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ABSTRACT

Stroke is the second leading cause of death and disability worldwide. Current treatments,
like pharmacological thrombolysis or mechanical thrombectomy, re-open occluded
arteries but do not protect against ischemia-induced damage caused before reperfusion
or ischemialreperfusion- induced neuronal damage. It has been shown that knocking out
djr-1.1 and djr-1.2 or glod-4 results in a decreased tolerance to anhydrobiosis in C
elegans dauer larva and that Glycolic Acid (GA) can rescue this phenotype. During the
process of desiccation/rehydration, a metabolic stop/start similar to the one observed
during ischemia/reperfusion occurs. In this study we tested the protective effect of GA
against ischemia in three different models (oxygen-glucose deprivation in vitro and
Global cerebral ischemia as well as Middle Cerebral Artery Occlusion in vivo). Our

results show that GA, given during reperfusion, strongly protects against ischemia-
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induced neuronal death, reduces the mortality in mice with large infarcts, significantly
reduces the ischemic area in the brain and improves the functional outcome. The effect
of GA is stronger when the substance is applied near the damaged tissue (i.e. directly to
the neurons in vitro or intra-arterially via the internal carotid artery in vivo). These results
suggest that GA treatment has the potential to dramatically reduce the mortality and

disability caused by stroke in patients.

INTRODUCTION

Stroke is the second leading cause of death and disability worldwide, with a prevalence of 80.1
million patients, responsible for approximately 5.5 million deaths and 116.4 million disability-
adjusted life years globally [1]. Ischemic stroke comprises 87% of all stroke cases [2] and is
caused by a thrombotic or embolic vessel occlusion resulting in focal cerebral ischemia. It only
takes minutes for the affected area to become irreversibly damaged, often resulting in long-term
neurological deficits (50-60% of stroke patients [3]). The tissue surrounding the necrotic infarct
core, called penumbra, receives reduced blood flow, but in more tolerable levels due to
collateral perfusion and is therefore salvable [4]. The penumbra is thus the main target of

current treatment strategies [5].

Several therapeutic targets have been tested after stroke, such as NMDA antagonists- [6], free
radical scavengers- [7] [8] or immunomodulators (TNFa - [9], IL10 - [10]). However, all failed in
the preclinical or clinical phase. The only exception is Edaravone, a radical scavenger, which
received clinically approval in Japan [11]. Hence, the identification of novel neuroprotective

compounds is essential for improving treatment options in ischemic stroke.

The inherent ability of Caenorhabditis elegans (C. elegans) to tolerate extreme desiccation
could have interesting implications in stroke. The survival strategies of the C. elegans dauer
larva in anhydrous conditions (desiccation) has been extensively studied [12] [13] [14] [15].
Desiccation is a form of metabolic stress (metabolic stop/start) [16] that parallelizes the
metabolic halt and reactivation occurring during ischemia-reperfusion damage due to restriction
of blood flow, oxygen and nutrients [17] [18] followed by an abrupt re-initiation of metabolic
activity during rehydration/reperfusion. It has been shown that dauer larva strongly upregulate
djr-1.1, djr-1.2 and glod-4 during preparation for desiccation and that these genes are crucial
for desiccation tolerance [14] [19] [15]. djr-1.1 and djr-1.2 are orthologs of the Parkinson’s

disease-associated glyoxalase DJ1 (locus PARK 7) that is known to convert the reactive
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aldehydes glyoxal and methylglyoxal to glycolic acid (GA) and D-lactic acid (DL), respectively
[20] [21]. In a previous study [19], it was shown that mutant worms completely missing
glyoxalase activity (i.e. lacking djr and glod-4 genes) were less likely to survive desiccation.
Moreover, mitochondria of djr-1.1; djr-1.2 double mutant larvae and DJ1-knockdown HeLa cells
showed defects in their network structure and membrane potential. These phenotypes were
rescued by GA and DL which demonstrates that the aforementioned deficits are not just a
result of accumulation of toxic aldehydes, but are also caused by the absence of the DJ1-

glyoxalase activity products GA and DL themselves [19].

Based on these interesting results and the similarity between desiccation and ischemia-
reperfusion damage [16] [17] [18], we hypothesized that GA and DL may be protective after
ischemic stroke. For that purpose, we tested these substances in in vitro (oxygen-glucose
deprivation-OGD) and in vivo (Global Ischemia and Middle Cerebral Artery Occlusion-MCAO0)
models of stroke. Overall, our results show that GA treatment exerts a powerful protection

against ischemia, improvingthe functional outcome.

METHODS
In vitro hypoxia

To simulate ischemia/reperfusion (IR) in vitro, primary cortical neurons from E15.5 mice
embryos were prepared and plated in 2 x 96-well-plates (one for normoxia and one for
evaluation of necrosis with DRAQ5 and Pl 30 min. post-OGD or, alternatively, one for normoxia
and one for evaluation of survival with NeuN 72 hours after OGD). Plates were coated with PLL
10 pg per well in 100 yl H20, and neurons were plated at a concentration of 1x10™6 in
Neurobasal A media containing 5% B27, Pen-Strep and L-glutamine (all from Life
Technologies, USA) as previously described [22]. On day in vitro (DIV) 6, neurons were placed
within the anoxic atmosphere and incubated in a N2-filled gas chamber for 1 h with glucose-free
acidic anoxic buffer (previously deoxygenated in an autoclave and bubbled with N2 for 20 min)
containing (in mmol/l): 140 NaCl, 3.6 KCI, 1.2 MgS04, 1 CaClI2, 20 HEPES, pH 6.4, and
supplemented with 4 pmol/l resazurin, 100 ymol/l ascorbic acid, 0.5 mmol/l dithionite and 100
U/ml superoxide dismutase. For mimicking reperfusion, the anoxic buffer was washed out and
substitute by Neurobasal A media as above but without phenol red and without antioxidants (pH
7.4, Life Technologies, USA) supplemented with GA (stock solution 3,92 M diluted in water, pH
adjusted to 7 with NaOH, final concentration 10 and 20 mM, Sigma, Germany) or vehicle
(ddH20). For the normoxic group, media was changed with Neurobasal A media without phenol

red and without antioxidants (Life Technologies, USA), and neurons were kept in at 5% Co2, 37
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°C for 1 h with. 1 hour after reperfusion the volume in the well was doubled. Half of the plates
were fixed with 2% PFA 30 min. after the OGD/normoxia and the other half was left in the
incubator for 72 hours before fixation. Like this, it was ensured that neurons had undergone the

same OGD conditions.
Cell immunofluorescence and quantification OGD

For the evaluation of necrosis, cells were fixed as mentioned above 30 min. post-
OGD/normoxia. Neurons were incubated with DRAQ5 (62251, 1:10000, Thermo Fischer
Scientific, MA, USA) and PI (81845, end concentration 5 yM, Sigma-Aldrich, Germany) both
diluted in PBS for 5 min at room temperature, followed by aspiration and 3x PBS rinsing.
Neurons were imaged using Opera High-Content Screening System (20x Air, DRAQ5: Ex. 640,
Em: 690/50 nm; PI: Ex: 561, Em: 600/40, PerkinElmer, MA USA). 10 fields/well were imaged
and the number of DRAQ5* and PI* neurons were quantified using Image J software (National

