the end. The mice always crossed the ladder in 460 

the same direction and were gently nudged along with a toothbrush if they stopped or attempted 461 

to turn around on the ladder. 462 

 463 



 

Mice underwent one day of training prior to stroke testing to allow both acclimatization to the 464 

ladder apparatus and reduction of stress and anxiety. During the training day, mice walked across 465 

the ladder until they had completed two consecutive satisfactory runs. In the pre-stroke trials, mice 466 

crossed the ladder as often as needed until they had performed two acceptable runs. In turn, during 467 

the post-stroke trials, mice had only three attempts to cross the ladder, two of which were scored. 468 

Each trial was recorded with a video camera positioned slightly below the ladder to ensure all 469 

limbs were always visible. 470 

 471 

Scoring and analysis were performed by a single experimenter who was blind to the conditions 472 

being tested to avoid bias. The video recordings of the best two trials from each mouse were 473 

analyzed frame-by-frame with Noldus Observer XT program. Each step was scored as either 474 

“correct”, “partial” or “miss”. The percentage of missed steps pre- and post-stroke were compared.  475 

The scores obtained by each limb pre- and post-stroke were compared using two-way ANOVA 476 

with repeated measures and Bonferroni pairwise post hoc test. A value of p < 0.05 was considered 477 

to be statistically significant. 478 

 479 

Cylinder test:   480 

The cylinder test is a behavioural task which aims to quantify forelimb use asymmetries in mice 481 

post stroke. It was performed based on protocols described in Schallert et al. (2000) and Balkaya 482 

et al. (2013) with slight modifications. Mice were placed in a transparent cylinder and filmed with 483 

an overhead camera until they reared 22 times. A rear was considered to be when a mouse got up 484 

on its hind limbs and used its forelimbs to support itself along the wall of the cylinder. With each 485 

rear, three types of behaviours could occur: (A) right paw is exclusively weight bearing; (B) left 486 

paw is exclusively weight bearing; (C) both paws are weight bearing at the same time. During each 487 

rear, the first paw to make contact with the wall was scored as an independent forelimb placement, 488 

be it left or right. If the second paw made contact to the wall while the first paw is still in use, the 489 

behaviour was scored as a “both” placement from the moment the second paw made contact with 490 

the wall. The same principle was applied if both paws were in use and the animal removed one 491 

paw from the wall. Those behaviours were scored as “both” and then either “left” or “right” as 492 

soon as the second forelimb was removed from the wall of the cylinder. 493 

 494 



 

Quantification and Statistical analysis 495 

Scoring and analysis was always done by a single experimenter blind to the conditions being tested 496 

to avoid any bias. The first 20 visible weight bearing forelimb contacts to the wall of the cylinder 497 

were recorded for duration in seconds. Any forelimb contacts to the wall which were not fully 498 

visible to the person scoring were excluded. Noldus Observer XT program was used to score the 499 

length and frequency of the different behaviours. The behaviours were expressed per paw as an 500 

average time in relation to the sum of the independent left and right behaviours. For statistical 501 

analysis, the average time spent on the impaired paw (right) was calculated for both the pre-stroke 502 

and post stroke trials. The differences between pre-stroke and post stroke times were calculated 503 

and were compared per treatment group with a t-test in which a value of p < 0.05 was considered 504 

to be a statistically significant difference in right paw use. 505 
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