Institutes of Health, Bethesda, MD) in a semi-automated manner.

For the quantification of surviving neurons, at 72 hours post- OGD/normoxia cells were fixed
with 29%PFA for 35 min at room temperature or overnight at 4°C. Cells were then incubated at
RT with Block solution (5%Donkey serum, 0,05% TRITON, PBS) for 1 hour. Primary antibody
(NeuN Polyclonal, ab104224, Abcam, USA) was added in block solution (1:1000 dilution) for
1lhour incubation at RT followed by overnight incubation at 4°C. The next day cells were washed
3 times (10 min.) with PBS and then incubated with the secondary antibody solution (AlexaFluor
555 a31570 Thermo Fisher Scientific, MA, USA, 1:500 in blocking buffer) for 2 hours at RT
protected from light. After 3 washings with PBS, the cells were ready for observation.
Microscopy images were obtained with an Opera High-Content Screening System (20x Air, EXx:
488 nm, Em: 568, PerkinElmer, MA USA). 10 fields/well were imaged and the number of NeuN*
neurons were quantified using Image J software (National Institutes of Health, Bethesda, MD) in

a semi-automated manner.
MCAo0 mouse model
MCAOo operation:

Transient (60 min.) MCAo was performed according to a standard protocol [23]. This process
creates a brain infarction in the MCA area and the resulting infarct includes broad damage in the
striatum and ipsilateral cerebral cortex, as well as the presence of a relatively small penumbral
area in the cortex [24]. 40 12-week-old C57BI6/J mice underwent MCAo surgery (18 treated
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with GA and 16 with vehicle) while 6 mice received sham surgery and GA treatment. Animals
were randomly allocated to different treatment MCAo groups or the sham group. Anesthesia
was induced with 2,5% isoflurane (Forene, Abbott, Wiesbaden Germany) in 1:2 Oxygen/Nitrous
oxide mixture and maintained at 1.0%-1.5% throughout the operation. A 0.19 = 0.01 mm
diameter silicon rubber-coated monofilament (n°701956PK5Re Doccol Corporation, Sharon,
MA, USA) was inserted in the common carotid artery and then advanced until reaching the MCA
origin, where it remained for 60 min. while the mouse was allowed to recover from anaesthesia
inside a heated cage for body temperature maintenance at 37°C. At the end of the 60 min. of
MCA occlusion, the mouse was re-anaesthetized, the filament was gently retracted and the
internal carotid artery underwent permanent ligation. For sham operation the same process was
followed but the filament was removed directly after reaching the MCAo origin. For post-surgical
pain prevention, Bupivacain gel (1%) was topically applied on the wound and the mouse
received 500 pl saline subcutaneously for rehydration. Operated mice were placed in a heated
cage for one hour before return to their home cages. Soaked food and pellets were provided
post- operation in the recovery phase.

Substance preparation for i.p. administration:

100 pl of GA or 0,9 % NaCl solution were injected i.p. after the surgery till day three after
MCAo/sham operation. For the GA solution, Glycolic acid powder (Glycolic Acid, Sigma Aldrich)
was diluted in pure water to obtain a final concentration 15.6 mg/mL (60 mg/kg) for the

intraperitoneal injection. The pH was adjusted to 7 with NaOH.
Tissue fixation and processing:

Mice were perfused l4days post MCAo. Mice were deeply anesthetized with Ketamin/Xylazin
(150mg/kg and 15mg/kg respectively) and upon complete loss of pedal reflexes, transcardially
perfused with 0.1M PBS solution. Brains were carefully extracted and kept in 4% PFA in a 15 ml
Falcon tube overnight at 4°C. On the next day, brains were incubated in 30% sucrose until
sinking, for cryoprotection. The brains were then frozen using the n-Butanol procedure. 10 ml of
n-Butanol were added in a 15 ml Falcon tube and cooled down in liquid nitrogen to -50 °C. Once
this temperature was reached the brains were inserted in the falcon tube which was kept in
liquid nitrogen to cool down to -80°C for one minute. The brains were then ready for immediate
storage in -80°C. Deeply frozen brain tissue was mounted on the sliding microtome (Leica
SM210R) using OCT Tissue-Tek (Sakura Finetek Europe B.V., NL) and kept frozen with

addition of dry ice for cutting. 60um-thick sequential sections were acquired and transferred
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sequentially in 96-well plates filled with freezing medium (50% PBS, 25% Glycerol, 25%
Ethylene Glycol) for further storage at -20°C.

Staining of brain sections:

NeuroTrace staining for histological definition of lesion volume and NeuN staining were
performed for quantification of surviving neurons. On staining day 1, sections were washed with
PBS (pH=7.4) 3x 10 min and then incubated with blocking buffer (5% donkey serum,
0.1%Triton-X in PBS) for 1hour, under room temperature. Following that, the primary antibody
(rabbit anti-NeuN, ABN78 Sigma-Aldrich, Germany) was added in a 1:500 dilution and the
sections were kept at 4 degrees overnight. On staining day 2, after 3x10min washing with 0.1%
Triton-PBS, the sections were incubated with the secondary antibody solution containing 1%
donkey serum, 1:500 Ab" (anti-rabbit Alexa 568, A-10042 Invitrogen, USA), 1:250 NeuroTrace
435 (N21479 Invitrogen, USA) and 0.1% Triton in PBS. After 2h in room temperature, sections
were washed again with PBS 3x10 min, mounted on gelatin-covered glass slides and
coverslipped for later observation. For the GFAP and Ibal staining of brain sections the same
process was followed but the primary antibodies were goat anti-GFAP (ab53554, abcam USA)
in 1:750 dilution and rabbit anti-lbal (019-19741, FUJIFILM Wako Pure Chemical Corporation
USA) in 1:750 dilution. The secondary antibodies used were donkey anti-goat Alexa 555 (A-
21432 Invitrogen, USA) for the GFAP labeling and donkey anti-rabbit Alexa 488 (A-21206,
Invitrogen, USA) for the Ibal labeling.

Global Ischemia mouse model
Operation

Global cerebral ischemia was induced as previously described [25] [26]. Briefly, 32 6- to 8-
week-old male C57BL/6N mice with a body weight of 20 to 24g (Charles River Laboratories,
Sulzfeld, Germany) were anesthetized with a combination of Buprenorphine (0.1mg/kg, Essex
Pharma, Germany) and 2% isoflurane (Halocarbon Laboratories, Peachtree Corners, GA) in
50% 0O2/50% N,. Body temperature was tightly controlled using a feedback controlled heating
pad (FHC, Bowdoinham, USA). Regional cerebral blood flow (rCBF) was continuously
monitored over the right hemisphere with a laser Doppler perfusion monitor (Periflux 4001
Master, Perimed, Sweden). The neck was opened and both common carotid arteries were
exposed. A catheter was placed in the left common carotid artery and then both common carotid
arteries were occluded with atraumatic clips. After seven and a half minutes the clips were
removed and 50 pl of GA (Stock solution 3,92M in water, pH adjusted to 7 with NaOH, end
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concentration in PBS 120mM, N=7 mice) or PBS (0.01M, N=9) were injected into the left
common carotid artery. Thereafter, the catheter was removed, the incision was sutured and
animals received 100 pl of Carprofen (Img/ml) s.c. for postoperative analgesia. Sham-operated
mice (N=16) underwent the same surgical procedure without carotid clipping. Animals were
randomly and blindly allocated to the respective treatment group shortly before injection of GA
or PBS.

Animal fixation, tissue processing & quantification

One week after global ischemia, mice were re-anesthetized and transcardially perfused with 4%
PFA. Brains were extracted, dehydrated, embedded in paraffin, cut into 4 um thick coronal
sections, and stained with cresyl violet for neuronal cell counting. Intact neurons in the
hippocampal CAla, CAlb, CA2, and CA3 subregions were counted using Image J (National
Institutes of Health, Bethesda, MD) by an investigator blinded to the treatment of the mice.

Three sections per mouse were assessed for this analysis.
Functional tests

Besides histological damage, MCAo is known to induce deficits in motor function, including
motor coordination, balance and muscle strength with mice showing preference for using the
non-affected limb [27]. Therefore, we performed different functional tests to assess such

deficits.
Pole test

The pole test is a method for simple motor function evaluation [28] [29] and was performed on
day 8 post-MCA0 operation after preoperative training. Animals were placed on top of a 10mm-
diameter, 55cm-long vertical pole and were observed as they turned around and descended the
pole (snout first). Scoring began when the animal started the turning movement. The time to
make a full 180° turn (time to turn) and latency to reach the ground (time to come down) was
recorded. Mice had to successfully perform the descend 3 times. Trials where mice took longer
than 5s to turn or longer than 20s to come down were excluded. Pausing was also an exclusion

criterium.
Gait analysis

For gait analysis the CatWalk (Noldus Information Technology) automated, computer-assisted
system was used, that is often implemented to assess locomotion defects in stroke mouse

models [30]. The Cat Walk apparatus contains a long elevated glass runway platform that is
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fluorescently illuminated from the inside and the light is reflected to the direction of the floor
when pressure (weight) is applied on top. A camera is mounted underneath the glass platform
to record the walking pattern. At the beginning of the experiment, the animals’ home cage was
placed at one end of the platform and mice were placed at the opposite side in order to
voluntarily walk across the platform towards their home cage. Analysis was performed using
CatWalk XT 10.5 Software which visualizes the prints and calculates statistics regarding their
dimensions and the time and distance ratios between footfalls. For a trial to be considered
successful, the animal should not have a speed variation larger than 60% and the run should be
uninterrupted (no stopping on the runway). Unsuccessful trials were repeated until 3 successful
trials were reached. Before baseline acquisition, mice were preoperatively trained for 3 days
with the CatWalk system in (three runs per day). Post-stroke acquisition was performed on day

10 post-ischemia.
Corner test

The corner test, developed for measuring sensorimotor asymmetries after unilateral
corticostriatal damage, was performed on day 12 post-stroke [31]. It is composed of two
connected cardboard walls forming a corner of approximately 30°. At the junction of the walls, a
small opening is left to motivate the mice to reach deep into the corner. At the beginning of the
test, each animal is placed halfway from the corner, facing it. As the mice walk into the corner
their vibrissae are stimulated and as a response they rear and turn to either side (left or right).
Each session lasted 10 min. and the turns in each direction were recorded. The Laterality Index
(LI) was calculated using the following formula as described previously by Balkaya and Endres,
2010 [32]:

_ TL—-TD
T TD+TL

LI

where TL: Turn Left (stroke affected side), TD: Turn Right (non-affected side)

MRI

Ischemic lesion size was quantified using magnetic resonance imaging (Bruker 7T PharmaScan
70/16) day 1 and 13 after MCAo. Analyze software (AnalyzeDirect, Overland Park, USA) was
implemented to manually define the infarct size. Following focal ischemia, a common pathology

observed is cerebral edema which has to be accounted for, when measuring the infarct size.
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Lesion volumes were determined by computer-aided manual tracing of the lesions and

corrected for the space-occupying effect of brain edema using the following equation [33]:

2xLVe

%HLVe= HVc+HVi

* 100

where %HLVe is the edema—corrected lesion volume as a percent of the hemispheric volume,
HVc and HVi represent the contralateral and ipsilateral hemispheric volume and LVe stands for

edema corrected lesion volume.
Stereological evaluation

For the stereological analysis we used a Zeiss Axiolmager | (Zeiss, Goéttingen, Germany) and
the Stereolnvestigator Software 8.0 (MicroBrightField, Magdeburg, Germany). To calculate the
infarct volume and the number of surviving (NeuN positive) neurons on this infarct we used a
series of 60um-thick brain sections, sampling every 360 pm, starting from the first one with an
obvious infarct (as defined by the Neurotrace 435 staining) and ending with the last one with an
obvious infarct. Using the optical fractionator workflow provided by the software, the sampled
sub-volumes were extrapolated to arrive at an estimate of the entire cell population. A virtual
space called an optical dissector was implemented and counting rules were followed to prevent
overestimating. On each brain section we separately outlined the infarcted area that was still
there (infarct volume) and the infarcted area that was missing due to cyst formation after
necrosis (ischemic core volume). We then estimated the neuronal density within the infarcted
volume, the neuronal density on the intact contralateral (control) side, as well as the ratio

between the two densities.
GFAP and Ibal fluorescence signal analysis

3 sections per brain were imaged using an Apotome .2 fluorescence microscope (Zeiss, DE), 4x
objective and mosaic function. The images were then analyzed in image J (National Institutes of
Health, Bethesda, MD). Briefly, after background removal, the ischemic area defined by high
Ibal signal was outlined and the mean fluorescence intensity of both Ibal and GFAP signal on
that area was measured. The rest of the ipsilateral to ischemia hemisphere (ischemic area and
ventricles excluded) was also outlined and the mean fluorescence intensity of both markers was
measured. Lastly, the contralateral hemisphere (ventricles excluded) was outlined and the mean

fluorescence intensity for both markers was measured.

Statistical analysis
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All data was analyzed using GraphPad Prism 6 (CA, USA). Statistical tests applied in each case
are explained in the figure legends.

RESULTS
GA protects from ischemia-induced neuronal death in vitro

The current standard of care for treating acute stroke is the restoration of blood flow to the
ischemic region, known as reperfusion. However, this procedure can also induce damage, an
effect known as “ischemia-reperfusion injury” [34]. Oxygen-glucose deprivation is a well-
established in vitro model mimicking ischemia/reperfusion injury, leading to apoptotic and
excitotoxicity-induced necrotic and apoptotic cell death [35]. We used this model to determine
the neuroprotective properties of GA during ischemia-reperfusion damage. We tested the effect
of GA in different concentrations added to the culture media immediately after mimicking 1 hour
of ischemia. In order to differentiate between necrosis and apoptosis, we used two different
approaches. Necrosis just after the ischemic insult was measured as the ratio between necrotic
Propidium lodide (PI) positive nuclei and the total amount of nuclei stained with DRAQ5 30 min.
after OGD compared to normoxic neurons treated with the same concentrations of GA. We
observed a significant increase in the PI* nuclei in the neuronal cultures that underwent OGD
compared to the normoxic cultures (Norm: 0,1324 + 0,03040; Isch: 0,3687+ 0,05995, p<0.001)
(Figure 1A). Treatment during reperfusion with GA decreased the ratio of necrotic nuclei/total
nuclei compared to ischemia with vehicle, the highest effect was observed with the 20mM
concentration (Isch+20mM: 0,1564 + 0,008922, p<0.001). The same concentrations of GA did
not have any effect in the normoxia group when compared to normoxia vehicle even with the
highest concentrations (Norm+20mM: 0,1083 * 0,02140, p>0.05). We then looked at the
number of NeuN+ neurons at 72h post-OGD in order to evaluate the total cell death
(combination of necrosis that occurs at early stages and apoptosis that takes place at later
stages after OGD). As shown in figure 1, OGD resulted in the loss of 76% of NeuN* cells when
compared to normoxia (Norm: 1092 NeuN* cells in 10 fields/well £ 284,0; Isch: 255,3 + 35,32,
p<0,05). Treatment with 10mM and 20 Mm GA immediately after OGD exerted a clear
protection, increasing the number of surviving neurons to levels comparable to normoxia
(Isch+10mM GA: 1230 + 154,8, p=0,6930; Isch+20mM GA: 1404 + 422,5, p= 0,5735). There
was no significant difference in neuronal survival between 10mM and 20mM GA treatment (p=
0,7182). These results show that treatment with 10mM or higher GA concentrations during

reperfusion was enough to rescue neurons from ischemia-induced cell death following OGD.
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Unilateral intra-arterial administration of GA during reperfusion protects against neuronal
death in the ipsilateral CAl region of the hippocampus during global ischemia in mice

Based on these results, we wanted to evaluate the effect of GA on a well-established in vivo
model of global ischemia which occurs in clinical situtations that induce a pronounced drop in
the oxygen or blood supply to the brain leading to anoxic/hypoxic brain damage (e.g. heart
infarcts, heart arrythmias, sudden and prolongued drop in the blood pressure or insufficient
oxygen/blood supply in prolonged or complicated labour). For that purpose, we used the mouse
model of global ischemia as previously described [25] [26] to test the effect of PBS (vehicle) or
GA injected in the left carotid artery during reperfusion (Figure 2A-C). Global ischemia resulted
in neuronal death in the hippocampal CAl-region of both hemispheres in the vehicle group
(sham vs vehicle right: mean diff.= 32,78, p<0.001; sham vs vehicle left: mean diff.=27,67,
p<0.01) (Figure 2D) Interestingly, the injection of GA in the left carotid artery during reperfusion
resulted in a significant increase in neuronal survival in the left CA1 when compared to the
contralateral (right) CA1, where a significant loss of neurons was observed when compared to
sham animals (sham vs GA right: mean diff.= 45,71, p<0.0001). Remarkably, the number of
surviving neurons in the left CAl (ipsilateral to the GA injection did not differ from the sham
group (sham vs GA left: mean diff.= 7,429, p>0.05).

Intraperitoneal GA treatment during reperfusion improves the histopathological and
functional outcome in the MCAo mouse model

To further confirm the observed neuroprotective effects of GA in another, relevant in vivo model,
we tested its effect in the Middle Cerebral Artery Occlusion-MCA0 mouse model, the most
commonly used model in stroke studies [36]. Our experimental timeline is described in detail in
Figure 3A.

As illustrated in supplementary Figure S1A, the number of surviving mice until the endpoint (14
days post-ischemia) was higher in the GA treated group compared to vehicle mice but the
difference was not statistically significant (94.44% vs. 76.47%, Mantel-Cox test: Chi square=
3.411, p=0.181) while all sham-operated mice survived throughout the experiment. We
observed that mortality occurred only in mice with larger infarcts (above 18% of the hemispheric
volume) (Figure 3Bi). Therefore, we analyzed survival in large infarcts. In this case, a Mantel-
Cox survival analysis showed that GA significantly increased mouse survival. More specifically,
while 66% of the vehicle-treated mice died by day 5, only 14,2% of the GA-treated died by that
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time (Chi square=6.215, p=0.0447) (see Figure 3Bii). Moreover, GA treatment had no effect on
the ischemia-induced weight loss compared to vehicle and showed only a tendency to improve
the general health score but the difference was not statistically significant (figure S1B, C). The

body surface temperature was not influenced by ischemia or treatment (figure S1D).

According to our MRI observations on day 1 post-MCAo0, GA did not significantly alter the total
lesion size compared to vehicle (see figure S2). However, GA treatment had a strong effect on
the evolution of the lesion size. As can be observed in Figure 3C and D there was a significant
infarct size reduction at day 13 post-ischemia compared to day 1 post-ischemia (paired t-test,
p= 0.0004). On the contrary, no significant reduction was observed in the vehicle group (Figure
3E; paired t-test, p= 0,0914). Therefore, GA significantly improved the late outcome after

ischemia.

With regards to the motor function assessment, the pole and catwalk tests did not detect any
significant differences between sham- and MCAo-operated mice, independently of treatment
(figures S3, S4 and supplementary table 1).

On the other hand, the corner test performance was positively influenced by GA. As shown in
Figure 3F, ischemia without treatment significantly increased the laterality index of the corner
test compared to sham (0.48+ 0.242 vs -0.065 + 0.172 p=0.0064, respectively). In contrast, the
LI in the GA treated group was not significantly different from the sham operated group (0.26
+0.451, p= 0.1042). Therefore, GA treatment reduced the ischemia-induced sensorimotor
asymmetry to levels resembling the performance of the sham group. Following that, we
examined the relationship between infarct size and performance on the corner test. In principle,
large infarcts should lead to bigger impairments and higher LI values. Indeed, this was the case
for vehicle treated mice (Figure 3G). However, this correlation was not found in the GA treated
group. This finding again suggests that GA improved the functional outcome especially in

animals with larger ischemic lesions.

Following the aforementioned in vivo tests, we performed histological analysis on day 14 post-
operation. We used Neurotrace (a Nissl- based fluorescence staining) to differentiate between
healthy and infarcted tissue and NeuN immunostaining to identify and count surviving neurons
in this area. Nissl substance redistributes within the cell body in injured or regenerating neurons,
providing a marker for the physiological state of the neuron, thereby identifying the damaged
area but cannot differentiate between the part of the penumbra that survived and is regenerating

and the part that died within the next days after stroke in a patched manner due to apoptosis
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and did not liquefy and detach. In any case, one can assume that after 14 days the ischemic
core has been partially liquified due to liquefactive necrosis [5] [37] [38] and is detached during
our brain slice preparation, considered as "missing tissue" (Figure S5). Stereological analysis
(Stereo Investigator, MBF) provided an estimation of cell density inside the Neurotrace* area as
well as the volume of the infarct (Figure S5). We could only observe a small non-significant
reduction on the number of neurons inside the Neurotrace™ area and GA did not change the size
of the total Neurotrace+ area (Figure S6A, D). However, GA treatment led to a non-significant
reduction in the volume of the tissue missing within the Neurotrace+ area (sham: 0,00 + 0,00;
vehicle: 1,444 + 0,3931, p=0,0243; GA: 1,189 + 0,3230, p=0,0638) (Figure 3F). The missing
volume (ischemic core) as measured by stereology was significantly correlated to the infarct
volume as measured by MRI on day 13 post-MCAo (Figure S6H) for both the vehicle group
(Pearson’s ryen= 0.5985, p<0.01) and the GA-treated group (Pearson’s rga= 0.5174; p<0.01).
The correlation was significant even when treatment groups were pooled together (Pearson’s r=
0.5488; p=0.01).

Lastly, we tested the effect of GA on the stroke-associated increase in astrocytes and microglia
in the brain. We used immunohistochemisrty to stain for IBA1 and Glial fibrillary acidic protein
(GFAP), well established markers for microglia & macrophages [39] and astrocytes [40],
respectively (Figure 4Ai-iii). We measured the fluorescence intensity of these markers in the
ischemic area, in the non-ischemic area of the affected hemisphere (ipsilateral) and in the non-
affected (contralateral) hemisphere (Figure 4Aiv). As shown in Figure 4Bi and Ci, we observed
no significant changes in the amount of microglia or astrocytes inside the ischemic area
between sham, vehicle- or GA-treated mice when the brains were pooled independently of their
infarct volume as measured by MRI (1-way ANOVA, p=0,1482; p=0,0665, respectively).
However, when mice with large infarcts were studied separarely (infarct volume > 18% of the
hemispheric volume), the numbers of microglia and astrocytes in the ischemic area were
significantly increased in the vehicle group compared to sham (IBAl: mean diff. =-11,31,
p<0.05; GAFP: mean diff.= -13,00, p<0.05 ). Interestingly, the number of microglia and
astrocytes in the ischemic area in GA-treated mice were not significantly different to sham
(IBAL1l: mean diff.= -4,354, p>0.05; GFAP: mean diff= -4.354, p>0.05) as shown in Figure 4Bii
and Cii. Looking at the ipsilateral, non-ischemic tissue, we found no significant differences in the
IBA1 and GFAP fluorescence signal between groups (for both IBA1 and GFAP: 2-way ANOVA,
p>0.05). Considering the hemisphere contralateral to the stroke side, we identified a trend for
increased IBAL signal for the vehicle group compared to sham that was very close to reaching

statistical significance (mean diff.= -4,531, p= 0,0555), while the levels in the GA group were
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very similar to sham (mean diff.=0,4956, p=0,8420). The contralateral GFAP signal did not
seem to be significantly affected by MCAo or treatment (2-way ANOVA, p= 0,6408).

DISCUSSION

Glycolic acid has only once been studied in a neurological disease (Parkinson’s disease) [19].
This study revealed that GA increased viability of dopaminergic neurons under exposure to a
neurotoxin and the protection is mediated by supporting the mitochondrial activity [19]. The
current study is the first to investigate the neuroprotective effects of GA in an in vivo setting.
Important indications that GA may improve stroke outcomes did not only come from its potential
role in regulating apoptosis and protecting mitochondrial function but also from the finding that
large GA upregulation is an evolutionary survival strategy of C. elegans under metabolically
unfavorable environmental conditions [14] [19] [15]. Despite higher organisms, including
humans, producing small amounts of GA in their cells [21], they have lost the ability of
upregulation during metabolic stress. Therefore, we hypothesized that artificially increasing GA
levels in the brain would provide protection under the hypoxic state and metabolic halt induced

by ischemic stroke.

In order to confirm our hypothesis we tested these substances in in vitro (oxygen-glucose
deprivation-OGD) and in vivo (Global Ischemia and Middle Cerebral Artery Occlusion-MCAO0)
models of stroke. In our in vitro experiments we observed that treatment with GA during
reperfusion resulted in a strong protection against OGD-induced neuronal death. We used PI
and DRAQ-5 to quantify necrotic cells 30 min. after OGD and staining against NeuN to measure
total neuronal loss 72h post-OGD. The implementation of Pl to detect necrosis is widely used.
Pl does not enter healthy or early apoptotic cells with an intact plasma membrane [41] [42] [43]
[44]. By combining Pl and DRAQS5, which stains all nuclei, the ratio of necrotic cells in culture
can be easily determined. The difference to the total amount of neurons 72 hours after OGD
allows discriminating between necrotic and apoptotic death. Our results suggest that GA was
able to protect against both types of cell death in this model. These strong neuroprotective
properties of GA were confirmed in a global ischemia mouse model. Post-ischemia treatment
with GA administered intra-arterially and unilaterally in the carotid artery had again a strong
effect on neuronal survival in the ipsilateral side of the brain when compared to the opposite
hemisphere or the vehicle group. In the MCAo mouse model, i.p. administration of GA led to a
non-significant increase in mice survival when compared to the vehicle group. GA treatment

also resulted in significant reductions of the infarct volume 13 days post-ischemia, reduced the
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size of the missing tissue (liquefactive necrotic area of the infarct core) and improved motor

performance.

In the global ischemia mouse model, the specific method used to induce ischemia gave us the
advantage of bilateral damage while we applied the substance only in the left carotid artery,
unilaterally. In this way, the side ipsilateral to the intra-arterial GA injection was considered as
the ‘treated side’ while the opposite hemisphere was considered as the ‘control side’ in each
animal. As shown in Figure 2C, GA strongly protected from neuronal death in the treated side
compared to the opposite, control side, while no such effect was observed in the vehicle group.
The lack of effect on the contralateral side indicates that choosing an injection site of high
proximity to the damaged brain tissue can lead to better results due to faster distribution and
increased accumulation of GA. This is in accordance to previous studies showing that the i.a.
application route is more efficient in yielding high concentrations of the administered substance
within a region of interest compared to other methods [45] [46] [47] and it also increases BBB
permeability 30 to 50-fold in case of hyperosmotic substances for a short but important time
window (approximately 6 minutes) [45]. Thus, the ipsilateral intra-carotid administration of GA

could have a strong positive influence on the histological and functional outcome of focal stroke.

In order to examine that hypothesis, we aimed to administer GA intra-arterially in a mouse
model of focal stroke. We selected the most commonly used and reliable animal model of
stroke, the MCAo mouse model. However, due to technical difficulties intra-carotid application
was not feasible in the setting that was available. Thus, we decided to test the effects of GA on
the outcome of focal ischemia via i.p. administration. In agreement with previous findings in this
model, MCAo led to infarcts including large parts of the ipsilateral cortex and striatum as
observed by MRI (Figure 3C). The infarct size, independently of the treatment, showed a
relatively high variability (Figure S3) ranging from 2 to 40% of the ipsilateral hemisphere volume,
while the average was approximately 15%, similar to previous reports [48]. Large variations in
ischemic volumes is not uncommon in this animal model and are normally attributed to the
cerebral vasculature of C57BI6 mice. Up to 40% variability is considered acceptable, as
determined by a published protocol of standard operating procedures [49]. This variability is due
to inter-individual anatomical differences in the Circle of Willis regarding the presence/absence
of the ipsilateral posterior communicating artery (PcomA) [50] [51]. In order to avoid this high
interindividual variability we used MRI to compare the infarct volume reduction between day 1

and 13 post-ischemia using a paired t-test. GA but not vehicle, significantly improved the
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evolution of infarct volume from day 1 to day 13 post-ischemia (Figure 3D and E). Thus, GA

induced a better long-term anatomical outcome.

Additionally, we evaluated the effect of GA on the general health status of the mouse. Our
dosage (60mg/kg, i.p.) was not expected to be toxic as suggested by studies mentioned in an
official FDA report [52]. Indeed, GA treatment was not only non-toxic but even had a positive
effect on MCAO-induced mortality when compared to vehicle treatment, when considering only

infarct volumes bigger than 18% of the hemispheric volume.

In order to test the influence of GA on the sensorimotor outcome after stroke, among other
behavioral tasks we implemented the corner test that was able to detect a significant effect of
GA treatment on sensorimotor function after MCAo. According to our results, vehicle-treated
mice displayed significantly lower performance compared to sham-operated mice but i.p.
administration of GA was able to reduce sensorimotor asymmetry to levels that were not
significantly different from sham (Figure 3F). The corner test has consistently been reliable in
detecting the influence of various substances on the functional outcome after MCAo as shown
by previous studies [53] [54] [55]. Another interesting finding involving the corner test was that
only in the GA-treated group, the performance was independent of the infarct volume. This gave
us an indication that GA offers protection despite the size of ischemic area, possibly by

increasing the number of surviving neurons inside this area or by supporting their plasticity.

In order to further investigate this, we quantified the number of surviving neurons in the ischemic
area. In this regard, it has to be taken into consideration that at 14 days post-stroke the
ischemic core is undergoing a liquefactive transformation [37] [38] and can detach from the
tissue during immunohistochemical processing depending on the degree of transformation and
fragility of the tissue. This missing tissue should not be confused with the enlargement of the
lateral ventricles. In this study we observed missing tissue even in regions posterior to the end
of the LV (approximately at bregma between -3.7 and -3.15). In this region, the pyramidal cell
layer of the hippocampus and the CA1 region was completely missing (example in Figure S5D).
The significant positive correlation between ischemic volume and the volume of missing tissue
also points in this direction, as unrelated artefacts would not have shown any correlation.
Therefore, the remaining Neurotrace+ surrounding tissue can be considered part of the
penumbra with regenerating neurons showing a higher Neurotrace signal when compared to the
rest of the brain [56] [57] [58] [59]. The evaluation of neuronal survival in the remaining
Neurotrace+ tissue using stereology showed no significant differences in cell density between

groups. Moreover, the cell density in the ischemic versus intact hemisphere was reduced but
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not significantly different in any of the group. This might be due to the fact that NeuN protein is
not expressed only by neurons but also by astrocytes [60] [61] and numbers of astrocytes are
known to be increased after stroke in the infarct and peri-infarct area [62] [63] [64]. Alternatively,
it is possible that the neuronal loss in the penumbra is ‘patchy’ as described previously [65] [66]
and it's therefore hard to detect as significant reduction in cell density. Although GA did not alter
the cell density in the infarct site, it reduced the ischemic core volume in contrast to vehicle (GA
group not significantly different from sham) which could contribute to the improved functional
outcome we saw after stroke. Thus, our observation that the core in the GA group is reduced

suggests that GA might have initially increased the salvaged penumbra area.

As ischemia induces a strong immune response in the human brain, including an increase in the
astrocyte and microglia levels [60], we also tested whether GA had an effect on the amount of
astrocytes and microglia in the mouse brain after MCAo. When evaluated independently of the
infarct volume, no significant difference in the fluorescence marker levels of astrocytes or
microglia between vehicle and GA treated groups was detected. However, as functional and
survival data indicated, when analyzed independently, larger infarcts were associated with a
significantly increased GFAP and Ibal signal in the vehicle group but not in the GA group when
compared to sham. We did not observe this difference in smaller infarcts, where GFAP and lbal
signals were equally increased in vehicle and GA treated mice. The regions that are mainly
affected in these two cases could explain this difference in the results between small and big
ischemic volumes. In brains with smaller infarct volumes the mainly affected area was the
striatum, which is the primary target of MCA supply and is known to have very low collateral
density [67] [68] [69]. The striatum is consistently infarcted even in mild strokes (30 min MCAO)
while for severe MCAO (120 min) the necrotic area expands over the striatum to large fraction
of the surrounding cortex, where a penumbra area is observed due to a better collateral
irrigation [58]. Moreover, as a result of MCAo the striatum displays certain metabolic changes
that are representative of the infarct core rather than the penumbral area [69]. Our results
suggest three possibilities: i) GA improves the functional outcome after stroke by reducing the
persistent astrocyte and microglia increase triggered by ischemia (both in the ischemic and
remote, non-ischemic areas which is known to be detrimental to recovery [70] [71] [72] [73]; ii)
GA reduces ischemic damage by reducing necrosis and apoptosis, thereby salvaging a higher
fraction of the penumbra and core and the associated release of pro-inflammatory molecules
from dying cells (which is supported by our ischemic core and infarct volume evolution data),
and as a result the inflammatory reaction is decreased or iii) a combination of both. Based on

the in vitro results, we think that the second option is the most likely. Although primary cortical
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neuronal cultures may have some remaining glia cells, even with the use of B27 supplement
that reduces their amount, it is highly unlikely that, in this model, reducing the inflammatory
response through GA would lead to the protection observed. Even less likely in the case of the
observed protection against necrosis, that occured just minutes after the OGD insult. At such an
early time-point the presence of an inflammatory response is highly unprobable. However, this
should be further investigated. Additionally, it cannot be excluded that functional improvement is
mediated by increased plasticity, which would not be detected by our NeuN+ quantification. GA
might be able to enhance the neuronal plasticity which has been shown to be induced as
response to stroke [74] [75] [76], however further research is required to confirm this hypothesis.
The underlying molecular mechanism by which GA exerts its neuroprotective effects it’s being
currently investigated in an ongoing study by our group. Preliminary data suggests that GA
reduces the intracellular calcium (which is increased upon stroke) and preserves normal

mitochondrial function (which is also deteriorated after stroke).

With the exception of the survival rate in large infarcts, in the MCAo model we generally
identified significant differences between the vehicle and sham groups while the GA group was
more similar to (or not-significantly different from) sham. However, no statistically significant
differences between GA and vehicle were observed. We believe that this is due to the
aforementioned high inter-individual variability in the infarct volume within the same group in this
model and to the artefact caused by the inclusion of data from mice with large infarcts that
survived in the GA group but did not in the vehicle group. This introduces an inequality difficult

to solve and this was also one of the reasons to analyse small and large infarcts separately.

Comparing the results from our two different in vivo models, we found stronger histological
evidence for GA neuroprotection in the global cerebral ischemia mouse model when compared
to the MCAo mouse model, even if some positive functional and macroscopic effects where
observed in the latter. Intra-arterial application instantly increases local concentrations of GA in
the treated hemisphere resulting in an ipsilateral higher cell viability in the global ischemia
model. In the case of the MCAo model, the neuronal density in the penumbra was not
significantly decreased in the vehicle or GA-treated groups when compareds to sham, probably
due to the aforementioned patchy cell death in this region. Thus, it is difficult to asses whether
GA was protective at the histological level. However, we did observe a positive effect in the

survival and in the reduction of the infarct volume with i.p. administration. Possible explanations
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for the difference in the outcome are i) different ischemia times and ii) different routes of

administration implemented in each model.

Altogether, our results suggest that GA treatment has a strong neuroprotective effect when
administered at high concentrations inmediately after the ischemic insult. Also, our results
suggest that GA may increase neuronal plasticity responses after stroke. These results need to
be further investigated as our study has certain limitations, such as: i) all experiments were
done on young male mice, so the effect on different sex and/or age still needs to be tested, ii)
mouse strains (C57BL/6N vs C57BL/6J), ischemia duration, time-points for analysis and
treatment administration routes differed between the two in vivo models and therefore this can
create a discrepancy in their sensitivity, iii) while both models mimic the mechanical
thrombectomy occurring in the clinical setting, none of them mimics the pharmacological
thrombolysis which is clinically achieved using recombinant tissue plasminogen activator (rTPA)
and possible interactions between GA and rTPA should be ruled out. If confirmed in other
animal models of media infarct in which the intra-arterial administration of the substances
together with rtPA is possible [77] [78], this would have important implications in the clinical
setting as it would be highly applicable in human stroke patients, where GA could be added

during the reperfusion therapy acutely after stroke.
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FIGURE LEGENDS

Figure 1 A) GA at all concentrations tested significantly reduced the levels of necrosis at 30
min. post-OGD, as measured by the ratio of PI+ (necrotic) neurons /DRAQ5+ (non-necrotic)
neurons. The strongest effect was achieved by 20mM GA. B) GA treatment during reperfusion
rescues cortical neurons from 60 min ischemia-induced cell death, up to 72 hours after the
insult. Numbers are normalized to normoxia (control). Data are mean = SEM. Unpaired t-test,

n.s non-significant, * means p< 0.05, ** means p<0.01 and *** means p<0.001.

Figure 2 GA increases neuronal survival in the hippocampus of a global cerebral ischemia
mouse model. A) Schematic illustration of arteries indicating (arrows) the three positions of
transient clipping (7.5 min) for the induction of global ischemia. B) Global ischemia model
affects the hippocampus, shown in the red rectangle. C) Neurons were quantified inside the
area indicated by the red rectangle (CA1 area). D) Number of neurons quantified after
administration of 50ul GA or PBS immediately after ischemia at the moment of reperfusion
through a catheter placed in the left carotid artery. The number of surviving neurons in the left
CALl is significantly reduced in PBS-treated animals compared to sham, while no significant
difference is observed for the GA-treated group. In contrast, in the right CA1 opposite to the
injection site, there is significant neuronal death for both PBS and GA treated animals,
underscoring that the neuroprotective effect of GA is local. (1-way ANOVA followed by Dunnetts
multiple comparisons test, **p<0,01, ***p<0,001, ****p<0,0001. Data shown as meanz SEM,
Nsham=16, Nven=9, Nca=7. A0, aorta; BA, basilar artery; CC, common carotid artery.

Figure 3. GA improves histological and functional outcomes after MCAo. A) Experimental
design. Day 0: MCAo or sham operation. Day 1: Early infarct size assessment using MRI. Day
8: Behavioral (motor) assessment using Pole test. Day 10: Gait analysis using Catwalk test. Day
12: Assessment of laterality (preference for non-affected side) using corner test. Day 13: Late
infarct size measurement using MRI. Day 14: Brain fixation for further analysis. B i) Survival until
post-stroke day 14. Deaths occurred only in mice with infarcts larger than 18% of hemispheric
volume). B ii) Considering mice with larger infarcts (>18% of the hemispheric volume) 66% of
the vehicle group died by day 5 while only 14,2% of the GA group died by day 5 (Mantel-Cox
survival test: Chi square= 6,215, p= 0,0447C; nea=18, nwen=16, Nshan=6) Example MRI image
showing the evolution of MCAo-induced infarct in a GA-treated mouse. Upper: Dayl post-
ischemia, Lower: Day13 post-ischemia. D) Significant reduction of the infarct size on day 13

compared to day 1 (paired t-test, p= 0.0004, nega=17). E) Evolution of MCAo-induced infarct in
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vehicle-treated mice: Infarct size on day 13 is not significantly different than day 1 (paired t-test,
p=0.091, n.hn=10. F) Stereological quantification showed that while the vehicle group has
significantly higher ischemic core volume than sham (p=0,0243), the difference between GA
and sham is not significant (p=0,0638) (unpaired t-test; nga=17, Nven=10, Nsham=5). G) Corner test
assesses the preference for the non-affected by ischemia side over the affected side with higher
laterality index (LI) indicating higher impairment of the ischemia-affected side. The vehicle-
treated group has significantly higher LI compared to sham mice (p=0.0064), while the LI of the
GA-treated group is not significantly different from sham (p=0.1042) and the difference between
GA-treated and vehicle is also not significant (p=0.3433). 1-way ANOVA followed by multiple
comparisons test (Nega=17, nven=13, nsham=6). H) The functional outcome after MCAo (as
measured by the LI index) is not correlated with the infarct size in GA-treated mice (Pearson’s
r=-0,03202, p=0,9) in contrast to vehicle-treated mice where the correlation is almost significant
(Pearson’s r=0,5086, p=0,07). Nnca=17, Nven=13, Nsham=6.

Figure 4. GA mitigates the increase in the amount of astrocytes and microglia in large infarcts
after MCAo0. A) Fluorescence microscopy images showing the staining for microglia (IBA1,
green) and astrocytes (GFAP, red) in a sham brain section (i), as well as a vehicle (ii) and GA
brain section with large infarcts. iv) Same brain section as in (iii) indicating the outlines of the
different areas in which Mean Fluorescence Intensity (MFI) was measured. B) i) MFI of IBAl
staining in the ischemic area showing no significant differences between groups (1-way
ANOVA, p=0,1482) ii) When large infarcts (>18% of hemispheric volume) are analyzed
separately, the MFI of IBAL inside the infarct area is significantly increased in the vehicle group
compared to sham (mean diff. =-11,31, p<0.05) while GA did not differ from sham (mean diff.= -
4,354, p>0.05). 2-way ANOVA followed by Sidak’s multiple comparisons test. iii) The mean
fluorescence intensity of IBAL in the affected (ipsilateral) hemisphere outside the ischemic area
was not significantly changed by MCAo (2-way ANOVA, p>0.05) iv) A trend for higher IBA1 MFI
in the contralateral hemisphere was observed for the vehicle group compared to the sham,
almost reaching statistical significance (2-way ANOVA, p= 0,0555). C) ) i) MFI of GFAP staining
in the ischemic area showing no significant differences between groups (1-way ANOVA,
p=0,0665). ii) When large infarcts (>18% of hemispheric volume) are analyzed separately, the
MFI of GFAP inside the infarct area is significantly increased in the vehicle group compared to
sham (mean diff.= -13,00, p<0.05) while GA did not differ from sham (mean diff= -4.354,
p>0.05) iii) The mean fluorescence intensity of GFAP in the affected (ipsilateral) hemisphere
outside the ischemic area was not significantly changed by MCAo (2-way ANOVA, p>0.05. iv) A

trend for higher GFAP MFI was observed for the vehicle group compared to the sham and GA
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groups but without statistical significance (2-way ANOVA, p>0.05). Nsham=3, Nven=6, Nca=7; scale

bar ~1000um.
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